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MOMENT OF TRUTH FOR OTA

When the federal government was first established, the number of employees in
the executive branch was a mere handful. Indeed, there may have been more con-
gressional delegates from the thirteen original states than the total work force in
the executive branch.

Over the intervening years, there has been a tremendous expansion in the federal
work force. Although appropriations have been made for sizable support staffs for
individual members of Congress and for congressional committees, the growth in
the legislative branch has been extremely modest by comparison with the explosive
expansion of personnel within the executive branch.

As a result, within the past decade, Congress found itself—collectively and in-
dividually—coming more and more to rely on the technical expertise within exec-
utive agencies because it lacked any such resource itself. Moreover, as this situation
developed, the issues coming before Congress—whether they dealt with space ex-
ploration, sophisticated military hardware, supersonic aircraft, energy resources,
environmental concerns, and so on—increasingly required accurate and reliable
technical facts as well as good, sound interpretations of those data.

Having to rely exclusively on the executive agencies for such information or as-
sessments left Congress understandably uneasy. For example, a Defense Depart-
ment official would be expected to support the need for a new bomber and to de-
scribe the virtues of that airplane with a favorable bias when testifying before a
congressional committee or otherwise being consulted by Congress.

The obvious answer seemed to be for Congress toestablish its own scientific and
technical advisory office staffed with appropriately qualified people. And that was
just the step that Congress took about five years ago.

The resultant agency was named the Office of Technology Assessment (OTA),
and former Congressman Emilio Q. Daddario was named its first director. He was
a very logical choice, having served with distinction as chairman of the science
subcommittee within the House, as well as being generally credited as the originator
of OTA.

However, OTA never seemed to live up to its potential or to the expectations of
its followers. With the single exception of the drug bioequivalence study, which was
conducted by a panel of outside people and staffed by OTA, the agency maintained
a very low profile and seemed to side-step controversial issues. At least it managed
to avoid taking any definitive stand on those issues that might have controversial
overtones. Although this is a good formula for survival in the political jungle, it
doesn’t lead to any noteworthy track record with respect to achievement.

Within the past six months, it appears that Congress has decided to do some
assessment of its own—specifically, to conduct a series of oversight hearings under
the chairmanship of Rep. Ray Thornton (D-Ala.) of the House Subcommittee on
Science, Research, and Technology. The hearings were announced shortly after
a strange scenario in which there were mass resignations by Senate and House
members of the joint Congressional Board which is charged with overseeing the
OTA, and then an announcement by Daddario that he, too, was resigning as the
agency’s full-time director.

Although there were recurring mumbles of dissatisfaction, some of which were
elaborated upon in press interviews, the real basis of congressional unhappiness
remains somewhat fuzzy and obscure. This is attributed, in part, to a reluctance
by resigning Board members to criticize publicly and openly the alleged interference
in OTA’s operation practiced by one of their Senate colleagues.

Whatever the reasons, it was expected that Daddario—having already submitted
his resignation as director—would “let it all hang out” when he appeared as a witness
before Thornton’s Subcommittee. But the prevailing characteristic of Daddario’s
operation of OTA was to avoid controversy and the hard issues, and his appearance
before the Subcommittee was true to form. In short, he ducked again, even when
leading questions afforded him the opportunity to be candid.

Well, the search is now on for a new OTA director. At this writing, the leading
candidate is Russell W. Peterson who certainly has the credentials: research chemist
and then senior executive at Du Pont, governor of Delaware, chairman of the Council
on Environmental Quality, and currently chief executive officer of New Directions,
a respected citizens’ organization. In fact, he is so “leading” that one recent press
report said his appointment to the post has gone “from speculation to expecta-
tion.”

In sharp contrast to Daddario, Peterson has a reputation as a decisive manager
with very strong-willed ideas. Clearly, if appointed, he would not be content to let
OTA meander along as a subservient puppet. The question now being asked is
whether Congress is quite ready to accept such a dramatic change. We hope they
are, and that they will bite the bullet in proceeding with the appointment of a strong
administrator such as Peterson. For OTA, the gestation period is over; if it does not
begin to produce, it does not deserve to survive.

S Dl
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OPEN FORUM

Biological Foreign Particle Film
Encapsulation

All foreign, biologically “inert” particles that are at least initially
insoluble in biological fluids are enveloped by films composed of
endogenous macromolecular and/or tissue surfactants. Marck et al.!
reported that, under the conditions of their investigation, particles of
different degrees of hydrophilicity showed different degrees of tissue
interaction. They felt that their findings were relevant for
bioadhesives, suture materials, and controlled drug release carriers!.
It is our belief that the process of film formation has broad
significance for the total field of the health sciences.

Ecanow?23 theorized that the presence of foreign particles,
regardless of whether they are introduced as drug carriers,
environmental pollutants, or whatever, can initiate pathological
processes. Foreign particles are not “inert” in a physical-chemical
senset. The data developed in our studies of the relationship between
pathology and particulate matter have resulted in a classification of
inert particles similar to that of Marck et al.!

Class A particles are very hydrophobic and are wetted with great
difficulty by tissue fluids. Such particulate matter is generally
phagocytosed or walled off or floats on the tissue fluids as in the
respiratory tract.

Class B particles sorb strongly onto cellular surfaces; these
particles produce abnormal membrane-structuring effects. These
effects, in turn, may initiate the process of uncontrolled cellular
growth3-5,

Class C particles are dissolved by the biological fluids after varying
periods of time.

Particulate matter of Class A is the least biologically toxic. Particles
of Class B are potentially the most pathogenic. Class C particulates
are toxic only if they result in, among other responses, chemical or
free radical reactions that may have a protein-denaturing effect.

Drugs and other therapeutic agents must be tested for their toxic
potential. We wish to suggest that toxicity studies be expanded to
include investigation of the possibility of encapsulation or partial film
formation to determine the long-term biological effects. Aside from
the pharmaceutical implications, films may contain significant
etiological inferences. Thus, foreign inert particles, most of which are
of Class A or C, are almost continuously present in the GI tract.

VIl / Journal of Pharmaceutical Sciences

Therefore, it is critical that no agent, e.g., a surfactant, be introduced
that will convert these particles to the Class B type.

If the matter of film formation is placed in the context of a lesion,
its importance can be made explicit. In many respects, the lesion
surface is similar to that of a foreign particle surface. In an ulcer, the
crater edge contains fragments of denatured protein. If surfactants
are introduced that can combine with these denatured particles and,
in time, form a film matrix, then interference with normal healing of
the ulcer may take place or a neoplasm might begin3.

It is our belief that before any given substance is introduced into
the body, there must be evidence that it does not initiate or promote
adverse tissue reaction of the type discussed. Thus, products
containing agents that conceivably bind inert particles to tissue
membranes (e.g., antacids that contain surfactants) should be studied
to determine whether the surface-active components do initiate tissue
changes and whether the surfactant involved adsorbs onto the surface
of any lesion and, in the case of an ulcer, prevents normal healing.
Failure to satisfy these requirements may cause patients an
unacceptable risk.
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The ubiquitous problem of contamination of pharma-
ceutical products is well known to anyone involved in drug
manufacture, control, or distribution. In fact, the types of
contaminants, their relative hazard to human health, the
sources of contamination, and the methods for prevention
and detection of such contamination are so varied and
numerous as almost to defy compilation. This paper at-
tempts to condense some of the more pertinent literature
as well as to put forth possible paths of action with the
hope of reducing the future incidence of contaminated
drugs.

An indication of the importance of this problem is the
fact that the Federal Food, Drug, and Cosmetic Act of the
United States (1) appears to place even more emphasis on
what should not be included in a drug or its packaging than

on what should. In making this point, Wright (2) men-
tioned five specific conditions listed in the Act as consti-
tuting adulteration and not related to the potency of the
active ingredients. Although the Act does require drugs to
meet standards of potency, quality, and purity of active
ingredients, these standards are more measures of ingre-
dients that do not belong in a drug than of those that
do.

The point is reinforced when one examines the fact that
official compendial standards (3, 4) invariably provide for
only one assay method but usually several other tests for
the identity of specific expected impurities as well as the
presence of materials not included in the formula.

NATURE OF CONTAMINANTS

Mechanical Contamination—Mechanical contami-
nants are foreign extraneous materials that get into drugs
(5, 6). They may be easily seen and explained, such as an
iron screw in a drug substance for ingestion or chips and
fragments broken from processing equipment, and can be
incorporated into products during manufacturing. They
may be environmental such as metal fragments, wood
slivers, rust, rubber particles, plant fibers, lint, hair, glass,
ashes, starch, tale, or asbestos. They may come from the
packaging containers such as pieces of glass, plastic, or
metal.

A persistent contamination problem continues to be that
of metal particles in ophthalmic ointments which result
from the stamping and thread cutting operation (7). The
potential hazard to sight is obvious. Recognizing this
problem, the USP set limits for the number and size of
discrete metal particles allowable in ophthalmic ointments
(8).

A problem creating much current concern is that of
particulate matter (9-29), especially asbestos (30, 31) in
parenterals. The inhalation of fibers of the chrysotile form
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of asbestos has been associated with serious health hazards,
including pulmonary fibrosis and cancer. It is now known
that much less exposure than that received by asbestos
workers, as little as that received by a person living in a
household with an asbestos worker, is associated with
neoplastic disease.

To remove foreign material, asbestos filters have been
used extensively at many stages of the pharmaceutical
manufacturing process, including the final filtration of
parenterals. Because of its rapid filtering properties,
minimizing bacterial growth, the chrysotile variety is most
often chosen. When used in this way, chrysotile fibrils tend
to flake off into solutions, with the possibility of finding
their way into the human bloodstream and settling at
points in the body.

The suspicion that these particles may be foci for disease
is supported by experiments with animals and indications
of increased GI cancer among asbestos workers. In view of
this hazard, the Food and Drug Administration (FDA)
ruled that by September 14, 1976, parenteral manufac-
turers must eliminate asbestos or other fiber-releasing
filters from their manufacturing process unless it is im-
possible to produce a particular drug otherwise. In that
case, subsequent filtration with a nonfiber-releasing filter
is required (32, 33).

Coincidentally, talc, widely used in the pharmaceutical
industry as a tablet excipient, often contains asbestos
minerals. There are no current regulations concerning the
purity of talc used in this manner. Blejer and Arlon (34)
suggested, based on findings relative to talc-coated rice,
that analyses for asbestos contamination be performed on
talc that can be expected to be significantly exposed to
humans. Ominously, they also suggested that studies be
made to determine the carcinogenicity of pure talc it-
self.

Starch, plant fibers, glass particles (35), lint, and un-
dissolved crystalline material from the formulation are
other common particles found as contaminants (36-39).
Cellulose fibers or particles of powdered plastics, injected
intravenously, can cause granulomas and microthrombi
in the lungs of rabbits and dogs (6). Autopsies on patients
who had received large amounts of intravenous fluids in-
dicated similar lesions (40-42). The particle sizes involved
in these observations are about 50 um, the limit of un-
magnified visibility. Medical disagreement surrounds the
question of what size particle is hazardous. It is clear,
however, that the risk with particulate matter is real and
that parenteral drugs should contain as few extraneous
particles of any kind as possible.

Chemical Contamination—Chemical contamination
occurs in many ways (43). Material obtained from natural
sources may contain important contaminants, even after
purification. Natural pituitary hormone preparations,
corticotropin (adrenocorticotropic hormone), and human
growth hormone (HGH) have been found to contain the
vasopressor antidiuretic hormone (ADH). This finding
explains the occurrence of water retention among some
patients receiving 48-hr intravenous infusions of cortico-
tropin or human growth hormone (44).

Incorrect ingredients are sometimes added to the
product by mistake, such as the use of an excipient not
called for in the formula (2). The addition of an incorrect
physiologically active ingredient is, of course, more serious.

2 / Journal of Pharmaceutical Sciences

In deliberate ingredient substitution, there is a different
kind of contamination, one commonly known as “sophis-
tication.” This substitution would ordinarily be done for
economic reasons, such as the substitution of a cheaper
synthetic for a “natural” ingredient (synthetic B vitamins
for yeast extract), or for reasons of convenience based on
the greater availability of one excipient over another.

Because of limitations in purification steps, precursors,
reactants, and intermediates from the synthesis of the drug
may occur in the final product beyond limits defined by
safety and regulations. Soluble equipment components
and interaction and degradation products also may be
found (45). To control these impurities, tests are instituted,
either as called for by the official compendia or as deemed
necessary by the manufacturer. These may be tests for
specific anions, specific cations, nonspecific impurities, or
drug congeners. For example, the USP monograph for
chlorpromazine requires a test for an objectionable con-
gener, 4-chlorpromazine, a structural isomer.

Similarly, limit tests are often devised for contaminants
expected in very small amounts in the final product,
originating from some vessels, catalysts, pipes, stirrers,
filters, or other utensils used to process or handle the drugs.
These are usually tests for specific metals or for general
classes of compounds such as heavy metals (46) or ha-
lides.

If nonmetallic processing equipment is used, tests for
oxidizable or foreign organic substances may be re-
quired.

Drug breakdown and interaction (47, 48) may necessi-
tate tests such as those for salicylic acid in an aspirin
product (2). Peculiar and original formulations may often
lead to unforeseen contamination problems. Wright (2)
cited the reaction between the active ingredient in iso-
proterenol injection and an added antioxidant, sodium
bisulfite, in which the isoproterenol side-chain hydroxyl
group is replaced by a sulfo (HOSOs—) group, creating a
therapeutically inactive compound. Wright (2) also de-
scribed the effect of warm humid storage conditions on
tetracycline hydrochloride capsules containing citric acid.
Not only is tetracycline degraded, but the situation is ag-
gravated by the fact that one degradation product, epi-
anhydrotetracycline, is quite toxic.

Breakdown and contamination after packaging may
occur from reactions between liquid drugs and rubber
closures (49) or plastic containers (50, 51). Sulfides, added
to rubbers as vulcanizers, react with mercury preservatives
to form mercuric sulfide. Plastics may release salts into
solutions or absorb active ingredients.

Crude drugs (52), although rarely dispensed in this
country, have been contaminated with organochlorine
pesticides. Noguchi et al. (53) found cyclodiene insecti-
cides and benzene hexachloride isomers, including chlo-
rophenothane (DDT), in many Far Eastern commercial
crude drugs and in their processed products.

Herlihy (54) described an isolated incident of the con-
tamination of a medical oxygen cylinder. Although the
source of the problem was not found, the experimental
combustion of polytef yielded products whose IR spectra
were identical to the contaminants.

During the last decade, there has been increased
awareness of another problem, that of cross-contamina-
tion. This problem may be described as the unintended,



unexpected presence of one drug in another, generally
resulting from the spread of dust particles arising from the
manufacture of other drugs in the area or from equipment
not completely cleaned after use in the manufacture of
other products (55).

Historically, the increased attention paid to this problem
began with attempts to control penicillin cross-contami-
nation (56). The unusual concern shown penicillin is a re-
sult of its allergenicity. An individual receiving very small
doses of penicillin as a contaminant in another drug may
become sensitized, setting up an allergic response or even
a severe anaphylactic shock when a full dose {(or less) is
adminstered (57). Thus, as a result of an ad hoc Advisory
Committee on Penicillin Contamination convened by the
FDA Commissioner in 1965 (58, 59), penicillin limits were
fixed at 0.5 [U (0.3 ug) for oral drugs and at 0.05 IU (0.03
ug) for parenteral drugs for the highest single recom-
mended dose. Proposed new regulations would reduce the
tolerance to zero (60). Ironically, penicillin’s allergic
properties may be traceable to penicillin itself being con-
taminated. It has been suggested that macromolecular
proteinaceous and nonproteinaceous substances, as well
as polymers of penicillin, present in trace amounts are
important in precipitating allergic reactions (61).

Penicillin is usually used as a very fine, dry powder,
easily becoming airborne and migratory (62). It is partic-
ularly difficult to clean a penicillin production facility
because the drug clings electrostatically to processing
equipment (63). Also, the weight of a penicillin tablet is
typically about 70% active ingredient, giving a very high
yield of penicillin in the dust produced by the tableting
operation (55).

Some investigators agree that, because of its high po-
tency and ease of dissemination, if penicillin could be
prevented from contaminating other products in a plant,
cross-contamination in general within that plant would be
under control (56, 64). In this regard, penicillin may be
considered as a test substance, since it is possible to detect
and quantitate it at very low levels by the simple and
specific agar plate-zone inhibition technique (65).

Microbiological Contamination—Regarding micro-
biological contamination, injections, intravenous infusion
fluids, and drugs intended for ophthalmic use are required
to be sterile; the presence of even one live microorganism,
of any type, is not tolerated (66-68). The literature is re-
plete with unfortunate violations of this requirement
(69-74).

The great danger in contaminated intravenous infusion
fluid was painfully learned during the “Devonport Inci-
dent” in England (75-80). At least four, and possibly six,
people collapsed and died as a direct result of receiving 5%
dextrose infusions following surgery. A committee of in-
quiry deduced that an autoclave that left air in the
chamber during the pressure cycle was at fault. The dex-
trose bottles were stacked in three layers, and the effect
was that the bottles in the lowest layer were not sterilized.
Bacteriological control samples were taken only from the
uppermost layer, preventing the detection of the problem.
More than 1 year passed before the solutions were ad-
ministered, allowing heavy bacterial growth and accu-
mulation of endotoxin. The cloudy solutions that resulted
were not recognized by the hospital staff. Eventually,
Klebsiella aerogenes, other Enterobacteriaceae, Erwinia

herbiocola, Pseudomonas thomasii, and coryneform or-
ganisms were identified in the bottles.

The microbiological condition of drugs not intended to
be sterile represents a different problem (81-91). About
200 cases of salmonellosis in Sweden in 1966, traced to
thyroid tablets contaminated with defatted thyroid pow-
der containing over 30 million bacteria/g, proved to be one
stimulus to study in this area (92). Yet a random sampling
of 660 production batches of various drugs marketed in
Sweden revealed remarkably high levels of bacteria and
fungi not apparently associated with disease. Counts of up
to millions per gram were common. Of 160 tablet batches,
38 contained coliform bacteria, an indication of poor san-
itation somewhere in the manufacturing procedure.

Just why one set of conditions represents a hazard to
health and another does not is defined by certain param-
eters, namely, the intended use of the drug, the pathoge-
nicity and virulence of the organisms in relation to the
immunological state of the patients, and the total numbers
of organisms present in the preparation. Other parameters
to be considered include the possibility of changes in
pharmacological activity, side effects, and shelflife re-
sulting from the presence of microorganisms.

Ignorance of some of these parameters resulted in re-
duced sight and the loss of an eye from the use of an
ophthalmic ointment containing two broad spectrum an-
tibiotics and a steroid (92). The manufacturer failed to use
a preservative, wrongly thinking that the low water content
and two antibiotics would prevent bacterial growth. What
resulted were tubes heavily contaminated with Pseu-
domonas aeruginosa in pure culture. Since 1965, the USP
has required sterility in solutions and ointments for
ophthalmic use (66-68).

PREVENTION OF CONTAMINATION

The prevention of contamination, particularly cross-
contamination, is a problem whose solution is best summed
up by Elias’ (93) three I's: “The integrity and identity of
the product are assured by isolation.” However, this simple
statement should not obscure the fact that the problem is
multifaceted (63).

With particular reference to the prevention of micro-
biological contamination, Moller (94) listed the following
key areas: premises, personnel, raw materials, working
processes, formulation, and control. Molin (64) added
equipment and packaging. The proper control of these
factors will serve equally well to prevent chemical and
mechanical contamination.

Premises—“Premises” refers to the layout and general
construction of the plant (94-101). Production areas and
adjacent formulation, storage, and cleaning facilities, as
well as product transportation routes, should be separated
from each other as much as possible (64). They also should
be isolated from similar areas used in making other prod-
ucts. In fact, the current dominant guiding principle in
plant design calls for the subdivision of production areas
into cellular units where it is possible for personnel to pass
physically through production departments without going
through the actual working areas. Also, admission to var-
ious areas is possible only through lock arrangements, with
concurrent facilities for the changing of clothes.

The importance of this cellular isolation varies with the
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particular procedure involved. For the production of some
drugs, separate rooms are required. For others, such as the
redoubtable penicillin, separate rooms and, additionally,
equipment not used for any other product are necessary.
The isolated rooms are kept at negative air pressure rela-
tive to the surrounding areas to prevent the escape of
particles to other parts of the plant.

An additional important feature in a modern, well-
designed plant is a suction system with inlets to remove
dust at crucial points in the manufacturing process such
as tableting and coating.

Also important are the materials used for the interior
surfaces of the production buildings. Smooth-surfaced,
easily cleaned, and seamless polyurethane is a popular and
serviceable material.

The judicious use of underpressure and filtered, recir-
culated air throughout the plant helps prevent cross-
contamination and bacterial spread (102), as does the
HEPA filter, which is usually used where sterile air is a
requirement (103-105).

The last decade has seen a great increase in clean room
design utilizing the principle of laminar air flow in the
pharmaceutical industry (106-115). HEPA -filtered air is
blown uniformly through a work area or entire room and
exhausted on the opposite side. This system can be done
horizontally or vertically. The resultant sweeping effect
leads to a considerable improvement in air cleanliness over
that achieved by conventional HEPA filtration. However,
despite its proven utility, the laminar flow technique must
be examined carefully for effectiveness in a particular
situation; it should not be thought of as a panacea (116).

The general subject of “clean room” technology was
discussed previously (117-125). Kinsky (126) described
the conversion of ordinary office space into a sterile filling
and sealing facility. Three rooms were constructed: a gown
room, a sterile storage room, and a main production room.
The original sheetrock walls and ceiling were replaced by
plaster, sealed, and finished with epoxy paint and sheet
metal. The original vinyl tile floor was replaced by sheet
vinyl curved upward at the walls to form a cove molding.
Horizontal laminar air flow was provided in the main
production area. The storage and gown rooms, thought not
to require full recirculated laminar flow, were utilized for
the removal of air and the introduction of makeup air. A
smoke generator and photometer! were then used to
evaluate the efficiency of the system and to check for leaks.
Finally, plate counts of sampled air and control production
samples confirmed the suitability of the complex for the
beginning of routine sterile production.

Federal Standard No. 209B (127), whose provisions
must be met by U.S. Government contractors manufac-
turing under conditions requiring clean rooms, is an
often-quoted document which has become widely accepted
as a guide to clean room requirements and standards.

Personnel—Personnel immediately involved in the
production process, their very presence and what they do,
are crucial to the quality of the product (128). People who
move into, out of, and about production areas are inevi-
tably carriers of potential contamination (129). Walking,
talking, and breathing can spread bacteria and chemical
dust. People who work in production areas should be free

from communicable disease and be subject to essentially
the same health requirements as are food workers. Phar-
maceutical workers should have the proper facilities and
follow prescribed routines for the changing of clothes,
shoes, and gloves.

Just as important, they should have the proper knowl-
edge and education. A program of continuing education,
such as that introduced by the Swedish Drug Industry
Association, is useful (94). Austin (130) described various
approaches effective in the training of clean room per-
sonnel. Lecture techniques, slide shows, and on-site
demonstrations are recommended. However, knowledge
and education count for nothing if the proper motivation
is not present. Neglect and indifference can overwhelm the
most sophisticated system. Failure to check a weight and
careless cleaning and inspection of a mixer are examples
of behavior that are greatly influenced by the employer-
employee relationship. A strong sense of responsibility
must be instilled in people who work with pharmaceuti-
cals.

Raw Materials—Perhaps the most essential single
factor that can guarantee the quality of a drug product is
high quality raw materials (64). All materials used in for-
mulations should be obtained from reliable sources,
quarantined after receipt at the plant, and tested prior to
use (56). They should be kept in sealed containers, in iso-
lated quarters, and not opened except in formulation or
weighing rooms.

For sterile production, the most important single raw
material is undoubtedly water. Tap water is well recog-
nized as a carrier and incubator of microorganisms. This
fact, plus its mineral content, makes it unsuitable for all
pharmaceutical production (131). Distilled water, if not
properly collected and stored, may also harbor bacteria.
Rubber and plastic connections in a still may be sources
of infection, necessitating either frequent sterilization of
the system or the introduction of all-glass equipment. For
nonsterile preparations, demineralization, followed by
filtration? and continuous holding at 80°, was described
(94). This system resulted in sterile and pyrogen-free
water.

Working Processes—The systematic study of new
working processes and procedures is necessary to discover
potential trouble spots (132, 133). Weak points might be
an inadequate drying time or temperature for granulations,
water condensation on the surfaces of ointments or solu-
tions, and taps containing residual water after cleaning
(94).

An interesting method for discovering potential trouble
is to substitute a broth or buffer solution for the product
and to pass it through the process (64). Sampling at dif-
ferent stages is performed to locate sources of contami-
nation.

A key area of concern that could be considered a pro-
cessing problem is the production schedule itself (56).
Drugs that are in any way incompatible should not be
scheduled in succession on the same equipment. For ex-
ample, barbiturates stimulate the metabolic breakdown
of anticoagulants in the body, reducing their efficiency.
Therefore, it would be prudent not to schedule antico-
agulant manufacture immediately after the production of
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a barbiturate. If cross-contamination has to occur, it should
be kept as harmless as possible.

Tablet production is inevitably dusty. Some steps that
should be taken to control it (55, 134) include: (a) limiting
the weighing area to the ingredient that is actually being
weighed, (b) maintaining negative pressure in the vicinity
of tablet machines, (¢) avoiding hand-scooping of granu-
lations by elevating the drums and using continuous flow
into the hoppers, (d) cleaning containers that accumulate
dust before removing them from the area, (e) thoroughly
cleaning each piece of equipment between runs of different
products, and (f) providing facilities for the disposal of
operators’ clothes that have accumulated dust.

Otto (135) described the large-volume parenteral
manufacturing procedure with emphasis on minimizing
particulate matter. The solution itself, ambient air, the
interior glass surface, and the closure affect the residue of
particles in the final product. Recommended steps are: the
proper filtration of the solution, efficient cap and bottle
wash and rinse procedures, a short time lapse between
washing and final production steps, inspections and
quality control checks (136) during filling (137), and the
use of enclosures to limit fallout from the air. It is currently
anticipated that the Code of Federal Regulations will soon
require stringent procedures to be followed in the manu-
facture of large-volume parenterals.

In the production of sterile solids for injection, the fil-
tration prior to recovery of the solid is the last step to re-
duce particulate matter. Hammer (138) discussed factors
in subsequent steps that influence the final particulate
content: spray or drum drying (139) usually results in fewer
particles than the recrystallization procedure, simpler
machinery with fewer moving and grinding parts generates
less particulate matter, large room-size laminar flow units
throughout the manufacturing procedure reduce partic-
ulate fallout from the air, and shrink-wrapped vials (140)
contain fewer particles than those shipped in corrugated
boxes and result in less contamination after washing.

The difficulty of the problem can be seen in the fact that,
even with proper knowledge and consideration of these
factors, particulate contamination was reduced by only
about half in the Hammer (138) study—and at great ex-
pense.

Formulation—The protection of a nonsterile formu-
lation against microbial growth both during and after its
preparation is affected by the control of certain factors
{94). For granulations, these factors may be the lowering
of pH, the change or elimination of the granulating liquid,
and the introduction of preservatives. For liquid prepa-
rations, a pH change, the use of preservatives, or a change
in osmotic pressure may be necessary.

Basically, what a good master formula must do is care-
fully spell out every step in the procedure with respect to
the equipment used, the order of addition of ingredients,
the duration of mixing, safety precautions, etc. The batch
master formula is the key to a contamination-free opera-
tion.

Control—Once a satisfactory system is achieved, it is
a permanent function of the quality control system to
maintain it (94).

To guard against error in labeling or processing, assay,
identity, and limit tests should be scrupulously performed
on all finished products. Although acceptance of protocol

for raw materials received from suppliers is permissible
according to good manufacturing practices (141, 142),
additional identity tests should be instituted (142). For
sterile productions, every raw material and finished
product, as well as some intermediates and the production
environment, should be checked for all microorganisms
(143, 144) according to a fixed schedule. Tap water, de-
mineralized water, and distilled water especially should
be checked regularly.

The method, described earlier (64), of broth substitution
for the product is a useful periodic check on the microbi-
ological cleanliness of a procedure. However, as a routine
in-process test, it is not generally acceptable because of its
cost, incompatibility with normal production runs in terms
of the duration of the run, and the danger of accidentally
leaving a bacteriological medium where it may become a
substrate for microbial growth.

Hess et al. (145) published a generalized scheme and
routine procedures for determining low level microbio-
logical contamination in topical preparations used on open
skin wounds or mucous membranes. These preparations
are unique in that, while they must be initially sterilized
and contain preservatives that will maintain their freedom
from pathogens, they are not required to remain sterile.
However, they must not support the growth of high num-
bers of microorganisms of any kind (146).

Another indispensable part of the control system is the
use of trained, on-site inspectors, who visually check every
part of the production, packaging, and labeling proce-
dure.

Equipment—Equipment should be constructed so as
to facilitate cleaning and sterilization, especially between
changes in product, to prevent the seeding of new batches
with the residue from the old (64).

Machines such as mills and granulators with bushings
and packing glands are usually difficult to clean. For this
reason, they should be dismantled to an extent sufficient
to permit proper cleaning.

Packaging-—The packaging step in the production.
procedure is particularly important. Miller and Korczynski
(147) outlined various aspects of drug and cosmetic
packing from the point of view of a contract packing firm
not involved in the prior manufacturing steps. The great
variety of products handled requires that the firm carefully
analyze the sterility requirements and problems of each
product. Products are classified into groups and subgroups
according to dosage form, label claim, intended use, and
stability. For instance, a sterile parenteral is quarantined
until tested whereas ointments, creams, liquids and pow-
ders for external use are merely screened (based on results
from the first few lots) for an increase in microorganisms
and the absence of undesirable microorganisms following
handling and packaging.

DETECTION OF CONTAMINATION

The detection of drug contaminants is a broad problem,
often requiring great ingenuity and imagination. Much
depends on the amount of detailed information available
to the analyst. Alexander (148) summarized his own ex-
perience at FDA in analyzing drugs for impurities. As an
example, he cited a customer complaint of a manufacturer
producing drugs and pesticides in the same apparatus
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without proper cleaning of the equipment between product
runs. Knowledge of what contaminant to expect simplified
the chemist’s task in detecting insecticide contamination
of the drugs.

Once an analyst knows what to look for, the procedures
used depend on the nature and level of the contamination,
the nature of the drug, the equipment and instrumentation
available, and the amount of time available.

Perception of the contamination problem has been in-
fluenced greatly by the development of modern sophisti-
cated techniques and instrumentation (149). Contami-
nation at the parts-per-million and parts-per-billion level
can be detected with TLC (150-153), GLC (154-156) with
its sensitive detectors, mass spectrometry (157-159),
neutron activation analysis (160, 161), and microcrystalline
tests (162-164).

Although it is impossible to describe here all of the
methods that might be used to detect trace materials, the
information relating to specific approaches to the problem
will be reviewed.

Chemical Contaminants—An FDA procedure de-
scribes the general method for detecting and measuring
penicillin contamination in drugs (65). The procedure is
divided into three sections. In Section A, several micro-
biological assays are described using the method of bac-
terial growth inhibition on agar plates. Section B describes
several methods of preparing samples for assay. Section
C lists, in tabular form, the appropriate combination of
assay and sample preparation for specific drugs. These
methods comprise the basic approach to the detection and
quantitation of penicillin as a cross-contaminant.

After the development of these methods, many semi-
synthetic penicillin and cephalosporin antibiotics were
introduced. A study was made to determine if the existing
methods were satisfactory for their detection (165). It was
discovered that new methods were needed to detect am-
picillin in other drugs and antibiotics.

Using high-speed liquid chromatography (HSLC),
Bracey (166) determined trace ampicillin in nitrofurantoin
capsules. The powder from 10 capsules is suspended in
water, filtered through glass wool, and extracted with
chloroform. A portion is injected into a liquid-liquid
chromatograph with a UV detector. A strong anion-ex-
change column and a mobile phase of pH 6.5 phosphate
buffer are used. With this procedure, the sensitivity limit
is 0.1 mg or more/dose, which is too low to be of much use.
It is suggested that the method, with proper sample
preparation, could be applied to the determination of
ampicillin in other drugs.

Although penicillin levels of 1 ug/g can be detected
conveniently with microbiological methods, a rapid
chemical method is advantageous where other antibiotics
are present or the growth of the test microorganism is af-
fected by the drug substance itself. A TLC method was
developed (57). Two grams of sample is shaken with 10 ml
of water, and the pH is adjusted to 6.5-7.0. After centrif-
ugation, the supernate is washed with chloroform and
acidified with phosphoric acid (pH about 2). Free peni-
cillinic acids are extracted with methylene chloride, which
is then dried by being passing through anhydrous sodium
sulfate.

The combined extracts are evaporated to dryness, and
the residue is extracted with isopropyl acetate. After
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evaporation to about 0.05 ml (a 90% yield is expected), 5
ul is spotted on TLC plates; penicillin G spotted in
amounts from 0.5 to 5 pg is used as a standard. Any of four
separate solvent systems are used, yielding different Ry
values. The penicillin compounds may be visualized or
monitored in different ways. No specific penicillin spray
reagents are indicated, but several alternative sprays are
listed.

An alternative to spraying is the bioautographic process
of Stahl (167). The material in the penicillin-suspected
spots is brought into contact with an agar gel inoculated
with a microorganism, and the observed biological activity
represents proof of the presence of penicillin. If it is as-
sumed that the weakest standard spot represents the lower
level of method sensitivity, 2.5 ug/g is the least amount that
can be detected.

Specialized methodology for the determination of an-
tibiotic dust dissemination has been published (168, 169).
The general procedure involves passing a known volume
of air through a 0.22-um pore size filter2. Any residue is
dissolved in a buffer, and portions are incubated on agar
plates containing a suspension of test organism. Zones of
growth inhibition as diameters in millimeters are measured
and compared with those obtained from known concen-
trations of the same antibiotic, i.e., a standard curve. The
sensitivity of the procedure is 0.001 unit for penicillin and
0.004 ug for chlortetracycline.

An adaptation of this method was made by Garth et al.
(170) for the purpose of making an environmental survey
of a six-story building that housed the laboratories of the
National Center for Antibiotics and Insulin Analysis.
Qualitative and quantitative tests for penicillin and tet-
racycline were performed on air samples from various parts
of the building. Initial tests were made using agar plates,
and the results were used as a guide for the vacuum sam-
pling of air at points in the building thought to be the most
easily contaminated.

The results (170) of the tests indicated that the inci-
dence of contamination by antibiotic dust was negligible
other than in the actual laboratory rooms where testing
was performed. The exception to this finding was a cleanup
area where soap powders, antiseptics, and antibiotic-
contaminated glassware were processed. The investigators
concluded that persons in the building not testing antibi-
otics were not exposed to them by the atmosphere whereas
antibiotic analysts were exposed minimally. While, strictly
speaking, this paper did not concern pharmaceutical
contamination, the general approach can certainly be ap-
plied analogously to a drug plant.

A comprehensive approach to the detection of foreign
active drug ingredients in pharmaceutical preparations was
made by Cieri (171). General procedures were discussed
where the suspected contaminant was extracted with a
suitable solvent and separated from the other extracted
ingredients, usually by column chromatography. TLC was
used to detect the contaminants, with a spiked sample
being simultaneously run through the identical procedure
for comparison. Specific methods were detailed for the
detection of the following drugs: barbiturates, diethyl-
stilbestrol, reserpine, cardiac glycosides, quinine or tropane
alkaloids, pyrilamine or chlorpheniramine; phenyleth-
ylamines, steroids, methapyrilene or its salts, acetamino-
phen, and meprobamate. The author suggested the pos-



sibility of scraping the spots from the TLC plates and, after
suitable extraction, using UV absorption as an identity
confirmation.

Senov et al. (172) and Edmond (173) also described the
use of TLC for the quantitative evaluation and determi-
nation of drug purity.

Adapting the Cieri TLC procedures, an FDA regulatory
analyst detected drug residue in cotton balls that had been
used to swab various parts of a drug plant. Positive results
were obtained from acetaminophen, saccharin, and quin-
idine sulfate. Additionally, acetaminophen was confirmed
on the basis of its UV absorption maximum.

Expanding on the problem of pharmaceutical factory
dust, Page (174) published a general scheme for its anal-
ysis, concentrating mainly on ingredients found in rela-
tively high dose level dosage forms. Direct IR spectra of the
dust is occasionally useful, as is X -ray diffraction or X-ray
fluorescence of the residue, following ignition at 600°. More
often, purification is required. A subsample of the dust is
mixed with aluminum oxide, and the mixture is then added
to an aluminum oxide chromatographic column. Elution
of the drugs is accomplished with chloroform, followed by
methanol and, finally, water. Water deactivates the col-
umn. The separated eluates are then resolved by TLC
using one or two of the solvent systems described. The
TLC spots can be identified either with fluorescence
quenchers or with spray reagents, with the probable de-
tection limit for fluorescence quenchers being about 100
ng. Several confirmation tests are suggested, using IR, UV,
GLC, or HSLC.

Another approach to the factory dust problem, using
combined GLC-mass spectrometry, will be discussed
later.

The manufacture of counterfeit drugs and illegal dis-
tribution of legitimate drugs are major societal and en-
forcement problems. Reynolds et al. (175) described the
use of neutron activation analysis to identify the source of
a drug product. The approach is based on the fact that
natural trace elements may be present in a drug, giving it
a characteristic “fingerprint” and establishing its origin.
Manufacturers may also deliberately add trace elements
to a drug to achieve the same effect. Neutron activation
analysis, effective for about two-thirds of the chemical
elements, is used to determine the patterns of trace ele-
ments. A nuclear reactor activates the sample, creating
radioactive nuclides. After radiochemical separation, the
radioactivity is measured directly or by direct y-ray
spectrometry with a scintillation detector and multi-
channel analyzer. The latter was used in this case. Five
samples of dextroamphetamine tablets or capsules, along
with several common tablet and capsule excipients, were
analyzed for contaminants. Seventeen elements were de-
tected in amounts ranging from less than 1 ppb to more
than 0.1%. The results indicated that the tablet and cap-
sule samples were readily distinguishable.

Microbiological Contaminants—The USP (176) de-
scribes detailed tests, where called for in compendial
monographs, for the presence of viable bacteria, fungi, and
yeasts. Procedures are given for opening containers,
sampling, preparation of media, and incubation. The
technique of membrane filtration (177) is also described.
Other methods are acceptable, but the results of the official
procedure take precedence in the event of contradictory

findings. No sampling and testing format can guarantee
that untested units of a given batch are sterile. This fact
recalls one aspect of an expression often used in the
pharmaceutical industry: “You can’t test in quality.”

Holdowsky (178) solved the problem of the determina-
tion of viable sensitive bacteria in antibacterial drugs. USP
sterility tests could rarely recover bacteria from antibiotics
that inhibited their growth unless a deactivator was
available (e.g., penicillinase for penicillin). The membrane
filter was used to separate the bacteria from the antibiotics.
Of 15 dihydrostreptomycin samples contaminated by the
method, only one could be confirmed by the official USP
test.

Wargo (89) performed sterility tests on topical oint-
ments, utilizing a technique developed by Tsuji and
Robinson (179). The ointment is dissolved in a mixture of
isopropyl myristate, carbon disulfide, and xylene and then
passed through a sterile membrane filter. The filter is di-
vided in two, and retained bacterial contaminants are in-
cubated on agar and in a fluid medium. Although only 11%
of 180 previously unopened tubes were contaminated in
this study, 93% of 80 tubes used in a patient care area were
nonsterile. Isopropyl myristate is less toxic to microorga-
nisms than the Tsuji and Robinson mixture of solvents.
Therefore, the USP adopted a method using isopropyl
myristate alone as the extracting solvent.

Mechanical Contaminants—The quantitation and
identification of particulate matter in parenterals are
relatively new fields and the subject of much recent study
(180-186). The USP XIX (187) established an official
procedure and particle-count limits for large-volume in-
jections for single-dose infusions. Standards are met if the
product contains ‘“not more than 50 particles per ml that
are equal to or larger than 10.0 um and not more than 5
particles per ml that are equal to or larger than 25.0
um.”

The USP method is essentially a membrane filtration,
followed by microscopic examination of the filter for par-
ticulate count and size. Other methods are allowed pro-
viding they are of equivalent reliability. Several instru-
mental methods have been developed, but their limitations
must be considered. For instance, microscopic air bubbles,
electrical disturbances, physical vibrations, or the for-
mation of particle agglomerates may give rise to erroneous
results (188-193).

A conductometric particle counter? was described (194,
195). An electrolyte solution containing the particles to be
counted is sucked through a capillary across which resis-
tance is continuously measured. When a particle passes
through the capillary, a resistance change occurs and an
impulse proportional to the particle size is generated and
recorded. The use of “discriminators” that eliminate im-
pulses below a threshold level permits the simultaneous
counting of particles above given sizes (196).

An automated counter? was used to count particles of
the 2-12-um diameter range in intravenous infusions (19).
Eighteen samples contained from 217 + 49 to 6110 £ 343
particles/ml above 2.7 um in diameter. Tests after auto-
claving several times showed that, when new silanized
rubber stoppers were used, it could not be concluded that
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repeated autoclaving increased the particle count. In fact,
the count seemed to decrease, perhaps because of frag-
mentation into particles smaller than 2.7 um. Other tests
led to the conclusion that patients would receive fewer
particles if the first 50-100 ml of intravenous solutions was
used to flush out particulate matter present in intravenous
administration sets.

A new instrument, the prototron, utilizes a laser light-
scattering principle. It was used to count and size partic-
ulate matter in normal saline and 5% dextrose solutions
{(198). From three to five times as many particles were
found greater than 1 um than were found greater than 5
um. This result is fairly typical of the skew in size distri-
bution that other researchers have reported. Fortunately,
it is felt that emboli are more likely to form with particles
greater than 5 um, the diameter of an erythrocyte being
about 4.5 ym.

The determination of the silting index was proposed as
an alternative to particle counting (199). The silting index
is dependent on the flow rate decrease resulting from the
tendency of particles to clog a filter. This decrease is, in
turn, proportional to the number of particles as well as, to
a certain extent, the size distribution of the particles.
Values derived from three runs per sample were within 15%
of the true value with 90% confidence.

The identification of particles requires the skilled use
of a microscope (200). Oblique reflected light is used for
opaque materials (metals and gelatinous debris) (201).
Most common particulates of higher birefringence (fibers,
starch crystals, plant tissue, and mold) are accessible to
transmitted light microscopy techniques, which include
polarized light, phase contrast, and differential interfer-
ence contrast.

SUGGESTED APPROACHES TO THE CONTAMINATION
PROBLEM

At this point, we might ask ourselves: “What is a rational
basis for sampling to detect drug contamination?” The
deciding criterion seems to be a logical, systematic ap-
proach that would yield the maximum, meaningful,
practical amount of information for remedial action after
subsequent analysis.

Many factors govern this criterion. Several questions
need to be answered. Does the investigation have a clinical
background or is it a general inquiry to determine the ex-
tent of suspected problems? If there has been a precipi-
tating incident, is the source of the problem at the plant
or a result of contaminated and/or mislabeled raw mate-
rial? Might there be a repacking or storage-related prob-
lem? Are there initial laboratory findings to serve as a basis
for further investigations? What is the potential health
hazard? Are there specific, sensitive analytical procedures
available for practical analyses?

In answering these and other questions, comprehensive
scientific knowledge, experience, and sleuth-like qualities
are required of the investigator. A routine, fixed approach
does not exist, but certain recurrent themes will govern the
approach to be taken.

For a plant survey, without clinical or laboratory find-
ings as a starting point, a complete picture of the physical
layout, production processes, manufacturing scheduling,
flow of materials, in-process controls, and cleaning routines
should be obtained. Personal observations should be made
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to see if the prescribed routines are being followed. Defi-
ciencies can then be identified and potential problem areas
can be investigated in depth.

Observers should be as unobtrusive as possible and not
disturb the normal routine. It is important that the plant
personnel not be so aware of being watched that they alter
their normal procedures. What is remarkable, however, is
the extent to which people, out of ignorance or habit, will
continue to do things the way they have in the past, even
though they know they are being observed>.

Environmental analyses may provide indicators of
trouble spots. For sterile production, testing for airborne
bacteria by the use of agar plates left in fixed positions for
various times has become an accepted, useful procedure.

However, the use of routine procedures for estimating
airborne, particulate contamination risks during produec-
tion and for determining the effectiveness of prophylactic
measures (202) has been essentially neglected, as indicated
by the paucity of literature. A start was made by Buogo and
Eboli (203), who adapted an electrostatic bacterial air
sampler to collect micronized drug particles. With a highly
susceptible strain of Sarcina lutea seeded on Mueller-
Hinton medium, penicillin, tetracycline, paromomycin,
and sulfapyrazine were identified and quantitated. Peni-
cillin G was detected at a level of 0.3 ug/m3 of air. When
20-40 min had elapsed after the drugs were sprayed into
the air, small quantities of penicillin were still detect-
able.

Ernerot and Molin (204) used an air sampling method®
and two sedimentation methods (particle-fallout pho-
tometer and the analysis of penicillin fallout on petri
dishes). Penicillin powder was artificially dispersed at
regular intervals and under different conditions of venti-
lation in a “clean room,” and the fallout pattern was ob-
served at various locations in the room. Similarly, a peni-
cillin vial filling room, penicillin tableting area, general
tableting department, and granulation room were surveyed
for particle fallout. The results from the different methods
used correlated well and provided useful information about
the dispersion pattern of chemical dust in the room.

A point to be kept in mind is the advantage of sampling
product material at the earliest production stage after the
suspected occurrence of contamination, i.e., at that point
where contamination will be the most concentrated. This
is important for the analytical chemist as well as for pin-
pointing the trouble area. Those who have attempted to
detect parts-per-million levels of estrogen in a multivi-
tamin tablet, for instance, will attest to the great difficulty
that may be encountered in recovering trace drugs from
complex mixtures.

Nevertheless, the demonstration of a contaminant in the
dosage form to be administered provides the most infor-
mation about the extent of the health hazard as well as the

5 The following incident involving an FDA investigator may serve as an extreme
example. One of two weighers, who were supposedly checking each other’s work,
left the weighing area to obtain dextroamphetamine sulfate, He returned with a
handscoop filled with white powder. After weighing the prescribed amount, he took
the excess powder back to where he had obtained it, accompanied by the investi-
gator. The material was returned to one of two adjacent, open drurs, both con-
taining white powder. There was no check of the drum from which the powder came
or was returned to, and a potent drug was carried open, some distance through
material storage areas, with the possibility of airborne cross-contamination. The
chief weigher remained at the weighing scale throughout, apparently unaware of
the multiple dangers in the procedure.

6 Royco particle counter.



strongest legal evidence’.

As an example of the solution of a sequential cross-
contamination problem, Banes (205) cited the classic case
of diethylstilbestrol contamination of isoniazid tablets.
Initially, suspicions were aroused by the appearance of
premature sexual maturation among young girls being
treated for tuberculosis with isoniazid tablets. After ruling
out environmental factors as a cause, isoniazid therapy was
discontinued and the symptoms disappeared. Animals
were fed the tablets and showed a positive estrogen re-
sponse. Chemical analysis of the tablet batch then yielded
an extract whose IR and UV spectra and chromatographic
properties were identical to those of diethylstilbestrol.
Production records revealed that isoniazid had been
compressed immediately after a high potency diethyl-
stilbestrol batch. This evidence and the observation of lax
cleaning procedures and, eventually, the discovery of other
batches sequentially contaminated with diethylstilbestrol
represented an irrefutable chain of evidence.

A final philosophical point should be made. Surely,
many of the cited examples of contaminated pharmaceu-
ticals are real and severe dangers to the public. However,
what of an innocuous condition represented by a trace of
ascorbic acid in an aspirin tablet? It might be argued that
the expense of eliminating the possibility of this occurring
is not worth the doubtful benefit. It must be decided what
kind of general attitude should be fostered in pharma-
ceutical manufacturers, whether they are small private
label houses with limited funds or large multinational
corporations. Aside from the fact that the consumer of an
item so important as a drug is entitled to receive no more
and no less than what he or she is paying for and not a
mixture of traces of everything present in a plant, an at-
titude of scrupulous attention to detail, anticipation of

7 The solution of a sampling and detection problem that arose at this agency is
presented, not as an exact model to be followed but as a particular solution to a
special situation. Hopefully, it will provide some insight into similar and related
problems facing drug manufacturers and regulatory agencies.

During an inspection of a large ethical drug manufacturing plant, an FDA in-
spector observed substantial concentrations of dust throughout various parts of
a general tablet compression room. There was dust on the walls of the room, on
vacuum air returns atop the room partitions, and at the fresh air return. In instances
where hand loading of granulations into the hoppers was observed, considerable
dusting occurred despite the operator’s care and the use of vacuum equipment. Nine
tablet compression machines were separated only by 1.7-m high partitions.

The inspector felt that, to reduce the chance of cross-contamination under the
prevailing manufacturing conditions, ceiling-high partitions between the com-
pression machines should be installed. Although the amount of dust was small, it
was felt that if this dust could be shown to contain drug material that had migrated
from tableting cubicles some distance away, the potential of cross-contamination
would be demonstrated. In addition, records were obtained of the firm’s tablet
compression schedules for the 2-week period prior to sampling. The New York FDA
laboratory was then given the assignment of determining the drug content of cotton
swabs used for the sampling of the various dust deposits. To complete the picture,
a comprehensive listing of the firm’s tableted drugs was obtained.

The method of analysis adopted was combined GLC-mass spectrometry. The
procedures used in general by this author were as follows. The contents of a swab
plus any loose powder were extracted into alcohol, filtered through Whatman No.
41 paper, and brought to volume. A portion of the alcohol solution was cleaned up
(as found necessary) using acid and basic washes and reextractions. Eventually,
a very small volume of chloroform extract was obtained, and a portion was injected
into a system consisting of a Barber-Coleman 5000 gas chromatograph interfaced
to an A.E.I. M.S.-12 mass spectrometer through a Markey glass frit separator.

The column liquid phase was 10% DC 200 on a support of 80-100-mesh Gas
Chrom W (HP) with the column effluent split between a flame-ionization detector
and the mass spectrometer source. As a peak appeared on the GLC recorder, the
total ion current monitor of the mass spectrometer indicated a peak and the mass
spectrum was scanned. GLC retention times and mass spectra were compared with
standards, and identifications were made. The areas under the GLC peaks could
be used for approximate quantitation.

Seven swabs were analyzed. All seven contained phenobarbital, and four con-
tained caffeine. These positive results were obtained from widely disparate parts
of the room. While the origin of the phenobarbital and caffeine as to date of man-
ufacture and compression machine used could not be proven, a serious dust problem
was demonstrated. Upon being presented with the findings, the firm acceded to
the agency’s recommendations,

problems, and even seeking out of problems is well worth
whatever it costs if one “Devonport Incident” is avoid-
ed.
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Abstract O Equilibrium solubility and pH measurements can be used
to determine macrodissociation constants of weak acids and bases of some
highly insoluble substances. Equations are derived extending solubility,
pH, and pKa (macroscopic) relationships to polyprotic, amphoteric
substances. A general method for estimating pKa values, given a set of
solubility and pH measurements, is presented. Included in the estimation
procedure is a subroutine for approximating thermodynamic pKa values.
The method was tested on two data sets (tyrosine and 2,8-dihydroxy-
adenine) and rendered pKa (thermodynamic) estimates in close agree-
ment with those using other methods.

Keyphrases [0 Dissociation constants—polyprotic, amphoteric com-
pounds, determined using solubility and pH measurements O pKa
values—polyprotic, amphoteric compounds, determined using solubility
and pH measurements O Solubility measurements—used to determine
dissociation constants for polyprotic, amphoteric compounds O pH
measurements—used to determine dissociation constants for polyprotic,
amphoteric compounds

Dissociation behavior of weak acids and bases is un-
ambiguously characterized by determination of the ther-
modynamic microdissociatioh constant pertaining to each
dissociation reaction. The microdissociation constant of
a monoprotic species (or that of an amphoteric compound
with widely separated acidity constants) can often be de-
termined directly from potentiometric measurements.
Dissociation constants of polyprotic species estimated by
this method (macrodissociation constants) generally
represent apparent dissociation reactions which do not
precisely relate to actual ionic forms present at equilibri-
um. Nevertheless, macrodissociation constants provide
useful estimates of apparent dissociation behavior which
can be utilized for characterizing buffer systems, acid
strength, and solubility-pH relationships. Thermody-
namic macrodissociation constants are preferred over
apparent macrodissociation constants since thermody-
namic constants are applicable to any aqueous solution in
which the activities of participating ions can be estimat-
ed.

Several methods exist for determining aqueous macro-
dissociation constants of weak acids and bases. While po-
tentiometric titrations and conductimetry generally suffice
for readily soluble substances, estimating pKa values of
poorly soluble compounds is sometimes impossible by
these methods (1, 2). UV and fluorescent spectropho-
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tometry can be applied in such cases, provided there is
sufficient shift in the spectra with a changing hydrogen-ion
concentration (1, 3). Where molecular and ionic spectra
are too similar or totally lacking, the solubility method may
be uniquely suited (1). This technique takes advantage of
the fact that sparingly soluble weak acids become pre-
dictably soluble in basic media while poorly soluble weak
bases become soluble in acid media. This phenomenon can
be modeled mathematically in a form that relates solubility
to pH and pKa.

No general treatment extending the solubility method
of pKa determination to polyprotic species has been
published. Moreover, all previously published pKa de-
terminations by the solubility method have resulted in
estimation of apparent pKa values (pKa’). Determination
of the thermodynamic pKa by the solubility method has
apparently been considered indeterminate (1, 4).

A general method is presented for obtaining estimates
of macro pKa values (thermodynamic) of polyprotic, am-
photeric compounds of limited solubility from pH and
solubility measurements. The method is applied experi-
mentally to two data sets: (a) tyrosine solubilities pub-
lished previously and (b) 2,3-dihydroxyadenine solubilities
measured in this laboratory. The equivalence of the solu-
bility method is then investigated by comparing resulting
pKa estimates to pKa values determined by other meth-
ods.

THEORETICAL

Let H,S be a weak, polyvalent, sparingly soluble amphoteric com-
pound that may acquire m additional hydrogens in its most acidic state
(Hn+mS)*™ and lose n hydrogens in its most basic state (S)~". At any
given pH, its apparent equilibrium reaction may be as shown in Scheme
I, with the net charge of each species indicated above it.

For clarity, the molecular and ionic species of the solute are abbreviated
onlyas S*™ ... S*land S7!...S™" The thermodynamic dissociation
constant, K, for the dissociation of the amphoteric or molecular species,
i.e., the m + 1th hydrogen dissociation, is given by:

Kamﬂ = 'H}[S_I]fs—l/[SQ]fso

where {H} is the hydrogen-ion activity; [S~!] is the concentration of S—1;
[So] is the concentration of S, the solubility of the uncharged (or net
charge equal to zero) species; and fs, and fs-1 are activity coefficients for
So and S~! species, respectively. Solving Eq. 1a for [S™!] yields:

(Eq. 1a)

Am+1 K"m&:

P K“m4rl -
(H,I_ZS)" == ... (§) n

+—ij[——>

Scheme I
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[S_I] = Kamn[SO]fSo/{H}fS‘l

The second hydrogen dissociation from the molecular or amphoteric
species is given by:

(Eq. 1)

Ka,,,, = (HIS 2 fe-2/[S7Yfs (Eq. 2)
Substituting Eq. 15 into Eq. 2 and canceling appropriate terms yield:

Kﬂm+2 = {H}Z[S_Z]/S'Z/Kamﬂ[SO]fSD (Eq. 3a)
[S-Z] = Kum+1Kam+2[SO]fSO/‘H}2fS‘2 (Eq 3b)
In general:
Kape, = H}7[S=")s7/[Solfs6 "‘nl1 K.)  (Eq.4a)
1571 = Salfsa 11 (Ka)/HVfs (Eq. 4b)

where r is the rth hydrogen dissociation, and numbering begins from the
molecular or amphoteric form and increases toward the right in the dis-
sociation scheme.

To convert Eq. 4b to contain the frequently used terms pH (= —log
{H}) and pKa (= —log K,,), the logio of each side of Eq. 4b is taken and
pKa and pH are substituted:

log10[S™7] = log10(So) + rpH

- % (pKay) + logio (fsoffs—) (Eq. de)

i=m+1
The antilogo of Eq. 4¢ yields:

[S~7] = 10Mog1080)+rPH=Z7 .,  (PKai)+logiolfso/fs—r)) (Eq. 5)
Making the usual assignment of unity to /s, and bringing logyo (Sp) down
out of the exponent result in:
[S=7] = S10lrPH-275 4 1 (PKai)~logrofs~r] (Eq. 6)
Identical treatment of the dissociation constants for addition of m
hydrogens yields:
[Sto] = Sp10[E% m-+ 1(PKai)—vpH~log1ofs+o] (Eq.7)
where v is the vth dissociation, numbering from the amphoteric form,
So, to the left in Scheme I.

Now, at any given pH, the total concentration of the compound in so-
lution, S, is given by:

S =[S0 + zl [$77] + ‘; [$+] (Eq. 8)

Inserting Eqgs. 6 and 7 into 8, the generalized equation becomes (the
brackets about all S species have been removed but concentration is
understood):

§=8, [1 + 3 10¢PH-S74 1 pKai—logiafs—r)
r=]

+ i 1()(24";...\-”.;pKa.—va—loglo/sn)] (Eq. 9)

v=1

Equation 9 represents the generalized relationship for thermodynamic
pKa values. The equivalent equation for apparent pKa’ values in which
the activity terms have been set equal to unity is:

S =8y [1 + 3 100PH-XT0. pKar)
r=1

+ ’Z": 10(=7 m)- x,ume’—-um*l)] (Eq. 10)

v=1

where Sy’ is an estimate of the basal solubility when all activity terms are
set equal to one.

Faced with Eqgs. 9 and 10 and a set of solubilities at given pH values,
it may not be intuitively clear which values of n and m specify the proper
equations for fitting to get estimates of Sy, S, and the various apparent
and thermodynamic pKa values. Moreover, it is desirable to use the
simplest equation giving the best fit.

An easy solution to the problem involves making a preliminary plot
of log1o (S/S¢” — 1) versus pH:

logio (S/S¢” — 1) = logie [ En: 10(rpH~2%274  pKai)
r=1

+ f: lo(Ea":m‘_'unpKai’—UPH)] (Eq. 11)

v=1

where Sy” is the minimum solubility experimentally.

Examination of the plot generally reveals one or several connecting
straight lines. The slopes of individual and final segments reveal infor-
mation relevant to the functional form to be used in the estimation pro-
cedures. This approach is equivalent to taking the first derivative of Eq.
11 and evaluating it within given pH intervals. The function (Eq. 11) is
such that generally one or, at most, two terms of the equation make the
major contribution to the value of log (S/S¢” — 1) in any given pH re-
gion. Likewise, the straight-line portions result from only the predomi-
nant term. The derivatives thus obtained are integer functions of the
number of associations or dissociations occurring, and their signs reflect
the anionic or cationic nature of the reaction. Depending upon the
proximity of pKa’ values, intermediate linear portions of the plot may
exhibit slopes that change in serial integer fashion.

Furthermore, a more detailed study of this plot can yield preliminary
estimates for apparent pKa values. Solving the terms of Eq. 11 repre-
senting each linear portion of the curve for its x-intercept yields ex-
pressionsfor pKa; values, i = 1 tom:

m .
xinterceptj = Z pKai//(m +1- ]) (Eq 12)
1=y
and for pKa; values,i=m + 1tom + n:
Xintercept; = i pKai’/(j - m) (Eq 13)
i=m+1

where the x-intercept is the intercept on the pH axis of the projection
of a given linear portion, numbering left to right from j = 1toj=n +
m.
Preliminary pKa; values are then found by solving the equations ser-
ially in order from the simpler to the more complex. Even though the
accuracy of this procedure depends upon the pKa values being separated
sufficiently to reveal definitive slopes, the general region of the pKa values
should be evident even where they lie close together.

GENERAL METHOD AND APPLICATION

A flow diagram outlining the general method is shown in Scheme IL.
Given a suitable set of pH and solubility measurements, the basic ap-
proach is to estimate the preliminary basal solubility, S¢’, and apparent
pKa’ values from a nonlinear least-squares fit of the data to Eq. 10. The
preliminary estimates contribute to the calculation of ionic strengths of
the various solutions, which then allow computation of sample-specific
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DATA AT Eoummum [T AT EQUILINUM
- Jog (1) v i L
AU ROT .

e K, pia,

!
e I 8 f -s__,;x'._,pm—.ﬂj_.

TIAL COMPUTER nd
Bk Ay I 8.pkKe, I

ONIC BTRENITH I
L] n
A 4

ANTE AMEDIAT £
COWPUTATIONS

¥
- PRIy

comrmcanTs  (f 0
h 4
B f 18, pKa,, pH, £

e
FiMAL COMPUTIR s, (mAasaL soLusfuTY)
DATA FIY pKa, (THERMODYMAMIC )

Scheme 11

Vol. 67, No. 1, January 1978/ 13



log,, (/55 1

2

| slope - +2
1
!
+
i
\slope el !/ slope= +1
1 \ ff
*“ &
\ /
\ /
/0
[1] —d
1 2 \ 3 4 5 6 7 8 10 no12
-
\ -« pH—-) ¥
.

1 b

Figure 1—Plot of logio (S/So” — 1) versus pH [Hitchcock’s tyrosine
data (5)]. The terminal slopes specify m and n.

activity coefficients for the substance under study. Finally, the activities
enter into a final fit of the data to Eq. 9, rendering estimates of the
thermodynamic macrodissociation constants.

A step-by-step approach is given here, detailing the general method
and applying this method to the tyrosine solubility measurements re-
ported by Hitchcock (5). Briefly, Hitchcock added excess tyrosine to
hydrochloric acid or sodium hydroxide solutions of varying starting
concentrations, and saturated solutions were obtained by rotation at 25°
for 1 or 2 days. After filtration, the concentration of tyrosine was obtained
by Kjeldahl determination of nitrogen. The pH was measured with Clark
electrodes at 25°. The data appear in Table L.

1. The first step is to specify the values of n and m, the highest valences
of anions and cations existent at the upper and lower pH limits, respec-
tively. Since this information may not be reasonably known a priori, n
and m may be extracted from a visual analysis of the data by plotting logio
(S/Sy” ~ 1) versus pH, So” being the minimum solubility obtained by
inspection of the data. This plot yields a curve from which n and m can
be determined by inspection of terminal slopes. The terminal slope in
the upper pH region determines n; expected slopes are multiples of 1. If
a slope lies between two integers, the higher integer should be chosen.
The value of m is determined in an identical fashion. Once n and m are
substituted in Egs. 9 and 10, the functional forms for the data-fitting
process are specified.

When this procedure is applied to the tyrosine data, S¢” is noted to be
around 2.62mM (TableI). A plot of logyo (S/S¢” — 1) versus pH is shown
in Fig. 1. The terminal slope in the lower pH region is —1, thereby es-
tablishing m = 1. The terminal slope at higher pH lies between +1 and
+2,s0n =2,

From the same plot, preliminary estimates of the pKa values can be
obtained to provide the nonlinear data-fitting procedure with starting
points and limits. Figure 2 illustrates the procedure for gaining prelimi-
nary estimates of the apparent pKa’ values.

2. The next step is to estimate Sy’ and the apparent pKa’ values. These
values result from a nonlinear least-squares fit of the solubility and pH
measurements to Eq. 10.

Table I—Tyrosine Data of Hitchcock (5)

[HCI]initial, mM [TerSIDe]equilibrilxmy mM pHequilibrium
50.00 16.50 1.450
40.00 13.80 1.560
30.00 10.80 1.675
20.00 8.43 1.861

9.99 5.39 2.160
4.99 4.10 2.457
2.00 3.25 2.857
1.00 3.09 3.190
H,0 2.62 5.300
(NaOHlinitiatr mM
0.98 3.54 8.342
1.95 4.30 8.865
4.88 7.06 9.249
9.76 10.70 9.484
19.50 17.50 9.726
29.90 24.70 9.841
39.80 30.40 9.881
49.80 35.80 9.953
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Table II—Results of Solubility Method pKa Estimates for
Tyrosine and Values Reported by Other Workers

Thermo-
dynamic
pK Values
Methods and Apparent (Adjusted to 25° Refer-
Conditions pK'’ Values I =~ 0.00) ence
Solubility, 25°, I <0.07 pKay =2.13 pKa; = 2.06 This
pKay’' = 9.21 pKaz = 9.18 work
pKas’ = 9.91 pKas = 10.40
So’ =286 uM Sy =289 uM
Potentiometry, 20°,/ =  pKa;’ =2.20 pKa; = 2.11 14
pKay’ =9.19 pKaz = 9.12
pKag’ = 1043 pKaz = 1043
Spectrophotometry, 25°, pKag’ =9.12 pKas = 9.19 10
[ =0.04 pKasy’ =10.28 pKaz = 1047
Spectrophotometry, 25°, pKay' = 8.95 pKas = 9.04 15
I1=01 pKas’ =10.08 pKaz = 10.34

Substituting m and n for tyrosine into Eq. 10 yields:

S = 8¢’ [1 + 10(PH-PKaz)
+ 102pH-pKaz'—pKay) 4 1o(pKer'—pH)] (Eq. 14)
A nonlinear least-squares fit! of the data in Table I to Eq. 14 results in
estimates for the preliminary basal solubility, S¢/, and apparent pKa’
values shown in the upper part of Table II.
3. The ionic strength at each pH is next computed by summing the
ionic concentrations of all ions present as follows (7):

m n
I=05 [IIE:I a0 Zi2+ Y SHZ2+ S""Z,-2] (Eq. 15)
iT=1 i=1 i=1
where I is the ionic strength; a|;) is the ionic concentration of all non-
S-ions at equilibrium; [p| is the absolute value of the highest charged
species present; S*¢ is the ionic concentration of all S-ions at each pH;
m and n are the absolute values of highest cationic and anionic charges,

respectively; and Z; is the net charge.

Computation of ionic strength requires the ionic concentration of all
ions present at equilibrium. These ions include the various tyrosine ions,
which are computed from Eqs. 6 and 7 by using the S¢’ and pKa’ values
estimated and setting activity coefficients equal to unity; [Na*] and [C17]
abtained from Table I; and, finally, (H*] and [OH~] computed from a
mass balance estimation of hydrogen and hydroxide ions, taking into
account those lost in forming the various tyrosine ions.

4. The ionic strength computations, I, allow for approximation of the
activity coefficient, fgi, for ionic strengths below 0.1 according to the
Debye-Hiickel equation (25°) (8):

0.5Z:2V1
1+0.329Asi VI
where fgi is the activity coefficient of the S-ion with charge |, Rgiis the

—logio (fs?) = (Eq. 16)
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Figure 2—Plot of log1o (S/So” — 1) versus pH [tyrosine data of Hitch-
cock (5)]. The intercepts allow for preliminary estimates of pKa’
values.

1 Nonlinear Regression Program (6), modified by C. C. Peck and B. B. Barrett,
Letterman Army Institute of Research, San Francisco, Calif., and implemented
on a Hewlett-Packard 9830-A desktop calculator.



Table III-—Comparison of Thermodynamic pKa Values for
Tyrosine at 25° (Mean + 1 SD)

Source pKa; pKag pKaj
Published values® 2.11 9.11 £0.08 10.41 £ 0.07
(n=1) (n=3) (n=3)

Solubility method (this 2.06 £0.05 9.18+0.06 10.40 + 0.09

paper)

a Reported (12, 14, 15) as ~logjg (YK;{,), where X,; = mean of published dis-
sociation constants (K, ).

effective ionic radius in angstroms, and all other terms are as defined
previously.

Approximate values for Ag: may be obtained from the data of Kielland
(9) by choosing an ionic radius corresponding to an ion in his list whose
dimensions are similar to those of the compound under study.

The effective ionic radius used in the activity calculations for tyrosine
was 7.5 A. This value is identical to that used by Martin et al. (10), who
based their choice on Kielland’s data (9). The validity of this choice is
supported by the study of Edsall et al. (11). These investigators estimated
the distance between the amino nitrogen and the hydroxyl hydrogen of
tyrosine to be 6.95 A using the Kirkwood-Westheimer equation and ex-
perimentally determined microdissociation constants. (Using A=695
leaves the final estimate for pK; and pK3 unchanged and changes pKj
to 10.42.)

5. Thermodynamic pKa values can now be estimated by substituting‘

the activity coefficients obtained in Step 4 into Eq. 9 and performing a
final nonlinear least-squares fit of the solubility data and pH measure-
ments to Eq. 9.

In practice, Steps 1 and 2 are done as separate procedures; then Steps
3-5 can be performed in a single computer run. Thus, having obtained
S¢’ and the apparent pKa’ values, a repeat nonlinear least-squares fit of
pH, solubility measurements, and activity estimates to Eq. 9 was carried
out, resulting in the thermodynamic constants given in Table IL.

A consideration of the type of measurement error may be important
in the data-fitting process. Since the nonlinear model assumes an additive
error in S, one should be confident that the type of measurement error
in S emerges as an additive term. Such analytical work, where pipetting
errors are carried through, for example, frequently results in a multipli-
cative type of measurement error. Such an error component can be ren-
dered additive by taking the logyo of each solubility measurement. This
approach was shown to be appropriate for a similar exercise by Kriiger-
Thiemer et al. (12). The log;o of both sides of Eqs. 9 and 10 must be taken
in Steps 2 and 5 if such a procedure is followed. Alternatively, if the
variance of the measurements is known, a weighted analysis can be per-
formed (13). For example, a weight of the reciprocal of the square of the
measured solubility is appropriate for a multiplicative error compo-
nent.

In addition, Table II presents published pKa values for tyrosine that
fulfill the criterion of an accurately reported ionic strength of the test
solutions in which the total ionic strength was less than 0.1 (10, 14, 15).
To exemplify exclusions, close examination of two papers (16, 17) indi-
cated that the ionic strength values were underestimated by virtue of
improper assignment of a charge of —1 to tyrosine in the pH region >9.0.
Likewise, some pK; estimates (10, 17) were made in solutions of I > 0.15,
rendering the Debye—Hiickel approximation for activity in doubt.

Since the published values in Table II were apparent pKa’ values, some
at 20°, adjustments were made to obtain thermodynamic pKa values at
25°. The temperature adjustment used was that suggested by Albert and
Serjeant (1) based on the work of Hall and Sprinkle (18). Conversion to
thermodynamic pKa from apparent pKa’ was made by correcting to zero
ionic strength by means of activities computed from Eq. 16 (ionic radius
= 7.5 A), using the ionic strength reported in each paper.

Table ITI compares the pKa values estimated by the solubility method
described here with the means of acceptable published values. The
standard deviations about the values calculated by this method are those
reported in the computer program. Caution should be exercised in in-
terpreting confidence limits about the parameters (Sp and pKa values)
estimated in Step 5 by the nonlinearfitting procedure. Since the same
solubility and pH measurements are used twice in arriving at final esti-
mates of the thermodynamic pKa values, confidence regions would be
expected to be broadened by a suitable reduction in the degrees of free-
dom that contribute to this computation. Apparently, however, no sound
theoretical statistical basis currently exists to solve this problem. How-
ever, dispersion about the estimated parameters can be established by
one or more complete duplications of the experiment.

Table IV—2,8-Dihydroxyadenine Solubility at Various pH
Values (37°)

[2,8-Dihydroxyadenine], mg/liter PHequilibrium
603.58 0.018
581.42 0.022
131.60 0.533
137.91 0.535
138.10 0.536
134.09 0.562
129.31 0.573
125.29 0.579

79.55 1.164
80.60 1.175
10.51 2.280
10.40 2.250
1.47 5.08
1.55 5.08
1.43 5.08
1.51 7.06
1.49 7.06
40.49 9.468
46.61 9.615
50.99 9.672
65.80 9.737
68.86 9.748
62.46 9.7717
79.55 9.811
76.12 9.825
93.78 9.901
86.33 9.902
117.18 9.971
168.09 10.011
139.43 10.073
140.39 10.087
347.92 10.196
467.29 10.378
3883.34 11.048
4187.80 11.211
EXPERIMENTAL

As a second test of the solubility method, three thermodynamic ma-
crodissociation constants of 2,8-dihydroxyadenine were estimated by the
solubility method and by UV spectrophotometry. All measurements
relevant to the solubility method were made at 37°. UV absorption was
measured at 25 or 37°. The pH was measured with a digital pH meter,
and all pH values are reported as the final equilibrium pH. Buffers were
made at ionic strengths of 0.1 and were adjusted with hydrochloric acid
or sodium hydroxide and citrate and phosphate buffers.

Anhydrous 2,8-dihydroxyadenine was certified? to be 98.52% pure.
2,8-Dihydroxyadenine was assayed in aqueous buffer as follows. The final
equilibrium sample was filtered through a 0.22-um filter and diluted as
necessary with a solution of the same buffer of similar pH. This prefinal
solution was then diluted 1:1 with 6 N HC], and the UV absorbance at
305 nm was read against an identical blank. The 2,8-dihydroxyadenine
concentration was computed using the experimentally determined molar
absorptivity of 17,130 for 2,8-dihydroxyadenine in 3 N HClI at 25°. The
quantitative lower limit of sensitivity of this procedure is 0.1 mg/liter,
and precision is +3% for concentrations above 1 mg/liter.

The experimental procedure consisted of massively exceeding the
2,8-dihydroxyadenine solubility in test solutions by heating to 100° for
30 min followed by agitation at 37°. Agitation was continued for no less
than 65 hr and for as long as 504 hr. The criterion for attainment of stable
solubility for a given sample was a solubility change of less than 3% in
three successive 24-hr checks.

RESULTS AND DISCUSSION

The pH and solubility data for 2,8-dihydroxyadenine appear in Table
IV. The data analysis procedure for estimating thermodynamic macro-
dissociation constants by the solubility method was identical to that used
for tyrosine, except that the nonlinear regressions were weighted by the
reciprocal of the square of the 2,8-dihydroxyadenine concentration be-
cause of multiplicative errors due to dilution procedures as discussed
previously. The results are presented in Table V.

The solubility method for determining aqueous pKa values was used
with some frequency 30-50 years ago (5, 19-24) but only sporadically in

2 Aldrich Chemical Co., Milwaukee, W1 53233.
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Table V—Thermodynamic pKa Values for 2,8-
Dihydroxyadenine (37°) (Mean + 1 SD)

Method pKa; pKag pKag
Solubility 2.45 + 0.06 8.12 + 0.05 11.38 £ 0.16
Spectral 2.49¢ 8.09¢ 11.52%

2 UV absorbance was measured at 25°; resulting pKa values were adjusted to 37°
(1, 18). ® All measurements were performed at 37°.

recent years (4, 12, 25, 26). In part, this change may be accounted for by
the relative simplicity and ease of potentiometric and spectrophotometric
methods. In addition to the awkward and complicated graphic solutions
recommended by early protagonists of the solubility method, it may have
been underutilized because it has never been generalized to estimation
of thermodynamic pKa values for polyprotic species. Recently, one in-
vestigator asserted that a dibasic acid pKa could not be determined by
the solubility method (4). Examination of his report, however, suggests
no reason why it could not be accomplished using the method described
here.

Krebs and Speakman (22) first provided a derivation of the funda-
mental solubility-dissociation equation in a form relating solubility to
pH and pKa/’, linearly and separately for monoprotic acids and bases.
They correctly predicted the upward change in the terminal slope of the
logio (S/S¢’ — 1) versus pH plot when a dibasic dissociation becomes
operative. However, no generalized derivation was provided, nor was there
serious suggestion of extension to dibasic species. They mentioned the
problem of correcting the apparent pKa’ to zero ionic strength to obtain
the thermodynamic pKa but made no comment on the proper correction
for polyprotic species. The Krebs and Speakman approach, however, was
useful for studying aqueous pKa’ values of a number of substances (4,
22, 25-27).

Kriger-Thiemer et al. (12) published a nonlinear solubility equation
for amphoteric substances and suggested the use of a least-squares data
fitting procedure for estimating Sy’ and pKa’. They applied this approach
to a number of monoprotic sulfonamides and found that it yielded pKa’
estimates in close agreement with values obtained by conventional
methods. The advantage of this technique over a simple plotting routine
is its provision of an automated estimation procedure. It is uniquely suited
to cases of amphoteric and/or polyprotic compounds that cannot be fitted
by a linear regression.

Kriiger-Thiemer et al. (12) also reported the log;o form of Eq. 10 to
eliminate inaccuracies in the estimation procedures produced by mul-
tiplicative errors. Since the tyrosine data of Hitchcock (5) were reported
as means of two or more analyses, it was impossible to examine the data
for the measurement error type. Therefore, the values from Table I were
fit in both the transformed (logip) and untransformed manner. Final
estimates by the transformed manner are as follows: Sp = 2.81 mM, pKa,
= 2,08, pKas = 9.14, and pKaj = 10.47. The estimates thus obtained are
approximately as close as the untransformed estimates are to the means
for the published dissociation values (Table III). However, in this case,
there is no compelling argument in favor of the log,o transform approach.
Therefore, the values estimated by the untransformed equation remain
the best estimates.

An extensive search of the world literature failed to reveal a general
treatment of the solubility—dissociation relationships as described here.
However, two reports that used solubility-pKa considerations should
be mentioned. An equation that can be made equivalent to Eqgs. 6 and
7 was included (without derivation) as part of a general discussion of
solubility (28); it was not used to provide a basis for the determination
of thermodynamic pKa values of polyprotic species. Levy and Rowland
(29) proposed a pKa determination method that allows use of poten-
tiometry in pH regions where precipitation of a sparingly soluble sub-
stance has occurred.

The validity of the solubility method for determining thermodynamic
pKa values described here was tested on tyrosine solubility measurements
published by Hitchcock (5) and on 2,8-dihydroxyadenine solubilities
measured in this laboratory. Tables III and V indicate substantial
agreement between solubility-determined thermodynamic pKa values
and those determined by independent methods. All solubility-estimated
pKa values fall within £1 .SD of the means of acceptable published values
for tyrosine and are acceptably close to spectral pKa values in the dihy-
droxyadenine case.

The maximum number of pKa values of a given compound that can
be determined by this method remains unexplored. There appears to be
no limitation on the estimation of apparent pKa’ values beyond the re-
quirement of chemical stability at the pH extremes. However, the ionic
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strength for such apparent pKa’ values would be impossible to summarize
in a single number unless a swamping electrolyte was utilized. Accurate
estimation of multiple thermodynamic pKa values would be limited by
the inaccuracy of the Debye—Hiickel activity approximation at ionic
strengths greater than 0.1. Although activity approximations exist for
ionic strengths greater than 0.1 (30), estimation of thermodynamic pKa
values in this circumstance would be tenuous at best. Thus, where the
initial pH is <1 or 213, the contribution of acid or base alone to ionic
strength represents a limitation to this method. Moreover, the ionic
strength contribution of other ions, especially those of the compound
under study, shrinks these limits further.

In summary, a derivation of solubility, pH, and pKa (macroscopic)
relationships is presented and is generalized to polyprotic, amphoteric
species in aqueous solutions. A general method is provided for deter-
mining apparent and thermodynamic macrodissociation constants from
a set of solubility and pH measurements using a data-fitting procedure.
Finally, this approach is validated by estimating thermodynamic pKa
values on two data sets. Solubility-estimated pKa values for tyrosine and
2,8-dihydroxyadenine compare favorably with those using independent
methods.
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Abstract 0 A method is described for the analysis of amitriptyline,
doxepin, imipramine, nortriptyline, desmethyldoxepin, desipramine, and
protriptyline in human plasma utilizing GLC-chemical-ionization mass
spectrometry with selected ion monitoring. The assay is highly specific
and is quantitative to at least 1 ng/ml with a standard error typically less
than 5%. Representative concentrations of the parent compounds and
their monodemethylated metabolites, as measured in plasma samples
from patients under treatment with tertiary amine tricyclic antide-
pressants, are given.

Keyphrases O Antidepressants, various tricyclic—GLC-chemical-
ionization mass spectrometric analyses, human plasma 0 GLC-chemi-
cal-ionization mass spectrometry—analysis, various tricyclic antide-
pressants in human plasma O Mass spectrometry, chemical ioniza-
tion-—analysis, various tricyclic antidepressants in human plasma

Tricyclic antidepressants are the most commonly used
medications for the treatment of depression. Approxi-
mately 60-70% of patients treated with these substances
respond favorably. The lack of response in the remaining
30-40% may be attributed, in part, to interpatient differ-
ences in drug absorption, distribution, metabolism, and
elimination, resulting in nontherapeutic blood levels of the
drugs and their active metabolites (1-6).

To evaluate the importance of these pharmacokinetic
processes on the response of depression to tricyclic anti-
depressant treatment, selective and sensitive assay
methods for these compounds and their metabolites must
be utilized. Previous approaches include TLC (7-10),
photometry (11-16), radioisotopic derivatization (17, 18),
GLC (9, 13, 19-28), and GLC-mass spectrometry with
selected ion monitoring (4, 29-39), which is the most ac-
curate and among the most sensitive. To date, assays with
this method have utilized electron-impact ionization
techniques.

The purpose of the present study was to develop
GLC-mass spectrometric assays with selected ion moni-
toring for the most commonly used tricyclic antidepres-
sants utilizing the more recently developed chemical-
ionization method.

EXPERIMENTAL

Blood samples, 5-10 ml, were drawn in heparinized tubes! from pa-
tients under treatment for depression. The plasma was separated by
centrifugation at 2000 rpm for 10 min, transferred to tubes with poly-
tef-lined screw caps, and stored frozen at ~20° until analysis. The fol-
lowing were used as reference compounds: amitriptyline?, protriptyline?,

! Vacutainer, Becton-Dickenson, Rutherford, N.dJ.
2 Merck Sharp and Dohme, West Point, Pa.

* Present address: Department of Psychiatry, Medical College of Virginia, MCV Station,

nortriptyline®, doxepint, desmethyldoxepin4, imipramine5, and des-
ipramine®.

All solvents were either high purity? or glass distilled8. Trifluoroacetic,
heptafluorobutyric®, and pentafluoropropionic'® anhydrides were reagent
grade; perfluorotributylamine!® was mass spectrometric grade. All other
reagents were ACS reagent grade. Glassware was acid washed, and si-
lanization of glassware with dimethylchlorosilane or the inclusion of an
alcohol such as isobutyl in the extraction solvent was essential to prevent
serious drug adsorption on the extraction glassware. Addition of isobuty!
aleohol was preferred as a matter of convenience.

A gas chromatograph-mass spectrometer system!! interfaced with a
data system!? was equipped with a differentially pumped chemical-
ionization source that received the total effluent from the gas chroma-
tograph.

A series of standards was prepared daily and analyzed along with each
set of unknowns. Standards were prepared by spiking 2-ml aliquots of
drug-free human plasma with known concentrations of the drugs of in-
terest along with the appropriate internal standards as aqueous solutions
of their hydrochloride salts. (These solutions were stable for several weeks
when prepared in 0.01 N HCl and stored at 4°.) Tertiary and secondary
amine analogs from the tricyclic class were chosen as internal standards.
A range of 5-150 ng/ml in the spiked standards generally coincided with
the range of actual blood levels measured in most patients. Internal
standards were added at a concentration falling approximately in the
center of the standard range. The standards were extracted simulta-
neously and identically with the unknowns.

The unknown plasmas were thawed, and 2.0-ml aliquots of each were
pipetted into 8-ml screw-capped tubes with polytef-lined caps!3. The
same quantities of the internal standards were added to these as were
added to the known standards, again as aqueous solutions of their hy-
drochloride salts. The pH of the samples was adjusted to 10.5-11.5 by
dropwise addition of 1 N NaOH. Control of the pH with bicarbonate or
other buffers was unnecessary, and dilution of the plasma with these
buffers generally resulted in excessive emulsion formation with shak-
ing.

Samples were extracted twice with 3 ml of 1.5% (v/v) isobutyl alco-
hol-heptane by shaking vigorously for 2 min and then centrifuging at 1500
rpm for 10 min to effect complete phase separation. The aqueous phases
were discarded, and the combined organic phases were back-extracted
into I ml of 0.1 N HaSOy, again with 2 min of shaking followed by cen-
trifugation. The heptane phases were discarded, and the acidic aqueous
phases were washed once with 4 ml of fresh extraction solvent; again the
organic phases were discarded after centrifugation.

It was necessary to include this back-extraction step to eliminate in-
terfering substances that gave mass fragments at identical m/e values
to those being selectively monitored as well as late eluting contaminants
that excessively prolonged the chromatography time. Three common
contaminants, other than neutral lipids, substantially removed by this
step were identified from their mass spectra as tributoxyethyl phosphate,

3 Eli Lilly and Co., Indianapolis, Ind.

4 Pfizer Research Lahoratories, Groton, Conn.

5 Ciba~Geigy Corp., Summit, N.J.

6 Lakeside Laboratories, Milwaukee, Wis.

7 Nanograde, Mallinckrodt, St. Louis, Mo.

8 Burdick & Jackson Laboratories, Rockford, Mich.
9 Pierce Chemical Co., Rockford, Il1.

10 PCR, Gainesville, Fla.

11 Model 3200E, meﬂan Corp., Sunnyvale, Calif.
12 Model 6100, megan Corp., Sunnyvale, Calif. -
14 Corning Glass Works, Cornmg, N.Y.
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dibuty! phthalate, and dioctyl phthalate. The vacuum blood collection
tubes! or their stoppers contain these compounds (40).

The samples were then readjusted to pH 10.5-11.5 by dropwise addi-
tion of 1 N NaOH and extracted twice with 2 ml of extraction solvent,
followed by shaking and centrifuging as before. The upper organic phases
were then transferred to clean, dry, screw-capped tubes and evaporated
under a stream of dry gaseous nitrogen at 40°. Imipramine samples had
to be analyzed at this point due to degradation of this tertiary amine by
the derivatization reaction conditions of the next step. Samples were then
derivatized to convert the secondary amine metabolites to products more
easily analyzed by GLC.

To the dried residues in each tube were added 25 ul of ethyl acetate and
50 ul of heptafluorobutyric anhydride. The tubes were tightly capped and
heated at 60° in a block-type heater. The maximal reaction yield was
achieved in 30-60 min. The samples were dried again under gaseous ni-
trogen at 40°, with a few drops of toluene added near the end of drying
to facilitate complete removal of unreacted heptafluorobutyric anhydride
and residual heptafluorobutyric acid. The residues were taken up in 20-50
ul of ethyl acetate just prior to analysis.

Samples were stable for several days when stored either dry or in ethyl
acetate at 4°. Samples, 1-5 ul, were then analyzed by GLC-chemical-
ionization mass spectrometry with selected ion monitoring.

Reference Spectra—Aliquots of 100-200 ng of each pure reference
compound (or the heptafluorobutyramide derivative of the secondary
amines) were injected into the gas chromatograph-mass spectrometer-
computer system and chromatographed using the following conditions.
The silanized glass column, 6 mm o.d., 2 mm i.d. X 1.5 m, was packed with
3% SP-2250DB on 100-120-mesh Supelcoport!4. The column oven was
maintained at 205° isothermal, and the injector temperature was 235°
isothermal. The carrier gas was methane, and the flow rate was adjusted
to give a source pressure of 1000 um (equivalent to a flow rate of 20 ml-
atm/min).

The mass spectrometer conditions were: interface temperature, 170°;
ion source temperature, at equilibrium (130-135°); emission current, 500
wamp; electron multiplier, 2100 v; electron energy, 105 ev; and pream-
plifier range, 10~2 amp/v.

The computerized data system produced an internal mass calibration
table by scanning a spectrum of perfluorotributylamine for its known
mass peaks. To the two or four masses selected, 0.1 or 0.2 amu was added
for mass defect compensation. The integration time was automatically
selected by the data system to optimize the signal-to-noise ratio, and the
scan time was 1 sec. The mass spectrometer was operated under computer
control in the scan mode (over the appropriate mass range).

Scans were taken at 2-3-sec intervals using an integration time of 8
msec/amu and stored on the computer disk memory. A reconstructed gas
chromatogram was generated by the data system in real time from these
scans as they were acquired. Each reference spectrum represents the scan
corresponding to the chromatogram peak apex minus a background scan
taken prior to the peak elution. The spectra were normalized on the base
peak and plotted on a digital plotter!s,

GLC-Chemical-Ionization Mass Spectrometry—The selected ions
monitored were chosen from the reference spectra (Table I). Up to four
ions were monitored simultaneously by the data system. Although the
ions as listed in T'able I are of integer mass, they were actually monitored
with +0.1 or +0.2 amu offset to compensate for mass defect. The qua-
drupole mass set voltages corresponding to these ions were automatically
set by the computer referenced to a mass calibration table, with perflu-
orotributylamine!® as the calibration compound. Integration times were
determined by a computer algorithm to maximize the signal-to-noise
ratio.

The standard curves were computer constructed from a multiple linear
regression analysis of the mass chromatogram area ratios (standard
drug-internal standard) versus the corresponding concentration ratios
(nanograms per milliliter).

The final drug concentrations of the samples were determined
mathematically from the ratios of the mass chromatogram peak areas
(unknown drug-internal standard) using the slope and intercept of the
standard curve.

RESULTS

Reference Mass Spectra—Methane chemical-ionization mass
spectra of pure reference compounds, or their heptafluorobutyramide

14 Supelco, Inc., Bellefonte, Pa. i
15 Zeta Research Inc., Lafayette, Calif,
16 FC-43.
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Table I—Selected Ions Monitored for Analysis of Tricyclic
Antidepressants®

Base Peak Reference Peaks
Compound (m/e) (m/e)
Amitriptyline 278 (MH*) 233, 276
Nortriptyline 233 460 (MH’
heptafluorobutyramide -
Doxepin 280 (MH*) 235, 278
Desmethyldoxepin 235 462 (MH*Y)
heptafluorobutyramide
Imipramine 281 (MH*) 208, 279, 280
Desipramine 228 430, 657 (MH™)
bis(heptafluorobutyryl)
derivative
Protriptyline 191 233, 460 (MH*)
heptafluorobutyramide

o Mass spectra were prepared from solutions of pure reference compounds (Figs.
1-7). The base peak in each spectrum was chosen for quantitation, and one or more
other major peaks were selected as reference peaks for qualitative verification.

derivatives where appropriate, are shown in Figs. 1-7. The structures
indicated are not those of the molecular ion(s) because the adduct protons
or alkyl chains are not shown. The left ordinates represent the relative
intensity normalized on the base peak (100%) of the mass range indicated.
The right ordinates represent the percent of the sum of the total ions over
the indicated mass range.

The spectra (Figs. 1-7) include the significant ions above m/e 100,
extending approximately from the mass of the intact tricyclic ring system
to the (M + 41)* ion. The most abundant ions found below this range and,
therefore, not included were those at m/e 58 of the tertiary amines. The
relative abundances of m/e 58 were 100, 95, and 30% for amitriptyline,
doxepin, and imipramine, respectively, and represented 75, 30, and 8%,
respectively, of the sum of the total ions between 50 and 350 amu for these
compounds.

Amitriptyline, mol. wt. 277, gave a relatively simple spectrum (Fig. 1),
with the base peak at m/e 278 from the protonated molecular ion MH*.
Also present were the molecular adduct ions at m/e 306 (M + 29)* and
318 (M + 41)* from the addition of CoHs* and C3Hs*, respectively. The
(M = 1)* ion at m/e 276 was derived from hydride abstraction.

The spectrum of doxepin, mol. wt. 279, was analogous to that of ami-
triptyline, with the base peak at m/e 280 from the MH* ion and associ-
ated adduct ions at m/e 308 and 320 (Fig. 2). The (M — 1)* ion at m/e 278
was much less prominent relative to the MH* jon in this spectrum than
were the corresponding ions in the spectrum of amitriptyline, probably
due to the oxygen in the ethylene bridge of the doxepin ring system.
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Figure 1—Chemical-ionization mass spectrum and structure of ami-
triptyline.
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Figure 2-—Chemical-ionization mass spectrum and structure of dox-
epin.

Imipramine, mol. wt. 280, yielded a spectrum analogous to spectra of
amitriptyline and doxepin, with the MH* ion at m/e 281 as the base peak
and the expected adduct ions at m/e 309 and 321 (Fig. 3). A relatively
large M* ion at m/e 280 derived from charge exchange ionization and a
relatively small (M — 1)* ion from hydride abstraction are the reverse
of the relative intensities seen for amitriptyline and doxepin.

Nortriptyline heptafluorobutyramide, mol. wt. 459, gave a more
complex spectrum than that of amitriptyline, with a fragment ion at m/e
233 as the base peak (Fig. 4). This ion (identical to m/e 233 of ami-
triptyline) was derived from inductive cleavage of the MH* ion with
neutral loss of C3F7CONHCHj3. The MH* ion at m/e 460 and the asso-
ciated ions at m/e 488 and 500 were much less stable than the analogous
ions in the spectrum of amitriptyline and were, therefore, comparatively
low in relative abundance (note that the intensities of all ions above 400
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Figure 3—Chemical-ionization mass spectrum and structure of im-
ipramine.
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Figure 4—Chemical-ionization mass spectrum and structure of nor-
triptyline heptafluorobutyramide.

were magnified five times). lons at m/e 440 and 420 were from single and
double loss of HF, respectively. Fragments at m/e 261 and 273 were
probably derived from m/e 388 (M + 29)* and 500 (M + 41)* by the same
cleavage that produced m/e 233 from m/e 460.

Desmethyldoxepin heptafluorobutyramide, mol. wt. 461, gave a
spectrum (Fig. 5) analogous to that of nortriptyline heptafluorobutyra-
mide, with the base peak at m/e 235 formed from the MH* ion as de-
scribed for the base peak of nortriptyline heptafluorobutyramide. The
MH* ion was present at m/e 462 along with the accompanying adduct
ions at m/e 490 and 502, all of low relative abundance. Ions at m/e 263
and 275 were probably from cleavage of m/e 490 (M + 29)* and 502 (M
+ 41)*, as described for the analogous ions of nortriptyline heptafluo-
robutyramide.

Desipramine was converted by reaction with heptafluorobutyric an-
hydride to a diacyl derivative, mol. wt. 656, of uncertain structure. The
spectrum of desipramine bis(heptafluorobutyramide) (Fig. 6) gave an
MH?* ion at m/e 657. The base peak at m/e 228 was structurally identified
as C3F7CON*+H,CHj;. Another prominent ion at m/e 430 (MH — 227)*
was derived from loss of C3F;CONHCHj from the MH* ion. Reaction
of desipramine with trifluoroacetic anhydride or pentafluoropropionic
anhydride produced diacyl derivatives analogous to desipramine di-
heptafluorobutyramide. The yields of these reactions were essentially
quantitative.

Protriptyline heptafluorobutyramide, mol. wt. 459, gave a spectrum
significantly different from that of nortriptyline heptafluorobutyramide,
mol. wt. 459 (Fig. 7). The base peak of protriptyline heptafluorobutyra-
mide was at m/e 191, derived from loss of the side chain from the tricyclic
ring system. A significant ion at m/e 268 probably represented charge
retention by the cleaved side chain. The MH* ion at m/e 460 and ac-
companying ions at m/e 488 and 500 were of much greater relative
abundance than the analogous ions in the spectra of the other secondary
amine tricyclic heptafluorobutyramide derivatives (spectrum is shown
with no vertical expansion). Prominent ions at m/e 233, 261, and 273 were
probably from cleavage of MH*, (M + 29)*, and (M + 41)* ions as de-
scribed for nortriptyline heptafluorobutyramide.

Relative Retention Times—Relative GLC retention times of the
tricyclic antidepressants are listed in Table II. The values were normal-
ized relative to amitriptyline (first column) and nortriptyline heptaflu-
orobutyramide (second column), since these compounds were used as
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Figure 5—Chemical-ionization mass spectrum and structure of
desmethyldoxepin heptafluorobutyramide.
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Table II—Relative GLC Retention Times of Tricyclic
Antidepressants®

Compound Relative Retention Time
Amitriptyline 1.00
Doxepin (cis-trans) 1.70
[mipramine 1.40
Nortriptyline 3.25, 1.00

heptafluorobutyramide
Desmethyldoxepin
heptafluorobutyramide
cis 3.90,1.20
trans 4.52,1.39
Desipramine 1.23,0.38
bis(heptafluorobutyryl)
derivative
Protriptyline 4.33,1.30

heptafluorobutyramide

2 The GLC effluent containing the solvent front was vacuum diverted ahead of
the mass spectrometer ion source for 3.0 min from the point of injection until the
start of data acquisition. The values were normalized relative to amitriptyline in
the first column and nortriptyline heptafluorobutyramide in the second column.

the internal standards for the analysis of the other tricyclics. Doxepin
and desmethyldoxepin were used as internal standards for the analysis
of amitriptyline and nortriptyline. Doxepin and imipramine eluted later
than, and were completely resolved from, amitriptyline under the con-
ditions described. The cis- and trans-isomers of doxepin were not sep-
arable on this stationary phase.

Nortriptyline heptafluorobutyramide and desmethyldoxepin hep-
tafluorobutyramide were separated, eluting much later than their tertiary
amine counterparts, amitriptyline and doxepin. The cis- and trans-iso-
mers of desmethyldoxepin heptafluorobutyramide were well resolved,
in contrast to those of doxepin, eluting in that order after nortriptyline
heptafluorobutyramide. Desipramine diheptafluorobutyramide eluted
well ahead of nortriptyline heptafluorobutyramide, having the shortest
retention time of any of ‘the secondary amine acyl derivatives. Pro-
triptyline heptafluorobutyramide was completely separated from nor-
triptyline heptafluorobutyramide.

GLC-Chemical-Ionization Mass Spectrometry—Typical mass
chromatograms of four different ions (m/e values) monitored during a
doxepin and desmethyldoxepin analysis are shown in Figs. 8 and 9. A
slight separation of the cis—trans-isomers of doxepin was observed in Fig.
8. The cis-isomer appeared as a small shoulder on the leading edge of the
much larger trans-isomer peak (the isomer ratio of the reference com-
pound as supplied was 15:85 cis—trans). This was apparent in both peak
1 from the MH* ion (m/e 280) and the smaller peak from the (M — 1)*
ion (m/e 278).

The cis-trans-isomers of desmethyldoxepin heptafluorobutyramide
are separated in Fig. 9 (peaks 5 and 3). No cis-isomer is seen in Fig. 8
because the pure reference sample of desmethyldoxepin contained only
the trans-isomer (verified by melting-point analysis). That peak 5 in Fig.
9 truly represents cis-desmethyldoxepin heptafluorobutyramide was
confirmed by analyzing plasma from a doxepin overdosed patient.
Identical mass spectra were obtained from both isomer peaks. The un-
numbered fragmentogram peaks present at the same scan number (re-
tention time) as a numbered peak were all generated from the single drug
component eluting at that retention time. These smaller peaks represent
ions with different m/e values and lower relative abundances than the
base peak ion (producing the numbered peak) in the mass spectrum of
the particular drug component.

Efficiency of Extraction—The extraction efficiency was measured
by comparing samples containing internal standards with those con-
taining external standards. Typical recoveries were greater than 95%.
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Figure 6— Chemical-ionization mass spectrum and structure of des-
ipramine bis(heptafluorobutyramide).
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Table III-—Assay Precision®

Plasma X
Plasma Doxepin®, Area® SE,
Standard ng/ml Ratios n SE %
A 10 0.26 5 0.012 4.6
B 25 0.76 5 0.026 3.5
C 50 1.61 5 0.077 4.8
D 100 3.56 5 0.119 3.4
E 150 5.88 4 0.145 2.5
Plasma
Desmethyl- x
Plasma doxepin, Aread SE,
Standard ng/ml Ratios n SE %
A 10 0.29 5 0.014 4.8
B 25 0.81 5 0.030 3.7
C 50 1.59 5 0.124 7.8
D 100 3.55 5 0.148 4.2
E 150 5.04 3 0.254 5.0

@ Forty nanograms per milliliter each of amitriptyline and nortriptyline were used
as internal standards with doxepin and desmethyldoxepin, respectively. ® Mass
chromatogram peak area ratio = doxepin (m/e 280)/amitriptyline (m/e 278). ¢ Mass
chromatogram peak area ratio = desmethyldoxepin (m/e 235)/nortriptyline (m/e
233). ¢ Combined area of cis- and trans-peaks.

Assay Precision—The precision of the described method is illustrated
by the data in Table III from an analysis of doxepin and desmethyldox-
epin. The standard error was generally less than 5% and is typical of re-
sults obtained for the other tricyclic compounds assayable by this
method.

Standard Curve Linearity—Statistical analysis of 16 standard curves
from the analyses of the three tertiary amine tricyclics gave a mean re-
gression coefficient of 0.996 4 0.003 (F + SD). Similar analysis of 16 curves
from the analyses of the four secondary amine tricyclic heptafluoro-
butyramide derivatives yielded a slightly better mean coefficient of 0.998
+ 0.002.

Patient Plasma Samples—The data in Table IV are representative
of the plasma concentrations of the parent compounds and their mono-
demethylated metabolites as measured in samples from patients under
treatment with the tertiary amine tricyclics. The dosages represent the
total daily amount regardless of administration schedule. Indicated
dosages were maintained for at least 4-5 days prior to sampling.

DISCUSSION

The measurement of blood tricyclic antidepressant levels is useful in
the evaluation of the treatment of patients with these agents (1-5, 29).
However, the routine clinical measurement of these compounds has only
recently become feasible because of the sensitivity and specificity re-
quired.

Many techniques have been applied to the analyses of these substances.
Qualitative and some semiquantitative analyses were reported using
conventional TLC (7, 9). Quantitative application of TLC with 5-10-
ng/ml sensitivity (4-5 ml of plasma required) was demonstrated using
both UV and fluorometric direct densitometry (8, 10). Interference by
other concurrently administered drugs is possible because qualitative
accuracy is based upon Ry values and spot color tests.
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Figure 8—Representative mass fragmentograms from doxepin and
desmethyldoxepin analysis of a spiked plasma standard. Amitriptyline
(2) and nortriptyline (4) were used as internal standards (40 ng/ml) for
cis-trans-doxepin (1) and trans-desmethyldoxepin (3), respectively.

Photometric methods, including visible and UV spectrophotometry
and fluorometry, were developed (11-16). Reported sensitivities ranged
from 2 ng/ml to 2 ug/ml. Photometric methods lacking chromatographic
separations generally showed poor selectively because of interferences
by many compounds including metabolites and other drugs.

Radioisotopic derivatization methods were described (4, 17) for some
primary and secondary amine tricyclics by acylation with 3H-acetic an-
hydride. A method using 14C-methyl iodide to convert imipramine to a
radiolabeled quaternary amine has been the only application of isotopic
techniques to the tertiary amine compounds (26). The reported sensi-
tivities varied from 5 to 20 ng/ml. These methods are difficult to repro-
duce and are subject to interference by any compounds with derivatizable

Table IV-—Typical Plasma Tricyclic Antidepressant Levels

Dose,
Patient mg/day Plasma Concentration?, ng/ml

Imipramine Imipramine Desipramine Total

1 150 18 8 26

2 150 12 28 40

3 200 54 100 154

4 200 15 66 81

5 300 66 97 163
Amitriptyline Amitriptyline Nortriptyline Total

6 100 24 69 93

7 150 52 37 89

8 200 46 61 107

9 225 97 87 184

10 300 198 125 323
Doxepin Doxepin Desmethyldoxepin Total

11 75 22 24 46

12 100 17 27 44

13 150 26 40 66

14 225 103 118 221

15 300 122 115 237

¢ Blood was drawn 8-10 hr after the preceding dose of drug.
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Figure 9—Representative mass fragmentograms from doxepin and
desmethyldoxepin analysis of plasma from a patient receiving doxepin.
Amitriptyline (2) and nortriptyline (4) were used as internal standards
(40 ng/ml) for cis-trans-doxepin (1) and cis-desmethyldoxepin (5),
respectively.

functional groups (including many concurrently administered drugs).
These methods are unable to differentiate between the primary and
secondary amine tricyclics, and only the method using *C-methyl iodide
is applicable to the tertiary amine parent compounds.

Many GLC methods were described, differing primarily in the type
of detector used. The flame-ionization detector yielded reported sensi-
tivities ranging from 2 to 50 ng/ml (9, 20, 21, 28, 35). Qualitative accuracy
necessarily was based upon relative retention times because of the non-
specificity of the flame-ionization detector. Cochromatography of con-
taminants with compounds of interest and prolonged chromatography
times due to late eluting contaminants were common difficulties. Cor-
rection factors are required to compensate for variable flame-ionization
detector responses to different compounds.

The electron-capture detector achieved sensitivities of 5-10 ng/ml for
derivatives of some tricyclics (13, 19, 22, 26), but conversion of the tri-
cyclics to products capable of capturing electrons was mandatory for
detectability. Two approaches were used: acylation to polyfluorinated
amides and oxidation to polyaromatic carbonyl derivatives. The first
method was applied to desipramine (22), protriptyline (25), and nor-
triptyline (27) and its metabolites (19) but was not applicable to the
tertiary amine tricyclics. Amitriptyline and nortriptyline were analyzed
by the second method as anthraquinone, the product of their oxidation
with ceric sulfate-sulfuric acid (13, 26). The oxidation of amitriptyline
and nortriptyline yielded the same product, so only combined values were
obtained. Protriptyline and cyproheptadine are also converted to an-
thraquinone and are potential sources of interference.

Difficulties associated with the electron-capture detector in general
are: lack of sensitivity to nonelectrophilic compounds (e.g., unaltered
tricyclics), limited dynamic range, nonlinearity of response, foil con-
tamination, and susceptibility to interference from electron-capturing
contaminants. A nitrogen-specific detector was applied (24) to assays of
amitriptyline and nortriptyline, with reported sensitivities of 5 and 10-15
ng/ml, respectively. Of several benzodiazepines and metabolites tested,
only 3-hydroxydiazepam interfered. However, many other nitrogen-
containing compounds and drugs cannot be ruled out as potential sources
of interference.
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The application of the mass spectrometer as a gas chromatograph
detector (41) made possible the direct identification of compounds as they
eluted from the gas chromatograph. Initially, the sensitivity of the gas
chromatograph-mass spectrometer was much less than some of the
previously mentioned techniques due to the conventional mode of mass
spectrometer operation by repetitive scanning over wide mass ranges.
Selected ion monitoring (36, 42-44) increased the sensitivity of GLC—
mass spectrometry up to 10,000-fold relative to the conventional scanning
techniques.

Selective monitoring of single mass ions allowed detection of as low
as 10712 g of many compounds in some GL.C~mass spectrometer systems
(45). Single mass monitoring does not yield the qualitative information
obtained by scanning complete mass spectra. However, partial mass
spectra may still be obtained by simultaneous selective monitoring of
several ions characteristic of the compound(s) of interest (chosen from
complete spectra).

GLC-mass spectrometry with and without selected ion monitoring was
applied to the analysis of nortriptyline and its metabolites (4, 29, 31,
35-38) and imipramine and desipramine (32-34, 39). Recently, a method
was reported for the analysis of all commonly prescribed tricyclic anti-
depressants by GLC-electron-impact mass spectrometry with selected
ion monitoring (30) with reported sensitivities of generally 10 ng/ml or
less. An important feature common to all of these studies was the use of
electron-impact ionization mass spectrometer systems.

Some additional problems are common to GLC as well as GLC-mass
spectrometric analyses of the tricyclics. Column adsorption due to the
chemical characteristics and small quantities of these compounds fre-
quently occurs. Biggs et al. (30) reported the necessity of “priming” the
chromatographic column with eight to 10 100-ng injections of drug prior
to actual sample analyses. The present results support this finding,
especially with new or infrequently used columns. Injection of 10-20 xl
of the silylation reagent!? also is beneficial. Adsorption is most serious
for the free secondary amine tricyclics. However, their acyl derivatives
(acetyl, trifluoroacetamide, pentafluoropropionamide, and heptafluo-
robutyramide) are chromatographed with comparative ease, showing
little adsorption.

Imipramine and desipramine react differently to the acid anhydrides
in the presence of ethyl acetate than any of the other tricyclics. Imipra-
mine is degraded, and desipramine is converted to a diacyl derivative of
uncertain structure. This problem was observed by several investigators
(30, 46, 47), and a tentative structure for the diacyl derivative was pro-
posed (47). Molecular weight, spectroscopic, and other data indicate that
the compound is an enamine (1,2- or 2,3-). In the absence of ethyl acetate,
using pure anhydride, only a monoacyl derivative is obtained, as with the
other secondary amine tricyclics (47).

In the present report, a two-part analysis for imipramine and its des-
methyl metabolite and utilization of the enamine derivative of the latter
for quantitation are proposed. Under the reported reaction conditions,
quantitative yields of the diacyl enamine product were obtained; with
nortriptyline as an internal standard, the analytical accuracy and pre-
cision were equal to those achieved for the other secondary amine tricy-
clics forming monoacyl derivatives. Although it may be possible to
eliminate the two-step analysis of imipramine and desipramine by use
of a different solvent system or straight anhydride, a single consistent
procedure applicable to the entire tricyclic class was desired, and some
of these alternatives were not evaluated thoroughly. The use of N-per-
fluoroacylimidazoles was evaluated using nortriptyline and desmethyl-
doxepin and was unacceptable. The reaction by-products such as imid-
azole caused severe chromatographic tailing and interference at some
of the masses monitored. A new reagent, N-methylbis(trifluoroacet-
amide), has not been tried. The acid anhydrides are preferred due to the
ease of removal of the unreacted excess anhydride and free acid by
evaporation prior to GLC analysis, thereby presenting no interfer-
ences.

The chromatography time required for separation of sample compo-
nents sometimes is quite long and can be a problem when the number of
samples is large. The method described generally requires 8-12 min/
injection, depending on column length and compounds analyzed. This
requirement can be complicated by late eluting contaminants such as
plastisizers and cholesterol. Diocty! phthalate and cholesterol are not
completely removed during extraction, and it has been necessary to wait
between injections for their elution (retention times of both are slightly
longer than all of the compounds in Table IT under the described condi-
tions). Cholesterol specifically interferes at m/e 233 and 235, and dioctyl
phthalate interferes at m/e 280.

17 Silyl-8, Pierce Chemical, Rockford, Il
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The methane chemical-ionization mass spectra of the tricyclics re-
ported here differ significantly from those obtained by electron-impact
ionization methods (30-32, 34, 36). A brief comparison of the charac-
teristics of chemical ionization and electron-impact ionization of im-
portance to their applicability to the assay of tricyclics should be noted.
More comprehensive treatment is given elsewhere (40, 45, 48-51).

In chemical ionization, the energy transfer during ionization is much
lower than in electron-impact ionization; consequently, less fragmenta-
tion occurs, resulting in simpler spectra with a predominance of intense
high mass ions. The most characteristic ions of a compound are those of
a high mass, including parent ion(s), since low mass fragment ions may
originate from many compounds. For example, in the quantitative
analysis of amitriptyline by chemical ionization, the intense parent ion
at m/e 278 MH* is monitored; in electron-impact analysis, the base peak
ion at m/e 58 is monitored (30).

No molecular ion (m/e 277) is observed in the electron-impact mass
spectrum at the nanogram level. It is readily apparent that m/e 278 is
much more diagnostic of the tertiary amine tricyclic amitriptyline than
is m/e 58, an ion common to many amines. Also, background from column
bleed and other sources is significant at low masses but is generally low
or absent at high masses (i.e., molecular ion region). A greater measure
of selectivity is possible with chemical ionization by the monitoring of
its characteristically abundant high mass ions while achieving sensitivity
equivalent with electron-impact ionization.

The described method was applicable to the quantitative analysis of
all commonly prescribed tricyclic antidepressants to a level of 1 ng/ml,
with only a single minor modification necessary for imipramine and
desipramine. The use of the members of this class of drugs as internal
standards for each other eliminated the necessity of obtaining stable
isotopically labeled compounds for this purpose.

With these selective and sensitive GLC-mass spectrometric assays for
tricyclic antidepressants now available, it seems reasonable to expect that
the other less expensive and more available assay methods for these
substances be validated against these norms. Even when this is done,
however, the lack of selectivity of these other techniques, as already noted,
must be considered a serious limitation. It is hoped that the problem will
be resolved by the development of inexpensive, selective, and sensitive
radioimmunoassay methods. The major difficulty with the radioimmu-
noassay approach will be in developing a degree of selectivity sufficient
to distinguish between the tricyclics as well as their metabolites. To date,
no assay meeting these criteria has been reported.
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Abstract O The antimicrobial effects of some analgesics, antipyretics,
antimalarials, and tranquilizers were determined. The phenothiazines
were the most active group. The effect of the chosen drugs when com-
bined with a selected number of antibiotics was studied on Staphylo-
coccus aureus and Escherichia coli to determine the type of interaction.
Most analgesics, antipyretics, and antimalarials showed either no effect
or a synergistic action. However, some exhibited antagonistic effects. All
tested tranquilizers were synergistic. Preliminary studies, using electronic
absorption spectrometry, indicated that the antagonistic action may be
attributed to a physical interaction.

Keyphrases 0 Antimicrobial activity—evaluated in various analgesics,

antipyretics, antimalarials, and tranquilizers, effect of combination with
various antibiotics O Drug-antibiotic interactions—various analgesics,
antipyretics, antimalarials, and tranquilizers, effect of combination with
various antibiotics O Antibiotics, various—effect of combination with
various analgesics, antipyretics, antimalarials, and tranquilizers 0 An-
algesics, various—antimicrobial activity, effect of combination with
various antibiotics O Antipyretics, various—antimicrobial activity, effect
of combination with various antibiotics O Antimalarials, various—an-
timicrobial activity, effect of combination with various antibiotics O
Tranquilizers, various—antimicrobial activity, effect of combination with
various antibiotics

The bioavailability of drugs at their sites of action can
be enhanced or reduced by interaction with other drugs.
Several studies concerned the biochemical and pharma-
cological effects of antimicrobial agents when given with
other drugs (1, 2). The type of interactions reported in-
volved competition for renal tubular excretion, displace-

ment from carrier sites, increased metabolism by stimu-
lation of hepatic enzymes, decreased protein synthesis, and
increased tissue toxicity (3, 4).

Analgesics, antipyretics, antimalarials, and tranquilizers
generally are prescribed along with antibiotics for the
treatment of infectious diseases. The pharmacological and
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Abstract O The antimicrobial effects of some analgesics, antipyretics,
antimalarials, and tranquilizers were determined. The phenothiazines
were the most active group. The effect of the chosen drugs when com-
bined with a selected number of antibiotics was studied on Staphylo-
coccus aureus and Escherichia coli to determine the type of interaction.
Most analgesics, antipyretics, and antimalarials showed either no effect
or a synergistic action. However, some exhibited antagonistic effects. All
tested tranquilizers were synergistic. Preliminary studies, using electronic
absorption spectrometry, indicated that the antagonistic action may be
attributed to a physical interaction.

Keyphrases 0 Antimicrobial activity—evaluated in various analgesics,

antipyretics, antimalarials, and tranquilizers, effect of combination with
various antibiotics O Drug-antibiotic interactions—various analgesics,
antipyretics, antimalarials, and tranquilizers, effect of combination with
various antibiotics O Antibiotics, various—effect of combination with
various analgesics, antipyretics, antimalarials, and tranquilizers 0 An-
algesics, various—antimicrobial activity, effect of combination with
various antibiotics O Antipyretics, various—antimicrobial activity, effect
of combination with various antibiotics O Antimalarials, various—an-
timicrobial activity, effect of combination with various antibiotics O
Tranquilizers, various—antimicrobial activity, effect of combination with
various antibiotics

The bioavailability of drugs at their sites of action can
be enhanced or reduced by interaction with other drugs.
Several studies concerned the biochemical and pharma-
cological effects of antimicrobial agents when given with
other drugs (1, 2). The type of interactions reported in-
volved competition for renal tubular excretion, displace-

ment from carrier sites, increased metabolism by stimu-
lation of hepatic enzymes, decreased protein synthesis, and
increased tissue toxicity (3, 4).

Analgesics, antipyretics, antimalarials, and tranquilizers
generally are prescribed along with antibiotics for the
treatment of infectious diseases. The pharmacological and
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Table I—Concentrations of Drugs and Antibiotics in the
Different Tubes

Antibiotic
Drug One-Fourth MIC One-Half MIC MIC
One-fourth MIC 1 2 3
One-half MIC 4 5 6
MIC 7 8 9

biochemical actions of these drugs as well as their inter-
actions in humans have been studied thoroughly (1-4).

However, few in vitro studies on the effects of these
drugs and their interaction with antibiotics on microor-
ganisms have been reported. The antimicrobial effect of
chlorpromazine, quinine, and quinacrine was the subject
of several studies, and these drugs proved to be synergistic
with antibiotics by preventing the emergence of resistant
microorganisms (5-9). Their mechanisms of action include
complexation of the cationic groups of such drugs with the
phosphate groups of nucleic acids, alteration or lysis of the
cell wall, alteration of cell permeability, inhibition of spore
germination, blockade of RNA synthesis, interference with
the cytochrome system, and inhibition of oxygen con-
sumption (10-14).

In this investigation, it was of interest to determine the
antimicrobial activity of certain drugs, generally prescribed
with antibiotics in the treatment of infectious diseases,
when tested alone and in combination with antibiotics. The
types of interaction are reported.

EXPERIMENTAL

Stock Cultures and Test Organisms!—Cultures of Escherichia coli,
Proteus vulgaris, Salmonella typhi, Pseudomonas aeruginosa, Staph-
ylococeus aureus, Streptococcus pyogenes, Bacillus subtilis, and Can-
dida albicans were maintained on slants of dextrose nutrient agar or
blood agar and stored at 4°. Subculturing was carried out every 2
weeks.

Determination of Minimum Inhibitory Concentration (MIC) of
Drugs and Antibiotics—A stock solution was prepared to contain 4
mg/ml of the drug or 1 mg/ml of antibiotic. Compounds that are insoluble
in water were first dissolved in small quantities of either 95% alcohol or
50% dimethy! sulfoxide, and then the solutions were diluted to volume
with sterile distilled water or 1% phosphate buffer, pH 6-8 (15).

Twofold serial dilution of the stock solutions were carried out in nu-
trient broth, except with Str. pyogenes where dilution was carried out
in brain heart infusion; the diluted solutions were distributed in 5-ml
quantities in test tubes. Each tube was inoculated with 0.1 ml of the
suspension of the test organism (1-2 X 106 cells/ml). The inoculated
media were incubated at 37° for 18-24 hr, and the MIC was then re-
corded. Each experiment was performed in triplicate.

Procedure for Interaction Study—Nine test tubes, each containing
3 ml of dextrose nutrient broth (1.66X), were diluted to 5 ml by adding
1 ml each of the antibiotic and the drug solution. The final concentrations
of the drug and the antibiotic in the tubes in terms of the MIC are shown
in Table I. For drugs that did not show antimicrobial activity, 100 ug/ml
was used instead of the MIC. Each tube was then inoculated with 0.1 m}
of the suspension of the test organism and incubated for 18-24 hr. Each
experiment was performed in triplicate.

A positive control for growth and a negative control for the MIC of both
the drug and the antibiotic were carried out concurrently with each ex-
periment.

The interactions between the drug and the antibiotic were recorded
as synergistic (S) when the bacteriostatic action was manifested in tubes
1,2, and 4 (Table I) and antagonistic (A) when growth was produced in
tubes 3 and 5-9.

ABSORBANCE

i 1
300 350 400 450
WAVELENGTH, nm

Figure 1—Electronic absorption spectra of acetanilide—tetracycline
hydrochloride aqueous solutions (0.125 X 10=* M each). Key: —,
experimentally obtained spectrum; and - - -, calculated spectrum.

Electronic Absorption Spectrometric Studies—For combinations
showing an antagonistic effect, preliminary studies were carried out on
selected systems using electronic absorption spectrometry. Accordingly,
the electronic absorption spectra of the following aqueous solutions at
pH 6.8 were determined in the range of 300-600 nm?: 1, 0.250 X 104 M
quinine dihydrochloride; 2, 0.250 X 10~ M streptomycin sulfate; 3, 0.125
X 10™* M of both quinine dihydrochloride and streptomycin sulfate; 4,
0.5 X 10~* M chloroquine diphosphate; 5, 0.500 X 10~4 M penicillin G
sodium; 6, 0.250 X 104 M of both chlorequine diphosphate and penicillin
G sodium; 7, 0.250 X 104 M acetanilide; 8, 0.250 X 10~4 M tetracycline;
and 9, 0.125 X 10~4 M of both tetracycline hydrochloride and acetani-
lide.

The data obtained from the spectra of Solutions 1 and 2 were used to
calculate the spectrum of Solution 3. The calculated spectrum was
compared to the experimentally obtained one. Similarly, the calculated
spectra of Solutions 6 and 9 were computed from the data obtained from
the spectra of Solutions 4 and 5 and 7 and 8, respectively.

RESULTS AND DISCUSSION

The activities of the tested drugs on the different microorganisms are
shown in Table II. The phenothiazines were the most active group; for
example, the MIC of trifluoperazine hydrochloride against Str. pyogenes
was 4.0 ug/ml. The salicylates had low antimicrobial activity (250-1000
ug/ml), and the other analgesics and antimalarials investigated had
moderate antimicrobial activity.

The tested Gram-positive microorganisms were generally more re-
sponsive than the Gram-negative ones. Ps. geruginosa was the most re-
sistant.

Interaction between Drugs and Antibiotics—Synergism and an-
tagonism between different antimicrobial agents have been studied using
various methods (16-18). To study the interactions of the drugs with
antibiotics, it was necessary to determine the MIC of the antibiotics
against the two strains of Staph. aureus and E. coli. The types of inter-
actions between the different drugs and antibiotics are shown in Tables
II-V.

Aspirin and antipyrine salicylate were synergistic with the antibiotics
in Table III except neomycin. With Staph. aureus, acetanilide, antipy-
rine, and dipyrone were antagonistic with tetracycline hydrochloride,
nafcillin, and oxacillin, respectively, but no interactions occurred with
the other antibiotics.

Quinine dihydrochloride was antagonistic with streptomycins, oxa-
cillin, and nafcillin, while chloroquine diphosphate was antagonistic with
penicillin G and penicillin V. However, both showed a synergistic effect
with chlortetracycline hydrochloride and demeclocycline hydrochloride.
On the other hand, the other antimalarials quinacrine and primaquine
were synergistic with most of the tested antibiotics (Table IV).

Most tranquilizers were synergistic with all tested antibiotics (Table
V).

1 Culture collection of the Microbiology Department, Faculty of Pharmacy, Cairo
University, Cairo, Egypt.
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Table II—MIC of the Analgesics, Antipyretics, Antimalarials, and Tranquilizers against Different Microorganisms

Drug E.coli  P.vulgaris S.typhi Ps.aeruginosa Staph. aureus Str. pyogenes B.subtilis C. albicans
Analgesics and antipyretics
Salicylamide Ne N N N N N N N
Sodium salicylate N 500 250 N N N 1000 N
Aspirin 1000 500 500 1000 500 N 500 N
Sodium gentisate N N N N N N N N
Antipyrine salicylate 1000 1000 500 N 500 N 500 N
Acetanilide N N N N N N N N
Acetaminophen N N N N N N N N
Phenacetin N N N N N N N N
Dipyrone N N N N N N N N
Antipyrine N N N N N N N N
Indomethacin N N N N N N 1000 N
Antimalarials
Quinine dihydrochloride N 500 500 1000 N 125 1000 N
Chloroquine diphosphate N N 1000 N N 500 N N
Primaquine diphosphate 1000 N 25 N 1000 63 1000 1000
Quinacrine 500 N 125 N 1000 16 N 1000
Tranquilizers
Chlorpromazine 31 16 8 125 125 8 31 31
hydrochloride
Promethazine hydrochloride 125 250 125 500 500 31 250 125
Acetophenazine maleate 250 N 250 1000 N 63 250 250
Trifluoperazine 31 250 125 500 31 4 31 31
dihydrochloride
Thioridazine hydrochloride 31 63 31 250 63 16 16 31
Triethylperazine dimaleate 63 63 63 250 31 16 31 31
Hydroxyzine hydrochloride 250 500 250 N 500 63 500 1000

@ N = no effect at 1000 ug of drug/ml.

Table III—Interaction between Aspirin and Antipyrine
Salicylate with Antibiotics as Shown by Their Effect on Staph.
aureus and E. coli®

Antipyrine
Aspirin Salicylate
Staph. Staph.
Antibiotic aureus E. coli aureus E.coli
Kanamycin sulfate S S S —
Neomycin sulfate A A A A
Chloramphenicol — —_ S —
Oleandomycin phosphate — S — —
Penicillin G sodium — S S S
Ampicillin sodium S S — S
Oxacillin sodium S — S —
Nafcillin sodium S S — —_
Polymyxin B sulfate — S — —
Chlortetracycline S — — —
hydrochloride

Novobiocin sodium — S — S

@ A = antagonistic; 8 = synergistic. The dash (—) indicates that the results were
found as expected; either no growth occurred (the total concentration was equal
}Gllglc or more) or growth occurred (the total concentration was less than the

0).

All synergistic effects (Tables III-V) occurred at one-fourth of the MIC
of both the drugs and the antibiotics.

Electronic Absorption Spectrometric Studies—Preliminary
studies using electronic absorption spectrometry were done on some
combinations that showed antagonistic action, namely quinine-strep-
tomycin, chloroquine-penicillin G sodium, and acetanilide-tetracy-
cline.

With the quinine dihydrochloride-streptomycin sulfate and chloro-
quine diphosphate—penicillin G sodium combinations, the calculated
spectra of their solutions, containing equimolar concentrations, were more
or less identical with the experimentally obtained spectra. On the other
hand, Fig. 1 shows that the experimentally obtained spectrum of the
solution containing 0.250 X 10~* M of both acetanilide and tetracycline
hydrochloride was different from the calculated spectrum. This result
suggests that, under these experimental conditions, no physical inter-
action occurs in the first two systems (19). On the contrary, there is some
sort of physical interaction between acetanilide and tetracycline.

Further studies on the mechanism of action of drugs showing syner-
gistic and antagonistic effects are in progress. In conclusion, it seems that
the indiscriminate administration of drug-antibiotic combinations is
questionable and may not be advisable because such in vitro interactions
may occur in vivo.

Table IV—Interaction between Antimalarials with Antibiotics as Shown by Their Effect on Staph. aureus and E. coli?

Quinine Dihydro- Chloroquine Primaquine
chloride Diphosphate Diphosphate Quinacrine
Antibiotic Staph. aureus  E.coli  Staph.aureus E.coli  Staph. aureus’ E.coli Staph. aureus E.coli
Dihydrostreptomycin sulfate A A — S S S S
Streptomycin sulfate A A S S S S
Kanamycin sulfate — — — — — S — S
Neomycin sulfate — — — S S S S
Chloramphenicol — — — — S S ) S
Erythromycin — — — — S S S S
Oleandomycin phosphate — S — S S S S S
Penicillin G sodium — — A — S S S S
Penicillin V potassium — — A — S S S S
Ampicillin sodium — — — — S S S S
Oxacillin sodium A —_ — — S S S S
Nafcillin sodium A — — — S S S S
Gramicidin — — — — S S S S
Polymyxin B sulfate — — — — S S S S
Tetracycline hydrochloride — — — — S — S S
Oxytetracycline hydrochloride —_ — — — S S S S
Chlortetracycline hydrochloride S S S S S S S S
Demeclocycline hydrochloride S S S S S S S S
Methacycline hydrochloride — — — S S S S S
Novobiocin sodium — — — —_ S S S S
Vancomycin hydrochloride — — — — S S S S

@ See Table I11.
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Table V—Interaction between Tranquilizers with Antibiotics as Shown by Their Effect on Staph. aureus and E. coli®

Prometha-
zine

Hydrochloride

Chlorproma-
zine
Hydrochloride

azine

Acetophen-

Maleate

Trifluopera- Thiorida-

zine zine
Dihydrochloride Hydrochloride

Triethyl-
perazine
Dimaleate

Hydroxy-
zine

Hydrochloride

Staph. Staph. Staph.

Antibiotic

Staph. Staph. Staph. Staph.

aureus E.coli aureus E. coli aureus E.coli aureus E.coli aureus E.coli aureus E.coli aureus E.coli

Dihydrostreptomycin S
sulfate
Streptomycin sulfate
Kanamycin sulfate
Neomyecin sulfate
Chloramphenicol
Erythromycin
Oleandomycin
phosphate
Penicillin G sodium
Penicillin V potassium
Ampicillin sodium
Oxacillin sodium
Nafcillin sodium
Gramicidin
Polymyxin B sulfate
Tetracycline
hydrochloride
Oxytetracycline
hydrochloride
Chlortetracycline
hydrochloride
Demeclocycline
hydrochloride
Methacycline
hydrochloride
Novobiocin sedium
Vancomycin
hydrochloride
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Abstract 0 The biphasic degradation of A%-tetrahydrocannabinol (I),
as monitored by flame-ionization GLC, produced A8-tetrahydrocanna-
bhinol (II), cannabidiol (X), 9-hydroxyhexahydrocannabinol (IV), 9,10-
dihydro-9-hydroxyisocannabidiol (VI), and 6,12-dihydro-6-hydroxy-
cannabidiol (VIII) in acidic solutions. Further identification was made
by GLC, mass spectrometry, and comparison with authentic samples.
Only Il and IV were produced above pH 4 in the neutral region by first-
order kinetics. The acidic degradation of cannabidiol (X) gave I and the
products of the acidic degradation of I. The initial phase of acidic I deg-
radation was assigned to the development of solvolytic equilibria among
1, VIII, X, and, possibly, isocannabidiol (IX), with the concomitant
production of II and IV. Compounds VIII, IX, and X did not appear in

the neutral region since ether cleavage occurred only in strong mineral
acids. Hydration of the A%-double bond resulted only in acid-catalyzed
equilibria of cleaved ethers with the A8-configurations and characterized
the second phase of acid degradation of I. Cannabinol and hexahydro-
cannabinol were found together in several cases due to the dispropor-
tionation of I as catalyzed by silicic acid, silica gel, and chloroform.

Keyphrases O A%-Tetrahydrocannabinol—kinetics of biphasic degra-
dation in acidic solution O Degradation—A®-tetrahydrocannabinol in
acidic solution, kinetics O Cannabinoids—AS®-tetrahydrocannabinol,
kinetics of biphasic degradation in acidic solution

Previous studies (1) on the stability of A®-tetrahydro-
cannabinol (1) in acidic media below pH 4, monitored by
GLC, demonstrated an apparent biphasic semilogarithmic
plot of undegraded I against time. Two alternative ra-
tionalizations were possible. Either an intermediate was
formed that had the same retention time as I and gave rise
to the observed products, or there was a relatively rapid
equilibration of I with other compound(s) and slower,

further, irreversible degradation of one or all of these
compounds. Both explanations were consistent with
transformations (Scheme I) of I, by hydrogen-ion-cata-
lyzed double bond migration to A8-tetrahydrocannabinol
(II) and by hydrogen-ion-catalyzed hydrolysis of the ether
linkage, with possible dehydration and acid-catalyzed
hydration of the isolated A%-double bond.

The products observed on GLC and identified (1) were

OH
see Scheme II
XI + XII ~————— @
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II, 9,10-dihydro-9-hydroxyisocannabidiol (VI), 9-hy-
droxyhexahydrocannabinol (IV), and cannabinol (XII).
Compounds I, II, IV, and VI, on acid degradation, gave
final similar ratios of IL:IV:VI under the same acidic con-
ditions to indicate the final equilibria among them. The
fact that X1I resulted from I under anaerobic conditions
was anomalous and difficult to explain.

These studies were conducted to rationalize the ap-
parent biphasic nature of I degradation in acid and the
anomalous appearance of XII. The purpose was also to
identify other products in the acidic and nonacidic deg-
radations. New high-pressure liquid chromatographic
(HPLC) techniques for cannabinoid separation and pu-
rification were developed, GLC methods were modified,
and additional kinetic studies were conducted.

EXPERIMENTAL

Materials—trans- A%-Tetrahydrocannabinol! (I), trans-cannabidiol?
(X), and cannabinol® (XII) were used only after TLC* or HPLC? purifi-
cation. The various degradation products were isolated and purified (TLC
or HPLC). The internal standards for the GLC studies were tetraphe-
nylethylene® and 4-androsten-3,17-dione’. The solvents werechromato-
graphic grade n-heptane fraction® (bp 95-99°), ether8, and chloroform?®
or UV grade n-hexane® and tetrahydrofuran®; all were distilled in
glass.

Isoamyl alcohol was analytical reagent grade®, as were the other
chemicals (mono- and dibasic sodium phosphates!®). Hydrochloric acid
was made from concentrates in plastic ampuls!! and extracted with
chloroform prior to use to remove the plasticizers (phthalate diesters
revealed by mass spectrometry) or was taken from a glass bottle!?. Pure
absolute ethanol!? was used. The double-distilled water was stored in
glass containers or purified by means of HPLC!?. All degradations were
conducted in a dark hood.

HPLC Methods for Purification of I and X and Separation of
Products on Acid Degradation—HPLC techniques were developed
that improved on the previously described (1, 2) TLC purification
techniques for cannabinoids. A flow rate of 0.5 ml/min of tetrahydrofu-
ran-n-hexane (5:95) quantitatively separated I and II, with respective
retention volumes on a 4-mm i.d. X 30-cm column!4 of 6.62 and 6.37 ml.
In the same system, cannabidiol had a retention volume of 6.06 ml. The
same column with a 3:7 ratio of solvents separated XII, I, and Il at 4.5 m!
from the products of acid degradation, VI and IV, with respective re-
tention volumes of 8.5 and 11 ml. The collection fraction of the tetrahy-
drocannabinol could then be evaporated under nitrogen at 60° and sep-
arated and purified on HPLC with the 5:95 solvent ratio.

The stock solution of X originally analyzed by GLC!5 (column length
of 1.8 m, 3% OV-17 on 100-120-mesh Gas Chrom Q, 240°) showed the
following composition by percent areas!® under a specific peak to the total
area (compound, retention time in minutes, and percent area): unknown,
2.95, and 0.39%; unknown, 2.96, and 0.13%; unknown, 3.12, and 0.14%;
X with traces of hexahydrocannabinol (XI), 3.85, and 86.4%; I, 5.28, and
12.28%; and X11, 6.70, and 0.65%. Two milliliters of this stock solution
was evaporated to dryness and reconstituted in 0.5 ml of the HPLC sol-
vent, 5% tetrahydrofuran in n-hexane, which was used to purify X on two
columns!4 in series. The retention volumes in this system were 13.3, 14.0,
and 14.6 ml for X, II, and 1, respectively. GLC analysis of the X fractions

! Lot S8C 79124, National Institute of Mental Health, Bethesda, MD 20014.
2 Lot NMH-1V-65C.
3 Lot SSC 61565, National Institute of Mental Health, Bethesda, MD 20014.
4 gastman Chromatogram Sheet 6060, Eastman Kodak Co., Rochester, NY
14650.
5 Model 440 liquid chromatograph {(absorbance UV detector at 254 nm), Waters
Associates, Milford, MA 01757.
6 Aldrich Chemical Co., Milwaukee, W1 53233,
7 Batch 10751, Applied Science Laboratories, State College, PA 16801.
8 Burdick and Jackson Laboratories, Muskegon, MI 49442.
9 Reagent ACS, Matheson, Coleman and Bell, Norwood, OH 45212.
10 Fisher Scientific Co., Fair Lawn, NJ 07410.
11 Dijut-it, J. T. Baker Chemical Co., Phillipsburg, NJ 08865.
12 U.S. Industrial Chemicals Co., New York, NY 10016.
13 Bondapak C,g column.
H yPorasil.
15 Varian Aerograph 2400, Walnut Creek, CA 94598.
16 HP 3380 A integrator, Hewlett-Packard, Palo Alto, CA 94303.
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Table I—Comparison of Retention Times of a Mixture of
HPLC-Purified Cannabinoids and Products of Acid Degradation
on Different Columns

QV-225 oVv-17
Com- Retention Retention Time Retention Retention Time
pound Time, min RelativetoIV  Time, min  Relative to IV

1I 4.93 0.38 4.65 0.58
I 5.53 0.41 5.19 0.64
XII 8.45 0.64 6.43 0.80
VI 10.62 0.81 7.35 091
v 13.14 1.00 8.07 1.00

showed greater than 99.5% purity with less than 0.3% contamination by
I and negligible other peaks.

GLC Procedures—Cannabinoid separation on GLC has been largely
performed on a 3% OV-17 column (2, 3), although 3% OV-225 on 100-
120-mesh Gas Chrom Q also was used (1, 4). The efficiencies of separation
of the two columns were compared for a mixture of the HPLC-purified
products of the acid degradation of T by flame-ionization detection under
the following conditions: column length, 1.8 m; column temperature, 235°;
detector and injector temperature, 260°; hydrogen flow, 30 ml/min; air
flow, 300 m}/min; and helium flow, 35 m!/min. The retention times for
both columns are given in Table I and clearly show the superiority of
0OV-225 in peak separation of these particular compounds. However,
OV-17 columns do have the greater thermal stability, and their use is
favored for repetitive studies at 235°.

Determination when Products of Acid Degradation Had Same
Retention Time as I on GLC—An aqueous solution of I (1 mg/liter of
0.1 N HCI) was purged with nitrogen, reacted at 60° for 1 hr, and adjusted
to pH 6 with 0.5 M phosphate buffer. Three 500-ml chloroform extracts
were combined, evaporated to dryness at 50° under nitrogen, and re-
constituted in 1 ml of chloroform. Half (500 pl) was streaked on TLC
sheets and developed with cyclohexane-acetone (10:1) for 15 cm. The
dried sheet was cut into 15 X 1-cm strips, and each was eluted with ab-
solute ethanol. The dried eluates from each zone were reconstituted in
chloroform and gas chromatographed (OV-17). Aliquots of the other half
of the reconstituted chloroform extracts were taken to dryness and
treated as discussed under HPLC methods. All fractions, including those
that gave no UV signals, were gas chromatographed.

The TLC and HPLC fractions of the acid degradations corresponding
to those from pure I were silylated (5) with bis(trimethylsilyl)trifluo-
roacetamide with 1% trimethylchlorosilane in pyridine!? and gas chro-
matographed (3% OV-17).

Similar studies were conducted with the other HPLC- and TLC-sep-
arated products. The known degradation products, their retention times
at 235°, and the retention times of their silylated derivatives at 220° in
minutes were, respectively: II, 4.21 and 3.56; I, 4.64 and 3.93; XII, 5.90
and 4.82; VI, 6.49 and 5.54; and IV, 7.3 and 5.9. The peak areas of the
nonsilylated compounds and the relative peak area ratios of nonsilylated
compound to the silylated derivative were, respectively: 11, 72,330 and
0.77; 1,171,456 and 0.79; X11, 10,448 and 0.42; VI, 115,228 and 0.57; and
1V, 102,833 and 0.59.

Investigation of Degradation Intermediates in Equilibrium with
I in Acid Degradation—Similar studies were conducted with 1*C-I. The
material was degraded at 60° in 0.1 N HCI. The reaction was inhibited
at timed intervals by adding 5 ml of a 0.5 M NagHPO4,~NaH.PO, (1:1)
buffer to 20-m! aliquots, which were then extracted with chloroform. The
extracts were dried under nitrogen at 60°, and the reconstituted residues
in 100 gl of chloroform were thin layered on sheets (previously activated
at 100° for 2 hr) with cyclohexane-acetone (9:1).

The sheets were dried and then scanned with a radiochromatogram
scanner!8, and the area of each peak was recorded as a percentage of the
total for the aliquots taken at different times. The total radioactivity in
an aliquot of the extract was also counted!® and was the same for each
sample taken with time; this finding implies equal extraction efficiency
for the degradation products as for the parent compound. No detectable
activity was observed in the aqueous sample after chloroform extraction.
The extraction efficiency of radiolabeled material with the chloroform
was determined to be 98%. Three pronounced peaks were found on the
TLC sheets at R; 0.07, 0.40, and 0.67. Elution of the first peak (R; 0.07)
with ethanol gave counts that increased with time over 240 min and
contained IV and VI by GL.C. The second peak (R 0.40) gave counts that

17 Pierce Chemical Co., Rockford, IL 61105.
18 Model 7201 C, Packard Instrument Co., Downers Grove, IL 60515.
19 Beckman liquid scintillation, Beckman Instruments, Fullerton, CA 92634.



decreased with time over 240 min and contained XII, I, and 11. The Ry
0.67 peak was not detectable under UV light on the plate and gave
no significant GLC peaks on elution. Its radioactive content was rea-
sonably constant over the studied time interval. The original solution
showed material at the same Ry value, so this Ry may be assigned to a
nondegradable impurity.

Studies to Seek Other Degradation Products of I-—One liter of 20%
ethanolic 0.1 N HCI, preextracted with chloroform, was purged with ni-
trogen and preequilibrated at 61°; 15 mg of purified I in 1.5 ml of ethanol
was added. After 30 min at 60°, the solution was extracted with 3 X 500
ml of ether, and the ether extract was washed with 3 X 250 ml of water
to remove any acid. The extract was taken to dryness at room temperature
under nitrogen and reconstituted in 0.5 ml of ethanol. Aliquots were in-
jected into the gas chromatograph. Room temperature instead of 50° was
preferred since less cannabinol was formed.

Studies to Determine If X Solutions Gave Rise to I —HPLC puri-
fied X (20 ug) (chromatographic purity greater than 99.5%) was reacted
in 20 ml of 0.1 N HCl and in 0.05 M phosphate buffers at pH 5.72, 7.03,
and 9.12 for 3.3 hr at 60°. The solution was then adjusted to pH 5.5. A
20-m] ether extract, washed with 20 ml of distilled water, was taken to
dryness under nitrogen at room temperature and reconstituted in 0.5 ml
of ethanol. Aliquots were analyzed by GLC.

Production of XII in Acid Degradation of I—Purified (HPLC or
TLC) I (50 ug) was degraded in 50 ml of nitrogen-purged 0.1 N HCI,
preequilibrated at 60.0°, and then maintained for 30 min. The reaction
was halted by adjustment to pH 5.5 with phosphate buffer, and the
mixture was extracted with 3 X 10 ml of chloroform. The internal stan-
dard (4-androsten-3,17-dione solution) was added to the extract, which
was evaporated to dryness and reconstituted in 20-50 gl of chloroform.
Then 1 ul was injected on the gas chromatograph equipped with the
OV-17 column, and the areas were determined under all peaks.

The reactions were made under different conditions and with differ-
ently treated reactants including: (a) distilled water cleaned on HPLC!3,
(b) distilled water preextracted with chloroform, {c¢) concentrated hy-
drochloric acid!?, (d) hydrochloric acid concentratell, (e) TLC purified
I, (f) HPLC-purified I, (g) unsilylated glassware, (h) glassware coated
with a water-soluble silicone concentration?’, and (i) glassware presily-
lated with a trimethylsilyl compound?!. Blank solutions without material
were studied in the same manner.

Kinetic Studies on Degradation of I—Aliquots of HPLC-purified
I in aqueous hydrochloric acid (1.00 mg/liter) at pH 0.70 and 1.40, pre-
equilibrated and reacted at 60°, were taken with time. Each 20-ml aliquot
was neutralized with 5 ml of phosphate buffer and extracted with 3 X 10
ml of dichloromethane®, which was evaporated to dryness under nitrogen
at 50°. The internal standard, 200 ul of a tetraphenylethylene® solution
(300 ug/ml), was added to the residue, which was reconstituted in 200 ul
of chloroform at 0°. Then 1.0 ul was injected.

Studies in the neutral pH region at 5.28, 7.36, and 9.22 were performed
by adding 1 mg/liter of HPLC-purified I to the appropriate nitrogen-
purged, 60°-preequilibrated, 0.05 M phosphate buffer. Aliquots of 20 ml,
taken with time, were extracted with 24 ml of n-heptane containing 1.5%
isoamyl alcohol. The extraction efficiency was the same as chloroform.
The organic layer was dried under nitrogen after the addition of the in-
ternal standard: 100 ul of a solution of 140 ug of 4-androsten-3,17-
dione/ml of chloroform. This internal standard was preferred because
there was a greater potential for XI formation and the retention times
of the alternative internal standard, tetraphenylethylene (1), were too
close to those of XI. The residue was reconstituted in 100 u] of absolute
ethanol, and 1.0 ul was injected for GLC analysis (OV-17). At the higher
pH values, adequate volumes of 1.0 N HCl were added to adjust the pH
to 5.5 before extraction.

Kinetic Studies on Degradation of X at pH 1.12—A solution con-
taining 100 ml of 1.0 N HCI, 200 ml of absolute ethanol, and 700 ml of
distilled water (apparent pH 1.12) was purged with nitrogen and then
preequilibrated at 60°. HPLC-purified X (6.35 mg in 1 m! of absolute
ethanol) was added. Aliquots (24 ml) were taken with time and delivered
in a 50-ml conical centrifuge tube containing 250 ul of the internal stan-
dard solution (140 ug of steroid/ml of chloroform) and 6.0 ml of 0.5 M
NagHPO4-NaHsPOy4 (1:1) buffer. The cannabinoids were then extracted
with 2 X 10 ml of ether8,

The pH after extraction was in the 5.71-5.74 range. The ether extracts
were dried under nitrogen, and the residues were reconstituted in 100
ul of absolute ethanol. Aliquots (1.0 ul) were analyzed by GLC (OV-17)
under the following conditions: column temperature, 240°; helium flow

20 Giliclad, Clay-Adams, Parsippany, NJ 07054,
21 Regisil, Regis Chemical Co., Morton Grove, IL 60053.
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rate, 40 ml/min; air flow, 300 ml/min; hydrogen flow, 30 ml/min; injector,
290°; and detector, 300°.

RESULTS AND DISCUSSION

Production of XII in Acid Degradation of I—The formation of XII
in nitrogen-purged acidic solutions is difficult to explain in the absence
of oxidizing agents. The probable route is a disproportionation of I to X1
and XII. GLC analyses of the contents of aqueous solutions (0.1 N HCI)
of I, reacted at 60° for 30 min under various conditions, not only dem-
onstrated the peaks assignable to 1, II, IV, and VI but also significant areas
under the peaks assignable to XI (relative retention time with respect
to the steroid of 0.36) and XII (relative retention time of 0.63). Both peaks

1.0

o=-r=0~®
(o]

y
o

PEAK AREA RATIO
[}

0.01 . . . . . .
.0 120 240 360

MINUTES

Figure 1-—Semilogarithmic plots against time of the ratios of the area
of the GLC peaks for cannabinoids to the peak area of the internal
standard 4-androsten-3,17-dione for the degradation of a 20% ethanolic
solution (0.1 N HC!) of HPLC-purified X at 60°. The dashed curve for
X was based on a nonlinear digital computer fitting.
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Table II—-GLC® Characterization of Acid Degradation?® of
HPLC-Purified I in 20% Ethanol in 0.1 N HC]

Retention Time, min Percent of Total Area® Compound
4.00 0.66 X
4.90 1.49 II
5.44 81.53 I
6.66 9.62 XII
7.43 2.57 VI
8.34 1.55 v
9.18 2.16 VIII

@ Conditions: OV-17 column, 240°; injector, 290°; detector, 300°; helium, 35
ml/min; air, 300 ml/min; and hydrogen, 30 ml/min. ¢ In 100 ml of 1.0 N HCI, 200
ml of ethanol, and 700 ml of water at 60° for 30 min. ¢ The total is not 100% since
there are some minor unidentified peaks.

were always present together. Both were absent when degradations oc-
curred in HPLC-purified water with both sources of hydrochloric acid
when the glassware was previously silylated. The use of TLC-purified,
but not HPLC-purified, | showed both products. Also, when the water
used was preextracted with chloroform for both untreated glassware or
aqueous silicone-coated glassware, both of these products were present
in high evidence.

Thus, it can be concluded that traces of chloroform in the reaction
mixture and traces of silicic acid from TLC catalyze the formation of free
radicals of I and lead to its disproportionation to XI and XII (Scheme
II). Untreated and aqueous silicone-coated glassware also catalyze this
reaction. It was shown previously that the latter greatly adsorbed I (3).
The radical XIII can be stabilized by the benzene ring and the allylic
activation of the C-10 benzylic hydrogen.

The peak for XI was not observed previously (1) since its small amount
was obliterated by that of the internal standard (tetraphenylethylene)
which, unfortunately, occurred at the same retention time [0.74 of that
for I (1)] in the system used.

Determination If Products of Acid Degradation Had Same Re-
tention Time as I-—One possible explanation of the biphasic kinetics
in acid solution, monitored by the loss of the peak assigned to I, on GLC
was that an intermediate degradation product was formed with the same
retention time that degraded more slowly. The maximum amount of this
intermediate should occur at 60° in 0.1 N HCl at about 1 hr (Fig. 1). TLC
analysis of the chloroform extracts showed that only the eluted material
from TLC with the I R; value gave a GLC peak at the retention time of
L. The eluates of the zones with R; values corresponding to the known
degradation products gave only their respective GLC peaks. The eluates
of other zones gave no significant peaks on GLC.

HPLC analysis of the chloroform extract showed no other peaks than
those assigned to the known degradation products. The collected frac-
tions, other than those encompassing the retention volume of I, did not
show the GL.C retention time of this compound. Silylation of fractions
eluted from TLC and collected on HPLC from the chloroform extract
gave silylated products that only showed one peak on GLC. Specifically,
the HPLC collections and the TLC elutions at the retention volume and

Table III-—GLC? Characterization of De%radation Products
from Cannabidiol at Different pH Values

Reten-
tion
Reten- Time
tion Relative Percent of Total Area®
Time, to pH pH pH pH pH
Compound min Steroild 0.3 110 572 7.03 9.12

X 3.19 0.36 72.33 81.71 94.71 99.30 97.11
X1 3.23 0.37 — — — — —
11 3.97 0.45 5.65 — —_ — —
I 4.34 0.50 1061 887 3.88 057 271
XII 5.48 0.63 — 148 1.19 — —
\%! 6.10 0.70 8.13 1.54 — — —
v 6.95 0.80 0.25 — — —
Unknown
VIi1?) 7.27 0.83 0.30 — —_ — —
VIII 7.68 0.88 202 5.16 — — —
4-Androsten- 8.73 1.00
3,17-dione

s Conditions: OV-17 column, 240°; injector, 290°; detector, 295°; helium, 40
ml/min; hydrogen, 30 ml/min; and air, 300 ml/min. ¢ In aqueous hydrochloric acid
(pH 0.3 for 20 hr; pH 1.1 for 3 hr) or in 0.05 M phosphate buffer for 200 min. € The
total is not 100% since there are some minor unidentified peaks.

30 / Journal of Pharmaceutical Sciences

boron (9} CH,

trifluoride
etherate
X —— I+

A OH
XV
Scheme ITI

Ry values, respectively, of I gave silylated products that had only the one
peak given by silylated pure compound.

Thus, it can be concluded that the hypothesized degradation product
could exist only if it had the same retention time on GLC, had the same
Ry value on TLC, had the same retention volume on HPLC, and had a
silyl ether with the same GLC retention time of the trimethylsilylated
I. This is highly improbable.

Existence of Degradation Intermediates in Equilibrium with I
on Acid Degradation—The alternative hypothesis to explain the bi-
phasic kinetics in acid media is that I undergoes an initial relatively rapid
loss due to its equilibration with other compounds and that the subse-
quent slower loss of assayed aliquots at its GLC retention time is due to
further irreversible transformations. Attempts were made with 1 mg of
radiolabeled substance/liter to discover additional spots by radiochro-
matogram scanning of TLC plates other than those assignable to pre-
viously reported compounds (e.g., I, IT, IV, VI, and XII). None was ob-
served.

Other Degradation Products of I—Since a possible reason was that
the specific activity or the concentration was too low, additional studies
of 30 min of degradation in 0.1 N HCI with 20% ethanol at 10 mg of I/liter
were conducted. The entire reaction mixture was extracted, taken to
dryness, and reconstituted in 0.5 ml of ethanol. It was then analyzed on
GLC (3% OV-17), and the results are given in Table II. These retention
times were the same as for purified authentic materials.

The identification of X [m/e (%) 314 (M*) (21.3), 299 (M — CHg') (5.6),
271 (M — C3H7) (5.4), 258 (M — C4Hg-) (4.6), 246 (19.7), 231 (100), and
193 (7.7)] at a retention time of 4.00 min and of 6,12-dihydro-6-hydrox-
ycannabidiol (VIII) [m/e (%) 332 (M*) (18.5), 314 (M — H40) (31.5), 299,
(14.0), 273 (M — 59) (6.5), 271 (16.5), 258 (13.5), 231 (100), 193 (16.0), and
59 (CH;C+(OH)CHay) (2.5)} as the trihydroxy derivative of I at 9.18 min
was effected by GLC-mass spectrometry?2, The presence of these two
compounds had been predicted (1) as shown in Scheme L.

Thus, the postulated equilibria among I, X, VIII, and possibly iso-
cannabidiol (IX) were confirmed.

Determination If X Solutions Gave Rise to I—These postulated
equilibria were challenged by subjecting HPLC-purified X (with a I
content less than 0.3%) to degradation and assaying the resultant prod-
ucts by GLC (Table III). The appearance of I and VIII and the appear-
ance of the product VI of I degradation were confirmatory.

The acid-catalyzed cyclization of X to I was first reported by Adams
et al. (6,7) and, in the presence of boron trifluoride etherate (8), gave I
in 60% yield and isotetrahydrocannabinol (XV) in 13% yield (Scheme TII).
Compound XV, at the GLC retention time of an authentic sample23, was
not found in the present acidic degradations. This result is consistent with
the fact that boiling X with p-toluenesulfonic acid in benzene gave II in
practically quantitative yield (9, 10). In trans-I, the olefinic C-10 hy-
drogen is very close to the free hydroxyl group (11) and the double bond
migration would tend to relieve this nonbonded interaction.

The formation of I from X in the alkaline region can also be expected

Scheme 1V

22 Varian 2700 gas chromatograph equipped with an OV-17 column (20 psi of
helium); column temperature from 55 to 300° (10°/min); and du Pont 21-490F mass
spectrometer, E. I. du Pont de Nemours and Co., Instrument Products Division,
Monrovia, CA 91016, electron impact mode (70 ev).

23 Gift of R. Mechoulam, Laboratory of Natural Products, School of Pharmacy,
Hebrew University, Jerusalem, Israel.



Table IV—GLC¢ Characterization of Degradation Products from I at Different pH Values®

Retention
Retention  Time Percent of Total Area
Time, Relative pH5.28 pH 7.36 H 9.22

Compound min  toSteroid B30sec  Bhr 100hr 30sec  6hr 192hr 30sec  6hr  I92hr
X1 3.24 0.37 0.14 _— — 0.42 0.05 Traces 0.06 0.31 0.25
II 3.95 0.45 0.93 0.95 Traces 0.79 0.89 8.42 0.79 3.73 11.46
1 4.38 0.50 62.48 61,78 43.00 64.18 63.65 13.20 63.56 59.06 5.32
X1 5.52 0.63 Traces Traces 4.23 3.44 2.36 3.55 1.66 1.86 1.38

VI 6.15 0.70 Traces Traces Traces — — — — — —
v 7.02 0.80 0.56 0.55 — 0.79 0.50 0.02 0.61 0.65 1.15
4-Androsten-3,17-dione 8.77 1.00 35.65 36.62 52.76 30.36 32.53 74.80 33.26 34.36 80.42
Tota) area of cannabinoids/area of 1.80 1.73 0.89 2.29 2.07 0.34 2.00 1.91 0.24

steroid

e Conditions: OV-17 column, 240°; injector, 290°; detector, 300°; helium, 40 ml/min; hydrogen, 30 ml/min; and air, 300 ml/min. ® In 0.05 M phosphate buffers for the

reported reaction times at 60°,

(Scheme IV), but it would be anticipated that the ether linkage would
be affected only by concentrated acids and high temperatures. Negligible
products of ether solvolysis (e.g., VI) were observed on neutral degra-
dation of 1 (Ref. 1 and Table IV) or of X (Table III), which gives rise to
I, to confirm this hypothesis.

Degradation of X at pH 1.12—A kinetic study of X degradation in
0.1 N HC] with 20% ethanol, using 4-androsten-3,17-dione as an internal
standard, showed a biphasic decline on semilogarithmic plotting against
time (Fig. 1). Concomitant with the initial decline was the appearance
of [, undoubtedly due to acid-catalyzed cyclization. The almost simul-
taneous appearance of the trihydroxy compound (VIII) could be due to
the reversible acid-catalyzed hydration of the exocyclic double bond of
X or the acidic cleavage of the ether linkage of I in the equilibrium
(Scheme I). The retarded appearance of VI indicates that acid-catalyzed
hydration of the endocyclic double bond may preferentially be effected
only when the intact ether of [ exists. The final equilibria must favor VI,
1V, and 11, where dehydration of IV favors the A8-configuration (11).

Degradation of [—The kinetics of I degradation in an acidic medium,
using an OV-17 column with 4-androsten-3,17-dione as the internal
standard and peak area ratios, confirmed the prior studies (1) using peak
height ratios.

Previously (1), it had been argued that the peak height ratios of each
degradation product would be proportional to the number of molecules
ohserved if each compound had the same retention time as II. On this
basis, the final molar ratios of products II, IV, and VI were shown to be
invariant under the same acidic conditions for peak height ratios cor-
rected to the same retention time and were independent of which product
was studied.

The premise for the peak height correction was that the ratio of the
peak heights for equal amounts of 1 or II at their normal retention time,
R:,, to their peak heights at another retention time, R;; (obtained by
chromatography at other temperatures), gave factors that could be used
for correction of product peak heights at their respective R;; retention
times. Multiplication of the peak height of a product by the pertinent
factor should give a corrected peak height for that compound that would
be proportional to its amount in the gas chromatographed mixture. This
premise would be valid if the detector response for each compound were
the same, even though a compound of longer retention time but of the
same quantity would demonstrate a lower peak height ratio without
correction since the peak areas would be the same.

This method to correct peak heights is theoretically correct and rea-
sonably accurate in practice. The relation between peak width, w, and
its retention time, R,, is (12):

w = 4R,/VN (Eq. 1)

where N is the number of theoretical plates of a column and w is the
length of a baseline cut by the two tangents drawn on either side of the
peak at the inflection points. The area of the peak is directly related to
the amount of the related compound and can be estimated with reason-
able accuracy by multiplying this width by half of the height, 4, of the
peak:

area = «(amount of drug) = hw/2 = 2hR,/vN (Eq. 2)

Thus, the height of the peak against its retention time for the same
amount of drug (as measured at different column temperatures) should
give the curved line observed previously (Fig. 11 in Ref. 1).

The validity of the method can be checked by plotting the ratio of the
area to the peak height for the same substance against the retention time

in minutes in accordance with a rearrangement of Eq. 2:
area/h = 2R,/V'N (Eq. 3)

The linearity of such plots (Fig. 2) with an intercept of zero and the same
slope of 2/+/N for each of the tetrahydrocannabinol degradation products
chromatographed at different temperatures confirms this premise and
the reliability of the yield estimates given previously (1).

The log k-pH profile at 60° (Fig. 3) shows the results of both previous
and present kinetic studies. The first phase of the biphasic acid degra-
dation, characterized by k1, can now be assigned (Scheme I) in its greater
part to the equilibration of I with VIII, X, and, possibly, IX with slower
production of IV and II. It appears that subsequent dehydration of IV
favors the II configuration because of the previously mentioned steric
hindrance between the A%-double bond and the phenolic hydroxyl. The
second phase, characterized by k3 and encountered only in acidic regions,
can now be largely assigned to products of ether solvolysis: VIII-X. This
reverses the assignments of the hydrolysis in the neutral region given
previously (1), which was taken as related to the k2 phase rather than the
k1 phase in the acidic region.

The degradations of I in the more neutral regions were studied for as
long as 192 hr (Table IV). The GLC-observed products had terminal areas
(relative to the internal standard) that, in total, did not account for more
than 49% (pH 5.28 for 100 hr), 15% (pH 7.36 for 192 hr), and 12% (pH 9.22
for 192 hr) of the original area of I (Table IV).

These results were confirmed with 14C-radiolabeled I. The chloroform
extract of I, degraded under the same conditions for the same time, was
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Figure 2—Plots of the ratios of the peak area to the peak height for
different cannabinoids against their respective retention times. The
retention times were obtained by varying the column temperatures. Key:
e, 1A, 1I;0,1V; A,VI;and O, XII.
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Figure 3—Log k-pH profile for the degradation of I at 60.8°, where the
concentration could be expressed as C = Cie %1t + Coe~k2t a5 a function
of time, t, in minutes. The open symbols are previous data (1) and the
closed symbols are additional data. The rate constants for monophasic
degradation above pH 4 are taken as related to kq (see text) in contrast
to the previous assignment (1).

evaporated to dryness and reconstituted in 200 ul of chloroform. The
solution was streaked on TLC sheets, developed for 15 cm in cyclohex-
ane-acetone (9:1), and the sheets were analyzed by radiochromatogram
scanner. No additional Ry values were observed other than those for
GLC-identified products and a large amount of radioactivity at the origin.
This result implies polar or polymeric degradation products that gave
no pertinent signals under the GLC conditions, even after treatment of
the methanolic extract of the origin with bis(trimethylsilyl)trifluo-
roacetamide containing 1% trimethylchlorosilane?!,
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Most methods for the quantitative determination of
thebaine (I) were based on chromatographic techniques
(1-9). Other procedures include ion-exchange separation
(10, 11), IR spectrophotometric determination (12, 13), and
nonaqueous titration (14).
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Several spectrophotometric methods have been reported
(15-23). The UV spectrophotometric method (18) deter-
mines thebaine, when present alone, in completely pure
solutions. Sulfuric acid methods (19-22) are specific but
complicated and with low extinction values. A selective but
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Figure 3—Log k-pH profile for the degradation of I at 60.8°, where the
concentration could be expressed as C = Cie %1t + Coe~k2t a5 a function
of time, t, in minutes. The open symbols are previous data (1) and the
closed symbols are additional data. The rate constants for monophasic
degradation above pH 4 are taken as related to kq (see text) in contrast
to the previous assignment (1).

evaporated to dryness and reconstituted in 200 ul of chloroform. The
solution was streaked on TLC sheets, developed for 15 cm in cyclohex-
ane-acetone (9:1), and the sheets were analyzed by radiochromatogram
scanner. No additional Ry values were observed other than those for
GLC-identified products and a large amount of radioactivity at the origin.
This result implies polar or polymeric degradation products that gave
no pertinent signals under the GLC conditions, even after treatment of
the methanolic extract of the origin with bis(trimethylsilyl)trifluo-
roacetamide containing 1% trimethylchlorosilane?!,
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complicated method for the spectrophotometric deter-
mination of I also was reported (23).

In western Iran, a new population, Arya II, of Papaver
bracteatum Lindl produced a high yield of I (24). The
importance of I for the preparation of codeine and other
medicinally important alkaloids prompted the use of this
population as a natural source for I. Thus, a simple, rapid,
and precise quantitative determination of I was needed to
evaluate the plant samples.

This paper describes a new sensitive spectrophotometric
method for I based on the complexation reaction between
I and bromecresol green (II) followed by extraction with
chloroform. Previously, II was investigated for the ab-
sorptiometric determination of small amounts of long-
chain alkylamines and quaternary ammonium salts (25)
in aqueous solution in a solvent extraction procedure that
has the disadvantage of a blank depending on both the pH
and concentration of excess reagent.

Prior separation of the alkaloid fraction, by chroma-
tography or solvent extraction, is necessary for the deter-
mination by the reported methods. The present Il method
determines substances with a tertiary amine group, in-
cluding thebaine, in aqueous acidic solutions without prior
separation.

EXPERIMENTAL!

Reagents and Chemicals—Al solutions were prepared from reagent
grade? chemicals. Freshly prepared 1074 M I, 10~* M II aqueous solution,
and pH 3 (BP standard) phthalate buffer were used.

Arya II Capsule Powder—The capsule powder?® was sifted through
a No. 42 sieve, and the remaining woody coarse particles were subjected
to a current of air to free the fine powder.

ABSORBANCE

X A A
400 6500
WAVELENGTH, nm

Figure 1—Absarption spectra of chloroform solutions of various con-
centrations of I-1I complex against the reagent blank (A) and of the
reagent blank against chloroform (B).

! A Beckman DB-GT spectrophotometer with 1.00-cm glass or quartz cells and
a Beckman H3 type pH meter were used.

2 Analar.

3 Obtained from the Laboratory of Organic Chemistry, College of Pharmacy,
Tehran University.
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Figure 2—Effect of pH on the complex formation and extraction. The
concentration of I was 3 X 10~4 M.

General Procedure—Pipet a sufficient quantity of I solution con-
taining 40-140 ug of I into a 100-m! separator. Add 15 ml of 104 M 11
followed by a few drops of 0.1 N HCI or NaOH to obtain a yellow color.
Then add 10 ml of pH 3 buffer and extract the yellow complex by vigorous
shaking with 5, 3, and 2 ml of chloroform successively. Combine the ex-
tracts into a 10-ml volumetric flask, adjust the volume with chloroform,
and measure the absorbance of the solution against a similarly prepared
reagent blank at 415 nm.

The total operation requires about 10 min.

Direct Determination of Thebaine in Capsules—Digest accurately
about 1.00 g of the Arya II capsule powder (fine powder, unsieved powder,
and coarse particles) in 50 ml of 0.1 N HCl with intermittent shaking for
20 min. Filter the solution directly into a 250-ml volumetric flask. Repeat
the digestion four times with 50 ml of 0.1 N HCl and filter immediately.
Adjust the volume of the solution with distilled water to 250 ml and de-
termine the I content as described in the general procedure.

Wash the clean glass apparatus with 0.1 N HCI followed by distilled
water.

The following methods were employed to evaluate the proposed
method.

Benzene Extraction Method (24)—The alkaloid was isolated by
extraction with benzene and evaporation of the extract to dryness. The
residue was dissolved in 0.1 N HC], and the extinction at 285 nm (maxi-
mum) was measured using an Ej4 (1 cm) value of 250.

In the present investigation, the proposed II method was employed,
instead of extinction measurements at 285 nm, for the determination of
thebaine content.

Sulfuric Acid Method (22)—The alkaloid was isolated by chloroform
extraction and evaporation of the extract to dryness. The thebaine con-
tent of the residue was determined by using the color reaction with 29
N H,S0,.

RESULTS AND DISCUSSION

The yellow I-1I complex solution in chloroform gave maximum ab-
sorption at 415 nm (Fig. 1). Complex formation and extraction were
complete and quantitative between pH 1.5 and 4.5 (Fig. 2). The absorb-
ance of the complex in chloroform was measured at selected times up to
1 week and was constant.

Composition of Complex—The composition of the complex was as-
certained by the following methods.

Continuous Variation Method (26, 27)—The method was applied for
the total constant concentration of the mixtures, [I + II}, first at 10 X 10~4
M and then at 6 X 1074 M; the complex was determined as described in
the general procedure. Figure 3 shows that a maximum occurs at a 0.5
mole fraction of I, indicating thereby the formation of a 1:1 complex.

Mole Ratio Method—The method of Yoe and Jones (28) was applied
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for a standard I solution at a fixed concentration of 4 X 104 M and dif-
ferent amounts of standard Il solution of 10~4 M. The complex was de-
termined as described. As shown in Fig. 4, the ratio of I to Il in the com-
plex was 1:1, but the required ratio for complete complexation and ex-
traction was 1:3.

Beer’s Law, Range, and Precision—The optimum concentration
range for the measurements, which conforms to Beer’s law, at 415 nm and
a 1.00-cm optical path was about 4.0-14.0 ug/ml; the molar absorptivity
of the complex solution in chloroform was 1.9460 X 104, The relative
standard deviation of the calculated absorptivities in the optimum con-
centration range was 0.9%; at concentrations below 5.0 ug/ml, it was
2.2%,

Compound II Reactions—Acid dyes react with amines or quaternary
ammonium salts to form colored compounds (29, 30). Compound 11 was
used for the determination of small amounts of long-chain tertiary alk-
ylamines and quaternary ammonium salts (25).
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Figure 4—Mole ratio plot. The final concentration of [ was 4 X 10~4
M.
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Table I—Thebaine Content of the Arya II Population Capsules
of P, bracteatum Lindl

Direct Determination?® Indirect Determination?

Powder % Thebaine, % Thebaine,

Portion® Mean X RSD, % Mean X RSD, %
Fine powder 4.17 1.13 3.70 1.43
Unsieved 3.14 1.10 2.711 1.29

powder
Coarse 1.75 1.14 1.57 1.38
particles

a Each determination was repeated six times on each portion. ® The sample was
collected during June 1974.

In an acidic medium, most organic compounds with a tertiary amine
group react with II, forming yellow complexes extractable with chloro-
form. Antihistaminic agents and most alkaloids show selective positive
reactions, and the proposed method was found to be suitable for their
spectrophotometric determination. Further investigations on the validity
of II for the determination of medicinally active substances in pharma-
ceutical preparations are currently being undertaken and will be the
subject of future reports,

Determination of Thebaine Content of Arya II Population Cap-
sules-—Since thebaine is the only alkaloidal constituent of the Arya II
population of P. bracteatum (24), it can be measured directly as de-
scribed. The I content of different portions of the powdered capsules was
determined directly after digestion with 0.1 N HCl and indirectly after
benzene extraction (24), both with the II method (Table I). Moreover,
the I content of each sample was determined by the sulfuric acid method
(22), and identical results to the II method were obtained in each case.

In contrast to the sulfuric acid method (22), this method shows no in-
terference from the other contents of the capsules. The indirect deter-
mination of the alkaloid based on benzene extraction gives a lower re-
covery (86-89%) of the alkaloid (Table I). This method, compared with
the previously reported methods, was easier and more precise.

The presence of a high percentage of thebaine (1.75%) in the coarse
particles, which are commonly discarded, necessitate their use as a source
for thebaine production.
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Abstract O In vitro assays showed that low concentrations (5-10 and
20 ug/ml) of the antimicrobial paromomyecin sulfate are able to block or
diminish significantly the transfer of the tetracycline resistance R-factor
between Escherichia coli and Salmonella pullorum. This observation
is important because it offers the possibility of preventing the formation
of tetracycline-resistant pathogens, a limiting factor of tetracycline use
in both human and veterinary medicine.
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Previously (1), it was demonstrated that in vitro pre-
treatment of Escherichia coli with low doses of tetracycline
inhibits the production of mutants resistant to paro-
momycin sulfate (I), an oligosaccharide antimicrobia! with
a broad antibacterial spectrum including Gram-positive,
Gram-negative, and acid-fast bacteria (2-4). Compound
I also inhibits some protozoa (5, 6).

The effect of I on the development of tetracycline-re-
sistant strains was studied by evaluating its action on the
R-factor transfer capacity between a strain of E. coli
(donor) and a strain of Salmonella pullorum (recipient)
(7).

Salmonellosis is an increasing health hazard (8-11). The
spread of drug-resistant pathogenic Salmonella has en-
couraged investigation of methods to reduce this phe-
nomenon, which affects both human and animal bacterial
flora.

EXPERIMENTAL

Bacterial Strains—E. coli (FI 3632), tetracycline resistant and ri-
famide sensitive, and S. pullorum (FI 741), tetracycline sensitive and
rifamide resistant, were used. The Salmonella strain was used because
only mutants with acquired resistance to tetracycline develop in sub-

Accepted for publication February 2,

cultures on a solid medium containing 30 ug of tetracycline/ml plus 40
ug of rifamide/ml.

In these transfer assays, the two strains can be immediately distin-
guished on a solid medium containing lactose and a pH indicator by the
formation of acidifying (E. coli) or nonacidifying (S. pullorum) colonies.
The usual cultural, biochemical, and serological tests were employed to
identify the parent and revertant strains.

Assay Media—Medium 1 was liquid tryptose broth!. Medium 2 (solid)
contained tryptose agar!, 1% lactose, and 0.01% bromthymol blue (Wurtz
medium) with and without tetracycline? (30 ug/ml), rifamide? (40 ug/ml),
paromomycin? (30 ug/ml), or tetracycline {30 ug/ml) plus rifamide (40
ug/ml). Medium 3 was TSI medium!, and Medium 4 was SIM medi-
um?.

Medium 1 was used for the conjugation assays and the determination
of the minimum inhibitory concentrations (MIC) of the three antimi-
crobials. Medium 2 served as a control for the conjugation experiments
and for the sensitivity tests following the Kirby-Bauer method. The
medicated media were employed for checking the drug resistance of the
parent and revertant strains. Media 3 and 4 were employed for an initial
differentiation between E. coli and S. pullorum colonies.

Reagents—Sensitivity disks were prepared according to the “Code
of Federal Regulations” (12) and contained 30 pg of tetracycline, 40 ug
of rifamide, or 30 ug of 1. The somatic serodiagnostic antiserum of E. coli
was obtained by rabbit immunization as described by Kauffmann (13),
and the somatic serodiagnostic antiserum of S. pullorum was pur-
chased!.

Antibiotic Sensitivity Test—This test was performed in tryptose
broth by determining the MIC values, in solid Medium 2 according to
the Kirby-Bauer method, and by evaluating the bacterial growth in
Medium 2 containing 30 ug of the single antimicrobial/m}.

Conjugation Assays in Presence of I—Single Strains with I and
2-4 hr of Contact Time—Compound I (final concentrations of 5, 10, and
20 ug/m!l) was added to tryptose broth cultures of the single strains after
2 hr of incubation at 37°. After further incubation (2 and 4 hr), the cul-
tures were washed (three times by centrifugation) to remove I and the
pellets were resuspended and brought to volume with sierile tryptose
broth.

Under these conditions, the drug concentration remaining in the cul-
tures was lower than the minimum assayable microbiologically (0.05
ug/ml) by the agar plate method (12). Broth cultures of the two test
strains grown in the absence of I were treated identically. The final bac-
terial suspensions thus obtained were mixed in a chessboard scheme
according to the different concentrations of I with which the bacteria had
previously been in contact.

! Difco Laboratories, Detroit, Mich.

2 Lot 241/5, Farmitalia Research Laboratories, Milan, Italy.

3 Lot 011, Gruppo Lepetit, spa, Milan, Ttaly.

4 Aminosidine, lot 501.2, Farmitalia Research Laboratories, Milan, Italy.
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Reagents—Sensitivity disks were prepared according to the “Code
of Federal Regulations” (12) and contained 30 pg of tetracycline, 40 ug
of rifamide, or 30 ug of 1. The somatic serodiagnostic antiserum of E. coli
was obtained by rabbit immunization as described by Kauffmann (13),
and the somatic serodiagnostic antiserum of S. pullorum was pur-
chased!.

Antibiotic Sensitivity Test—This test was performed in tryptose
broth by determining the MIC values, in solid Medium 2 according to
the Kirby-Bauer method, and by evaluating the bacterial growth in
Medium 2 containing 30 ug of the single antimicrobial/m}.

Conjugation Assays in Presence of I—Single Strains with I and
2-4 hr of Contact Time—Compound I (final concentrations of 5, 10, and
20 ug/m!l) was added to tryptose broth cultures of the single strains after
2 hr of incubation at 37°. After further incubation (2 and 4 hr), the cul-
tures were washed (three times by centrifugation) to remove I and the
pellets were resuspended and brought to volume with sierile tryptose
broth.

Under these conditions, the drug concentration remaining in the cul-
tures was lower than the minimum assayable microbiologically (0.05
ug/ml) by the agar plate method (12). Broth cultures of the two test
strains grown in the absence of I were treated identically. The final bac-
terial suspensions thus obtained were mixed in a chessboard scheme
according to the different concentrations of I with which the bacteria had
previously been in contact.

! Difco Laboratories, Detroit, Mich.

2 Lot 241/5, Farmitalia Research Laboratories, Milan, Italy.

3 Lot 011, Gruppo Lepetit, spa, Milan, Ttaly.

4 Aminosidine, lot 501.2, Farmitalia Research Laboratories, Milan, Italy.
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Table I—Antibiotic Sensitivity of the Test Strains?

Tetracycline Rifamide I
MIC, ST, NC, MIC, ST, NC, MIC, ST, NC,
Strain ug/ml mm % ug/ml mm % ug/ml mm %
E. coli 200 0 100 12.5 16.7 0 33 12.1 0
S. pullorum 1.5 26.2 0 0 100 25 13.5 0

¢ MIC = minimum inhibitory concentration in tryptose broth after 24 hr of incubation; ST = inhibition zone diameter in millimeters (average of four zones); and NC
= number of colonies developed in medium containing 30-40 ng/ml of the antimicrobials, reported as percentage of the contral tests (number of colonies grown in medium

without antibiotic).

After static incubation at 37° for 3, 20, and 40 hr, known quantities of
the microbial suspensions were seeded on plates of Medium 2 containing
rifamide plus tetracycline. Following incubation at 37° for 18-24 hr, the
acidifying and nonacidifying colonies were counted. Two to 10 colonies
per plate were checked for identification purposes in Medium 3 and 4
tubes and by slide agglutination.

Mixed Strains with I and 3-20 hr of Contact Time—A few tests were
carried out by placing the two strains in contact with I for the whole
conjugation time. The subcultures were carried out after 3, 20, and 40
hr.

Tests for Bacteriophages—Experiments were carried out on E. coli
to exclude bacteriophage carriers and the transduction phenomena. The
experiments were performed both by seeding the filtrates of E. coli broth
cultures on plain Medium 2 inoculated with the recipient strain and by
the method of phage liberation after UV irradiation (14).

RESULTS

S. pullorum is resistant to rifamide and sensitive to tetracycline and
I; E. coli is only resistant to tetracycline (Table I).

Table [I—Mean Number (Three Replicates), Reported in
Factorial Design, of S. pullorum Colonies that Developed on
Wurtz Medicated Medium (30 ug of Tetracycline/ml and 40 ug
of Rifamide/ml) after Conjugation

Conjugation Time = 20 hre

E. coli
T, 0 10 20
ug/ml (A) (B) () Assay
20 3,203 2,940 787 a
(X) 4,056 2,201 832 b
g 10,446 0 5 c
3 5,503 3,616 0 d
< 10 3,221 2,850 2743 a
3| (Y) 3,922 3,353 2790 b
= 12,375 5,019 0 ¢
“ 6,070 2,955 2 d
0 3,287 3,102 1807 a
(Z) 8,960 5,438 4064 b
17,220 14,392 1 c
12,523 12,680 7869 d
Conjugation Time = 40 hr®
E._coli
T, 0 10 20
ug/ml (A) (B) (C) Assay
20 7,529 8,420 671 a
(X) 94,667 9,366 337 b
3 44,098 0 0 c
g 21,647 23,298 0 d
=10 11,764 7,702 1,522 a
g W) 415,664 56,331 1,450 b
o 11,836 28,130 0 c
g 30,478 16,504 370 d
0 22,365 8,142 7,431 a
(Z) 318,665 115,668 54,667 b
35,900 2,864 0 c
44,235 43,574 18,073 d

@ Qut of 72 possible combinations of the data of the same assay, only 14 were
statistically nonsignificant (p > 0.5): BYa versus CYa, AZa versus BZa, AZc versus
BZc, AZd versus BZd, CYc versus CZc, BXa versus BYa, BXd versus BYd, BXa
versus BZa, AXa versus AYa, AXb versus AYb, AXc versus AYc, AXd versus AYd,
AXa versus AZa, and AYa versus AZa. » Qut of 72 possible combinations of the
data of the same assay, only eight were statistically nonsignificant {(p > 0.5): BXc
versus CXc, AXd versus BXd, AZd versus BZd, CXc versus CYe, CXc versus CZc,
CYc versus CZc, BYa versus BZa, and AXc versus AZc.
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Table II gives the data obtained from four conjugation tests (g, b, ¢,
and d), and Table IIT gives the results of two tests (a and b). These tables
report the average results (three replicates for each determination) of
the S. pullorum colonies that had become tetracycline resistant after 2
hr of precontact with various concentrations of I and successive conju-
gation with the donor strain for 20 and 40 hr at 37°. The statistical sig-
nificance (p) of all possible combinations between E. coli and S. pullorum
treated with I was calculated, and the few nonsignificant confrontations
are reported in the tables. On the average, 87% of the combinations
showed statistically significant differences, that is, positive R-factor
transfer with p values ranging from <0.001 to <0.05 (analysis of vari-
ance).

The data from the conjugation tests calculated as percentages of rev-
ertants and the range limits reported in Figs. 1 and 2 allow an immediate
evaluation of the transfer decrease associated with the I treatment.

The lowest value was reached when both strains were exposed to the
highest concentration of I (20 pg/ml). When only the donor strain (E. coli)
and, to a lesser extent, when only the recipient strain were treated with
I, a significant reduction in transfer also was noted. In both cases, the
lowest value was again associated with the pretreatment with the highest
concentration of I. Conjugation periods of 3 hr or less did not modify the
transfer, in agreement with Anderson (15).

Separate analogous tests demonstrated that the presence of 3 ug/ml
or less of I did not interfere with the acquisition of tetracycline resis-
tance.

The experiments performed to show the presence of bacteriophages
in the donor strain were negative.

DISCUSSION

These assays show that contact with subinhibitory concentrations of
I impedes the acquisition and donation of tetracycline resistance in S.

Table III-——Mean Number (Three Replicates), Reported in
Factorial Design, of S. pullorum Colonies that Developed on
Wurtz Medicated Medium (30 pg of Tetracycline/ml and 40 ug
of Rifamide/ml) after Conjugation

Conjugation Time = 20 hr®

E. coli
T, 0 5 10
g ug/ml (A) (B) (C) Assay
g 10 24,668 31,132 37,332 a
= (X) 25,768 35,465 28,536 b
3 5 28,534 27,466 31,170 a
» (Y) 43,499 35,600 29,531 b
0 140,334 35,302 27,266 a
(Z) 285,666 32,466 31,102 b
Conjugation Time = 40 hr®
E. coli
T, 0 5 10
g pg/ml (A) (B) (C) Assay
N 10 185,334 302,152 85,766 a
= (X) 125,332 95,666 37,800 b
2 5 165,667 62,168 95,667 a
= (Y) 105,332 44,798 5,366 b
0 314,666 275,334 163,666 a
(Z) 310,332 40,766 121,000 b

o Qut of 36 possible combinations of the data of the same assay, only five were
statistically nonsignificant (p > 0.5): AYa versus BYa, BZb versus CZb, CXb versus
CYb, BXb versus BYb, and CXb versus CYb. & Qut of 36 possible combinations
of the data of the same assay, none was statistically nonsignificant.
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Figure 1——Pe(cent of S. pullorum colonies (with respect to the controls) that became tetracycline resistant after pretreatment of E. coli and/or
S. pullorum with 20 and 10 ug of I/ml during 2 hr at 37°. Data are from four assays (a, b, ¢, and d) and their averages (X). The 1 represents the

range limits for three determinations.

pullorum and E. coli. Analogous effects were described for the acridine
derivatives, mitomycin and sodium lauryl sulfate (16).

The effects of [ may be attributed either to the induced synthesis of
anomalous proteins, according to the mechanism of action common to
the oligosaccharide antibiotics, or to a I-induced change of the superficial
electrical charge of the bacterial cells, in a way analogous to that which
occurs in E. coli in the presence of streptomycin, another oligosaccharide
antibacterial (17).

o/ Conjugation time:20 hours
.

100 —

O —

80 —

70—

6Q —

-

a

ation time

in

ailia

: 40 hours

100 —
0 —
BO —

Conjug

IS |

abx

70 —
60 —
50 —
40—
30—
20—
JO—

abix

0

X

The experimental evidence suggests that the emergence of tetracy-
cline-resistant bacteria through conjugation resistance transfer may be
prevented by the presence of I in low concentrations.

This acquisition seemed to be relevant even in vivo, because orally
administered I is not absorbed through the GI tract and can reach in-
testinal concentrations high enough to inhibit the transfer of resistance
factors between the ubiquitous, usually harmless, E. coli and the path-
ogenic Salmonella.
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Figure 2—Percent of S. pullorum colonies (with respect to the controls) that became tetracycline resistant after pretreatment of E. coli and/or
S. pullorum with 10 and 5 pg of I/ml during 2 hr at 37°. Data are from two assays (a and b) and their averages (X). The | represents the range limits

for three determinations.
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Abstract O The developed pharmacokinetic model, an extension of the
Bischoff-Dedrick model, simultaneously predicts the kinetic behavior
of salicylate in cerebrospinal fluid, blood, organs, and tissues. The model,
which is entirely different from conventional compartment models, is
derived from basic considerations of drug distribution with biochemical
and physiological meaning. The dog was studied at three different dosages
of salicylate: therapeutic, moderate intoxication, and severe intoxication.
The predicted kinetics of salicylate in cerebrospinal fluid, blood, plasma,
liver, muscle, and adipose tissue by the model agreed well with the ex-
perimental data. The effectiveness of hemoperfusion treatment for the
severely intoxicated dog by albumin-coated activated carbon and its ef-
fect on the kinetic behavior of salicylate in cerebrospinal fluid, blood,
argans, and tissues were studied. The model was also applied to predict
the kinetic changes of salicylate in the body during and after the extra-
corporeal treatment. The predicted results also agreed with the experi-
mental data.

Keyphrases 0 Models, pharmacokinetic-—developed to predict behavior
of salicylate in cerebrospinal fluid, blood, organs, and tissues, compared
to experimental data with dogs O Pharmacokinetic models—developed
to predict behavior of salicylate in cerebrospinal fluid, blood, organs, and
tissues, compared to experimental data with dogs [0 Salicylate—phar-
macokinetic model developed to predict behavior in cerebrospinal fluid,
blood, organs, and tissues, compared to experimental data with dogs

Blood or plasma drug levels have been used as an index
of dose scheduling for therapeutics under the assumption
that the drug level in blood or plasma corresponds to the
pharmacological effect of the drug. Conventional phar-
macokinetic models have been widely applied to simulate
the kinetic behavior of drug levels in blood or plasma.
However, the knowledge of drug levels in blood or plasma
with time may not provide sufficient information for ad-
equate therapy. The kinetic information of drug levels in
brain, cerebrospinal fluid, blood, organs, and tissues of
pharmacological interest may be necessary for the devel-
opment of more appropriate dosage regimens.

The model developed and used in this study is an ex-
tension of the Bischoff-Dedrick model (1, 2). This model
is derived from basic considerations of drug distribution
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with biochemical and physiological meaning. The model
has been applied successfully to predict the pharmacoki-
netics of thiopental (2, 3), methotrexate (1, 4, 5), and cy-
tarabine (6).

Previously, an extended version of the Bischoff-Dedrick
model was used to predict thiopental kinetics in the dog
(2). In this paper, the model previously presented (2) is
modified and applied to salicylate in the dog. The model
also is modified to consider the effects of activated carbon
hemoperfusion on the pharmacokinetics of salicylate in
the dog. Since drug-protein binding plays an important
role in pharmacological effect and pharmacokinetics, the
model also is applied to predict the pharmacokinetics of
free (unbound) salicylate levels in plasma water, which is
more related to the pharmacological effect of the drug.

THEORETICAL

A diagram of blood circulation through various body regions is shown
in Scheme 1. The blood pool is the blood volume excluding the blood
contained in the capillary beds of organs and tissues in the body.

The transient mass balance for any organ or body region can be ex-
pressed as (2):

drug accumulation rate drug inflow rate from
in both capillary bed and | = | blood pool and/or
tissue portion other body regions

drug outflow rate]

+ [drug ingestion rate, if any] — [from body region

_ [ drug metabolism rate and/or
excretion rate, if any

] (Eq. 1)

The mathematical equation of the transient mass balance for any body
region (Yz) is:
d(Vy.sCry.s) , dVy,rCr,v:T)
dt dt
where the subscripts mean the following: B, blood; T, total or tissue; and

Yz, a body region such as Ad (adipose), Br (brain), GI (gastrointestinal),
Li (liver), Mu (muscle), and Vi (viscera); and where C7p is the total

= Qyv:(Crs — Cry.8) (Eq.2)
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Abstract O The developed pharmacokinetic model, an extension of the
Bischoff-Dedrick model, simultaneously predicts the kinetic behavior
of salicylate in cerebrospinal fluid, blood, organs, and tissues. The model,
which is entirely different from conventional compartment models, is
derived from basic considerations of drug distribution with biochemical
and physiological meaning. The dog was studied at three different dosages
of salicylate: therapeutic, moderate intoxication, and severe intoxication.
The predicted kinetics of salicylate in cerebrospinal fluid, blood, plasma,
liver, muscle, and adipose tissue by the model agreed well with the ex-
perimental data. The effectiveness of hemoperfusion treatment for the
severely intoxicated dog by albumin-coated activated carbon and its ef-
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Blood or plasma drug levels have been used as an index
of dose scheduling for therapeutics under the assumption
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pharmacological effect of the drug. Conventional phar-
macokinetic models have been widely applied to simulate
the kinetic behavior of drug levels in blood or plasma.
However, the knowledge of drug levels in blood or plasma
with time may not provide sufficient information for ad-
equate therapy. The kinetic information of drug levels in
brain, cerebrospinal fluid, blood, organs, and tissues of
pharmacological interest may be necessary for the devel-
opment of more appropriate dosage regimens.

The model developed and used in this study is an ex-
tension of the Bischoff-Dedrick model (1, 2). This model
is derived from basic considerations of drug distribution
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with biochemical and physiological meaning. The model
has been applied successfully to predict the pharmacoki-
netics of thiopental (2, 3), methotrexate (1, 4, 5), and cy-
tarabine (6).

Previously, an extended version of the Bischoff-Dedrick
model was used to predict thiopental kinetics in the dog
(2). In this paper, the model previously presented (2) is
modified and applied to salicylate in the dog. The model
also is modified to consider the effects of activated carbon
hemoperfusion on the pharmacokinetics of salicylate in
the dog. Since drug-protein binding plays an important
role in pharmacological effect and pharmacokinetics, the
model also is applied to predict the pharmacokinetics of
free (unbound) salicylate levels in plasma water, which is
more related to the pharmacological effect of the drug.

THEORETICAL

A diagram of blood circulation through various body regions is shown
in Scheme 1. The blood pool is the blood volume excluding the blood
contained in the capillary beds of organs and tissues in the body.

The transient mass balance for any organ or body region can be ex-
pressed as (2):

drug accumulation rate drug inflow rate from
in both capillary bed and | = | blood pool and/or
tissue portion other body regions

drug outflow rate]

+ [drug ingestion rate, if any] — [from body region

_ [ drug metabolism rate and/or
excretion rate, if any

] (Eq. 1)

The mathematical equation of the transient mass balance for any body
region (Yz) is:
d(Vy.sCry.s) , dVy,rCr,v:T)
dt dt
where the subscripts mean the following: B, blood; T, total or tissue; and

Yz, a body region such as Ad (adipose), Br (brain), GI (gastrointestinal),
Li (liver), Mu (muscle), and Vi (viscera); and where C7p is the total

= Qyv:(Crs — Cry.8) (Eq.2)
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Scheme I—Body regions and blood flows for a 15-kg (average) dog. Key:
| = liters.

(bound and unbound) drug concentration in blood from the blood pool,
Cr.v.p is the total drug concentration in the capillary bed (blood portion)
of the body region (Yz), Cr v, 7 is the total drug concentration in the tissue
portion of the body region (Yz), Qv is the blood flow rate from the body
region (Yz), t is time, Vy,p is the blood volume in the capillary bed of the
body region (Yz), and Vy, is the tissue volume in the tissue portion of
the body region (Yz).

Most drugs can be bound to plasma proteins, especially to albumin,
and to various tissue components (7). The free (unbound) drug level in
the target organ(s) is more related to the pharmacological effect of the
drug. The model considers this factor by correlating the total drug con-
centration with the free drug concentration in blood, organs, and tissues.
The relationship between the total drug concentration, C7 g, and the free
drug concentration, Cr g, in blood can be determined in vitro. Thus:

Cr.p=fB(Crp) (Eq. 3)

where fg(Cr p) is a mathematical expression of the total drug concen-
tration in terms of the free drug concentration in blood.

The mathematical relation between the total drug concentration,
CT.v:8, and the free drug concentration, Cr y;g, in the blood of any organ
capillary bed, YzB, is the same as that in Eq. 3:

Cr,v:8 = fB{CF yzB) (Eq. 4)

Similarly, the total drug concentration, Cr,y.T, in the tissue portion of
the body region, Yz, can be expressed in terms of the corresponding free
drug concentration, Cr y,7, by another function, fy,7(Cr y.7):

Cr.y:r = fv.1(CF,y.T) (Eq. 5)
After Eqs. 3-5 are substituted into Eq. 2, Eq. 2 becomes:
d[Vv.sfp(Cr.y:8)) + d[Vy.1fy.7(Cry.T)]
dt dt
= Qy:Ifs(Crp) — fB(Cry:8)] (Eq.6)
Equation 6 can be developed to the following equation:
de Y2RB dVYzB
Z. ’ Z. - + 2.
Vy:sfg’'(CF,v:B) m fB(CF,y2B) it
, dC dV
+ Vyve1rfy.7(Cr.y.T) Z'tYZT + fy.1(Cry2T) d:ﬂ
= Qv:|fs(Crp) — fB(Cry:8)] (Bq.7)

where fp'(Cry.s) = dfp(Cry.s}/dCry.z and fy,p(Cry.r) =
dfv.7(Cry.7)/dCp y.T.

Capillaries in organs and tissues differ widely in their permeability
characteristics. There are two types of mass transfer between the capil-
laries and the surrounding tissue. One type is the nearly instantaneous
establishment of an equilibrium free drug concentration between the
capillaries and the tissue. The capillaries of the liver permit the passage
of substances quite readily (8). The equilibrium free drug concentration
between the liver capillaries and the surrounding tissue can be established
rapidly. In this case, the free drug concentration, Cr, y,, in the tissue
’ei‘f}flectively equals the free drug concentration, Cr y;g, in the capillaries.

at is:

Cry.r=Cry:n (Eq. 8)
Substitution of Eq. 8 into Eq. 5 gives:
Cry.r = fv.7(CF,v:B) (Eq. 9)

Equations 8 and 9 are substituted into Eq. 7, rearranged, and simplified
to:
dVy.p

dt

dCr,y.B
dt

[Vv.6fs'(Cry:8) + Vyorfy.r(Crv28)] + fB(CF,y:B)

dVy,
d}t, L = Qv.[f5(Cr.8) — fB(Cr.y:8)]

The second type of mass transport through the capillary wall is the
restricted passage between the capillaries and the tissue. For instance,
the capillary wall in muscle is composed of an interlocking mosaic of
endothelial cells with slits (junctions) between them that could function
as the postulated pores and could account for the restricted passage of
water-soluble compounds (9). The restricted transport of salicylate
through the muscle capillary wall does not allow the instantaneous es-
tablishment of the equilibrium free salicylate concentration between the
capillaries and the muscle tissue.

The restricted transport of drugs between the capillaries and the tissue
may be described in terms of Fick’s law. The changing rate of the free drug
concentration, Cr y.r, in the tissue is proportional to the free concen-
tration difference between the capillaries and the tissue, which gives:

+ fy.1(Cr,vzB) (Eq. 10)

dCr y.r
dt

where Py, is a proportionality constant called the permeability constant
and Cr v.p and Cr y,T are the free drug concentrations in the capillaries
and the tissue of the body region, Yz.

Substituting Eq. 11 into Eq. 7 gives:

= Py, (Cr,y:B — Cry:T) (Eq. 11)

dCry: dVy. ,
Vy.afp'(CEy:p) g'ty B 4 fa(Cry.n) dY 2 + Vyarfyr(Cry.1)Py:
dVy,
X (Cryz8 — Cry.T) + fv21(CEy2T) d‘t/ T

= Qv.[f8(Cr8) — fB(Cry:8)] (Eq.12)

MODEL

This study attempted to apply the model to predict the kinetic be-
havior of salicylate in cerebrospinal fluid, bloed, liver, muscle, and adipose
tissue because experimental kinetic data of salicylate in these body re-
gions are available (10). At least five body regions may be defined: brain,
liver, muscle, adipose tissue, and the blood pool (the blood volume ex-
cluding those blood volumes in the capillary beds of body regions). In
mammals, blood from the GI area perfuses the liver. Thus, GI tissues are
added as another body region. Since there is little interest in the kinetics
of salicylate in the kidneys or heart, these two organs may be included
in the body region called viscera.

A diagram of blood circulation in the seven body regions with physio-
logical data of blood volumes, tissue volumes, and blood flows for a 15-kg
(average) dog is shown in Scheme 1. Some physiological data are revised
and different from those given previously (2). These revised data repre-
sent the actually measured statistical data (11-18).

The transient mass balance for the blood pool can be expressed as:

d(Vg:Crp)

o = (@e-Crp8 + QLiCrLiB + QviCTViB

+ QmuCrMuB + QaaCT aa8) + Mg(t) — QeCrr (Eq. 13a)
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Table I—Parameters and Constants for the Model®

Blood GI Adipose
Pool Brain Liver Viscera Area Muscle Tissue
Fy y.gb 0.460 0.007 0.087 0.091 0.163 0.164 0.028
Fw y.1° — 0.7936 0.7326 0.7824 0.7410 0.7757 0.1922

a A (mg/liter) = 72.6645, M = 1.1571, B (mg/liter) = 175.1879, N = 1.2441, Pegr (21, 22) (min—1) = 0.0040, Py, (8, 23) (min~!) = 4.5550, @p;. (liter/min) = 0.001, Qg7
(liter/min) = 0.065, Qg (liter/min) = 0.00167, Qcsr (8, 23) (ml/min) = 0.08, and Vegr (ml) (8, 23) = 32 for a 15-kg (average) dog. ® Fraction of the blood volume in organ

capillaries to the total blood volume in the body. ¢ Taken from Table 1 of Ref. 2.

or;

_ | summation of drug inflow rates
~ | from five body regions

+ [ingestion rate] — [drug outflow rate from blood pool]

drug accumulation
rate in blood pool

(Eq. 13b)

Plasma protein binding of salicylate was studied by the equilibrium
dialysis technique (19). A linear relation was found between the total
salicylate concentration, Cr p, and the free concentration, Crp, in plasma
in the range of salicylate levels investigated (10):

Crp=fp(Crp) =B+ NCrp (Eq. 14)

where B and N are constants (10) given in Table L.

The relationship between the total salicylate concentration and the
free concentration in whole blood may be determined indirectly. Since
the free (unbound) drug in plasma water is in equilibrium with the bound
drug in both plasma and blood, simultaneous determination of both total
salicylate concentrations in blood and plasma from the same samples
makes it possible to find the free concentration corresponding to both
total concentrations in plasma and blood from Eq. 14. The relation thus
constructed between the total salicylate concentration, Cr go, in original
(nondiluted) blood and the free concentration, Cr g, in blood water is also
linear (10):

Crpo=fB{(Crp)=A+ MCrp

The values for A and M are also listed in Table 1.

The experimental salicylate distribution data were obtained during
a 6-hr experiment (10) in which blood loss occurred due to the surgical
trauma from taking tissue samples. Normal saline was given continuously
to maintain adequate blood pressure and blood volume. Therefore, the
blood in the body was gradually diluted during the experiment. The
fraction of whole (nondiluted) blood at time ¢ in the continuously diluted
blood, Fg(t), can be calculated from the solution to a differential equation
of the mass balance for the whole (nondiluted) blood. The rate of change
of the total whole (nondiluted) blood volume in the body is equal to the
loss rate of the whole blood, g1 Fg(t), due to bleeding. It gives:

(Eq. 15)

d[Vr Fp(t

[”i'i—’t‘*(” = —QpLF3(t) (Eq. 16)
where:

Vre: = Vrpo+ (Qse — Qpi)t (Eq. 17)

and Fg(t) is the fraction of whole (nondiluted) blood in the continuously
diluted blood at time ¢, @py, is the blood loss rate due to bleeding from
tissues, Qsg is the saline-entering rate to the vein, Vg o is the total blood
volume in the body at time zero, and Vg, is the total blood volume
(diluted blood) in the body at time ¢.

In this study, the normal saline infusion rate was kept constant while
the bleeding rate of blood loss from tissues was assumed to be constant
(Table I). After Eq. 17 is substituted into Eq. 16, the solution to Eq. 186,
under the conditions of both @sg and @p; being constants, gives:

(Qse — QBL)t]-Istust-le

Fg(t) = Fp(0) [1 +
Vrao

(Eq. 18)

Since time zero is the time just prior to blood dilution from saline infusion
(10), the fraction of whole (nondiluted) blood at time zero, Fg(0), is
one.

The amount of salicylate in the diluted blood equals the amount of
salicylate in the whole blood fraction plus that of salicylate in the water
fraction of the diluted blood. Thus, it gives:

Vrp.Crs = [VreFe)|Cr.po + {Vre:[1 = Fo(t)liCrp (Eq. 19)
Equation 19 may be simplified to:
Crp=Fp(t)Crpo+ [1 — Fp(t)|Crp (Eq. 20)
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Substituting Eq. 15 into Eq. 20 and rearranging give:
Crp=Fg(t)A+ Hn(t)Crp (Eq. 21)

where H,,(t) =1+ (M — 1)Fg(t), A and M are constants in Eq. 15 and
their values are shown in Table 1, Cr g is the free salicylate concentration
in blood water, C7 o is the total salicylate concentration in whole (un-
diluted) blood, and Cr g is the total salicylate concentration in the diluted
blood at time ¢.

Similarly, the total salicylate concentration in the blood of the capillary
bed of any body region, Yz, can be expressed as:

Cry.s=Fp(t)A+ Hn(t)Cry:B (Eq. 22)

where Cr y,p is the free salicylate concentration in the capillary blood
of any body region, Yz, and Cr y,p is the total salicylate concentration
in the capillary blood of any body region, Yz. The blood volume of the
blood pool, Vg, at time t can be calculated by:

Va: = Vpo+ (Qse — QaL)tFvz

where Fy g is the fraction of the blood volume of the blood pool in the
total blood volume, Vg o is the blood volume of the blood pool at time zero,
and Vp, is the blood volume of the blood pool at time ¢. Substituting Eqgs.
21-23 into Eq. 13 and rearranging result in:

(Eq. 23)

dC
d:“H = (Q,Crpre + QLCFLis + QviCrvin + @m.Crmup
+ QadCradp)/ Ve, + Mg(t)/[Vp Hn(t))
—Jg(t)Crp — Gp(t) (Eq.24)
where:
Ggp(t) = A{Fp’(t)/Hn(t) + (Qsk
— @BL)FyvsFp(t)/ [V Hn(t))} (Eq.25a)

and:
Jp(t) = [Hn'(t)/Hn(t) + (Qse — @BL)Fv,8/Vs: + @8/Va] (Eq. 25b)

where Fg’(t) = dFg(t)/dt; Hy'(t) = dH,,(t)/dt; Cr g is the free salicylate
concentration in the blood pool; Cr y.p is the free salicylate concentration
in the capillary bed of any body region, Yz; @y; is the blood flow rate from
the body region, Yz; and Vg, is the blood volume of the blood pool at time
t.

An infusion pump was used to infuse the drug solution at a constant
rate over 5 min {10). Thus, the ingestion term, Mg(t), in Eq. 24 is equal
to the dose divided by 5.

Liver—The transient mass balance for the liver (Li) is:

d(V0ig:CrLi) + d(VeirCroir)

= (QuaCrr *+ QciCr.crs)

dt dt
- QiCriip — Rm (Eq.26a)
or:
drug accumulation rate drug inflow rates from
in capillary bed and =1 blood pool (hepatic artery) and
tissue portion of liver GI tissue (portal vein)

drug outflow
~ | rate from liver

] — [metabolism rate] (Eq. 26b)

Salicylate did not bind with the tissue components of the liver (10),
which suggests that the amount of salicylate in the liver tissue equals the
free salicylate concentration, Cr r;7, multiplied by the volume of liver
tissue water, V;irFy, Lit:

ViirCrrir = (ViirFuwLit)Cr Lt (Eq. 27)

where Cr ;7 and Cr ;7 are the free and total salicylate concentrations



in the tissue portion of the liver, respectively; Fy, 1ir is the volume fraction
of water in the tissue portion of the liver; and Vi, is the volume of the
tissue portion of the liver. Since the liver capillaries are highly permeable
to salicylate, the equilibrium salicylate concentration (unbound con-
centration) between the capillaries and the liver tissue may be established
nearly instantaneously:

Crrit = CrLiB (Eq. 28)
Substitution of Eq. 28 into Eq. 27 yields:
V0irCrrit = (ViirFu Lit)Cr.LiB (Eq. 29)

The total salicylate concentration, Cr 15, and the blood volume, Vig,,
in the liver capillaries at time ¢ have similar formulas as those in Egs. 22
and 23:

Crrip=Fg(t)A+ H,(t)CrLin (Eq. 30}
and:
Viige = Viipo + (Qse — QpL)tFv LiB (Eq. 31)

where Fy 1;p is the fraction of the blood volume of the liver capillary bed
in the total blood volume, and V. ;g0 and Vg, are the blood volumes
of the liver capillary bed at time zero and ¢, respectively.

Substituting Egs. 29-31 into Eq. 26a and rearranging yield:

dCppi
—;—';’-—Q = (QnaCrp + QuiCrgis)Hm{t)/Lri(t) = JLi(t)CrLiB

= Rn/Lii(t) — Gri(t) (Eq.32)
where:

Lii(t) = Vi eHn (t) + ViyirFu Lir
Gri(t) = A[V0ig Fe'(t) + (Qsg — QL) Fv.LipFp(t))/LLi(t)

JLi(t) = [V Hn'(t) + (Qsg — QBL)Fv,LiBHn (t)
+ QuiHnm (1))/LLi(t)

@y = blood flow rate of the hepatic artery
Qa1 = blood flow rate from the GI body region

The metabolism rate, R,,,, can generally be described in terms of the
simple Michaelis—Menten form:

- KiCrur

Kmrit+ Crur
There are two special cases: (a) if Crri7 > Kum i, then Ry, = Ky, (zero
order), and (b) if Crrir < K1, then Ry, = (Kpi/Kp 1i)Cr ir (first
order).

Since the metabolism mainly occurs in the liver, it was assumed that
all salicylate metabolism occurs in the liver. In general, similar terms
could be added to the other body regions if necessary. It was found pre-
viously (10) that the total excretion rate of unchanged salicylate and its
metabolites (salicylurate, salicylglucuronide, and gentisate) was zero
order and was 1.70 mg/min for the three dosages studied. Davis and
Westfall (20) found that the amount of unchanged salicylate excreted
in dog urine was 38% while that of its metabolites was 62% of the total
amount excreted. The salicylate metabolism rate, which was assumed
to be 62% of the total excretion rate, was 1.05 mg/min for the three dos-
ages investigated.

Viscera—The transient mass balance for the viscera body region (Vi)
is:
d(VyigCrvi) , dVvirCrviT)

dt dt

(Eq. 33)

m

=Qvi(Crp— Crvig) — R, (Eq.34)

The renal excretion rate, R,, of unchanged salicylate was 0.65 mg/min
for the three dosages studied (10). The total salicylate concentration,
Cr.vip, and blood volume, Vy;g ., in the viscera capillaries at time ¢ may
be written in a form similar to that for the liver capillaries. The perme-
ability of the visceral (kidneys and heart) capillaries is assumed to be
similar to that of the liver capillaries. Salicylate does not bind with the
tissue components of the viscera either. Thus:

(Eq. 35)
(Eq. 36)

VvirCryvir = (FuvirVvir)Crvir = (FuvirVvir)Crvip
Crvig = Fg(t}A+ H,(t)Crvin

and:
Vvige = Vvipo + (Qse — @sL)tFv vis (Eq. 37)
Substituting Egs. 35-37 into Eq. 34 and rearranging yield:
dCry;
— 28 = (QuiHn(t)/Lyi(t)]Crp
— Jvi(t)Crvig — Gvi(t) — R./Lvi(t) (Eq.38)
where:

Lyi(t) = Vyig Hp (t) + VyirFuviT
Gvi(t) = A|Vvip,Fg'(t) + (Qsg — QBL)Fv,vipFp(t)]/Ly;i(t)

Jvi(t) = [VvipHn'(t) + (Qse — QL) Fv,vipHnm (t)
+ QviHm (£)]/Lvi(t)

R, = renal excretion rate of unchanged salicylate

GI Region—The transit mass balance for the GI region (GI) is:
d(VaiaCrom) | dVarrCrerr)

= Qcr(Crs — CrIn)

dt dt
(Eq. 39)
where:
VerrCreir = VarrFucir)Crair = (VartFucir)Creis  (Eg. 40)
Croie=Fp(t)A+ Hp,(t)Crain (Eq. 41)
and:
Vaip: = Veibo + (Qse — QpL)tFvcin (Eq. 42)

The following equation results from the substitution of Eqs. 40-42 into
Eq. 39:

d_C_‘%GE = [QarHm (£)/Lar(t)]Crp — Jai(t)Crois — Gar(t)
(Eq. 43)
where:
Lei(t) = VaipHn(t) + VorrFucir
Gai(t) = AlVerp, Fp'(t) + (Qsg — QBL)Fv.cisFp(t)]/Lgi(t)

Jai(t) = [VaraHn'(t) + (Qse — QsL)Fv,creHn (1)
+ QeiHA (O} Lar(t)

Adipose Tissue—The transit mass balance for the adipose tissue re-
gion (Ad) is:

d(Vadp,Cr.adB) | d(VadrCr,aar) _
dt dt

The tissue “binding” in adipose tissue is primarily due to the lipid
solubility of the drug. Salicylate that is ionized at physiological pH is not
lipid soluble. Salicylate in the small portion (about 19%) of water in ad-
ipose tissue accounts for the total amount of salicylate in the tissue por-
tion, giving:

Q4d(Crp — Craan) (Eq. 44)

VaarCr.adr = (VadTFw 4dT)CF 40T = (VadTFu,4d7)CraaB  (Eq. 45)
Also:
Cr.aa8 = F(t)A + Hp, (t)Cr 448 (Eq. 46)
and:
Vaap: = Vadpo + (@se ~ QBL)tFv adB (Eq. 47)

Substituting Eqs. 45-47 into Eq. 44 and rearranging yield:

C
'ds% = [QadHm (6)/Laa(t)]Crp — J 42 (t)CF.ads ~ Gaalt)

(Eq. 48)
where:

Laqa(ty = Vagp Hm(t) + VaarFy adr
Gad(t) = A[VagpFp'(t) + (Qsg — QBL)Fv aasFa(t))/Laalt)

Jad(t) = [VaapHn'(t) + (Qsg — @BL)Fv,aa8Hm (t)
+ QudHm (¢)]/Laalt)
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Muscle—The transit mass balance for the muscle body region (Mu)
ia:

d( VMuB(,ittCT,MuB) + d(VMuZST,MuT) = Qua(Crs — Crwas) (Eq. 49)
Salicylate does not bind with the tissue components of muscle. Hence:
VmurCrmur = (VrurFuwmur) CEMuT (Eq. 50)
Crmup = Fp(t)A + Hn(t)CrMuB (Eq. 51)

and:
Vmubt = Vmugo + (@sg — QL)tFv.MuB (Eq. 52)

It has been stated that the passage of water-soluble compounds such
as salicylate through the muscle capillaries is restricted. The restricted
drug transport can be described by:

dCrmu
—% = Puu{Crmup — Crmur) (Eq. 53)
Substituting Egs. 50-53 into Eq. 49 and rearranging give:
dCrmy
——StM—B = (QMu/Vmun)Cr.8 = Inu(t)CrMuB
+ 1PMu VMuTFw,MuT/[VMuB,th(t)”CF,MuT - SMu(t) (Eq 54)

where:
Inu () = [VMuseHr'(8) + (Qse ~ QL) FyvmuBHm (t)
+ PMuVMuTFw,MuT + QMuHm(t)]/[VMuB,th(t)]
Swmult) = A{Fp’(t)/Hn(t) + (Qse
- @sL)FvausFe(t)/[Viup Hn ()]}
Brain—The transit mass balance for the brain region (Br) is

d(Vprs:Cr,5rB) + d(Ve,rCr.8r7)
dt dt

No binding between salicylate and the brain tissue was found (10).
Hence:

= Qpr(Crs—Crp) (Eq.55)

VerrCrgrr = (VBrrF o r7)CrBrT (Eg. 56)
Crp = Fp(t)A + Hy(t)CrarB (Eq.57)

and:
Vars:= Verpo+ (Qse — QpL)tFv.pra (Eq. 58)

In the brain, the capillaries are much less permeable to water-soluble
substances, perhaps because the endothelium of brain capillaries appears
to be a continuous sheet of the glial connective tissue cells without visible
pores (8). The cellular sheath of the brain capillaries highly impedes the
passage of water-soluble compounds and accounts for the blood-brain
barrier. The kinetics of salicylate penetration into cerebrospinal fluid
and brain were studied previously (21, 22). The permeability constant,
Pcsr, for salicylate penetration into cerebrospinal fluid (21, 22) is in the
0.0026-0.006-min~! range. Materials diffuse relatively freely in either
direction between the cerebrospinal fluid and extracellular fluid deep
into brain tissue (23). Therefore, the value of the permeability constant
for the blood~cerebrospinal fluid barrier may be adopted as that for the
passage of the drug between the brain capillaries and the brain tissue,
i.e., Pg. = Pcsp.

The highly restricted transport of the drug in the brain can be written
in terms of the free concentration difference between the capillaries and
the brain tissue:

ic—;’f—rT = Pp.(Cr.p-8 — Crar7) (Eq. 59)
Substituting Eqs. 56-59 into Eq. 55 and rearranging give:
i(:‘dei’.‘i = (Q-/Ver8,)CrB — I5:()CrBrB
+ {P VerrFuw per/[Vers  Hn ()]ICrarr — Sae(t)  (Eq. 60)
where:

Ip,(t) = [VB,:Hm'(t) + (Qse — QpL)Fv.p-8Hm(t)
+ PBrVBr’I‘Fw,BrT + QBer(t)]/[VBrB,th(t)]

Sp,(t) = AlFp’ (t)/Hn(t) + (Q@sg — @BL)Fv.8:8F(t)/[Varp e Hm ()]}
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Kinetics of Salicylate Penetration into Cerebrospinal Fluid—In
humans, the production rate of cerebrospinal fluid is in the 0.3-0.5-
ml/min range with a total volume of about 120-200 ml (8, 23). The cere-
brospinal fluid moves by bulk flow out of the ventricular system into the
subarachnoid space and eventually returns to the bloodstream. The drug
in the cerebrospinal fluid is removed as it returns to the general circula-
tion.

The drug accumulation rate in the cerebrospinal fluid equals the drug
penetration rate from the brain capillaries to the cerebrospinal fluid
minus the drug removal rate due to the cerebrospinal fluid returning to
the bloodstream. Thus:

d(VesrCesr)
CSdFt S = VesrPosr(Cram — Cosr) = QosrCesr (Ba. 61)
Equation 61 may be simplified to:
dC
d(,;sl-‘ = Pesp(Cr - — Cesr) — (Qese/Vesr)Cesre (Eq. 62)

where Cr g5 and Ccsr are the free concentrations in the brain capillaries
and in the cerebrospinal fluid, respectively; Pcsr is the permeability
constant for drug passage into the cerebrospinal fluid; Qcsr is the pro-
duction or removal rate of the cerebrospinal fluid; and Vegr is the total
cerebrospinal fluid volume.

There are 10 unknown variables (seven free concentrations in the blood
pool and in the capillaries of the other six body regions plus three free
concentrations in the cerebrospinal fluid and in the tissue portions of
brain and muscle) in a system of 10 simultaneous equations (Egs. 24, 32,
38, 43, 48, 53, 54, 59, 60, and 62). Ten equations can serve to solve 10
variables. Therefore, a system of the 10 simultaneous first-order ordinary
differential equations can be solved numerically. In this study, the
Runge-Kutta fourth-order method (10, 24) for solution of ordinary dif-
ferential equations was employed to solve the 10 simultaneous equations.
The solution gives simultaneously the kinetics of the 10 variables (free
salicylate concentrations in this case).

Since the total salicylate concentration, Cr g, in the blood pool and
both the total salicylate concentration, Cr, y.g, in the capillary blood and
the total salicylate concentration, Cr v, r, in the tissue portion of any body
region, Yz, can be correlated with their corresponding free salicylate
concentrations by Egs. 21, 22, 29, 35, 40, 45, 50, and 56, all kinetics of total
salicylate concentrations in the blood pool and in both the capillary blood
and tissue portions of various body regions can also be determined by the
model. Model feasibility can be demonstrated by comparing the exper-
imental kinetic data with the model-predicted results. Since the exper-
imentally determined salicylate concentration in any organ, Yz, repre-
sents the total salicylate concentration, Cr,y,, in that organ, which can
be calculated in terms of the total salicylate concentration, Cr y,g, in the
capillary blood and the total salicylate concentration C7,y, 7, in the tissue
portion of the body region by the following equation:

Cry:(Vy:s+ Vy,7) = Cry8Vy:8 + Crv.rVv.r (Eq.63)

the pharmacokinetics of total salicylate levels in various organs and
tissues can be predicted by the model.

During the 6-hr experiment, blood loss occurred due to the bleeding
from taking various tissue samples to obtain experimental kinetic data.
Normal saline was continuously supplied to maintain adequate blood
pressure and blood volume, The factors accounting for the blood dilution
and the drug loss accompanying blood loss were considered in con-
structing the pharmacokinetic model. However, the kinetic behavior of
salicylate distribution in the body of an intact dog in which tissue samples
are not taken is expected to be a little different from that in the dog from
which various tissue samples are taken. When tissue samples are not
taken, neither blood loss nor blood dilution occurs. The fraction of whole
(nondiluted) blood, Fg(t), is always one, and the rates of saline supply
and blood loss are zero. The solution to a system of the 10 simultaneous
differential equations will give slightly higher salicylate levels in the body
because there is no drug loss accompanying blood loss.

Effect of Hemoperfusion on Salicylate Kinetics—The effectiveness
of hemoperfusion using albumin-coated activated carbon for acute, se-
verely intoxicated cases was evaluated in terms of its effect on the sali-
cylate body distribution (10). It was also attempted to apply the model
to predict the salicylate pharmacokinetics in the body due to the extra-
corporeal treatment. A blood pump was used to shunt part of the femoral
arterial blood through the extracorporeal device, and the “clean” blood
out of the device was conducted into the femoral vein during the treat-
ment. Thus:

QMuET = QMu — QET (Eq. 64)
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Figure 1—Predicted (solid lines) and experimental salicylate con-
centrations in blood (), muscle (0), and adipose tissue (¢ ) at a dose
of 285 mg/kg (sodium salicylate).

where Qp,, £ is the blood flow rate through the muscle during the ex-
tracorporeal treatment, Qg7 is the blood perfusion rate shunted through
the extracorporeal device, and @y, is the blood flow rate through the
muscle without shunting blood through the device.

The salicylate removal rate by the extracorporeal treatment, Rgp, can
be calculated by:

Rer = Qer(Crs — C1.B,0ut) (Eq. 65)

where (7 p is the total drug concentration from the blood pool entering
the extracorporeal device and Cr g oy is the total drug concentration in
the outflow blood from the device.

During extracorporeal treatment, Eqs. 13 and 49 of transient mass
balance for the blood pool and for the muscle region should be modified
to:
d{Vg,Crpg)
——Bt’l't—T’B = (Qp-CrpB + QLiCr.LiB + QviCTViB

+ QumueTCr MuB + QETCT B.0ut + QaaCr 408) + Mg(t)

-QsCrs (Eq.66)

and:

d(Vpup,Crmun) + d{(VaurCrMuT)
dt dt

= Qumu.er(C1,8 — CTMuB)

(Eq. 67)

The right-hand side of Eq. 66 can also be written in terms of the sali-
cylate removal rate by the extracorporeal treatment, Rg7, from Eq. 65
and becomes:

d(Ve,Crp)
% = (@s,Crpa + QLiCrLiB + QviCrVin

+ QumuerCrmuB + QadCr adB) + Mg(t)
—(Qp - Qer)Crp — Rer

(Eq. 68)
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Figure 2—Predicted (solid lines) and experimental salicylate con-
centrations in plasma (0), liver (0), and cerebrospinal fluid (0) at a
dose of 285 mg/kg (sodium salicylate).
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Therefore, the pharmacokinetic behavior of salicylate in the body
during the extracorporeal treatment also can be predicted by solving a
system of 10 simultaneous equations.

RESULTS AND DISCUSSION

The values of parameters and constants necessary for solving the
system of 10 simultaneous differential equations are shown in Table I
and Scheme I.

Three different dosages of sodium salicylate were used: 135 mg/kg
(therapeutic), 210 mg/kg (moderate intoxication), and 285 mg/kg (severe
intoxication). Only the 285-mg/kg data are given here; data for the other
dosages are available, however (10). Three or four mongrel dogs (15-25
kg) were evaluated with each dosage. An infusion pump was employed
to infuse each dose at a constant rate over 5 min. A detailed description
of the experimental method for quantitative studies on salicylate kinetics
in cerebrospinal fluid, blood, plasma, liver, muscle, and adipose tissue
is available (10).

The mean values (£SD) of the experimentally determined salicylate
concentrations with time and the predicted pharmacokinetics (solid lines)
by the model are shown in Figs. 1 and 2 for the 285-mg/kg dose. If a cal-
culated standard deviation is within the size of a symbol representing a
mean value, then the standard deviation is not shown in the figures. Time
zero in the figures is the time just prior to infusing a dose. The good
agreement between predicted kinetics and experimental data demon-
strates model feasibility.

In an experiment with hemoperfusion treatment, a severely intoxi-
cating dose (285 mg/kg) of sodium salicylate was administered intrave-
nously to dogs (19-26 kg, average 23 kg) at a constant rate for 5 min. Two
hours later, the poisoned dog was treated by an extracorporeal device
containing 250 g (wet weight) of albumin-coated activated carbon! for
2 hr (10). The arterial blood from the femoral artery was shunted through
the extracorporeal cartridge; salicylate in the blood was adsorbed by the
carbon, and the outflow ‘“‘clean” blood returned to the femoral vein.

The salicylate removal rate by hemoperfusion was calculated, as stated
previously, in terms of the blood perfusion rate and the concentration
difference between inflow and outflow blood samples (Fig. 3). The blood
perfusion rate shunted from the femoral artery of a 23-kg (average) dog
in the experiment (10) was kept at 100 ml/min by a blood pump. However,
the physiological parameters employed in the pharmacokinetic modeling
are based on a 15-kg (average) dog. Hence, the blood perfusion rate used
in this model was adjusted to that for a 15-kg dog and gave 65 ml/min as
the result of multiplying a ratio of the two body weights.

Figures 4-6 show the experimental kinetic data of salicylate levels
(mean value + SD) in blood, plasma, muscle, adipose tissue, and cere-
brospinal fluid and the predicted kinetics (solid lines) by the model under
the effect of the 2-hr treatment. The kinetic changes of salicylate levels
in the body during and after the hemoperfusion are also well predicted
by the model with certain modifications in blood flows and in equations
as expressed in the previous section.

The pharmacological effect of a drug is generally reflected better by
the free (unbound) drug levels in blood or target organ(s). The relation-
ships between free and total drug concentrations in blood and varicus

1 Witco 517, Witco Chemical Co.
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Figure 6—Predicted (solid lines) and experimental salicylate con-
centrations in cerebrospinal fluid (0) and liver under the influence of
2-hr hemoperfusion treatment at a dose of 285 mg/kg. No experimental
data were obtained for liver as a result of heparin therapy being applied
to the dog with the hemoperfusion treatment (10).

tissues were considered in constructing the equations for the model.
Figures 7 and 8 show experimental (mean value + SD) and predicted
(solid lines) kinetics of free and total salicylate levels in plasma with and
without the hemoperfusion treatment. The results predicted by the model
agree with the experimental data.

Curves and data comparable to those reported in Figs. 1-8 are also
available for the 135- and 210-mg/kg doses (10).

CONCLUSIONS

Since knowledge of the kinetic behavior of a drug in blood or plasma
may not provide sufficient information for appropriate therapy, kinetic
information of drug levels in brain, cerebrospinal fluid, blood, organs,
and tissues of pharmacological interest may be necessary for the devel-
opment of improved dosage regimens. The pharmacokinetic model
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Figure 8—Predicted (solid lines) and experimental free salicylate
concentration (O) and total salicylate concentration (D) in plasma
under the influence of 2-hr hemoperfusion treatment at a dose of 285
mglkg.

presented in this study can predict salicylate levels not only in blood or
plasma but also in cerebrospinal fluid, liver, and other tissues. Conven-
tional compartment models are unable to do so.

Free drug concentrations (variables to be solved) in all body regions
(Scheme I) are involved in Eq. 24 while the free drug concentration in
the blood pool appears in the equation for each body region. Thus, each
equation in a system of simultaneous differential equations is not inde-
pendent but interrelated to the others. This feature of the model has an
important application in clinical pharmacokinetics. If the model for a
given drug can be verified in a species pharmacokinetically similar to
humans, then it can be applied to predict pharmacokinetics of the drug
in human blood, organs, and tissues of pharmacological importance by
using the physiological and biochemical parameters of humans.

The experimentally observed kinetics of drug levels in blood or plasma
may be used to compare with the corresponding kinetics predicted by
the model. If they agree well, the model-predicted kinetics of drug dis-
tribution in the other body regions that are difficult to sample may be
expected to represent closely the actual kinetic courses because of the
interrelated characteristics of the equations. Therefore, the model can
furnish more complete and valuable information for optimal therapeutic
regimens. The model has been successfully applied to predict the phar-
macokinetics of salicylate in the dog with and without extracorporeal
activated carbon treatment.
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Abstract O The intrinsic body clearance of bilirubin was determined
in 48 adult male Sprague-Dawley rats that received an intravenous
infusion of bilirubin. The intrinsic body clearance was calculated from
the infusion rate, the steady-state plasma concentration of total (free and
protein-bound) bilirubin, and the free fraction of bilirubin in plasma. The
intrinsic body clearance of bilirubin ranged from 5.05 to 13.20 liters/
kg/min and was bimodally distributed, with half of the animals in each
group. The plasma free fraction of bilirubin ranged from 0.00025 to
0.00077 (mean 0.00053) in the 24 intrinsically rapid metabolizers of bi-
lirubin and from 0.00048 to 0.00103 (mean 0.00075) in the intrinsically
slow metabolizers of the pigment. Thus, interindividual differences in
the total clearance of bilirubin in the rats are due to differences in both
intrinsic body clearance and plasma protein binding.

Keyphrases 0 Bilirubin—intrinsic body clearance, frequency distri-
bution, rats O Clearance, intrinsic body—bilirubin, frequency distri-
bution, rats O Pigments—bilirubin, intrinsic body clearance, frequency
distribution, rats

The heme pigment bilirubin is eliminated in humans
and animals almost entirely by conjugative pathways (1).
The concentration of bilirubin in plasma is a frequently
used diagnostic index because it reflects changes in the
formation and elimination rates of the pigment that may
be caused by hemolysis, liver disease, and other pathologic
conditions.

Preliminary studies on a small group of rats revealed
pronounced interindividual differences in the total body
clearance of bilirubin which could be ascribed largely to
corresponding differences in the plasma protein binding
of the pigment (2). This study has been extended to a total
of 48 animals to determine the magnitude of interindi-

vidual differences in total body clearance, intrinsic clear-
ance, and plasma free fraction of bilirubin.

EXPERIMENTAL

Forty-eight male Sprague-Dawley rats!, 300-400 g, were maintained
on a standard diet? and received an infusion of bilirubin into the right
jugular vein. Forty animals received bilirubin at a rate of 0.8 mg/kg/min
for 15 min and then 0.32 mg/kg/min for up to 4 hr; the other eight rats
were infused at a rate of 0.8 mg/kg/min for the entire period (except for
three of these animals that received 2 mg/kg/min for the first 15 min).
Blood samples were obtained periodically, and plasma was assayed for
free (3) and total (4) unconjugated bilirubin.

Steady-state conditions were ascertained as previously described (2).
The total body clearance of bilirubin was calculated by dividing the
maintenance infusion rate by the steady-state concentration of total
bilirubin in plasma. The intrinsic body clearance was determined (5) by
dividing the total body clearance by the free fraction of bilirubin in
plasma (free fraction = free + total concentration of bilirubin). These
experiments were carried out over 2 years, 1-4 weeks after receipt of the
animals.

Histograms to describe the frequency distribution of intrinsic clearance
and log intrinsic clearance values were constructed by iteratively changing
the class interval to maximize the number of bars in the respective graph
while minimizing the number of regional reversals (modes and anti-
modes), as suggested by Martin et al. (6). For the bimodal characteriza-
tion, the mean value, standard deviation, and fraction of the total pop-
ulation in each Gaussian component were estimated (7) by dividing the
appropriate histogram at the antimode and considering each segment
of the population as a separate Gaussian or log-normally distributed
component.
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Abstract O The intrinsic body clearance of bilirubin was determined
in 48 adult male Sprague-Dawley rats that received an intravenous
infusion of bilirubin. The intrinsic body clearance was calculated from
the infusion rate, the steady-state plasma concentration of total (free and
protein-bound) bilirubin, and the free fraction of bilirubin in plasma. The
intrinsic body clearance of bilirubin ranged from 5.05 to 13.20 liters/
kg/min and was bimodally distributed, with half of the animals in each
group. The plasma free fraction of bilirubin ranged from 0.00025 to
0.00077 (mean 0.00053) in the 24 intrinsically rapid metabolizers of bi-
lirubin and from 0.00048 to 0.00103 (mean 0.00075) in the intrinsically
slow metabolizers of the pigment. Thus, interindividual differences in
the total clearance of bilirubin in the rats are due to differences in both
intrinsic body clearance and plasma protein binding.

Keyphrases 0 Bilirubin—intrinsic body clearance, frequency distri-
bution, rats O Clearance, intrinsic body—bilirubin, frequency distri-
bution, rats O Pigments—bilirubin, intrinsic body clearance, frequency
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The heme pigment bilirubin is eliminated in humans
and animals almost entirely by conjugative pathways (1).
The concentration of bilirubin in plasma is a frequently
used diagnostic index because it reflects changes in the
formation and elimination rates of the pigment that may
be caused by hemolysis, liver disease, and other pathologic
conditions.

Preliminary studies on a small group of rats revealed
pronounced interindividual differences in the total body
clearance of bilirubin which could be ascribed largely to
corresponding differences in the plasma protein binding
of the pigment (2). This study has been extended to a total
of 48 animals to determine the magnitude of interindi-

vidual differences in total body clearance, intrinsic clear-
ance, and plasma free fraction of bilirubin.

EXPERIMENTAL

Forty-eight male Sprague-Dawley rats!, 300-400 g, were maintained
on a standard diet? and received an infusion of bilirubin into the right
jugular vein. Forty animals received bilirubin at a rate of 0.8 mg/kg/min
for 15 min and then 0.32 mg/kg/min for up to 4 hr; the other eight rats
were infused at a rate of 0.8 mg/kg/min for the entire period (except for
three of these animals that received 2 mg/kg/min for the first 15 min).
Blood samples were obtained periodically, and plasma was assayed for
free (3) and total (4) unconjugated bilirubin.

Steady-state conditions were ascertained as previously described (2).
The total body clearance of bilirubin was calculated by dividing the
maintenance infusion rate by the steady-state concentration of total
bilirubin in plasma. The intrinsic body clearance was determined (5) by
dividing the total body clearance by the free fraction of bilirubin in
plasma (free fraction = free + total concentration of bilirubin). These
experiments were carried out over 2 years, 1-4 weeks after receipt of the
animals.

Histograms to describe the frequency distribution of intrinsic clearance
and log intrinsic clearance values were constructed by iteratively changing
the class interval to maximize the number of bars in the respective graph
while minimizing the number of regional reversals (modes and anti-
modes), as suggested by Martin et al. (6). For the bimodal characteriza-
tion, the mean value, standard deviation, and fraction of the total pop-
ulation in each Gaussian component were estimated (7) by dividing the
appropriate histogram at the antimode and considering each segment
of the population as a separate Gaussian or log-normally distributed
component.
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Figure 1 —Relationship between total body clearance of bilirubin and
the free fraction of bilirubin in the plasma of individual rats. The 48
animals yielded data indicative of two separate populations, designated
by open and closed symbols. Key: O, ®, animals that received a bilirubin
“loading” infusion of 0.8 mg/kg/min for 15 min and a maintenance
infusion of 0.32 mg/kg/min thereafter; and O, W, animals that received
a maintenance infusion of 0.8 mg/kg/min (three animals first received
a “loading” infusion of 2 mg/kg/min for 15 min). Correlation coefficients
are 0.91 {p < 0.001) for data represented by open symbols and 0.79 (p
< 0.001) for data represented by closed symbols.

The various frequency distribution curves were fitted to the respective
frequency—clearance value or frequency-log clearance value histograms
by a standard method (8). The expected frequencies for overlapping
components were summed prior to evaluating the agreement of the dis-
tribution model with the histogram by a x-square test. For this test,
classes were pooled when the expected frequency was three or less.

RESULTS

The average bilirubin concentration in the plasma of the rats before
infusion of exogenous bilirubin was 0.06 mg/100 ml, which is less than
2% of the steady-state concentration during the infusion of the pigment.
Thus, no correction had to be made for endogenous bilirubin.

The total body clearance of bilirubin in the 48 rats ranged from 3.3 to
8.3 mi/kg/min, and the plasma free fraction of bilirubin ranged from
0.00025 to 0.00103, indicating 99.897-99.975% protein binding. There
is a statistically significant correlation (r = 0.53, p < 0.001) between total
body clearance and free fraction values. This correlation becomes stronger
if the data are treated as being representative of two different populations
(Fig. 1). The existence of two different populations becomes even more
apparent. in the histogram of the intrinsic body clearance values (Fig. 2).
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Figure 2—Histogram showing the frequency distribution of bilirubin
intrinsic body clearance by 48 male Sprague-Dawley rats. Also shown
is the bimodal theoretical distribution curve, with the dotted line in-
dicating the overlapping portions of the individual Gaussian compo-
nents.
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Table I—Evaluation of Different Types of Frequency
Distribution Curves for Bilirubin Intrinsic Clearance by
Sprague-Dawley Rats

Type of Mean(s), Degrees of
Distribution liters/kg/min SD x?  Freedom J4
Normal 8.91 2.12 5.23 4 >0.26
Log-normal 8.65 +2.42,-1.89 4.59 3 >0.20
Bimodal 7.30 1.00 0.50 2 >0.77

10.80 1.20
Log-bimodal 7.24 +1.08,-0.93 2.18 1 >0.13
10.72 +1.52,-1.39

The data are best described by a bimodal frequency distribution curve,
with one-half the animals in each Gaussian component (Table I). The
intrinsic clearance data were examined for a possible seasonal or time-
related effect (9), and none of the runs above or below the median for any
one of the populations or for the combined group of 48 animals exceeded
the length predictable entirely by chance (0.10 < p < 0.50).

There is a statistically significant negative correlation between the
intrinsic body clearance and the plasma free fraction of bilirubin for the
entire 48 animals (r = —0.711, p < 0.001) and for the intrinsically rapid
and slow metabolizers of bilirubin considered separately (Fig. 3). Taken
as a whole, the 48 plasma free fraction values are log-normally distrib-
uted.

DISCUSSION

The total body clearance of bilirubin in male Sprague-Dawley rats,
as determined in this investigation, is significantly lower than their liver
perfusion rate (about 93 ml of blood/kg/min) (10). Therefore, an ap-
proximately linear relationship between total body clearance and plasma
free fraction may be expected on theoretical grounds if the intrinsic body
clearance is relatively constant (5). Such a linear relationship is apparent
in Fig. 1, but the data in this figure suggest that there may be two popu-
lations, one consisting of intrinsically rapid metabolizers of bilirubin (high
intrinsic body clearance) and the other consisting of intrinsically slow
metabolizers (low intrinsic body clearance).

The existence of such bimodality was verified by statistical analysis
of the frequency distribution of the intrinsic body clearance values for
bilirubin in the 48 animals (Fig. 2). However, there is also an unantici-
pated, although relatively weak, negative correlation between the intrinsic
body clearance and the plasma free fraction of bilirubin (Fig. 3).

A change in plasma free fraction has a relatively modest effect on the
intrinsic body clearance when the rapid and slow metabolizers are con-
sidered separately. This result suggested the possibility that the negative
correlation apparent in Fig. 3 may be a consequence of a small influence
of the hepatic perfusion rate on the body clearance of bilirubin. Such an
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Figure 3—Relationship between intrinsic body clearance of bilirubin
and free fraction of bilirubin in the plasma of individual rats. Key: same
as Fig. 1. Correlation coefficients are —0.426 (p < 0.05) for data repre-
sented by open symbols and —0.651 (p < 0.001) for data represented
by closed symbols.
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Figure 4—Relationship between intrinsic hepatic plasma clearance
of bilirubin and the free fraction of bilirubin in plasma of individual rats.
Key: same as Fig. 1. Correlation coefficients are —0.194 (p > 0.30) for
open symbols and —0.527 (p < 0.01) for closed symbols.

influence, although small in magnitude, cannot be neglected in the in-
terpretation of the data. The total body clearance values were, therefore,
converted to total hepatic plasma clearances on the basis of the rela-
tionship (11):

THPC X PPR
THPC + PPR

where THPC is the total hepatic plasma clearance and PPR is the plasma
perfusion rate of the liver, which was assumed to be 55.8 ml/kg/min (60%
of blood flow). Determination of plasma rather than blood clearance
presents no interpretative difficulty since less than 10% of the bilirubin
in rat blood is in or on erythrocytes. The total hepatic plasma clearance
was divided by the plasma free fraction value to obtain the intrinsic he-
patic plasma clearance (IHPC).

The relationship between the intrinsic hepatic plasma clearance and
the plasma free fraction of bilirubin is shown in Fig. 4. The correlation
between these variables is statistically not significant (r = ~0.194, p >
0.30) for the intrinsically rapid metabolizers but significant (r = —0.527,
p <0.01) for the slow metabolizers. Even if the plasma perfusion rate is
decreased by one-third to 37.2 ml/kg/min, the negative correlation be-
tween the intrinsic hepatic plasma clearance and the free fraction is
marginally significant (r = ~0.448, p < 0.05).

The reason for this negative correlation is not readily apparent. One
possibility, entirely speculative, is that certain endogenous inhibitor(s)
of bilirubin binding to plasma proteins may be eliminated by the same
conjugative pathways as bilirubin itself. Rapid intrinsic metabolizers of
bilirubin may then also be rapid eliminators of the endogenous inhibi-

total body clearance = (Eq. 1)

tor(s), resulting in lower inhibitor concentrations and more extensive
plasma protein binding of bilirubin.

The results of this investigation show that there are appreciable in-
terindividual differences in the total body clearance of bilirubin by adult
male Sprague-Dawley rats and that these differences are due to inter-
individual differences in both determinants of the total body clearance,
plasma protein binding and intrinsic clearance. The intrinsic body
clearance values were bimodally distributed. No similar study has been
carried out in human subjects, but it has been established that there are
significant interindividual differences in plasma protein binding of bi-
lirubin in normal adult volunteers and in newborn infants (12).

Indirect evidence, namely an inverse correlation between the conju-
gation of salicylamide with glucuronic acid and the plasma concentration
of bilirubin in newborn infants together with pronounced interindividual
differences in the formation of salicylamide glucuronide (13), suggests
that the intrinsic metabolic clearance of bilirubin differs appreciably
among human neonates. Similar differences are likely in adults, partic-
ularly in relation to changes in liver function. For example, Pirotte (14)
found that the total body clearance of exogenous bilirubin ranged from
22.7 to 66.8 ml/min in normal adult humans and from 2.25 to 78.6 ml/min
in patients with cirrhosis of the liver. Therefore, the results of this study
probably apply in principle also to humans.
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Abstract O The basic steps involved in the dissolution of a directly
compressed tablet in a USP basket dissolution apparatus were examined
via data generation. The proposed model explains why a dissolution curve
can be sigmoid shaped and why the portion past the lag time has a log-
linear undissolved mass versus time correlation.

Keyphrases O Dissolution—directly compressed tablet in USP basket
apparatus, sigmoid-shaped curve explained 00 Apparatus, dissolu-
tion—USP basket, directly compressed tablet, sigmoid-shaped curve
explained

Dissolution curves of dosage forms in the USP dissolu-
tion apparatus often are S-shaped. Only a few attempts to
explain the basic phenomena leading to an S-shaped curve
have been reported (1, 2). An explanation is given here for
the dissolution of a drug substance in a directly compressed
tablet, where the drug substance is monodisperse with
diameter d,.

THEORETICAL

The situation considered is one where a tablet disintegrates into prime
drug particles. Without a loss of generality, it can be considered that the
tablet consists of drug particles only and that it is made up of a total of
T drug particles of diameter d initially, i.e., that it has a weight of w =
Tomdo®p/6. The tablet weight in the basket, after the onset of the disso-
lution test, decreases exponentially (3); i.e.:

T = Toe 9 (Eq. 1)

where 6 is the experimentally observed time and g is denoted as an erosion
constant.

The dissolution process can be examined in three portions. The first
phase (Fig. la) is where the drug particles dislodged from the tablet have
not vet decreased sufficiently in size to pass through the basket, which
has an opening of d; cm. In the USP apparatus, this opemng isd; =0.042
cm (40 mesh). The dislodged particles will decrease in size according to
the cube root law provided that they are isometric and that sink condi-
tions prevail (4):

d=dy— Fot (Eq. 2)

where:

Fo=2koS/p (Eq.3)

and kg is the intrinsic dissolution rate constant (centimeters per second)
in the basket and S is the drug solubility. At a certain time, 8;, the par-
ticles that dislodged first will have decreased in size sufficiently to pass
through the basket. Time 6, is given by:

dy = do— Fob, (Eq. 4)

The second phase is at time points beyond 8; but prior to the time, 62,
where the particles that dislodged first will have completely dissolved
(Fig. 16). This point in time is arrived at in the following fashion. If &,
is considered the intrinsic dissolution rate constant in the vessel, it will
obviously differ from kq because of the different hydrodynamic conditions
in the vessel. In general (5):

= 1.5k; (Eq. 5)
so that:

Fy=1.5F, (Eq. 6)
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Time #y is then given by:

0=d1—F1(62—01) (Eq 7)

and the three phases can be characterized as depicted in Fig. 1. The three
phases according to time are given by: first phase, 6 < 6;; second phase,
01 < 8 < fg; and third phase, 85 < 8.

To arrive at an expression for the mass undissolved at time 6, one can
consider the first phase. The number of particles formed (eroded off) ¢
sec after the experiment is started, i.e., in a time element (¢[¢ + dt), is
given by:

—dT = qTee 9t dt (Eq. 8)

After 0 sec, these particles, which were created at time ¢, have been ex-
posed to dissolution for a period of time equaling 7 = (8 — ¢). Therefore,
their diameter (Eq. 2) is given by d = dp — Fo(# — t), and the undissolved
mass (m) of the particles dislodged at time ¢ will at time 6 be:

m = qToe~ % (pn/6)[dy — Fo(8 — t)]? dt (Eq.9)

Integrating this equation from ¢ = 0 to ¢ = 4 then gives the total mass of
the particles that are not dissolved at time 6; the mass of the tablet that
is not dissolved at time 8 is Toe ~9¢pd3x/6. Therefore, the expression for
the mass undissolved at time 4 is:

m= Toe“l"pdgvr/ﬁ
2
+ To(mp/6) j; ge~9|do — Fo(0 — )]?dt (Eq. 10)

The integral can be evaluated through integration by parts and has the
value:

- [e—w {(do = Fot0 = 0 +3 (fi’) (do — Fol0 = 1))?

+6< )" (do = Fof6 = ) +6(F°) ” )

=[;d0 FOH}3+3< “0) 1dy - Foo;2+6( >{do—F001+6fF°}]

—e qﬂ[d‘+3(q)d2+s<p°) d0+6<F°> ] (Eq. 11)

In general, if 7 is the time elapsed from the time a particle has size d;,
then the integral may be written:

ﬁ ® gemst(d; ~ Fir)ddt = IG, 7,161 &)

(Eq. 12)

This nomenclature facilitates the writing of the expressions for the mass
undissolved as a function of time in the three phases.

0 QO
O |
!

L=

a b c

Figure 1—Schematic of a tablet in a basket dissolution apparatus at
various stages. Key: a, some disintegration, but dislodged particles have
not decreased in size sufficiently to pass through basket mesh; b, more
disintegration than a and the particles first formed have decreased in
size sufficiently to pass through the basket but no particles have com-
pletely dissolved; and c, more disintegration than b and the particles
formed first have completely dissolved.
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Figure 2—Dissolution rate curves generated from 1 g of drug in a tablet,

with q = 0.02min~1. The F values (in centimeters per minute) are: 0.15
(1), 0.045 (2), 0.003 (3), 0.0015 (4), 0.00105 (5), 0.0006 (6), 0.00015 (7),
and 0.000015 (8).

In the first phase:

m = Toe~9pxd3/6 + 1(0, (6 — 1), 10, 6}) (Eq. 13)
In the second phase:
m = Toe Ppxd3/6 + 1(0, (0 —t), {6 — 6y, 6]
+1(1,(0— 6, —t),{0,8 — 6;)) (Eq. 14a)
In the third phase:
m = Toe~%pxd3/6 + 1(0, (8 —t), 10 — 8y, 6})
+I(1, (0—0,—1),16 — 05,6 — 6;})) (Eq.14b)

The actual expressions for Egs. 14a and 14b are given in Egs. 15a and
15b, respectively.

The expansion of Eq. 13 is shown in Eq. 11.

In the second phase:

m = Toe~0prdf6 + To2X [(dl - F1(6— 0))

+3(F ) (@ - Fuo - 1))2+6<1;1> (di = F1(0 = 1))
oo @Y oo
e o) - o -
O (e

F\3
m = Toe~9pxd3/6 + TO%[ -0 (1)
q

e ) - o[-
o[ E] -cvlass ()
+6<qu> d0+6<F°) ” (Eq. 15b)

If g is small and if F/q « 1, then the leading term at long times pre-
dominates, i.e.:

In the third phase:

m ~ (7/6)pToe ~9%d§ (Eq. 16)
or:

Inm=-q8+ Inmg (Eq. 17)

If q is large, then the term with the lowest exponent predominates and,
at long times:

m ~ (w/8) pTob(F1/q)%e~¢~02q (Eq. 18)

=
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Figure 3—Data in Fig. 2 treated according to Eq. 19. The curves are not
experimental curves; the points in curves I and 7 are calculated points
included (in these two cases) to demonstrate the goodness of fit.

or:

Inm = —qb + gy + In me6(F/q)3 (Eq. 19)

In the latter case, the intercept of a plot of the logarithm of the undis-
solved amount versus time will not intercept at In my, although it will be
linear at high time values.

Because of the initial lag, the curves will all have skewed S-shapes and
adhere to either Weibull or log-normal distributions when the percent
dissolved is plotted versus time.

DISCUSSION

Several generated curves are shown in Fig. 2. In each case, dp = 0.1 cm
(1000 um), d; = 0.042 cm (420 um, 40 mesh), and p is (6/x). The value of
T is 1000 so that the initial weight of drug is 1000(«/6)(6/7)0.13 = 1.0
g. The factor in front of each integral is then 1000.

It is seen from Fig. 3 that the generated curves adhere to Eq. 19. Seven
time points (40, 60, 80, 100, 125, 150, and 200 min) were selected for the
generated curves in Fig. 2 to arrive at the curves in Fig. 3; the least-squares
fit parameters based on these seven time values are listed in Table L. For
g = 0.02 min™!, F values of 0.006-0.15 cm/min give slopes close to the
value of ¢q. The length of time for a particle to dissolve completely, 5, is
related to F by 82 = 0.081/F or:

Infp=—-InF +1In0.081 = —-InF — 252 (Eq. 20)

The intercept to slope ratio (8’) of the lines in Table I are the “lag
times” obtained by log-linear plotting (and, hence, is biased by the fact
that approximations are made). The values of the lag times are plotted
versus the values of F on a log-log plot in Fig. 4. The least-squares fit of
this plot is:

In ¢ = —1.02F — 3.809 (Eq. 21)

As predicted in Eq. 20, the slope is —1, but the intercepts are different.
Equation 21 holds for F > 0.006 when ¢ = 0.02, i.e., for F/q ratios above
0.3. The intercepts do not coincide, which means that the lag time from

Table I—Least-Squares Fit Parameters of Lines in Fig. 3

Correlation
F, Slope, Coefficient
Curve cm/min min~! (—R) Intercept
1 0.15 —0.0200 1.000 0.0029
2 0.0045 -0.0200 1.000 0.1165
3 0.0030 -0.0200 1.000 0.1769
4 0.0015 —-0.0199 1.000 0.3658
5 0.00105 -0.0195 0.9996 0.4923
6 0.0006 -0.0167 0.9952 0.5969
7 0.00015¢ —0.0158 0.9988 1.2888

2 All fits are based on the time points indicated in the text above 40 min, except
curve 7 for which points above 100 min only were used.
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Figure 4—Logarithm of the lag times of the lines in Fig. 3 (Table I)
plotted versus the logarithm of the corresponding F values.

log~time plots (¢') are proportional to the appropriate 3 values since In
(62/6) = 1.29,{.e.:
o = 3.630 (Eq. 22)

Although time is shown in minutes, it could be in any time unit; the im-
portant parameter is the F/q ratio. Therefore, the same curves would be

Evaluation of Acceptance Criteria for

generated if all time units are multiplied by (Yso) (to give the data in
seconds) or by 15 to give the data in quarter hours, and so on.

In summary, directly compressed tablets can have sigmoid-shaped USP
dissolution rate curves in which the tail is log-linear in time if sink con-
ditions are applicable.
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Abstract O The precision of and correlation between the USP membrane
filtration-microscopic method and the instrumental method for sizing
and quantifying particulate matter in small-volume parenteral products
were determined using simulated products. The total variance for the
instrumental counts was lower than the USP method for all products in
the 10-25-um particle range and for most products in the >25-50-um
range. A linear relationship between the instrumental counts and the USP
counts was demonstrated for the 10-25-um particle range. However, the
instrumental reading was higher than the USP method for counts of 10
or more particles/ml. The instrumental and the USP methods failed to
correlate on particulate sizes greater than 25 um. The content of partic-
ulate matter in over 100 small-volume parenteral products was sized and
quantified by the USP and the instrumental methods. From the instru-
mental data, a statistical treatment for the analysis of particulate data
is presented as an objective method of evaluating acceptance criteria on
particulate matter in small-volume parenteral products.

Keyphrases O Particle content determinations—small-volume par-
enterals, USP membrane filtration-microscopic and instrumental
methods compared O Parenterals, small volume—particle content de-
terminations, USP membrane filtration-microscopic and instrumental
methods compared O Dosage forms—various small-volume parenterals,
particle content determinations, USP membrane filtration-microscopic
and instrumental methods compared

Interest in particulate matter in parenteral products was
dramatically heightened by Garvan and Gunner (1, 2), who
became concerned over the large number of visible parti-
cles in intravenous solutions manufactured in Australia.
They presented evidence of the harmful effects of such

50 / Journal of Pharmaceutical Sciences

contaminants by infusing intravenous solutions into rab-
bits; granulomas were produced in the lung, each con-
taining fragments of cellulose particles. They identified
the source of most particles as originating from locally
produced rubber closures; other particulates were identi-
fied as cellulose fibers. They also examined numerous
brands of intravenous solutions manufactured in Australia,
England, Europe, the Philippines, and the United States
and found particles in most products.

In 1966, Vessey and Kendall (3) published a method of
determining particulate matter in large-volume parenteral
solutions using an automated counter. They proposed an
arbitrary limit for particulate matter in these solutions.
This proposal was modified and adopted by the British
Pharmacopoeia in 1973 (4); the limits are less than 1000
particles/ml equal to or larger than 2 um and less than 100
particles/ml equal to or larger than 5 um. Recently, Bikhazi
et al. (5) extrapolated the BP regulation and proposed that
the average counts per 1 ml of parenteral preparation
should contain not more than 700 particles equal to or
greater than 1 um, 200 equal to or greater than 2 ym, 100
equal to or greater than 3 um, and 40 equal to or greater
than 5 um.

“The First Supplement to the USP XIX and NF XIV”
(6) established the limit for particulate matter in large-
volume parenteral products as not more than 50 parti-
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generated if all time units are multiplied by (Yso) (to give the data in
seconds) or by 15 to give the data in quarter hours, and so on.

In summary, directly compressed tablets can have sigmoid-shaped USP
dissolution rate curves in which the tail is log-linear in time if sink con-
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became concerned over the large number of visible parti-
cles in intravenous solutions manufactured in Australia.
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contaminants by infusing intravenous solutions into rab-
bits; granulomas were produced in the lung, each con-
taining fragments of cellulose particles. They identified
the source of most particles as originating from locally
produced rubber closures; other particulates were identi-
fied as cellulose fibers. They also examined numerous
brands of intravenous solutions manufactured in Australia,
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and found particles in most products.
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solutions using an automated counter. They proposed an
arbitrary limit for particulate matter in these solutions.
This proposal was modified and adopted by the British
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Figure 1—Correlation between the USP method and the instrumental
counts by day for particles of the 10-25-um range in simulated products.
Key: 0, Product I; A, Product I1; @, Product III; and a, Product IV.

cles/ml equal to or larger than 10 um and not more than 5
particles/ml equal to or larger than 25 um. The USP also
recognized the membrane filtration-microscopic method
as the official method for particulate determination. These
methods and limits became effective July 1, 1975.

This report provides data on the precision of and cor-
relation between the USP and the instrumental methods.
It also presents data on particulate matter in over 100
small-volume parenteral products and suggests an ap-
proach for evaluating acceptance criteria on particulate
matter in small-volume parenteral products.

EXPERIMENTAL

The membrane filtration~microscopic method used to size and
quantitate particulate matter was described in “The Second Supplement
to the USP XIX and NF XIV” (7). The sample preparation procedure
includes opening of ampuls by the melt-open technique. This technique
involves placing the upper widest part, above the breakline, of an ampul
into the oxygen—-gas torch flame. As the glass softens, the internal pressure
forces the glass to pop out, forming a hole. As soon as the hole appears,
a glass rod is used to melt away and remove the upper portion of the
ampul. Thus, the particulate matter in an ampul can be counted without
interference by the broken glass formed during an ampul-opening op-
eration. The superiority of the melt-open technique over the break-open
technique was amply demonstrated (8).

The particle-size analyzer! used was equipped with a small-volume
sampler and a six-channel line printer. This instrument, which operates
by the principle of light blockage, was used at a flow rate of 20 ml/min
with 1-ml sample size. The small-volume sampler worked well at 20
ml/min but not at 60 ml/min.

The six channels were set to operate in the delta mode to record the
following particle-size ranges: 5-10, 10-25, 50-100, 100125, and over 125
um. Due to extreme difficulty in obtaining reproducible results on par-
ticulate counts in the 5-10-um range, this size range was not used in the
statistical evaluation. Any proposal limiting particulate matter in this
or a smaller size range (4.5) would be beyond the capability of the current
particulate monitoring technology.

To minimize container-to-container variations, four simulated bulk
product solutions (I-IV) were prepared. These solutions were aseptically
dispensed into particle-free 50-ml vials and capped with clean butyl
rubber stoppers. The vials, after machine washing, were manually cleaned
by rinsing several times with particulate-free distilled water through a
0.22-um membrane filter, Vials were then dry heat sterilized at 280° for
1 hr.

To establish the precision of the particle-size analyzer readings, a
calibration solution? containing latex spheres of various sizes was used.

c 11.If-IIAC model PC-320 with an E5-150 sensor, Pacific Scientific Co., Montclair,
alif.
2 Lot 292, Pacific Scientific Co.
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Figure 2—Correlation between the USP method and the instrumental
counts by day for particles of the 2 10-um range in simulated products.
Key:same as Fig. 1.

The solution was aseptically dispensed into particle-free 50-ml vials.
These bulk solutions were examined by the USP and the instrumental
methods for up to 10 consecutive days. Instrumental drift was checked
each day by examining the calibration solution three times a day.

The following test scheme and order were used each day.

1. The calibration solution was analyzed by the instrumental method
(10 1-ml readings).

2. Product I was analyzed in the following order: USP method (one
5-ml sample), instrumental method (10 1-ml readings), USP method,
instrumental method, USP method, and instrumental method.

3. Product II was analyzed in the same order as Product 1.

4. The calibration solution was analyzed by the instrumental meth-
od.

5. Product I was analyzed in the same order as Product L.

6. Product IV was analyzed in the same order as Product 1.

7. The calibration solution was analyzed by the instrumental meth-
od.

Thus, each product solution was examined consecutively by both the
USP and the instrumental methods, repeating the sequence three times.
The actual sequence of the product examination was randomized after
the 1st day.

RESULTS AND DISCUSSION

The first experiment was designed to determine the correlation and
precision of the USP and the instrumental methods. The experiment was
then followed by the application of these two methods to obtain partic-
ulate levels in over 100 small-volume parenteral products.

Correlation Study—Each of the four bulk product samples yielded
three USP counts and 30 instrumental counts per day. Preliminary
analysis indicated that there was no short time trend in either the USP
or the instrumental method. Since these within-day variations appeared
to be random, daily averages were used in the correlation study. Addi-
tionally, the distribution of the counts appeared to be log-normal. Thus,
the statistical evaluation of the data was performed using the number
formed by the natural log of the sum of the observed count plus 0.5.

The transformed data of the USP and the instrumental counts were
plotted against each other (Figs. 1-4), and the linear regression analyses
were run. Since regression analysis assumes that the independent variable
(the instrumental count) is known without error, the regression lines in
Figs. 1-4 should be regarded as approximate. The results of these re-
gression analyses for 35 daily average USP counts against 35 daily average
instrumental counts fell into two groups (Groups 1 and 2, Table I) de-
pending on the particle size. Thus, there appears to be a rough linear
relationship between the USP and the instrumental counts for the 10~
25-um particle range. The effect of one outlier point (Product III) in Figs.
1 and 2 on the correlation coefficient is minimal.

In the 10-25-um particle range, the instrumental method gave higher
counts than the USP method for counts of 10 or more. This discrepancy
may result from the use of the membrane filter required in the USP
method; i.e., silicone stopcock grease is used to hold the membrane filter
on a plastic petri slide for microscopic counting, and any particles soluble
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Figure 3—Comparison of the USP method and the instrumental counts

by day for particles of the 25-50-um range in simulated products. Key:
same as Fig. 1.

in the grease may not be counted. Also, as the count becomes larger, the
chance of clumping increases, thus giving falsely lower counts in the
subvisual range (<20 um).

It was not totally unexpected that the USP and the instrumental
methods failed to correlate on particle sizes greater than 25 um (9). This
difficulty was most likely due to one or both of the following physical
properties of the four simulated bulk products. The first property was
the similarity of the particle densities (counts per milliliter) in the >
25-um size range. This similarity of densities, relative to the variation
in densities within each product, would mask any correlation between
the methods. The correlations reported above the 10-25- and 210-um
ranges were observable because there were distinct differences between
the particle densities of the bulk products. The within-product correlation
was largely masked by measurement error.

The second property was the shape of the =25-um particles in relation
to the difference in the mode of sizing used by the USP and instrumental
methods. The particle-size analyzer is operated on the concept of light
blockage or geometric shadowing. A beam of light is focused through the
window of a flowcell onto a photocell. As particles, in a fluid flow, indi-
vidually pass the window, a fraction of the light beam is interrupted, thus
generating a series of pulses. These pulses are fed into six counting
channels to record the particle size as a sphere corresponding to its
equivalent geometric mean diameter.

The USP method, on the other hand, measures the longest axis or ef-
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Figure 4—Comparison of the USP method and the instrumental counts
by day for particles of the 225-um range in simulated products. Key:
same as Fig. 1.
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Table I—Correlation Results for Bulk Product Samples

Group 2, 25-50- and
Group 1, 10-25- and >25-um Particle-Size
>10-um Particle-Size Range Range

1. Data form a distinct cluster for each
product. Center of cluster is near scatter is in the data;
regression line?. product clusters overlap.

2. Instrumental counts greater than 10 2. Instrumental counts are
generally exceed corresponding USP usually lower than USP
count (Figs. 1 and 2). counts (Figs. 3 and 4).

3. Linear regression is statistically 3. Linear regression is not
significant. Correlation coefficients significant. Correlation
were 0.75 and 0.68 for 10-25- and coefficients were less
2>10-um ranges, respectively. than 0.20.

¢ Linear regression equations were In(USP + 15) = 0.80 + 0.63 In(instrumental
+ Y,) for the 10-25-um range and In(USP + Y%) = 1.13 + (.57 In(instrumental + %)
for the =10-um range.

1. A large amount of

fective linear dimension (6, 7). Therefore, differences in the numerical
results of the two methods become greater when the particle shape de-
viates further from the spherical shape. For example, a fiber 50 um long,
2 um wide, and 2 um thick will be sized as a 50-um particle by the USP
method. The particle-size analyzer will recognize the fiber as a spherical
particle having a geometric mean diameter of 11.3 um.

Need for a Particulate Standard—The instrumental counter can
be calibrated to compensate for the difference in shape of particles once
the shape is defined. The National Fluid Power Association recognized
the problems and established an acceptance criterion (AC) fine test dust
standard for particles normally encountered in hydraulic fluids. The
instrument calibrated with this standard correlates extremely well with
the data gathered by the microscopic method (10).

It is unlikely that the particulate matter in pharmaceutical prepara-
tions is in spherical form; therefore, establishment of a standard with
well-characterized and defined particles normally encountered in par-
enterals is highly desirable. The pharmaceutical industry may not have
recognized this need. Pollen (spherical) was used in two of four collabo-
rative studies conducted by the Pharmaceutical Manufacturers Associ-
ation to simulate particulate matter in injectables.

An interim report on physical attributes of parenteral preparations
by two Australian committees (11) stated that a quantitative method for
particle-size determination should be based on the counter! used in this
study. They considered that a method based on membrane filtration, such
as the USP method, would be inappropriate in view of the difficulty in
visualizing particles of less than 20 um in diameter. Therefore, it would
be appropriate to use the instrument and to supplement the data with
the USP method to investigate particulate matter in injectable prod-
ucts.

Among the various instrumental particle-size analyzers, many inves-
tigators have chosen the instrument based on the light blockage principle
since it operates independent of the presence of electrolyte and the color,
shape, or composition of particles have a minimum effect on size mea-
surement. Light-scattering and electrolyte instruments would be in-
fluenced greatly by these factors.

Precision of Instrumental and USP Methods—The data on the four
simulated bulk product samples were used to estimate the within- and
between-day variances for both methods. The within-day variance of the
instrumental method has been divided by 5 to correct for the larger
sample volume used in the USP method (the USP method used 5 ml; the
instrumental used 1 ml of sample). The resultant variance is equivalent
to averaging five 1-ml sample counts from the instrument.

Day-to-day differences (Table II) were statistically significant for
Products L, ITI, and IV; however, these differences appeared to be random.
The day-to-day differences were small and sometimes nonexistent for
Product II.

The total variance (sum of between and within variances) for the in-
strument was lower than for the USP method for all four products in the
10-25- and 210-um ranges and for three of the four products in the 25-50-
and =25-um ranges. Thus, overall the instrument was more precise than
the USP method.

The latex sphere calibration suspensions run consecutively with the
four product samples were used to determine the absolute precision of
the instrument. The variance estimates (Table I1I) indicate that most
variation is between samples in one container within days. The overall
variation (expressed as a relative standard deviation, RSD) varied from
3.1to 7.8%, depending upon the particle-size range. The average for the
50-100-um size quoted by the manufacturer on the latex sphere cali-
bration suspension (860/ml) differed slightly from the average count



Table I1—Estimated Variance Components for the Instrumental
and the USP Methods

R f
pafggslgte Variance, In[(counts/ml + 0.5)2]
Matter, um  Product Instrumental USP
210 1 Between day 0.031 0.098
T B
otal X .
11 Between day 0.002 0.000
Vi oot oo
ota . .
I Between day 0.100 0.056
NE R v
ota . .
v Between day 0.019 0.103
Within day 0.013 0.094
Total 0.032 0.197
>25 I Between day 0.056 0.045
T
ota . .
il Between day 0.000 0.088
T
ota . .
11 Between day 0.106 0.000
Wi G g
ota . .
v Between day 0.050 0.188
Within day 0.116 0.122
Total 0.166 0.310
10-25 | Between day 0.044 0.108
i
ota . .
II Between day 0.004 0.000
Wi g o)
ota . .
m Between day 0.075 0.075
e 0 G
ota . .
v Between day 0.016 0.114
Within day 0.014 0.118
Total 0.031 0.232
25-50 I Between day 0.059 0.069
s HE
ota . .
11 Between day 0.000 0.131
L
ota . .
111 Between day 0.073 0.006
LTCH
ota .
v Between day 0.044 0.305
Within day 0.127 0.164
Total 0.171 0.469

obtained (744/ml).

Small-Volume Parenteral Products—Samples from over 100
small-volume parenteral products on the market were examined by both
the USP and the instrumental methods. For the USP method, four
containers/lot were tested and the total content of each container was
filtered through a membrane filter. The results were expressed per mil-
liliter of solution tested. For the instrumental method, 10 containers/lot
were examined. The vials were sampled by taking as many 1-ml samples
as possible up to a maximum of 10/vial, and the results were expressed
on a per milliliter basis.

In general, the variation in particle count between the containers within
a given lot was extremely large. The results of the USP and instrumental
counts indicated a similar trend. The variation in these products was from

Table II1I—Variance Components of the Instrumental Method by
Latex Sphere Samples

Particle-  Arithmetic  Estimated Variance, In[(counts/ml)?]

Size Average Between Within RSD,
Range, um Count Days Days Total %
10-25 698 0.0 0.044 0.044 3.2
25-50 449 0.008 0.079 0.086 7.8
50-100 1.20 0 0.574 0.574 294
210 744 0 0.042 0.042 3.1
=25 46.2 0.007 0.077 0.084 7.6
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Figure 5—Cumulative relative frequency distribution plots of the in-
strumental counts by product type for the =210-um particle range. Key:
A, aqueous solution, vials; @, aqueous solution, ampuls; A, aqueous
solution, syringes; O, aqueous solutions; O, freeze-dried products; W,
oil solutions; and ¢, sterile powders.

30.00

two to 10 times larger than the variation found in the four simulated butk
product samples tested earlier. This large variation would make a cor-
relation study between the instrumental and the USP methods based
on actual product samples extremely difficult.

The balance of the statistical analysis was conducted using the in-
strumental data, since the USP test requires the entire contents of each
container, resulting in the complete confounding of measurement as well
as container-to-container variations and in a high frequency of *“too nu-
merous to count” results that made statistical treatment of these data
impossible.

Summarization of the instrumental data by product type, i.e., aqueous
solutions, oil, etc., is given in Table IV. For the same raw data, cumulative
particle frequency distribution curves (by product type) were constructed
(Figs. 5 and 6). The difference between the arithmetic mean and the
median (50th percentile) demonstrates the skewness in these raw count
distributions.

Effects of Varying Acceptance Criteria—The effects of various
acceptance criteria were demonstrated by computing lot rejection rates
for the product samples for various acceptance criteria. The accept/reject
decisions were based on the following statistical decision rule: accept a
lot whose estimated proportion of container average particle counts ex-
ceeding the maximum allowable particulate count (MAPC) was greater
than the unacceptable quality level (UQL). Since the distribution of
counts was approximately log-normal, the calculations required to apply
this rule were performed on the number formed by the natural log of the
sum of the observed count plus 0.5.

1.00¢
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0.60 p/ f

0.40

0.20F

CUMULATIVE PROPORTION

0.00™500 ~ 30.00 50.00 _ 70.00 90.00
INSTRUMENTAL COUNT

Figure 6—Cumulative relative frequency distribution plots of the in-

strumental counts by product type for the >25-um particle range. Key:

same as Fig. 5.
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Table IV—Particle Counts in Small-Volume Parenterals by Instrumental Method

Particle-Size Range, um

Product Type Level 10-25 25-50 50-100 2100 210 225

Aqueous Minimum 0 0 0 0 0 0

solution: Maximum 161 430 241 17 796 635
vial Average 19.9 5.0 2.9 0.3 28.1 8.2

(n =990) 50th percentile 11 1 0 0 15 1

90th percentile 52 6 4 0 59 10

95th percentile 66 13 9 1 84 26

99th percentile 99 70 71 6 223 174

Agqueous Minimum 0 0 0 0 0 0

solution: Maximum 144 110 55 13 232 168
ampul Average 4.2 1.5 1.1 0.3 7.0 2.8

(n =610) 50th percentile 2 0 0 0 3 0

90th percentile 10 3 3 1 16 7

95th percentile 15 6 5 2 26 14

99th percentile 40 20 18 6 68 40

Aqueous Minimum 0 0 0 0 0 0

solution: Maximum 19 6 2 0 27 8
syringe Average 4.3 0.9 0.6 0 5.8 1.5

(n =10) 50th percentile 2 0 0 0 3 1

90th percentile 9 1 2 0 9 2

95th percentile 19 6 2 0 27 8

99th percentile 19 6 2 0 27 8

0Oil Minimum 0 0 0 0 0 0

solution Maximum 176 36 69 28 197 105
(n =630) Average 13.3 1.9 3.6 1.5 20.3 7.0

50th percentile 6 1 0 0 11 2

90th percentile 30 4 12 5 51 22

95th percentile 55 7 19 8 72 34

99th percentile 110 18 38 22 130 63

Sterile Minimum 0 0 0 0 0 0

powder Maximum 1067 403 362 12 1306 727
(n =1719) Average 28.8 6.6 3.8 0.2 39.4 10.6

50th percentile 9 1 0 0 12 1

90th percentile 41 9 4 0 49 13

95th percentile 86 18 8 1 112 23

99th percentile 403 140 99 5 1002 233

Sterile Minimum 2 Q 0 0 2 0

freeze-dried Maximum 362 177 148 13 589 299
product Average 46.9 10.2 59 0.3 63.3 16.4

(n = 350) 50th percentile 23 2 1 0 30 3

90th percentile 107 25 10 1 149 37

95th percentile 139 51 29 2 226 78

99th percentile 288 129 108 5 415 227

The proportion of a given lot exceeding the limit was estimated in the
following way:
1. The within- and between-container variances (s,,2 and g2, re-
spectively) are estimated by analysis of variance.
9. The variance of the container average (oz?) is given by:
oz = gy + 2L

NS (Eq. 1)

where NS is the number of samples per container examined. The value
of NS must be greater than 1 or separate estimates of ¢,,2 and a2 are not
obtainable.

3. The proportion of the lot above the MAPC is the area under the
standard normal curve to the right of z, where:

MAPC - %
g=—

4

(Eq.2)

Table V—Percent of Lots Tested that Fail Acceptance Criteria
for 210-um Particle Range

and ¥ is the average particulate count over all containers and samples
in the lot.

This accept/reject procedure was applied to the product sample data
for nine acceptance criteria consisting of all combinations of three UQL’s
and three MAPC’s. The UQL’s were arbitrarily set at 5, 10, and 25%. The
first MAPC was set equal to the USP limit for large-volume parenterals,
and the remaining two were equated to the 95th and 99th percentiles of
the cumulative relative particle count frequency distribution for
freeze-dried products (Table IV and Figs. 5 and 6). The cumulative rel-
ative frequency plotted in Figs. 5 and 6 is the proportion of the counts
in a product group less than or equal to a given count. For example, 0.5
(or 50%) of the particle counts in the >210-um range (Fig. 5) for sterile
powder are less than or equal to 30.

The number of lots rejected by each criterion was tabulated and con-
verted to percentages. These percentages are given in Tables V and VI

Table VI—Percent of Lots Tested that Fail Acceptance Criteria
for 225-um Particle Range

Maximum Allowable
Particle Count®

Maximum Allowable

Particle Count®

Product Type UQL, % LVP Ay Ao Product Type UQL, % LVP B, B,
Aqueous solution 5 39 8 4 Aqueous solution 5 46 6 2
10 29 4 4 10 44 6 2

25 17 2 2 25 31 4 0

Freeze-dried product 5 55 23 13 Freeze-dried product 5 65 19 3
10 48 10 10 10 52 19 3

25 32 7 3 25 36 7 3

Oil solution 5 47 7 7 0Oil solution 5 100 7 0
10 33 0 0 10 87 0 0

25 27 0 0 25 53 0 0

Average 5 45 12 13 Average 5 60 10 2
10 36 5 5 10 53 9 2

25 24 3 2 25 36 4 1

8 LVP = NMT 50 210-um particles, A; = NMT 200 >10-um particles, and Ao 8 LVP = NMT 5 >25-um particles, B; = NMT 50 225-um particles, and B, =

= NMT 420 210-um particles.
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Table VII—Percent of Lots Tested that Fail Acceptance Criteria
for >10- and >25-um Particle Ranges Simultaneously

Maximum Allowable
Particle Count®

Product Type UQL, % LVP Ct C
Aqueous solution 5 62 8 4
10 58 6 4

25 37 4 2

Freeze-dried product 5 71 29 13
10 61 23 10

25 42 6 3

Oil solution 5 100 13 7
10 93 0 0

25 67 0 0

Average 5 70 15 7
10 64 10 7

25 43 4 2

a LVP = NMT 50 210-um and NMT 5 >25-um particles, C; = NMR 200 210-um
and NMT 50 >25-um particles, and C; = NMT 420 >10-um and NMT 230 >25-um
particles.

for the >10- and >25-um ranges, respectively. Table VII presents the
overall rejection rate when both particulate ranges are considered si-
multaneously. The overall reject rates for product samples at or beyond
their expiration date are not significantly different from those reported
in Table VII. Thus, the direct application of the USP large-volume par-
enteral limits to the present data resulted in an overall rejection rate of
43-70%, depending upon the UQL. If the present data are indeed rep-
resentative of the current industrial technology, adoption of the large-
volume parenteral limits for small-volume parenterals would cause ex-
treme difficulty.

Guidelines in Establishing Small-Volume Parenterals—The
medical consequences of subvisual-size particulate matter in parenteral
formulations are believed to be dependent on the total number and nature
of particles that a patient receives from injectables. The standard criteria
for particulate matter in a small-volume parenteral could be established
based on the concept of the maximum injectable dose.

The USP requirement for particulate matter in large-volume paren-
terals allows up to 50 and 5 particles for the >10- and 225-um size ranges,
respectively. Therefore, a patient could receive up to 5000 particles =10
um and 500 particles 225 um from a dose of a 100-ml large-volume par-
enteral (the minimum size for large-volume parenterals). Infusion from
1 liter of parenteral solution could subject a patient with as many as

50,000 and 5000 particles in the respective size ranges. Therefore, any
proposal limiting the particulate matter in small-volume parenteral
products could be established based on the concept of the maximum
injectable dose and on the statistical acceptance criteria.

This paper represents only the beginning of an evaluation of the
quantitative aspects of particulate level methodology. More quantitative
data together with the investigation of large numbers of lots and wide
varieties of products are needed prior to the establishment of particulate
limits in small-volume parenterals. In view of the inevitability that par-
ticles of various sizes will be generated by manipulations necessary prior
to injection, e.g., breaking a glass ampul and piercing a rubber septum,
an in-line final filter is recommended as an efficient means of eliminating
particulate introduction into a patient.
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Abstract O The whole plant extract of Swertia angustifolia Buch.-Ham.,
collected at different stages of growth, contained 14 tetraoxygenated and
five pentaoxygenated xanthones and xanthone 1-O-glucosides. Of the
eight xanthone 1-0-glucosides isolated, five were previously unreported
in nature. The xanthones are broadly based on 1,3,5,8- and 1,3,7,8-0xy-
genated systems, with an added oxygen function at C-4 in some com-
pounds, and represent a number of methoxylated patterns. The content
and relative abundance of the free xanthones and their 1-O-glucosides
changed with plant growth. These results are the first demonstration of

the variation in chemical characters in the different parts of a Swertia
species during its ontogeny. The biological significance of these results
is appraised.

Keyphrases 0O Xanthones and O-glucosides—isolated and identified
in Swertia angustifolia, whole plant extract, various growth stages
compared O Swertia angustifolia—whole plant extract, various xan-
thones and O-glucosides isolated and identified, various growth stages
compared

Swertia angustifolia (var. angustifolia) Buch.-Ham.,
native to the subtropical Himalayas from the Chenub to
Bhutan, 304.8-1828.8 m (10006000 ft), is a small flowering

species. It is used as a substitute for the Indian pharma-
copeial drug S. chirata Buch.-Ham. Extracts of this plant
are used as a bitter tonic, as a febrifuge, in epilepsy, and
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Table VII—Percent of Lots Tested that Fail Acceptance Criteria
for >10- and >25-um Particle Ranges Simultaneously

Maximum Allowable
Particle Count®

Product Type UQL, % LVP Ct C
Aqueous solution 5 62 8 4
10 58 6 4

25 37 4 2

Freeze-dried product 5 71 29 13
10 61 23 10

25 42 6 3

Oil solution 5 100 13 7
10 93 0 0

25 67 0 0

Average 5 70 15 7
10 64 10 7

25 43 4 2

a LVP = NMT 50 210-um and NMT 5 >25-um particles, C; = NMR 200 210-um
and NMT 50 >25-um particles, and C; = NMT 420 >10-um and NMT 230 >25-um
particles.

for the >10- and >25-um ranges, respectively. Table VII presents the
overall rejection rate when both particulate ranges are considered si-
multaneously. The overall reject rates for product samples at or beyond
their expiration date are not significantly different from those reported
in Table VII. Thus, the direct application of the USP large-volume par-
enteral limits to the present data resulted in an overall rejection rate of
43-70%, depending upon the UQL. If the present data are indeed rep-
resentative of the current industrial technology, adoption of the large-
volume parenteral limits for small-volume parenterals would cause ex-
treme difficulty.

Guidelines in Establishing Small-Volume Parenterals—The
medical consequences of subvisual-size particulate matter in parenteral
formulations are believed to be dependent on the total number and nature
of particles that a patient receives from injectables. The standard criteria
for particulate matter in a small-volume parenteral could be established
based on the concept of the maximum injectable dose.

The USP requirement for particulate matter in large-volume paren-
terals allows up to 50 and 5 particles for the >10- and 225-um size ranges,
respectively. Therefore, a patient could receive up to 5000 particles =10
um and 500 particles 225 um from a dose of a 100-ml large-volume par-
enteral (the minimum size for large-volume parenterals). Infusion from
1 liter of parenteral solution could subject a patient with as many as

50,000 and 5000 particles in the respective size ranges. Therefore, any
proposal limiting the particulate matter in small-volume parenteral
products could be established based on the concept of the maximum
injectable dose and on the statistical acceptance criteria.

This paper represents only the beginning of an evaluation of the
quantitative aspects of particulate level methodology. More quantitative
data together with the investigation of large numbers of lots and wide
varieties of products are needed prior to the establishment of particulate
limits in small-volume parenterals. In view of the inevitability that par-
ticles of various sizes will be generated by manipulations necessary prior
to injection, e.g., breaking a glass ampul and piercing a rubber septum,
an in-line final filter is recommended as an efficient means of eliminating
particulate introduction into a patient.
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genated systems, with an added oxygen function at C-4 in some com-
pounds, and represent a number of methoxylated patterns. The content
and relative abundance of the free xanthones and their 1-O-glucosides
changed with plant growth. These results are the first demonstration of

the variation in chemical characters in the different parts of a Swertia
species during its ontogeny. The biological significance of these results
is appraised.

Keyphrases 0O Xanthones and O-glucosides—isolated and identified
in Swertia angustifolia, whole plant extract, various growth stages
compared O Swertia angustifolia—whole plant extract, various xan-
thones and O-glucosides isolated and identified, various growth stages
compared

Swertia angustifolia (var. angustifolia) Buch.-Ham.,
native to the subtropical Himalayas from the Chenub to
Bhutan, 304.8-1828.8 m (10006000 ft), is a small flowering

species. It is used as a substitute for the Indian pharma-
copeial drug S. chirata Buch.-Ham. Extracts of this plant
are used as a bitter tonic, as a febrifuge, in epilepsy, and
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in certain mental disorders (1). EXPERIMENTAL!

Work in this laboratory previously demonstrated the
chemotaxonomic significance of the xanthonic constitu-
ents of members of the genus Swertia and of related genera
(2-4). The present investigation, with previously unex-
plored S. angustifolia, complements the earlier studies.
Additionally, it provides information concerning the
content and relative abundance of the free xanthones and
xanthone O-glucosides in the different parts of this species
during its vegetation.
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Extraction of S, angustifolia?—The isolation of xanthones and
xanthone O-glucosides from the whole plant, harvested at three different
stages of growth (1-2 weeks, 4-6 weeks, and with fruits), was accom-
plished following the general procedure shown in Scheme I. The changes

! The general directions were reported previously (5).

2 The plant materials were collected by Mr. V. K. Lal, Central Council of Research
in Indian Medicine and Homeopathy, Ranikhet, Almora, India. Voucher specimens
are available at the Pharmaceutical Chemistry Research Laboratory, Department
of Pharmaceutics, Banaras Hindu University, Varanasi-5, India.



in the content and patterns of the xanthones are recorded in Table L.

In a typical experiment, dried and milled aerial parts with fruits (about
200 g) were batch extracted, at ordinary temperature, in a percolator with
petroleum ether (bp 60-80°) and then with ethyl alcohol (4 weeks each).
The two extracts were separately processed.

Isolation of Xanthones from Petroleum Extract—The petroleum
ether extract was concentrated (about 100 ml), and the concentrate was
kept at room temperature (24 + 8°) overnight. A yellow solid (1.5 g,
Fraction A) separated. The solid was collected by filtration, and the
mother liquor was evaporated to dryness (2.2 g). A portion (0.2 g) of this
residue was dissolved in ether, and the phenolic and nonphenolic con-
stitutents were separated by extraction with an aqueous solution of so-
dium hydroxide (2%, 3 X 30 ml). The alkaline solution after the usual
workup afforded a brown solid (24 mg, Fraction B).

The neutral fraction was column chromatographed according to a
previously described procedure (6). TLC and mass spectrometry of the
eluted fractions suggested the presence of n-alkanes (C2:-Cay), alkanols
(C96~Csz), phytosterols (a typical mixture of sitosterol, stigmasterol, and
campesterol), and two triterpenes (friedelin and $-amyrin).

Separation of Xanthones from Fraction A—A portion of the solid
(0.15 ) was mixed with silica gel® (about 1 g) and placed in a 25 X 1.8-cm
silica gel column. Elution was carried out with petroleum ether (1 liter),
benzene (2 liters), chloroform (1 liter), and chloroform-methanol (90:10,
1 liter). Fractions (500 ml) were collected. The presence of xanthonic
constituents in the eluates was monitored by analytical TLC, using silica
gel G4 as the adsorbent.

The petroleum ether eluates gave only a small quantity of an intrac-
table gum, and the gum was not processed further.

Xanthone T (1,5,8-Trihydroxy-3-methoxyxanthone)—The first
benzene fraction was concentrated, and the concentrate was subjected
to preparative TLC on silica gel G* plates (2-mm thickness), developed
with benzene-acetic acid (100:2). The upper pale-yellow zone, Ry 0.35,
was eluted with chloroform—methanol (10:1). The solution was evaporated
to give a dull-yellow solid (3 mg), mp 270-271°. Its melting point, mixed
melting point, Ry value, and UV and IR absorption spectra were identical
with those of 1,5,8-trihydroxy-3-methoxyxanthone (2).

Xanthone I (1,7,8-Trihydroxy-3-methoxyxanthone)—The third
and fourth benzene eluates were combined and concentrated to give a
yellow solid (47 mg). This solid crystallized from ethyl alcohol as yel-
lowish-orange needles, mp 218°. Its melting point, mixed melting point,
Ry value, and UV and PMR spectra were identical with those of 1,7,8-
trihydroxy-3-methoxyxanthone (3). The 7,8-dimethyl ether of the xan-
thone, prepared with ethereal diazomethane, crystallized from ethyl al-
cohol as yellow needles; the melting point and mixed melting point with
decussatin (2) were 149-150°,

The chloroform eluates also were combined and concentrated. The
concentrate showed two major and one minor ferric positive spots on
analytic TLC. The components, however, could not be separated by
preparative TLC. Therefore, the mixture was methylated with dimethyl
sulfate and potassium carbonate in anhydrous acetone under reflux (45
hr). The permethyl ethers were separated by preparative TLC.

Xanthone XVIII (1,3,4,5,8-Pentamethoxyxanthone)—The upper
pale-yellow zone, Ry 0.5 (chloroform-acetic acid, 100:1), which also
showed a strong fluorescence under shortwave UV light, was eluted with
chloroform. The residue (1.8 mg) from the chloroform solution showed
an R; value and UV absorption spectrum that indicated it was
1,3,4,5,8-pentamethoxyxanthone (7). The mass spectrum of the com-
pound, m/e 346 (M*, relative intensity 100%), 331 (30}, 329 (7), 317 (18),
316 (18), 303 (42), 275 (12), and 260 (5), was also consistent with this
conclusion.

Xanthone XIX (1,3,4,7,8-Pentamethoxyxanthone)—The lower
yellow zone, Ry 0.32, was eluted with chloroform. The residue (2.5 mg)
from the chloroform solution showed an Ry value, UV absorption spec-
trum, and mass spectrum (M*, 346) identical with those of 1,3,4,7,8-
pentamethoxyxanthone (7).

When the chloroform-methanol (90:10) eluates were combined and
concentrated, a triterpene (22 mg), mp 300-~302°, was obtained. The
melting point, mixed melting point, and IR and PMR spectra of the
compound established its identity as oleanolic acid. The mother liquor
showed the presence of two strongly polar xanthones on analytical TLC.
The Ry values of the two compounds corresponded with 1,3,5,8- and
1,3,7,8-tetrahydroxyxanthones (2).1

The mixture of xanthones was acetylated with acetic anhydride and

3 British Drug Houses (60-120 mesh).
4 E. Merck AG, Darmstadt, Germany.

R0
I:R,=R,=R,=H,R,=CH
I'R.=R.=R;=R,=H
VI:R =R.=H.R, =R, =CH,
X: R, = §-D-glucopyranosyl,
R,=CH,,R,= R, =H
XI:R, = %—D-glucopyranosyl,
R,=R,=CH,,R,=H
XIII: R, = %D-glucopyranosyl,
R,=R,=R,=H
O O
R,0
0 OR,
I:R,=R,=R,=H, R, = CH,
IV:R. =R.=R,=R, =
VIR =R.=H.R,=R, = CH,
VII'R. =H.R,ZR,=R, = CH,
IX:R, =R, =R, =H, R, =CH,
XIV: }I%, = %D- lllécoplylranosyl,
XVII: R? = ﬁ-i)-gluéo yranosyl,
R.=CH, R,=R,=H
0 OH

XV:R, = B-D-glucopyranoéyl,

4

Rz" 3 5
XVII:R,=R,=R,=R, =R, =CH,

pyridine. Workup in the usual fashion afforded the corresponding tet-
raacetate derivatives, which were separated by column chromatography
over silica gel. Petroleum ether, benzene, and benzene—chloroform (1:1),
1 liter each, were used as the eluents. Fractions (100 ml) were collected,
and each fraction was monitored by analytical TLC.

Xanthone IIT (1,3,5,8-Tetrahydroxyxanthone)—The early benzene
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Table l‘—Xanthonic Patterns (Relative Percent Yield) of S.
angustifolia during Growthe®

4-6-Week-Old Plant Plant with Fruits

Xanthones Roots Aerial Parts Roots Aerial Parts

Tetraoxygenated free 60 48 22 10
xanthones

Pentaoxygenated free 12 17 2 6
xanthones

Tetraoxygenated xanthone 2 10 50 64
O-glucosides

Pentaoxygenated xanthone — 3 5 6
O-glucosides

Unidentified phenolic 26 22 21 14
constituents

Yield, % 0.038 0.22 1.8 5.5

2 The mean of three experiments is recorded. ¢ One- to two-week-old seedlings,
grown on a potting soil, gave only traces of 1,3,5,8- and 1,3,7,8-tetraoxygenated
xz?nt;mnes but relatively larger amounts of polyphenols which could not be iden-
tified.

eluates afforded 1,3,5,8-tetraacetoxyxanthone (5.5 mg). This compound,
on hydrolysis with methanolic potassium hydroxide (5%) and the usual
workup of the hydrolyzed product, gave 1,3,5,8-tetrahydroxyxanthone
as a brown solid; the melting point and mixed melting point were 295-
300° (2).

Xanthone IV (1,3,7,8-Tetrahydroxyxanthone)—The later benzene
and benzene-chloroform eluates, in a similar way, furnished 1,3,7,8-
tetrahydroxyxanthone (11 mg); the melting point and mixed melting
point were 330-333° (3).

Separation of Xanthones from Fraction B—The total phenolic
constituents from this fraction showed five iodine-positive spots on an-
alytical TLC. Preparative TLC, using benzene-acetic acid (100:2) as the
developer, afforded three xanthones as pure entities.

Xanthone V (1-Hydroxy-2,3,4,7-tetramethoxyxanthone)—The
upper bright-yellow zone, Ry 0.75, was eluted with chloroform. The so-
lution was evaporated to give a yellow solid (3 mg), mp 114-115°, Its
melting point, mixed melting point, Ry value, and UV and mass spectra
(M*, 332) were identical with those of 1-hydroxy-2,3,4,7-tetrame-
thoxyxanthone (4).

Xanthone VI (1,8-Dihydroxy-3,5-dimethoxyxanthone)—The
middle yellow zone, R, 0.62, was eluted with chloroform, and the chlo-
roform concentrate showed an elongated spot on analytical TLC. It was
subjected again to preparative TLC and, after the usual workup, the
residue (about 1 mg) was obtained as a yellow microcrystalline solid, mp
184-186°. Its melting point, mixed melting point, R; values, and UV
absorption spectrum suggested its identity as 1,8-dihydroxy-3,5-di-
methoxyxanthone. The diacetate derivative, prepared by treating it with
acetic anhydride and pyridine on a steam bath (4 hr), was found to be
identical to 1,8-diacetoxy-3,5-dimethoxyxanthone by co-TLC.

Xanthone VI (1,8-Dihydroxy-3,7-dimethoxyxanthone)—After
the usual workup, the lowest yellow zone, Ry 0.45, gave yellow crystals
(7 mg), mp 177-178°. The melting point, mixed melting point, Ry value,
and UV and PMR spectra of the compound were identical with those of
1,8-dihydroxy-3,7-dimethoxyxanthone (2).

Isolation of Xanthones from Alcoholic Extract—The alcoholic
extract was concentrated (to about 200 m!) and kept at 0° for 7 days, and
a brown gum (5.8 g, Fraction C) separated. The alcoholic supernate was
further concentrated to a syrupy liquid. It was poured into water (100
ml), and the mixture was kept at ambient temperature overnight. The
precipitated vellow solid (0.72 g, Fraction D) was collected by filtration.
The aqueous mother liquor was successively extracted with ether, ethyl
acetate, and n-butyl alcohol (5 X 100 ml each).

The solvent was evaporated from the combined ether extracts, and a
yellow solid (0.18 g, Fraction E) was obtained. The combined ethyl acetate
extracts, on concentration, gave a yellow solid (0.42 g, Fraction F). On
evaporation, the ethyl acetate mother liquor gave a second yellow solid
(0.08 g, Fraction G). Likewise, the n-butyl alcohol extract gave a brown
gum (2.1 g, Fraction H).

Separation of Xanthone O-Glucosides from Fraction C—Ana-
Iytical TLC (n-butyl alcohol-acetic acid-water, 4:1:2) and paper chro-
matography® (aqueous acetic acid, 15%) indicated the presence of four
xanthone O-glucosides in this fraction. A small portion (40 mg) of this
mixture was hydrolyzed with emulsin according to a previously described

5 Whatman No. 1.
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procedure (4). In the aqueous hydrolysate, the presence of glucose as the
only glucone moiety was detected by cochromatogtaphy (4). The aglucone
moieties were identified as 1, I1, 1,3,4,5,8-pentahydroxyxanthone, and
1,3,4,7,8-pentahydroxyxanthone by their melting points, mixed melting
points, co-TLC with reference samples, and comparison of UV absorption
spectra of the individual compounds and their methyl ethers with those
of authentic markers (4, 7).

A larger portion (0.5 g) of this fraction was permethylated with methyl
iodide and sodium hydride in tetrahydrofuran at ordinary temperature
(4). The product was dissolved in chloroform and chromatographed over
a 40 X 1.8-cm silica gel column. The elution was carried out with chlo-
roform (500 ml) and chloroform—-ethyl acetate (2:1 and 1:1, 500 ml each).
Fractions (50 ml) were collected and monitored by TLC.

Permethyl Ether of Xanthone O-Glucoside XIIT (2/,3',4',6'-
Tetra-O-methyl-1- 0-8-D-glucopyranosyl! -3,5,8-trimethoxyxan-
thone)—Fractions 3-8, on evaporation, yielded a straw-colored amor-
phous powder (22 mg). The 60-MHz PMR spectrum of the compound
in deuterochloroform was characteristic of the heptamethyl ether of
3,5,8-trioxygenated xanthone 1-O-glucoside. Thus, the glucosyl six
protons and 21 methoxyl protons appeared in the 3.2-4.0-ppm region;
the glucosyl anomeric proton showed a broad one-proton signal around
5 ppm; and the aromatic protons appeared at 6.40 (1H, d,J = 2 Hz), 6.64
(1H,d,J =2 Hz),6.76 (1H,d,J = 9 Hz), and 7.34 (1H, d, J = 9Hz) ppm.
It did not give any molecular ion peak in its mass spectrum, but charac-
teristic fragment ion peaks appeared at m/e 302 and 219 due to 1-hy-
droxy-3,5,8-trimethoxyxanthone and 2,3,4,6-tetra-O-methylglucosyl
moieties, respectively.

The glucoside methyl ether was hydrolyzed with 2 N HCI, and the
aglucone was extracted with chloroform. The residue from the chloroform
solution crystallized from ethyl alcohol as pale-yellow needles, mp
204-205°. The melting point, mixed melting point, R; value, and UV
absorption spectrum of the compound established its identity as 1-
hydroxy-3,5,8-trimethoxyxanthone (2). The glucone fraction from the
aqueous hydrolysate was obtained as a syrup, [« +74° (¢ 0.52, water),
m/e 236 (M*). The Ry value and spectral (PMR and mass) and optical
properties of the compound were indistinguishable from those of
2,3,4,6-tetra-O-methyvlglucose.

Permethyl Ether of Xanthone O-Glucoside XIV (2',3',4',6'-
Tetra-O-methyl-1-0-8-D-glucopyranosyl -3,7,8-trimethoxyxan-
thone)—Fractions 8-10, on evaporation, gave a yellow solid (172 mg);
m/e 302 and 219.

Anal.—Calc. for CogHge0;1: C, 60.00; H, 6.15. Found: C, 59.61; H,
6.42,

Hydrolysis of the glucoside with 2 N HCl and the usual workup of the
aglucone afforded a yellow solid, mp 148-149°. The compound was
identical with decussatin in all respects (melting point, mixed melting
point, co-TLC, and UV absorption spectrum) (2). The glucone part was
identified as 2,3,4,6-tetra-O-methylglucose as shown previously.

The chloroform-ethyl acetate (1:1) eluates, on evaporation, gave an
ivory-colored solid (14 mg); it showed two major spots, Ry 0.38 and 0.28,
on analytical TLC. These compounds were separated by preparative TLC
using chloroform-acetic acid (100:2).

Permethyl Ether of Xanthone O-Glucoside XV (2',3',4',6'-Tet-
ra-O-methyl-1-0-8-D-glucopyranesyl -3,4,5,8-tetramethoxyxan-
thone)—The less polar component, R, 0.38, from preparative TLC was
obtained as a glassy solid (8 mg); m/e 332 and 219.

Anal.—Cale. for Ca7H360:2: C, 61.13; H, 6.79. Found: C, 60.62; H,
6.88.

Hydrolysis of the glucoside with 2 N HCI and workup of the product
in the usual manner furnished 1-hydroxy-3,4,5,8-tetramethoxyxanthone
(melting point, mixed melting point, co-TLC, and UV absorption spec-
trum) (7) and 2,3,4,6-tetra-O-methylglucose (co-TLC and PMR spec-
trum).

Permethyl Ether of Xanthone O-Glucoside XVI (2',3',4',6’-Tet-
ra-O-methyl-1-0-8-D-glucopyranosyl -3,4,7,8-tetramethoxyxan-
thone)-—The more polar component, Ry 0.28, from the preparative TLC
was obtained as a pale-yellow gum (17 mg); m/e 332 and 219.

Anal.—Calc. for Cy7H360:2: C, 61.13; H, 6.79. Found: C, 60.82; H,
6.94.

The compound, on hydrolysis with 2 N HCI, gave 1-hydroxy-3,4,7,8-
tetramethoxyxanthone (melting point, mixed melting point, co-TLC,
and PMR spectrum) (7) and 2,3,4,6-tetra-O-methylglucose (co-TLC and
PMR spectrum).

Separation of Xanthones from Fraction D—The yellow solid
showed two major and four minor spots on analytical TLC. Co-TLC be-
havior of the minor components suggested that these compounds were
xanthones I, II, V, and VI (2, 7). The two major components were sepa-



rated by repeated preparative TLC using benzene-acetic acid (100:2).

Xanthone VIII (1-Hydroxy-3,7,8-trimethoxyxanthone)—The
upper zone, Ry 0.35, was eluted with chloroform, and the solvent was
evaporated. The residue crystallized from ethyl alcohol as bright-yellow
needles (18 mg), mp 149-150°. The melting point, mixed melting point,
Ry value, and UV absorption spectrum of the compound were in excellent
agreement with those of decussatin (2).

Xanthone IX (1,3,8-Trihydroxy-7-methoxyxanthone)—The lower
zone, R; 0.18, was eluted with chloroform. The residue from chloroform
crystallized from acetone as yellow needles (5 mg), mp 295-298°; Amax
(ethyl alcohol) (log €): 238 (4.44), 262 (4.54), and 336 (4.29) nm; m/e 274
(M, relative intensity, 100%), 259 (18), 245 (22), 231 (24), 203 (5), and
202 (4). The melting point and UV absorption spectrum of the compound
were indistinguishable from those reported for 1,38-trihydroxy-7-
methoxyxanthone (8). The compound, on methylation with ethereal
diazomethane, gave decussatin (2).

Separation of Xanthones from Fraction E—Analytical TLC indi-
cated the presence of seven xanthones, I, II, and V-IX, which were sep-
arated as described previously.

Separation of Xanthone O-Glucosides from Fraction F—This
fraction showed one major and two minor spots on analytical TLC, R,
0.52, 0.48, and 0.33 (chlorofrom-methanol, 2:1).

Xanthone O-Glucoside XII (3-Hydroxy-1-0-8-D-glucopyrano-
syl-4,5-dimethoxyxanthone)—The major component, Ry 0.52, crys-
tallized from ethyl alcohol as pale-yellow crystals (24 mg), mp 268-270°:
fa]ff ~112.8° (c 0.32, methyl alcohol).

Anal.—Calc. for C21H220]1~H202 C, 53.84; H, 5.12. Found: C, 54.27;
H, 5.06.

Hydrolysis of the compound with emulsin gave 1,3-dihydroxy-4,5-
dimethoxyxanthone (4) and glucose. Permethylation of the glucoside
followed by acid hydrolysis yielded 1-hydroxy-3,4,5-trimethoxyxanthone
(melting point, mixed melting point, co-TLC, and PMR spectrum) (4)
and 2,3,4,6-tetra-O-methylglucose (co-TLC and PMR spectrum). These
properties were identical with those reported for 3-hydroxy-1-O-8-D-
glucopyranosyl-4,5-dimethoxyxanthone (9).

From the alcoholic mother liquor, after the separation of the glucoside
(XII), further quantities of xanthone O-glucosides XIII (7 mg) and XIV
(12 mg) were obtained as their permethyl ethers following the procedure
described for Fraction C.

Separation of Xanthone O-Glucosides from Fraction G——This
fraction showed one major and one minor spot, Ry 0.46 and 0.37, respec-
tively, on analytical TLC (chloroform-methanol, 2:1).

Xanthone O-Glucoside XVII (3-Methoxy-1-0-8-D-glucopyra-
nosyi-7,8-dihydroxyxanthone)—The major component crystallized
from ethyl alcohol as straw-colored crystals (26 mg), mp 198-203°; [a]¥
—103° (¢ 0.28, methyl aleohol).

Anal.—Cale. for CooH004;-H20: C, 52.86; H, 4.84. Found: C, 52.51;
H, 4.98.

Hydrolysis of the glucoside with emulsin gave 1,7,8-trihydroxy-3-
methoxyxanthone and glucose. Permethylation followed by acid hy-
drolysis gave decussatin and 2,3,4,6-tetra-O-methylglucose.

Separation of Xanthone O-Glucosides from Fraction H—This
fraction, when processed for the isolation of heterosides (7), gave swer-
tiamarin (melting point, mixed melting point, and PMR spectrum of the
tetraacetate) (1.8 g) (10) as the major constituent plus small quantities
of xanthone O-glucosides X and XII-XIV. The xanthone O-glucosides
were identified as before.

RESULTS AND DISCUSSION

Preliminary examination of the petroleum ether and alcoholic extracts
of the roots of S. angustifolia by analytical TLC suggested the presence
of over a dozen xanthones of varying polarity. The TLC patterns of these
constituents and those obtained from the aerial portions (stems, leaves,
and flowers) did not show any significant qualitative difference. There-
fore, the whole plant was used for batch extractions with larger samples.
The individual parts were also extracted in small batches to determine
the quantities of free xanthones and xanthone O-glucosides during plant
growth. The results are recorded in Table I.

From the whole plant of S. angustifolia, 14 tetraoxygenated and five
pentaoxygenated xanthonic constituents were isolated. Chemical
transformation, spectroscopic analyses (UV, IR, PMR, and mass spectra),
and comparison with reference samples (2-7) established their structures.
Xanthones XVIII and XIX were isolated from a permethylated sample
of the natural mixture of xanthones. The xanthone O-glucosides XI and
XIV-XVII were previously unreported in nature.

The occurrence of V and XII in this species is taxonomically significant.
Xanthones containing these two oxygenation patterns were encountered
only once before in Swertia—uviz., S. bimaculata (4). These two types
of xanthones, however, constitute major characters in a number of Fra-
sera species (11). Until recently, the genus Frasera was considered che-
motaxonomically different from Swertia on the basis of differences in
the oxygenation patterns of their contained xanthones. Work in this
laboratory has shown (4) for the first time that xanthones of S. bimacu-
lata bear oxygenation patterns characteristic of both Swertia and Frasera
species. The isolation of xanthone V and xanthone O-glucoside XII from
S. angustifolia provides additional support in favor of the proposed
phylogentic similarity of the two genera.

Another aspect of this investigation that has taxonomic significance
was the relative abundance of the differently oxygenated xanthones oc-
curring in S. angustifolia. The relative abundance of the complementary
pair of 1,3,5,8- and 1,3,7,8-tetraoxygenated xanthones was inversely
proportional in all members of the genera Swertia and Gentiana inves-
tigated so far (3). In S. angustifolia also, 1,3,7,8-tetraoxygenated xan-
thones constituted the major oxygenation pattern. The glucosylation in
the xanthone O-glucosides of this species was exclusively at the 1-posi-
tion.

The formation of xanthone O-glucosides in S. angustifolia was dis-
cernible only from the onset of maturity (4-6-week-old plant). This
phenomenon is rather surprising in view of the fact that glycosides are
less toxic to plants than their phenolic aglucones (12); therefore, gly-
cosidation of xanthones is expected at an early stage of growing but was
not observed in S. angustifolia.

Phenolic substances are known to be responsible for the general re-
sistance showed by higher plants toward parasitic bacteria and fungi (13).
The question of whether an unaltered phenol or the corresponding O-
glycoside is a true protective agent of a higher plant was answered recently
(14) for the case of the wilting disease of safflower (Carthamus tinctorius
L.} caused by Fusarium oxysporum f. sp. carthami. Carthamidin
(4’,5,7,8-tetrahydroxyflavanone), a constituent of healthy safflower, was
strongly effective as a protective agent against the fusarial wilt while the
corresponding 5-O-glucoside was practically inactive. Further work is
clearly necessary to establish whether or not the observed difference
between the free phenolic compound and the corresponding O-glucoside
as a protective agent is a general phenomenon.

The content of the xanthone O-glucosides was greater in the aerial
portions than in the roots (Table I). This result is particularly germane
to the use of the plant extract for therapeutic purposes (1). Recent in-
vestigations in this laboratory have shown that free xanthones and their
O-glucosides have different biological properties (2, 7, 15-18).
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Abstract O An assay was developed and standardized for amitriptyline
and its hydroxylated tertiary amine metabolites in blood and other bio-
logical tissues. This method is capable of determining 5-15 ng of these
compounds/ml and is based on reacting the drug as base with 9-bro-
momethylacridine to form a quaternary product which, on photolysis,
yields fluorescence in a stoichiometric fashion. The precision of the
method is usually around +5%.

Keyphrases D Amitriptyline—fluorometric analysis, blood and tissues
O Fluorometry—analysis, amitriptyline, blood and tissues O Antide-
pressants—amitriptyline, fluorometric analysis, blood and tissues

Blood amitriptyline levels in humans following a single
oral dose are generally 20 ng/ml or less (1). These low levels
were difficult to determine until recently, primarily be-
cause of a lack of appropriate methods with adequate
sensitivity and precision.

Several methods were reported (1-6), but only three
were capable of assaying blood levels of less than 20 ng/ml.
A GLC method (3) has not yet been used to study ami-
triptyline pharmacokinetics. A method based on UV re-
flectance photometry was used for various psychoactive
drugs including amitriptyline (5), but its ability to deter-
mine blood levels of this tricyclic compound following a
single oral dose has not been demonstrated. One GLC
method (6) was reported to exhibit reasonably good sen-
sitivity and precision.

A method based on a fluorometric approach (7-9)
could determine the absorption and elimination profiles
of amitriptyline in humans following a single oral dose of
1 mg/kg (4). In this method, amitriptyline extracted from
blood is reacted with 9-bromomethylacridine to form a
quaternary ammonium product which, on photolysis,
yields fluorescence. Both quaternization and photolysis
are stoichiometric with a high degree of precision.

This paper describes the development of a fluorometric
assay capable of determining levels as low as 5 ng of ami-
triptyline/ml in biological fluids. The method has been
applied to assaying patient blood samples and is being used
to generate basic pharmacokinetic data on amitriptyline
In animals and humans.

EXPERIMENTAL

Materials and Equipment—The acridine reagent was synthesized
as described earlier (8). Various chemicals and solvents, the laboratory
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Table I—Percent Maximum Extraction of Amitriptyline from
Blood (n = 4)

Relative Maximum
Solvent Fluorescence Blood Blank Extraction, %
Hexane 2762 3 345%:> 100 + 219¢ 100
Hexane-1.5% isoamyl 2707 + 242 86+ 5 98
alcohol
Toluene-1.5% isoamyl 2020 4+ 106 180+ 0 73
alcohol
Benzene-1.5% isoamyl 2435 + 78 202 + 53 88
alcohol
Toluene 2030 + 259 138 + 30 73
Benzene 2148 + 43 108 + 11 78

@ Mean + SD. ® Formed emulsions. ¢ n = 2.

equipment, and other instrumentation were essentially the same as de-
scribed previously (9). Amitriptyline! was used as a hydrochloride
salt.

General Procedure—Anmitriptyline, as the base, was reacted with
excess 9-bromomethylacridine in 200 ul of acetonitrile in the presence
of glass beads as the catalyst. The reaction mixture was incubated at 50°
for 18 hr, evaporated to dryness, and finally reconstituted in 100 ul of
acetonitrile. An aliquot was subjected to TLC to separate the quaternary
salt. The separated quaternary salt was photolyzed under UV light, and
the fluorescent material was eluted with methanolic sulfuric acid for
fluorometric determination?.

Standardization of Assay—Various steps, starting from the isolation
of amitriptyline from blood, its reaction with the acridine reagent, and
finally fluorometric determination, were standardized to derive the op-
timum conditions. Since the assay primarily would be applied to blood,
all standardization steps were carried out in the presence of a blank blood
extract, I.e., amitriptyline was added either to the blank whole blood and
extracted out or to the evaporated extract of 3-ml blank blood, prior to
reaction with the acridine reagent.

Extraction from Blood—Of the organic solvents examined, n-hexane
containing 1.5% isoamyl alcohol was optimum for single extraction (Table
I). Other optimum conditions included a blood-to-solvent ratio of 3:20,
an extraction pH of 13 + 0.5, and a shake time of 30 min at 150 cpm
(Table II).

Quaternization Reaction—A range of 9-bromomethylacridine
concentrations was reacted with amitriptyline and assayed. The optimum
acridine concentration for the quaternization of 0.1-1 ug of amitriptyline
was 0.47 X 1073 M and higher (Table I1I).

TLC and Photolysis—A 20-ul aliquot of the reconstituted mixture
was spotted on the synthetic-backed 100-um silica gel plate. The plate
was dried and developed in many trial solvents, including ethyl ace-
tate-methanol-water-acetic acid-cyclohexane (100:20:12:5:5). This
solvent system caused a good separation of the amitriptyline quaternary
product (R 0.42) from the quaternary products of 10-hydroxy and

1 Supplied by Merck Sharp & Dohme Research Laboratories, West Point, Pa.
2 Aminco-Bowman spectrophotofluorometer.
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Abstract O An assay was developed and standardized for amitriptyline
and its hydroxylated tertiary amine metabolites in blood and other bio-
logical tissues. This method is capable of determining 5-15 ng of these
compounds/ml and is based on reacting the drug as base with 9-bro-
momethylacridine to form a quaternary product which, on photolysis,
yields fluorescence in a stoichiometric fashion. The precision of the
method is usually around +5%.
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Blood amitriptyline levels in humans following a single
oral dose are generally 20 ng/ml or less (1). These low levels
were difficult to determine until recently, primarily be-
cause of a lack of appropriate methods with adequate
sensitivity and precision.

Several methods were reported (1-6), but only three
were capable of assaying blood levels of less than 20 ng/ml.
A GLC method (3) has not yet been used to study ami-
triptyline pharmacokinetics. A method based on UV re-
flectance photometry was used for various psychoactive
drugs including amitriptyline (5), but its ability to deter-
mine blood levels of this tricyclic compound following a
single oral dose has not been demonstrated. One GLC
method (6) was reported to exhibit reasonably good sen-
sitivity and precision.

A method based on a fluorometric approach (7-9)
could determine the absorption and elimination profiles
of amitriptyline in humans following a single oral dose of
1 mg/kg (4). In this method, amitriptyline extracted from
blood is reacted with 9-bromomethylacridine to form a
quaternary ammonium product which, on photolysis,
yields fluorescence. Both quaternization and photolysis
are stoichiometric with a high degree of precision.

This paper describes the development of a fluorometric
assay capable of determining levels as low as 5 ng of ami-
triptyline/ml in biological fluids. The method has been
applied to assaying patient blood samples and is being used
to generate basic pharmacokinetic data on amitriptyline
In animals and humans.

EXPERIMENTAL

Materials and Equipment—The acridine reagent was synthesized
as described earlier (8). Various chemicals and solvents, the laboratory
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Table I—Percent Maximum Extraction of Amitriptyline from
Blood (n = 4)

Relative Maximum
Solvent Fluorescence Blood Blank Extraction, %
Hexane 2762 3 345%:> 100 + 219¢ 100
Hexane-1.5% isoamyl 2707 + 242 86+ 5 98
alcohol
Toluene-1.5% isoamyl 2020 4+ 106 180+ 0 73
alcohol
Benzene-1.5% isoamyl 2435 + 78 202 + 53 88
alcohol
Toluene 2030 + 259 138 + 30 73
Benzene 2148 + 43 108 + 11 78

@ Mean + SD. ® Formed emulsions. ¢ n = 2.

equipment, and other instrumentation were essentially the same as de-
scribed previously (9). Amitriptyline! was used as a hydrochloride
salt.

General Procedure—Anmitriptyline, as the base, was reacted with
excess 9-bromomethylacridine in 200 ul of acetonitrile in the presence
of glass beads as the catalyst. The reaction mixture was incubated at 50°
for 18 hr, evaporated to dryness, and finally reconstituted in 100 ul of
acetonitrile. An aliquot was subjected to TLC to separate the quaternary
salt. The separated quaternary salt was photolyzed under UV light, and
the fluorescent material was eluted with methanolic sulfuric acid for
fluorometric determination?.

Standardization of Assay—Various steps, starting from the isolation
of amitriptyline from blood, its reaction with the acridine reagent, and
finally fluorometric determination, were standardized to derive the op-
timum conditions. Since the assay primarily would be applied to blood,
all standardization steps were carried out in the presence of a blank blood
extract, I.e., amitriptyline was added either to the blank whole blood and
extracted out or to the evaporated extract of 3-ml blank blood, prior to
reaction with the acridine reagent.

Extraction from Blood—Of the organic solvents examined, n-hexane
containing 1.5% isoamyl alcohol was optimum for single extraction (Table
I). Other optimum conditions included a blood-to-solvent ratio of 3:20,
an extraction pH of 13 + 0.5, and a shake time of 30 min at 150 cpm
(Table II).

Quaternization Reaction—A range of 9-bromomethylacridine
concentrations was reacted with amitriptyline and assayed. The optimum
acridine concentration for the quaternization of 0.1-1 ug of amitriptyline
was 0.47 X 1073 M and higher (Table I1I).

TLC and Photolysis—A 20-ul aliquot of the reconstituted mixture
was spotted on the synthetic-backed 100-um silica gel plate. The plate
was dried and developed in many trial solvents, including ethyl ace-
tate-methanol-water-acetic acid-cyclohexane (100:20:12:5:5). This
solvent system caused a good separation of the amitriptyline quaternary
product (R 0.42) from the quaternary products of 10-hydroxy and

1 Supplied by Merck Sharp & Dohme Research Laboratories, West Point, Pa.
2 Aminco-Bowman spectrophotofluorometer.



Table II—Effect of Varying the Blood-to-Solvent Volume Ratio
and Shake Time on the Extraction Efficiency Based on 3-ml
Blood Samples Containing 100 ng of Amitriptyline/ml

Table IV—Effect of Varying the Duration of Photolysis of the
Amitriptyline Quaternary Product in the Presence and Absence
of Blank Blood Extract

Solvent Maximum Extraction at Shake Time (n_= 3), %
Volume?, m] 15 min 30 min 60 min
10 83+74 83+73 90 + 8.0
15 86¢ 88 + 5.0 97 £ 9.1
20 92 + 10.8 97 £ 4.7 100 £ 1.6

o Extraction solvent was hexane containing 1.5% isoamyl alcohol. # n = 1.

10,11-dihydroxy metabolites of amitriptyline. Both hydroxy compounds
moved to the same spot (Ry 0.26).

The optimum exposure time for photolysis appeared to be approxi-
mately 3 min (Table IV). The photolysis products were reconfirmed to
be the same as previously reported (4). Both quaternization and pho-
tolysis were stoichiometric over a wide concentration range with a high
degree of precision (coefficient of variation <5).

Stability of Amitriptyline—Since, in actual practice, the blood
samples are generally stored until assayed and since the described assay
involves rendering the blood to pH 13, amitriptyline stability was studied
in aqueous solution as well as in whole blood at pH 7.4 and 13. These
solutions were maintained at 5 and 22° for up to 72 hr. Additional
quantitative chromatographic procedures were developed for this work
to separate and detect possible decomposition products.

Optimum Assay Procedure—A 3-ml sample of hlood was sonicated,
adjusted to pH 13 + 0.05 in a 35-ml screw-capped centrifuge tube by
adding 2 ml of 2 N NaOH, and treated with 20 ml of n-hexane containing
1.5% isoamyl alcohol. Then the tube was capped and shaken horizontally
at 150 cpm for 30 min. Following centrifugation at 2250 rpm for 10 min,
an aliquot (19 ml) was transferred to an evaporation tube. The extract
was evaporated at room temperature under nitrogen to 0.5 ml and
quantitatively transferred into a 1.5-ml tapered polypropylene tube. The
contents were then evaporated to dryness under nitrogen.

Fifty milligrams of 200-um glass beads and 0.2 ml of the acridine re-
agent (0.94 X 1073 M 9-bromomethylacridine in acetonitrile) were added
to the reaction tube. The tube was capped, vortexed for 20 sec, and placed
in an oven at 50° for 18 hr. Following centrifugation, the contents were
evaporated to dryness under nitrogen at room temperature and recon-
stituted in 100 ul of acetonitrile. A 20-ul aliquot was spotted on a scribed,
plastic-backed, 100-um silica gel TLC plate without fluorescent indicator
and developed in ethy] acetate-methanol-water-acetic acid-cyclohexane
(100:20:12:5:5) in a saturation chamber.

The plate was dried at 85° for 15 min and placed under a UV lamp
(Amax 254 nm) at 12-14 cm for 3 min to generate fluorescence. Then the
fluorescent spot was cut out and eluted by vortexing for 20 sec into 10 ml
of 0.01 N HgSOy containing 20% methanol in a test tube. The fluorescence
was then quantitated on a spectrofluorometer set at an excitation
wavelength of 350 nm and an emission wavelength of 474 nm.

Standard curves were obtained by adding known amounts of ami-
triptyline and/or 10-hydroxyamitriptyline to whole blood and assaying
the samples in replicate sets as described. The blanks were run similarly,
except that no amitriptyline was added to the blood sample.

RESULTS AND DISCUSSION

The data scatter in the stability experiments was well within the range
of experimental error. Thus, no significant loss of amitriptyline in aqueous
and blood solutions at basic pH values was observed for up to 72 hr.

Table III—Optimum Concentration of 9-Bromomethylacridine
(I) Required for Quaternization of Amitriptyline

Relative Fluorescence + SD

I Concentration (n=3) Maximum
X 1073 M Blood Blank Drug® Yield, %
0.18 90 + 14 4670 £ 177 64 £ 3.8
0.31 103 £ 11 6731+ 116 92 + 1.7
0.47 160 + 64 7440 + 173 100 £ 2.3
0.63 130+ 0 7187 + 301 98 + 4.2
0.78 230 % 85 7103 + 450 97 £6.3
0.94 205 + 14 7311 + 368 100 £ 5.0
1.25 203 £ 4 7313 £ 202 100 £ 2.8

Photolytic Yield Photolytic Yield
(Direct Reaction) (Extracted from Blood)
Relative % Relative %
Minutes Fluorescence  Maximum  Fluorescence = Maximum
0.5 1373 £ 32¢ 78 1023 + 15¢ 76
1.5 1733 £ 6 98 1320 £ 36 98
2.5 1750 £ 10 99 1337+ 6 99
3.5 1763 + 21 100 1353 + 12 100
4.0 1763 + 6 100 1340 + 26 99
5.5 1710 + 10 97 1327 + 35 98
6.0 1730 £ 0 98 1297 £ 29 96
8.0 1677+ 6 95 1260 + 20 93
10.0 1633 + 21 93 1143 + 55 84
apn=3-5

The previously used solvent system, acetonitrile-water (9:1), separated
the quaternary products of chlorpromazine (9) and amitriptyline from
the reactants rather well. However, it did not separate the amitriptyline
product from the quaternary products of the 10-hydroxy and 10,11-
dihydroxy metabolites of amitriptyline, which may be present in vivo.
Of the various solvent systems tried, ethyl acetate-methanol-water—
acetic acid—cyclohexane (100:20:12:5:5) proved effective in solving the
separation problem. Thus, in the developed method, the hydroxy tertiary
amine metabolites do not interfere. As with chlorpromazine (9), the
desmethyl metabolites of amitriptyline also do not interfere.

Blanks, Sensitivity, and Precision—Based on a 3-ml sample, the
relative fluorescence values from blank blood and plasma were ap-
proximately numerically equivalent to those of the reagent blank. The
fluorescence values obtained from analyses of blank organ homogenates
were generally greater than those for plasma or blood. However, due to
the good precision of the method, it is possible to quantitate accurately
low nanogram amitriptyline concentrations in organ homogenates. Since
a larger blood or plasma sample did not yield higher blank values,
quantities of amitriptyline in the range of 5-15 ng/ml could be assayed
by utilizing 6-9-m! samples. The precision within an experiment on the
blood and plasma samples was usually within +5% but occasionally was
as high as 10%. Abnormal values (> +10%) generally warrant repeat
analyses.

Addition and Recovery—When known concentrations of ami-
triptyline, ranging from 20 to 200 ng/ml, were assayed, recoveries of
75-89% were obtained based on the described single-extraction proce-
dure. However, nearly 100% recoveries were attained on triple extrac-
tion.

The plasma yielded 76-86% recoveries for a 25-100-ng/ml concentra-
tion range. For concentrations of 10 ng/ml or less, better precision and
sensitivity could be achieved when larger plasma samples were used for
assay, i.e., 6-9 ml instead of 3 ml.

The addition and recovery data from various organs are summarized
in Table V.

The addition-recovery experiments were also carried out in whole
mouse homogenates (Table VI) to derive the amitriptyline metabolism
rate profile in the whole organism.

Hydroxylated Metabolites—Since a solvent system capable of sep-
arating from each other the quaternary products of amitriptyline and
its two hydroxylated metabolites has not yet been found, it is not possible
to quantitate individually 10-hydroxyamitriptyline and 10,11-dihy-
droxyamitriptyline simultaneously. However, one solvent system did
separate the free base of each of the three substances. The free bases can
be eluted, evaporated, and then reacted with the acridine reagent to ac-
complish quantitation.

This approach was used to quantitate the tertiary amine hydroxylated

Table V—Percent Recovery of Amitriptyline from Various
Organ Homogenates of Dog 2

C tra-
ont?(()egy e Percent Recovery from (Mean £ SD, n = 3)
ng/ml Heart Liver Lung Muscle Brain
25 77 £ 12 115+ 17 90+6 80+8 82+11
50 70+ 11 91 +13 81+2 88+4 86%1
100 65+ 3 88 + 2 80+4 865 T76+6

2 Amitriptyline, 1 pg, reacted in the presence of blood extract.

@ The tissues were homogenized in 20 ml of 0.1 N NaOH/g of tissue.
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Table VI—Percent Recovery of Amitriptyline from Whole
Mouse Homogenate 2

Concentra- 25 50 100 200 400 600
tion,
ng/ml

Percent
recovery
+ 8D

@ The mice were homogenized in 20 m] of 0.1 N NaOH/g of body weight. ® n =
3.

1000

74+14589+7 9242 8941 891 91+1 9245

Table VII—Blood Amitriptyline and 10-Hydroxyamitriptyline
Levels in Subjects Receiving 100 mg of Amitriptyline at Bedtime

10-Hydroxyamitrip-

Time since Amitriptyline, tyline,

Subject Last Dose, hr ng/ml ng/ml

G.M. 19 42+1 6+1

K.F. 11 34 +£3 10+£1
S.B. 17 1656+ 6 67

M.F. 10 33+ 2 630

° Single spot only. All other values are mean + SD of values from duplicate spots
derived from a single blood sample per subject.

metabolites added to blood?. In the blood samples from both humans and
dogs, 10,11-dihydroxyamitriptyline could not be detected. Therefore,
the hydroxylated metabolite data may be assumed to represent 10-
hydroxyamitriptyline only.

Application to Biological Specimens—Dog Studies—Blood levels
of amitriptyline were determined in a 9.1-kg dog following a rapid dose
of 1 mg/kg iv. Blood specimens were drawn at suitable intervals up to 6
hr. Figure 1 shows the blood level-time profile of amitriptyline and one

1000

100 «

BLOOD CONCENTRATION, ng/ml

Figure 1—Blood levels of amitriptyline (@) and 10-hydroxyami-
triptyline (X) after I mg/kg iv.

¥ Unpublished results.
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Figure 2—Disappearance with time of amitriptyline in whole mouse
given 5 mg/kg iv. Each point is the mean of two mice with a triplicate
analysis on each mouse.

metabolite, 10-hydroxyamitriptyline. The blood amitriptyline levels
declined very rapidly and had an apparent elimination half-life of about
3 hr.

The 10-hydroxyamitriptyline data indicate a rapid appearance in
blood, with a measurable level seen within 3 min. The observed peak
blood level was 36 ng/ml and occurred at 1 hr. The metabolite had an
apparent elimination half-life of approximately 8 hr. A detailed phar-
macokinetic analysis of these data will be published.

Mouse Studies—The method is also amenable to the analysis of bio-
logical materials other than blood and plasma. Figure 2 shows the results
of applying the method to the determination of amitriptyline from whole
mouse homogenates. The mice received a 5-mg/kg iv dose and were
subsequently sacrificed at intervals up to 4 hr. Duplicate mice were as-
sayed for each time period. The data show a biphasic decline of the am-
itriptyline levels. The first phase had a half-life of approximately 0.5 hr,
and the second phase had a half-life of approximately 3.5 hr.

Human Studies—Table VII shows the blood levels of amitriptyline
and 10-hydroxyamitriptyline in subjects described as suffering from
depressive neurosis. Each subject received 100 mg po of amitriptyline
at bedtime. Each subject had been receiving treatment for at least 1
week.
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Abstract O The in vitro removal of six barbiturates from pH 2 donor
solutions by liquid membranes with pH control was evaluated. More than
90% of amobarbital, phenobarbital, and secobarbital were removed within
10 min by the liquid membranes. Drug transport obeyed first-order ki-
netics initially, and Fick's law was obeyed. The transport rate of pheno-
barbital by a liquid membrane was temperature dependent. An Arrhenius
plot revealed that the activation energy was 10 kcal/mole. The liquid
membranes showed some instability in the presence of bile salts.

Keyphrases O Liquid membranes—in vitro removal of various barbi-
turates from pH 2 donor solutions, effect of temperature, phase ratio, and
bile salts 1 Membranes, liquid-—in vitro removal of various barbiturates
from pH 2 donor solutions, effect of temperature, phase ratio, and bile
salts @ Barbiturates, various—in vitro removal by liquid membranes
from pH 2 donor solutions, effect of temperature, phase ratio, and bile
salts

Human poisoning involving drug ingestion is common
in the United States (1). Barbiturate poisoning accounts
for 75% of suicides by drugs or 50% of all suicides by
chemicals (2). Traditionally, acute poisoning treatment
involves attempts to reduce drug absorption from the GI
tract. Activated charcoal has been used for this purpose.
Also, emetics and peritoneal dialysis have been recom-
mended, although these methods have limitations.

Recently, liquid membranes (stable water-in-oil-in-
water emulsions) were patented (3). They have many po-
tential applications, e.g., separation of hydrocarbon types

DONOR SOLUTION LIQUID MEMBRANE CENTRAL AQUEOUS
(OIL PHASE) PHASE
Ce
Co
+ - + -
H + A" .. - HA HA ~H  + A
EXTERNA INTERNAL
PHASE PHASE
|
l
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DISTANCE

Figure 1—-Simplified scheme of drug transport through liquid mem-
branes.
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(4), purification of waste water (5), and removal of uremia
toxins (6). They also may have potential as an emergency
treatment of a drug overdose (7). Preliminary in vitro
studies indicated that liquid membranes were capable of
rapid uptake of phenobarbital and aspirin from either pH
2 or 7 buffered donor solutions (7).

To understand the properties of liquid membranes in
drug overdose treatment, in vitro studies were conducted
under different temperatures and phase ratios of liquid
membranes to the donor solutions. Since barbiturates are
a common cause of drug overdoses, several barbiturates
were employed as model drugs. The stability of liquid
membranes in the presence of bile salts also was investi-
gated.

THEORETICAL

The central aqueous phase of liquid membranes can be formulated to
form a high capacity sink for the drug in the donor phase by (a) pH
control, (b) plasma proteins to bind the drug, (c) activated charcoal, or
(d) specific drug antibodies. The liquid membranes with pH control will
be used as a model.

A simplified schematic diagram of the removal of acidic drug from the
donor phase (pH 2) by the liquid membrane with pH control is shown
in Fig. 1. Drug transfer from the donor solution to the central aqueous
phase is accomplished by solution of the drug in the membrane and dif-
fusion in the direction of the concentration gradient. Since a membrane
made from a hydrocarbon is virtually impenetrable to ions, only the
uncharged species in the donor phase can be dissolved in the membrane
and transported through it to the central aqueous phase where an ap-
propriate trapping agent is present. In this study, a pH 12 buffer solution
was used as this trapping agent. According to pH partition theory, the
acidic unionized species transported from the donor solution will be
ionized at this high pH in the central aqueous phase and be unable to
diffuse out of the membrane.

The uptake rate of the drug from the donor solution by a liquid
membrane is discussed using the following symbols:

C. = concentration of drug in the donor phase
C.° = concentration of drug in the external, i.e., oil, phase of the
membrane
C; = concentration of drug in the internal, i.e., aqueous, phase
of the membrane
P = apparent partition coefficient of unionized drug (HA)
between oil and aqueous phases
D = diffusion coefficient of drug in the membrane
AX = membrane thickness
A = area of contact between the donor solution and liquid
membrane (this is a function of the volume of the liquid
membrane used when the stirring speed is kept con-
stant)

According to Fick’s law, the transport of unionized drug across the
membrane is:

dC, DA AC _ —-DA

' = - —A—X=Xk—(Co—C.~) (Eq. D
Since C, = C,/P, then:
C. 1dC, -D
dte _1dC DAL pc, -y (Eq.2)

dt P dt AX P
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When a trapping agent, pH 12 buffer, is used in the central aqueous
phase, the unionized species transported is ionized at this pH and C; is
negligible.

Equation 2 can be written as:

dC. _ DA C. -DA

d
= CP = e = —_— e = - e
dt  AX kC dt AX ¢ kC

By integration:

(Eq.3)

, = C,oekt (Eq. 3a)

According to Eq. 3, first-order kinetics are followed if the transport
is governed by simple Fickian diffusion; the rate constant k is a function
of the diffusion coefficient of drug used, the area of contact between the
donor phase and liquid membrane, and the membrane thickness.

The dependence of the first-order rate constants with temperature
could be expressed by the Arrhenius equation:

k = Ae~Ed/RT (Eq. 4
where k is the transport rate constant, E, is the activation energy, R is
the universal gas constant, and T is the absolute temperature:

EXPERIMENTAL

Materials and Methods—Three different liquid membranes, A, B,
and C, were made with a 1:1 ratio of oil to aqueous phase. Liquid Mem-
brane A was made from an isoparaffinic oil phase! with 0.1 N NaOH as
the central aqueous phase. Membranes B and C were both made from
83% of the isoparaffinic oil and 15% of a normal paraffinic oil of lower
viscosity?, but pH 12 buffer was used as the central aqueous phase for B
and pH 2 buffer was used as the central aqueous phase for C.

The barbiturates were barbital3, amobarbital4, phenobarbital sodium?,
pentobarbital sodium®, secobarbital sodium?, butabarbital®, and ring
14C-labeled pentobarbital® (0.1 mCi/ml). Standard pH 2 and 6 donor
solutions were made from potassium chloride-hydrochloric acid and
monobasic potassium phosphate-sodium hydroxide buffers, respec-
tively.

The drugs were dissolved in either pH 2 or 6 buffer. Appropriate
amounts of the liquid membrane were mixed with the drug solution in
a beaker and stirred at a constant speed with a magnetic stirrer. The
whole system was maintained at required temperatures (1°) using a
water bath.

At appropriate intervals, the mixture of liquid membrane and donor
solution was sampled and filtered through a filter paper'®. An appropriate
volume of the filtrate was made alkaline with 1 N NaOH, and the ab-
sorbance was determined!! at 255 nm. A standard curve of the absorbance
as a function of drug concentration was prepared for each experiment.
A blank also was run each time by using the same buffer solution without
drug. The radioactivity assay for carbon-14 was accomplished by using
the internal standard method to correct the color quench of sodium
glycocholate!2

The first-order rate constants for drug removal were calculated by
using a log-linear least-squares fitting program. The regression coeffi-
cients for all studies were >0.95.

Partition Coefficient Studies—Accurately weighed (Wy,y) liquid
Membrane C was stirred with 100 ml of a barbiturate (six were tested)
in pH 2 buffer solution at 37°. Samples were withdrawn and assayed.
When an equilibrium was reached, the concentration of barbiturate in
the donor solution was equal to that of the central aqueous phase of the
liquid membrane. Therefore, the barbiturate concentration in the oil
phase could be calculated as:

Con = [(ce)(ve A

)]/(WLM/m (Eq. 5)

The barbiturate uptake rates in pH 2 buffer by Membrane B, whose

Wim
2

! Exxon S100N.

2 Exxon Norpar 13.

3 Gane’s Chemical Works.

4 Eli Lilly, Indianapolis, Ind.

5 Mallinckrodt Chemical Works.

6 Abbott, Chicago, Il

7 Ruger Chemical Co.

8 McNeil Laboratories, Fort Washington, Pa.
9 New England Nuclear.
10 Whatman No. 42
11 Perkin-Elmer spectrophotometer.
12 Amend Chemical Co.
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Figure 2—Pentobarbital transport by liquid Membranes B and C from
donor solution. Key: X, Membrane B (pH 12 buffer); and O, Membrane
C (pH 2 buffer).

central aqueous phase, a pH 12 buffer, served as a sink for the barbitu-
rates, also were determined at 37°.

Phase Ratio Studies—Pentobarbital sodium in pH 2 buffer and
Membrane A were utilized. The ratios of the weight of Membrane A to
the volume of pentobarbital solution (pH 2, 500 mg/liter) ranged from
0.1 to 1.0. The uptake rates of pentobarbital sodium with different phase
ratios were investigated at 37°.

Temperature Effect—The uptake rates of a 500-mg/liter pheno-
barbital solution (pH 2, 100 ml) by 50 g of Membrane B were studied at
22, 30, 37, 45, and 50°.

Effects of Bile Salt—The pentobarbital sodium uptake in pH 6 buffer
at 37° by Membrane B in the absence of bile salt and in the presence of
0.5 and 2% sodium glycocholate was studied; 0.1 ml of 14C-labeled pen-
tobarbital was added to a 500-mg/liter pentobarbital solution in pH 6
buffer with 0.5 or 2% sodium glycocholate. The radioactive assay was used
for systems containing sodium glycocholate.

RESULTS AND DISCUSSION

Partition Coefficient Studies—-The semilogarithmic plot of pen-
tobarbital concentration in pH 2 buffer after treatment with liquid
Membrane B is shown in Fig. 2. It indicates that first-order kinetics were
followed from time zero to 4 min. Because the pentobarbital concentra-
tion in the central aqueous phase was negligible in comparison with that
in the donor phase during that time, Eq. 3 was obeyed. However, the drug
concentration in the donor phase decreased with increasing drug con-
centration in the central aqueous phase. Therefore, C; was no longer
negligible relative to C,, and Eq. 2 should be used.

Figure 2 also shows pentobarbital transport from pH 2 donor solution
by Membrane C, with pH 2 buffer as the central aqueous phase. Liquid
Membrane B could effectively remove 90% of pentobarbital in the donor
solution in 7 min, while Membrane C only removed 20% of the drug. At
equilibrium, only 27% of pentobarbital was transported into Membrane
C.

Table I—Comparison of the Fractions of Drugs Remaining in
the Donor Phase after Treatment with Liquid Membranes B and

B C,
10min  30min 60min 155min C,/C.°

Barbiturate
Barbital 0.68 0.46 0.35 0.19 0.82
Butabarbital 0.14 0.05 0.05 — 0.79
Phenobarbital 0.35 0.18 0.10 — 0.77
Amobarbital 0.04 0.03 0.02 — 0.75
Pentobarbital 0.07 0.03 0.03 —_ 0.73
Secobarbital 0.03 0.02 0.02 — 0.69




Table II—Apparent Partition Coefficient§, Dissoqiation
Constants, and Transport Constants for Six Barbiturates

Apparent Transport
Dissociation Partition Rate Qonstant,

Barbiturate  Constant, pKa?  Coefficient min~!
Barbital 7.86 0.00 0.037
Butabarbital 8.01 0.07 0.188
Phenobarbital 7.37 0.21 0.116
Amobarbital 7.87 0.36 0.662
Pentobarbital 8.03 0.50 0.401
Secobarbital 7.90 0.83 0.727
2 From Ref. 8.
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Figure 3—Pentobarbital uptake by liquid Membrane A. Different
phase ratios of the amount of liquid membrane to the volume of donor
phase are presented. Key (phase volume ratio): 0,0.1; @, 0.14; X and
a,0.20; 0, 0.50; and a, 1.00.

The percentages of six different barbiturates remaining in the donor
solution at 10, 30, 60, and 155 min after they were treated with Membrane
B, as well as the final fraction (at equilibrium) of the same drug treated
with Membrane C under the same experimental conditions, are listed
in Table I. Ninety-five percent of the barbiturate except barbital and
phenobarbital was removed from the donor phase in 30 min by B, while
only 18-31% of the drug was trapped inside C.

Table I shows the partition coefficients, P, calculated from Eq. 6, the
first-order transport rate constants, k, and the dissociation constants,
pKa (8). There is no obvious linear relationship.
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Figure 4—Transport rate constants as a function of the relative amount
of liquid membrane present.

5004

N
Q
[=]
I
)

100+

CONCENTRATION, mg/liter
o
o

201

v T T T T v

20 490 60
MINUTES

Figure 5—Pentobarbital transport by liguid Membrane B at 50° (X)
and 22° (0).

Phase Ratio—Figure 3 shows the semilogarithmic plots of the pen-
tobarbital concentrations in the donor phase after treatment with dif-
ferent amounts of Membrane A. Initially, all plots followed monoexpo-
nential decay kinetics with diftferent rate constants. After equilibrium,
the pentobarbital concentration in the donor phase also was a function
of the amount of liquid membrane used. A plot of the first-order transport
rate constants of pentobarbital as a function of the phase ratios of liquid
membrane used to the volume of the donor phase gave a straight line with
a regression coefficient of 0.99 (Fig. 4). Therefore, the transport rate of
pentobarbital from the donor phase was directly dependent on the phase
ratio.

Temperature—The semilogarithmic plots of the phenobarbital
concentrations in a donor phase of pH 2 treated with Membrane B at 22
and 50° are shown in Fig. 5. The same studies were also carried out at 30,
37, and 45°. The results indicated that the higher the temperature, the
faster the phenobarbital transport rate, but the final equilibrium con-
centrations of phenobarbital were very similar in all studies.

The plot of the logarithm of the first-order transport constants of
phenobarbital as a function of reciprocal temperatures is presented in
Fig. 6. A straight line with a regression coefficient of 0.97 was obtained.
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Figure 6—Semilogarithmic plot of transport constant as a function of
the reciprocal of absolute temperature.
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Figure 7—Pentobarbital transport from pH 6 buffer solution by liquid
Membrane B. Key: @, no bile salt present; X, 0.5% bile salt present, and
0, 2¢. bile salt present.

From the Arrhenius equation, the activation energy of the system was
calculated to be 10.8 kcal/mole (45 kjoules/mole).

Effect of Bile Salt—Figure 7 shows pentobarbital uptake in pH 6
buffered donor solution in the presence of 0.5 and 2% sodium glycocho-
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late. Pentobarbital uptake by Membrane B in the presence of 0.5% so-
dium glycocholate (which corresponds to the approximate concentration
of the total conjugated bile salts in the upper jejunum of fasting humans)
was initially faster than in the system without bile salt. This faster pen-
tobarbital transport may perhaps result from the bile salt changing the
permeability of the liquid membrane to the drug. It has been observed
that bile salt alters the permeability of intestine to drugs (10). However,
after 4 min, the transport rate of pentobarbital tended to decrease.

When 2% sodium glycocholate [the approximate total concentration
of conjugated bile salts commonly found in the jejunum after fat digestion
(11)] was added to the liquid membrane system, pentobarbital transport
was much slower and reached a maximum in 10 min. Thereafter, the
pentobarbital concentration in the donor phase tended to increase. Even
though these in vitro studies showed that bile salt may adversely affect
the liquid membrane in the intestine, in vivo studies may give different
results. Because there is food present in the intestine, which interacts with
bile salts, the free bile salt concentration may well be less than in these
in vitro studies.

Further studies will be conducted in animals to evaluate the effec-
tiveness and applicabilities of these liqguid membranes.
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Abstract O A method of depicting dimensional illustrations of molecules
in vacuo that are sensitive to small electronic perturbations was at-
tempted. This method would be useful in determining the effects of either
perturbing groups from other molecules or changes produced by the
addition or modification of an existing atom or chemical group on the
same molecule. Isoelectron density contours for small molecules such as
benzene, ammonia, and formaldehyde were first considered using the
CNDO/2 molecular approximation method and then extended to the use
of deorthogonalized CNDQ/2 eigenvectors. These methods were similar
in molecular projections but insensitive to electronic alterations.
Therefore, the electrostatic potential energy was considered in developing
contour surfaces of several of the molecules studied. In this case, acute
and visually discernible changes were evidenced by electron exchange
in the three-dimensional illustration of formaldehyde. The effect on the
two-dimensional contour map of ammonia was strikingly altered by the
addition of a proton, further substantiating the sensitivity of electrostatic
contours to perturbing influences. These methods are considered and
amplified in this report.

Keyphrases O Molecular structure—method of depicting three-di-
mensional illustrations sensitive to small electronic perturbations de-
veloped, electrostatic potential energy contours considered O Electro-
static potential energy contours—considered in depicting three-di-
mensional illustrations of molecular structure sensitive to small electronic
perturbations

The concept that a three-dimensional picture of a mol-
ecule can be drawn and visualized is attractive. Additional
importance can be attached to this configurational viewing
of molecules when one attempts to relate the physical
shape with the pharmacological response of the thera-
peutic agent. On occasion, molecules possessing unrelated
configurations produce similar pharmacological responses.
In many instances, these dissimilar molecules may be
spatially manipulated to assume similar configurations.

The utility of three-dimensional molecular illustrations
becomes apparent from the vast number of investigations
and publications dealing with stereochemistry and struc-
ture-activity relationships of medicinal agents (1-8).

BACKGROUND

Many series of biologically active compounds have been investigated
with respect to the effects caused by the addition, deletion, or alteration
of a functional group on a parent moiety. Generally, these investigations
have dealt with the chemical group as a whole rather than the more de-
tailed electronic configuration of the individual atoms. In some advanced
studies, a more comprehensive analysis of the compounds has been used,
taking into consideration more detailed parameters such as the charge
distribution and the position of lone-pair electrons.

Atoms and functional groups do not exist as single entities that can
be considered independently of each other but rather as a complex ar-
rangement of electrons surrounding the nuclei. Therefore, the spatial
configuration of a molecule should not be considered simply as a collec-
tion of atoms but rather as a summation of the complex interactions
among all of the nuclei and electrons of the entire molecule.

Therefore, this work involved the development of illustrating simple
molecules, initially in terms of their isoelectron density contour surfaces.
This technique, however, was insensitive to electronic changes in these
molecules and led to the consideration of isoelectrostatic energy contours.

Both the isoelectron density and the iscelectrostatic energy contours will
be discussed.

Schnaare and Martin (9) reviewed the application of quantum theory
to the study of drug systems. Theoretical calculations on the n-electron
systems of several drugs were correlated with physical-chemical pa-
rameters. The orientation of the molecules involved in the benzocaine—
caffeine complex was proposed. Also, the preferred site of hydroxylation
on indole derivatives and the pKa values of a series of sulfonamides were
correlated with electronic charge.

A detailed examination of this subject explained the many types of
molecular interactions involved when a drug is introduced into a bio-
logical system (10). Various methods used to calculate molecular orbital
indexes were discussed, as well as the shortcomings of each. Extensive
consideration was given to the application of quantum mechanical cal-
culations to drug systems. Many types of physical-chemical interactions
and pharmacological classes of drugs were examined by this approach.

Graphical illustrations were produced showing how the value of the
wavefunction varies with increasing distance on a radius from the nucleus
(11-13). Bordass and Linnett (14), using isometric projections, illustrated
how the magnitude of the wavefunction varies concurrently with two
spatial coordinates. A computer line printer was utilized to produce a
two-dimensional matrix of data representing the electron density prob-
ability on a plane through the atom (15). Isodensity contour lines may
then be drawn through equal values of electron density probability. Other
isodensity contours of atomic orbitals also were reported (12, 13).

Pictorial descriptions of molecular orbitals produced by methods
similar to those for atomic orbitals include the line printer (15-17) and
isometric projections (18, 19). A series of three-membered ring molecules
was investigated with respect to the shape of two-dimensional isodensity
contours (20, 21). In one attempt to examine the three-dimensional
character of these contours, a series of charge density contour maps, each
on a successive plane through the gallium arsenide crystal, were combined
into a movie (22). Furthermore, the electrostatic potential was investi-
gated with respect to its ability to predict the most stable conformation
in a bimolecular system (23).

COMPUTATION

Electron Density Calculations—The proposed methods of illus-
trating molecules required a large number of repetitious numerical
evaluations of algebraic functions, which were performed by a computer?
using Fortran [V language. The molecular illustrations were produced
on an incremental plotter?, which was operated off-line from the com-
puter.

The method developed to produce three-dimensional electron density
illustrations of molecules involves the following sequence: determining
the atomic coordinates, calculating the orthogonalized and deorthogo-
nalized orbital populations, producing a matrix of data representing the
electron density probability at numerous points surrounding the mole-
cule, determining the points in this matrix that represent the boundary
corresponding to the desired level of probability, and plotting these points
by a method that produces a three-dimensional illustration.

The atomic coordinates of the system being investigated may be ob-
tained from various sources. For purely qualitative interpretation of the
resulting illustrations, the atomic positions may be derived from tables
of standard bond lengths and bond angles (24). More accurate data
concerning specific compounds may be derived from X-ray crystallo-
graphic techniques.

The orbital electron populations were determined by the CNDO/2

11BM 370/155.
2 Broomall Industries M-2000 drum-type.
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molecular orbital approximation (25)° using computer program CNINDO
(26). This method considers only the outer shell or valence orbitals. Since
the electrons contained in the inner or nonvalence shells participate only
to a very limited extent in any type of sharing or transfer with other
atoms, these orbitals were assumed to contain 2.0 electrons each unless
otherwise noted.

In theory, a box representing a three-dimensional array is placed over
the molecule. With formaldehyde as a model, it was found that when the
boundaries were restricted to a distance no less than 0.9 A from the
nearest hydrogen atom and 1.5 A from the nearest second row atom,
approximately 99.5% of all electrons were included. These restrictions
were adhered to for all electron cloud illustrations.

The illustrations produced from these data are contour plots where
points of equal density probability are connected with a line.

The nuclear coordinates, Slater atomic orbitals, ¢, and the corre-
sponding orbital population coefficients, Puy, are utilized to calculate
the electron density probability, D, at all points, r, according to:

D(r) = 3 Pupe(r)? (Eq. 1)

Simultaneously, a total is accumulated representing the total density
probability in the matrix.

Deorthogonalized CNDO/2 Eigenvectors—The orbital popula-
tions, Puu, obtained by the CNDO/2 method are considered to be com-
patible with the Slater-type orbitals in spite of the zero differential
overlap approximation of the method. However, the CNDOQ/2 eigenvec-
tors may be considered as orthogonalized orbitals derived from Slater
orbitals by the Lowdin transformation (27). Since the Slater orbitals are
nonorthogonal, a more exact interpretation of the electron density
probability will be provided if the eigenvectors are deorthogonalized by
the matrix product:

Cx = §-1202 (Eq. 2)

where S is the overlap matrix and C* and C'* are the CNDO/2 and deor-
thogonalized eigenvectors, respectively. This procedure was used pre-
viously (28, 29) in conjunction with Slater-type orbitals.

With the deorthogonalized CNDO/2 eigenvectors, C, the density
probability at point r may be determined by the double summation:

D(ry=2% [Z C'Micbu(r)]?
t H

The summation over i includes only the occupied molecular orbitals. The
summation over y represents the combination of atomic orbitals, ¢y,
composing the ith molecular orbital.

To produce a three-dimensional isodensity contour illustration, it is
necessary to choose the appropriate level of density probability. An ar-
bitrary value of D(r) is chosen, and the data are scanned for all values
equal to or greater than this cutoff value. Several more values are chosen,
and the procedure is repeated. A plot of these percentages versus the
cutoff values allows selection of an appropriate limiting value of D(r)
corresponding to the desired probability.

The data needed to produce the actual electron density illustration
(i.e., for the plotting program) inciude only the three cartesian coordi-
nates for each grid point located on the contour surface.

To plot these data, a program was developed to generate instructions
subsequently used to drive the plotting instrument. The resulting illus-
tration is a three-dimensional plot consisting of a series of contour lines
in either the xy or vz plane. Each contour represents the data found in
one slice or plane of the coordinate matrix. Plotting begins with the plane
closest to the viewer, and subsequent planes are plotted until the back
of the object is reached.

A total of 36 possible views is provided by this program. The data
matrix, or object, may be viewed from any one of the four sides. Thus, the
molecule may be rotated about the y axis 360° in 90° increments. For each
side of the object, there are nine possible viewing angles.

An integral part of this routine is its ability to eliminate lines that are
hidden from the viewer. The plotting surface is divided into many col-
umns. The area plotted in each column is stored, and these data are re-
ferred to each time subsequent lines are to be drawn.

The resulting illustrations are only pseudo three dimensional because
no consideration is given to perspective. The scale is identical in the front
and rear portions of the illustration, allowing measurement of actual
molecular distances on any plane parallel to the page. Because perspective

(Eq. 3)

1 The program was altered to allow input of a maximum of 50 atoms or 120 basis
functions.
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Figure 1—Electron density probability contour surface of benzene
using a minimal basis set and CNDO/2 orbital population coeffi-
cients.

is neglected, the hidden-line problem is simplified and the computer
processing time is minimized.

The program also has the additional ability to plot several colors on
one illustration. This feature is not necessary for the electron density
models where only one variable is plotted (e.g., isodensity contours) but
enhances illustrations where several variables are plotted simultaneously
(e.g., electrostatic potential energy contours).

RESULTS

Electron Density for Small Molecules-—Three fairly simple mole-
cules, benzene, ammonia, and formaldehyde, were chosen to test the
programs that produce three-dimensional electron density illustrations.
In each case, standard bond lengths and bond angles (24) were used to
determine the nuclear coordinates.

Figure 1 represents the electron cloud of the benzene molecule at an
isodensity value of 80%. If the 100% isodensity contour were chosen, the
contours would simply be slightly larger; the 80% contours retained all
features required for these illustrations. The data for this figure were
generated from a minimal basis set (i.e., all atomic orbitals up to and
including the valence shell of each atom). As might be expected, this il-
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Figure 2—Electron density probability contour surface of ammonia
using a minimal basis set and CNDO/2 orbital population coeffi-
cients.
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Figure 3—Electron density contour surface of formaldehyde at 80%
probability using a minimal basis set and CNDO/2 orbital population
coefficients.

80%

lustration clearly shows the hole through this aromatic system. Another
distinctive feature is the relative size of the carbon and hydrogen atoms.
The density is more pronounced in the region between bonded atoms,
but the areas separating nonbonded atoms are deficient in this re-
spect.

The mechanism of the plotting routine may be better understood from
this figure. Close examination reveals the contours for each of the many
slices through the molecule. These individual contours, each on a plane
parallel to the page, are superimposed upon each other to form the
three-dimensional structure. The viewing angle is controlled by displacing
each plane in the vertical and/or horizontal direction. The contours are
drawn in stepwise fashion; each step represents one of the many points
at which the electron density probability functions were evaluated. Al-
though the curves are not smooth, the illustration possesses visual clar-
ity.

From orbital populations, an illustration of ammonia at an isodensity
value of 80% is given in Fig. 2. The atoms of the molecule are located at
the corners of a tetrahedron, with the nitrogen atom positioned at its
center. Again, the drawing shows the relative sizes of the atoms and allows
the heteroatom to be distinguished from the hydrogen atoms. The lone
pair of electrons associated with the nitrogen atom extends the contour
surface in the vertical direction, parallel to the y axis.

A similar illustration of formaldehyde, obtained from a minimal basis
set and the atomic orbital populations, is given in Fig. 3. An oxygen atom
would be expected to be slightly smaller in size than a carbon atom. In
this case, the slightly greater electronegativity of the oxygen atom
withdraws electrons from the carbon atom, thus increasing the electron
population of the atomic orbitals associated with the oxygen atom. As
a consequence of these excess electrons, the oxygen atom is enlarged in
comparison to the carbon atom. Most of these electrons are in the 2px
and 2pz orbitals; the oxygen atom is elongated in the xz plane, which is
perpendicular to the page.

Figure 4 illustrates the 60% probability contour surface of formalde-
hyde. A discontinuity of electron density appears between the carbon and
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Figure 4—FElectron density contour surface of formaldehyde at 60%
probability using a minimal basis set and CNDO/2 orbital population
coefficients.
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Figure 5—Electron density probability contour surface of formaldehyde
using only a valence basis set and CNDQ/2 orbital population coeffi-
cients.

hydrogen atoms but not between the nonhydrogen atoms. This phe-
nomenon is fully expected when the relative number of electrons par-
ticipating in the various bonds is considered. Further reductions of the
probability will, in sequence, produce a gap in the carbon-oxygen bond,
eliminate the hydrogens, and, finally, eliminate the carbon atom. Such
a series of illustrations, produced by successively reducing the probability,
allows one to distinguish the most densely populated area in the mole-
cule.

By eliminating the calculations involving the 1s orbitals of all sec-
ond-row atoms, such as carbon and oxygen, isodensity contours may be
produced in terms of the valence orbitals only. The resulting illustration
of formaldehyde, at 80% probability, is shown in Fig. 5. A comparison may
be made with Fig. 6, where all atomic orbitals were utilized. It can be vi-
sually discerned from Fig. 6 that the molecule is slightly enlarged. These
larger contours are a result of the nuclear cores of the nonhydrogen atoms
being very sparsely populated. To enclose the same percentage of elec-
trons, the contour surface has to extend outward. A similar comparison
of the ammonia molecule, with and without the nonvalence orbitals, also
shows this enlarging effect. In that case, the effect is less pronounced
because of the smaller number of nonvalence electrons.

In the method that conforms strictly to the CNDO/2 approximation,
the eigenvectors must first be deorthogonalized. The illustrations are then
produced by summing the molecular orbital contributions to the density
probability, as opposed to those of the atomic orbitals. Figure 6 is a result
of these computations performed on formaldehyde.

A comparison between Figs. 5, where atomic orbital approximation
was used, and 6 reveals only very slight differences in the overall shape
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Figure 6—Electron density probability contour surface of formaldehyde
using only a valence basis set and deorthogonalized CNDO/2 eigen-
vectors.
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Figure 7—FElectron density probability contour surface of formaldehyde
using only a valence basis set and CNDO/2 orbital population coeffi-
cients. The coefficients for the carbon and oxygen atoms are re-
versed.

and size of the portrayed molecule, A similar comparison using ammonia
also reveals only very slight differences in size and shape.

It may be inferred from these comparisons that the approximation
utilizing the CNDQ/2 atomic orbital populations is probably a valid and
accurate method that can lead to electron density illustrations of mole-
cules. The importance of this approximation is the substantial reduction
in the total number of calculations necessary and the corresponding re-
duction in the computer processing time compared with the method
utilizing the deorthogonalized CNDO/2 eigenvector matrix. It is more
efficient to utilize this method for illustrations of larger molecules such
as drug entities.

To test the sensitivity of the electron density illustrations, another set
of data was generated for formaldehyde using only the valence orbitals.
The orbital populations corresponding to the oxygen and carbon atoms
were reversed. In the resulting illustration (Fig. 7), the shift of electrons
caused a corresponding change in the relative sizes of the constituent
atoms. When this surface contour is compared with Fig. 5, it is seen that
the carbon atom is now slightly larger than the oxygen atom. However,
the differences between these two illustrations are not as pronounced as
might be expected. As a result of the exchange, the total valence popu-
lation of carbon has increased by 63% and that of oxygen has decreased
by 39% compared to those populations used to generate Fig. 5. The
magnitude of even this gross and unrealistic shift of electrons does not
radically change the appearance of the molecule. The exponential portion
of the Slater orbitals has such a large influence that, although the number
of electrons associated with the atoms is significantly altered, they are
still confined to approximately the same volume in space.

The ability of the electron density illustrations to show much smaller
and more realistic electron shifts would, therefore, leave much to be de-
sired. Comparisons among a series of similar compounds would illustrate
little, if any, differences in the electron clouds of the common portions
of the molecules. As a result of this insensitivity, the electrostatic potential
energy was investigated for its capacity to portray visually small changes
in the electron distribution of a molecule.

The isoelectron density contours that had been computed and the il-
lustrations derived from these molecular elements were insensitive to
electronic perturbations of significant magnitude,

The major intent of this work was to develop a method that would
produce a molecular projection with sensitivity to small electronic dif-
ferences of similar molecules. This molecular parameter would have to
discern visually the changes caused by these shifts or various chemical
groupings. It would be desirable to illustrate various molecules in a
three-dimensional fashion when only relatively minor chemical changes
were made. For this purpose, the electrostatic potential was chosen as
the molecular parameter.

In a molecular system, the nuclear charges are fixed quantities at rel-
atively stationary positions. However, the electrons are distributed in
molecular orbitals. As a result, the charge distribution varies throughout
the molecular environment. Electrostatic potential energy is derived from
the magnitudes of the electronic and nuclear charges and their relative
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positions. A great deal of information about a molecule may be obtained
from this parameter.

Electrostatic Potential Energy: Calculations—Three-dimensional
illustrations of molecules represented by iscelectrostatic potential energy
contour surfaces are generated by the following sequence: determining
the atomic coordinates, calculating the atomic populations, producing
a matrix of potential energy data at points in the molecular environment,
determining which points are isoenergy values, and plotting these points.
The procedures followed in this method are similar to those required for
the electron density illustrations.

The electrostatic potential energy, V, at a point, r, is determined by
summing the electrostatic interactions of the protons and electrons in
a molecule with a unit positive charge placed at point r (5):

Vir) =% gﬁa- - > Puv fX‘kXVdT
a use

where Za is the nuclear charge of atom a and R is the distance between
atom a and point r. The second summation represents the nuclear at-
traction integrals of the distribution X, X, with the proton. The molecular
charge distribution is considered unperturbed by the proton.

The orbital populations, Pus, obtained from CNINDO must be deor-
thogonalized to be strictly compatible with Slater-type orbitals. This step
results in the evaluation of a large number of integrals. The computer
time necessary to perform these calculations prohibits the consideration
of even moderate size molecules.

An approximation to the true electrostatic potential is given by
(28):

(Eq. 4)

Vir) = z(? - Pa vah) (Eq. 5)

a

where Pa is the total electron population of atom a and Za is its effective
nuclear charge. This quantity is made equal to the number of valence
electrons of a neutral atom, in keeping with the all-valence orbital
CNDO/2 method. The term Vah is the nuclear attraction integral of atom
a with the point charge at r. This integral extends over s atomic orbitals
to retain spherical symmetry. As a result of this approximation, only one
caleulation per atom per point is necessary. Algebraic evaluation of this
integral was published previously (30).

The program performs a function in that a three-dimensional grid of
data is calculated. In this instance, the electrostatic potential energy
function replaces the atomic orbital basis functions. The size of the matrix
and the required computer processing time to fill the matrix with data
are greatly reduced in comparison to the electron density calculations.

Several reasons account for this increased efficiency. The size of the
box enclosing the molecule is usually much smaller. The restriction of
enclosing essentially 100% of the electrons does not apply. Consequently,
the boundaries need not extend as far from the molecule. In the electro-
static potential illustrations, the curvature of the contours is much more
gradual than that produced by the isodensity contours. As a result, less
points per unit area are needed to describe the contours.

Another feature is that the calculations are performed on the atoms
as a whole rather than on the individual atomic orbitals, resulting in an
overall reduction in the number of calculations necessary for each grid
point.

The large matrix containing the potential energy data is searched for
the desired isoenergy value(s). The y coordinate of each point is calcu-
lated and placed in a second smaller matrix. With this type of molecular
illustration, it is often desirable to draw contours at several specific values
of electrostatic potential. The resulting triply subscripted array contains
the y coordinates, and the x and z coordinates are generated from two
of the array subscripts.

The third subscript not only identifies the point as being located on
an upper or lower surface but also identifies to which isoenergy contour
it corresponds. This information is necessary if the illustration contains
more than one isoenergy contour surface and is plotted in two or more
colors.

The type of plot produced by this program is similar to the electron
density plot. However, it can distinguish between the various levels of
the coordinate matrix and associates the desired colors with these levels.
Thus, a multicolored plot may be drawn, each color representing a par-
ticular isoenergy contour surface.

Positioning the molecule in the box in preparation for running the
program is sometimes difficult. Unless the user has some idea as to the
position and magnitude of the negative energy lobes, these may be
omitted or truncated by improper positioning. The program used pro-
duces a two-dimensional illustration of the isoenergy contours on a plane
representing a slice through the molecule.
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Figure 8 —Electrostatic potential energy contour surface of formal-

dehyde.

This program is a modified version of that used previously*. The re-
sulting illustrations are produced by the computer line printer. This type
of illustration is produced with much less computer time than is necessary
for three-dimensional illustrations. It is advantageous to use this program
to obtain a preliminary view of the various electrostatic potential energy
contours of a molecule and to position the molecule properly for the full
three-dimensional illustration. Also, for many symmetrical molecules,
a two-dimensional view provides the same information as a three-di-
mensional view.

The electrostatic potential at any point in space is derived from a nu-
clear repulsion term and an integral representing the affinity of a proton
for the various electrons of the atoms in a molecule. This integral deter-
mines how much of the nuclear charge is screened by the electrons as-
sociated with a particular atom. The repulsion term varies inversely with
the distance from the nucleus while the attraction integral decreases
exponentially. The numerical difference between these two terms is the
net electrostatic potential energy.

A positive potential is always present near the nucleus of an atom be-
cause of the greater influence of the repulsion term. As one proceeds on
a vector away from the atomic center, this term diminishes at a much
larger rate than the attraction integral. Thus, the individual atoms of a
molecule will always be identifiable by a region of positive potential about
the nucleus.

An atom with excess electrons effectively screens the nucleus and
possesses an affinity for a proton. This condition is demonstrated by a
net negative potential in the immediate vicinity of the atom. Conversely,
a deficiency in the electron population produces a larger than normal
positive potential about the atom, resulting in an atmosphere repulsive
to the proton.

Figure 8 is a composition illustration of the —10- and +100-kcal/mole
electrostatic potential energy contour surfaces pertaining to formalde-
hyde. The molecule is oriented such that the molecular plane is parallel
to the page, with the hydrogen atoms positioned at the top.

The area surrounding the carbon and hydrogen atoms is repulsive for
an attacking proton. Although the hydrogens possess a slight excess of
electrons, no center of negative potential is found in this region of the
molecule. The carbon atom is deficient in electrons, creating a large
positive potential, and the influence of this atom mitigates any negative
potential generated by the hydrogen atoms.

The oxygen atom radiates a negative potential due to its excess elec-
trons. As this contour surface of negative potential is penetrated, the
potential progressively decreases until a minimum is reached. In this case,
a minimum of —21 kcal/mole is found.

Because of the spherical symmetry of the s orbitals used in the at-

4 Upon request, Program VSS was supplied; it performs the calculations corre-
sponding to Approximation II of Ref. 28.
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Figure 9—FElectrostatic potential energy contour surfaces of formal-
dehyde. The population coefficients for the carbon and oxygen atoms
are reversed.

traction integral, only one minimum is found; it is located on the molec-
ular axis below the oxygen atom. The characteristics of this illustration
are in agreement with those previously found (28) from two-dimensional
contours.

The sensitivity of this method of producing molecular illustrations was
evaluated by a means identical to that used for the electron cloud draw-
ings. In the resulting illustration (Fig. 9), the molecule is positioned in
the same manner as in Fig. 8. A large and significant change in the overall
contour surface can be noted. Exchanging the atomic valence populations
on the carbon and oxygen atoms results in a large net positive charge
associated with the oxygen atom. This result is demonstrated by the
enlarged contour surface representing +100 keal/mole.

The negative potentials generated by the excess electrons on the carbon
and hydrogen atoms combine to form a large negative lobe. In this figure,
the negative contour represents —50 kcal/mole. Again, the minimum is
found on the molecular axis, but it is positioned at the opposite end of
the molecule. At this point, an electrostratic potential of —274 keal/mole
is found. At points in close proximity to the hydrogen atoms, the potential
is positive as a result of the greater influence of the nuclear repulsion term.
As the distance from these atoms increases, the energy rapidly decreases
because of the overpowering effect of the large electron population in this
region. Thus, the hydrogen atoms are embedded in the negative lobe in
a lock-and-key fashion.

A comparative analysis of Figs. 8 and 9 reveals the acute sensitivity of
this method of producing molecular illustrations. The potential energy
calculations not only consider the probability of finding an electron at
a particular point in space but also take into account the interaction of
these electrons with the nuclei. The net result is the electrostatic force
that an approaching molecule would encounter.

Further investigations were carried out on other small symmetrical

Table I-CNDO/2 Net Atomic Charges for Ammonia,
Ammonium lon, and Nitrogen Trifluoride

Ammonia Ammonium lon Nitrogen Trifluoride
Net Net Net

Atomic Atomic Atomic

Atom Charge Atom Charge Atom Charge
N —-0.2458 N —0.0750 N 0.3464
H-1 0.0819 H-1 0.2688 F-1 -0.1155
H-2 0.0819 H-2 0.2688 F-2 —-0.1155
H-3 0.0819 H-3 0.2688 F-3 —0.1155

H-4 0.2686
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Figure 10—Electrostatic potential energy contours of ammonia. Key:
+, 100 keal/mole; 0, 0.0 keal/mole; 2, —2 keal/mole; 6, —6 kcal/mole; and
X, minimum energy of —13.4 kcal/mole.

molecules (ammonia and nitrogen trifluoride) to assess the accuracy,
specificity, and sensitivity of this method. Nuclear coordinates were
derived from tables of standard bond lengths and angles. Due to the
symmetry of these molecules, two-dimensional contour maps were drawn
in the interest of expediency and efficiency of computer utilization (Figs.
10 and 11). The net atomic charges assigned to the atoms of each molecule
are listed in Table I. Each map represents a molecular symmetry plane
containing the nitrogen atom and the hydrogen or fluorine atom on the
right. The atomic symbol shown at the left represents two atoms, one
above and one below this plane.

In Fig. 10, a large negative lobe is found in proximity to the nitrogen
atom. The single lone pair of electrons associated with this atom is re-
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Figure 11—Electrostatic potential energy contours of nitrogen tri-
fluoride. Key: +, 100 kcal/mole; 0, 0.0 kcal/mole; 2, =2 keal/mole; 6, —6
kcal/mole; and X, minimum energy of ~9.0 kcal/mole.

72 / Journal of Pharmaceutical Sciences

LR Y Y T RPNy PP PR PP P YRRy

+ e .

\
A
/
Ce e

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.

.
)
.
.
.
.
°
.
.
.
.
.

.
-

.

.
.

.
.

.

.

P R S R S N I L I R I R A A A R R R

LR R R e R T R Y]

Figure 12—Electrostatic potential energy contour of the ammonium
ton. Key: +, 100 kcal/mole.

sponsible for this energy well. A minimum value of —13 kcal/mole is lo-
cated at its center.

The contours associated with nitrogen trifluoride show a marked dif-
ference from those corresponding to ammonia. In the latter compound,
the peripheral atoms are more electronegative than the nitrogen, resulting
in a net reduction in the electron population of the central atom. The
negative energy contours in Fig. 11 are in the neighborhood of the halogen
atoms. Each of these negative lobes possesses a minimum electrostatic
potential energy of —9 kcal/mole.

A unique situation is observed in that the negative lobe of each fluorine
atom merges at a point below the molecule on the symmetry axis. This
region of low potential makes the entire lower portion of the molecule
vulnerable to electrophilic attack.

The third illustration in the series (Fig. 12) represents the electrophilic
potential energy contours of the ammonium ion. The net atomic charges
for these atoms are also listed in Table I. To produce this figure, a proton
was added to the ammonia structure on the symmetry axis.

The resulting contour diagram illustrates only a positive potential: no
negative values are found in the environment of this ion. The effect of
adding a single positive charge to ammonia results in a profound change
in the magnitude of the potential energy. A comparison of Figs. 10 and
12 reveals the radius of the +100-kcal/mole contour to be increased ap-
proximately threefold, indicating the widespread influence of the positive
charge. This cation is effectively shielded from electrophilic agents as
a result of this positive field created by its charge, consistent with known
chemical facts.

It can be seen that the electrostatic potential energy can be utilized
as a sensitive molecular probe where changes or pertubations occur such
as electronic shifts or protonation causes large, visually portrayable effects
in these three-dimensional illustrations.

It was felt to be judicious to apply these considerations to large mole-
cules such as morphine, meperidine, and alphaprodine; the results are
reported in a subsequent paper.

CONCLUSIONS

Nonperspective, three-dimensional, computer-derived and drawn il-
lustrations of small molecules were presented by a consideration of var-
ious molecular parameters.

Initially, the commonly used isoelectron density contours were con-
sidered and produced clear illustrations compatible with chemical,
configurational, and molecular reasoning. However, the illustrations
drawn from the computer-generated elements were rather insensitive
to electronic changes. A somewhat more accurate and more sophisticated
method of molecular parameter calculations was attempted with the
deorthogonalized CNDO/2 eigenvectors. This method also produced clear



illustrations very similar to the isoelectron density contours without any
increase in sensitivity to electronic alterations.

The electrostatic potential energy was then investigated for its utility
to produce either two- or three-dimensional aspects of molecules. These
isoelectrostatic energy contours produced pictorially clear illustrations
with the additional characteristic of sensitivity to electron shifts and an
attacking proton in these molecular projections.

REFERENCES

(1) J. E. Falk, Aust. J. Sci., 7, 48 (1944).

(2) T. Sabaltschka and H. Tietz, Pharm. Acta Helv., 5, 286 (1930).

(3) G. Barger and H. H. Dale, J. Physiol., 41, 19 (1910).

(4) “The Pharmacological Basis of Therapeutics,” 4th ed., L. S.
Goodman and A. Gilman, Eds., Macmillan, New York, N.Y., 1970, p.
1604.

(5) A. L. Tatum, Physiol. Rev., 19, 472 (1939).

(6) R. F. Doerge, in “Textbook of Organic Medicinal and Pharma-
ceutical Chemistry,” 4th ed., C. O. Wilson and O. Gisvold, Eds., Lippin-
cott, Philadelphia, Pa., 1962, p. 534.

(7) P. N. Patil, J. B. LaPidus, and A. Tye, J. Pharm, Sci., 59, 1205
(1970).

(8) N.B. Eddy, Chem. Ind., 1959, 1462.

(9) R. S. Schnaare and A. N. Martin, J. Pharm. Sci., 54, 1707
(1965).

(10) L. B. Kier, “Molecular Orbital Theory in Drug Research,” Aca-
demic, New York, N.Y., 1971.

(11) 1. Cohen, JJ. Chem. Educ., 38, 20 (1961).

(12) E. A. Ogryzlo and G. B. Porter, 1bid., 40, 256 (1963).

(13) F. Daniels and R. Alberty, “Physical Chemistry,” 3rd ed., Wiley,
New York, N.Y., 1966, p. 451.

(14) W. T. Bordass and J. W. Linnett, J. Chem. Educ., 47, 672
(1970).

(15) N.C. Craig, D. D. Sherertz, T. S. Carlton, and M. N. Ackermann,
thid., 48, 310 (1970).

(16) R. C. Reiter and J. E. House, Jr., ibid., 45, 465 (1968).

(17) D. L. Peterson and M. E. Fuller, :bid., 48, 314 (1971).

(18) R. J. Olcott, ibid., 49,614 (1972},

(19) M. S. Dewar and J. Kelemen, ibid., 48, 494 (1971).

(20) R. Bonaccorsi, C. Petrongolo, E. Scrocco, and J. Tomasi, in “The
Jerusalem Symposia on Quantum Chemistry and Biochemistry,” vol. II,
1970, p. 181.

(21) R. Bonaccorsi, E. Scrocco, and J. Tomasi, J. Chem. Phys., 52, 5270
(1970).

(22) N. W. Dalton and D. E. Schreiber, Solid State Phys., 27, 183
(1972).

(23) R. Bonaccorsi, C. Petrongolo, E. Scrocco, and J. Tomast, ibid.,
20, 331 (1971).

(24) J. A. Pople and D. L. Beveridge, “Approximate Molecular Orbital
Theory,” McGraw-Hill, New York, N.Y., 1970, p. 111.

(25) Ibid., p. 62.

(26) Program 141, Quantum Chemistry Program Exchange, Depart-
ment of Chemistry, Indiana University, Bloomington, Ind.

(27) P. Lowdin, J. Chem. Phys., 18, 365 (1950).

(28) C. Giessner-Prettre and A. Pullman, Theor. Chim. Acta {Berl.),
25, 83 (1972).

(29) J. W. Mclver, Jr., P. Coppens, and D. Nowak, Chem. Phys. Lett.,
11, 82 (1971).

(30) J. A. Pople and D. L. Beveridge, “Approximate Molecular Orbital
Theory,” McGraw-Hill, New York, N.Y., 1970, p. 202.

ACKNOWLEDGMENTS

Abstracted in part from a dissertation submitted by T. L. Breon to the
Graduate School, University of Rhode Island, in partial fulfillment of
the Doctor of Philosophy degree requirements.

Three-Dimensional Molecular Illustrations II:
Isoelectrostatic Energy Contour Spheres of
Influence Applied to Narcotic Molecules

THOMAS L. BREON *, HAROLD PETERSEN, Jr.%, and

ANTHONY N. PARUTA *x

Received May 21, 1976, from the *College of Pharmacy and the *Department of Chemistry, University of Rhode Island, Kingston, RI

02881. Accepted for publication April 1, 1977.

Abstract O A computer-generated method using quantum mechanics
was applied to the calculation and subsequent plotting of nonperspective
three-dimensional illustrations of molecules in vacuo. The purpose was
to generate isoelectrostatic energy contour spheres for larger molecules
and current drugs. The molecules chosen, morphine, meperidine, and
alphaprodine, possess similar pharmacological properties. Minor con-
figurational manipulation of the meperidine and alphaprodine molecules
was made to approximate the spatial configuration of the rigid morphine
molecule so that direct comparisons were possible. Common areas of
reactivity, potential energy minima, net atomic charges, spatial regions,

and near neighbor influences are considered.

Keyphrases O Molecular structure—three-dimensional illustrations
of narcotic molecules calculated and plotted with computer-generated
method using electrostatic energy contours O Narcotic molecules—
three-dimensional illustrations of molecular structure calculated and
plotted with computer-generated method using electrostatic energy
contours O Electrostatic potential energy—considered in depicting
three-dimensional illustrations of molecular structure of narcotic mol-
ecules

In this study, molecular projections utilizing electro-
static potential energy contours were prepared for mor-
phine, meperidine, and alphaprodine. These narcotic
agents were chosen because their large molecular sizes
show that the methods developed are adaptable to large
molecular systems characteristic of most medicinal agents.
Moreover, although the spatial configurations of the
molecules are dissimilar, they possess common pharma-

cological properties. The molecular illustrations derived
from the electrostatic potential energy function show that
these molecules possess common regions of reactivity in
their molecular environments.

BACKGROUND

The stereochemical configuration of compounds possessing narcotic
activity was presented (1-5) and reviewed (6). Another study (7) dealt
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illustrations very similar to the isoelectron density contours without any
increase in sensitivity to electronic alterations.

The electrostatic potential energy was then investigated for its utility
to produce either two- or three-dimensional aspects of molecules. These
isoelectrostatic energy contours produced pictorially clear illustrations
with the additional characteristic of sensitivity to electron shifts and an
attacking proton in these molecular projections.
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Abstract O A computer-generated method using quantum mechanics
was applied to the calculation and subsequent plotting of nonperspective
three-dimensional illustrations of molecules in vacuo. The purpose was
to generate isoelectrostatic energy contour spheres for larger molecules
and current drugs. The molecules chosen, morphine, meperidine, and
alphaprodine, possess similar pharmacological properties. Minor con-
figurational manipulation of the meperidine and alphaprodine molecules
was made to approximate the spatial configuration of the rigid morphine
molecule so that direct comparisons were possible. Common areas of
reactivity, potential energy minima, net atomic charges, spatial regions,

and near neighbor influences are considered.

Keyphrases O Molecular structure—three-dimensional illustrations
of narcotic molecules calculated and plotted with computer-generated
method using electrostatic energy contours O Narcotic molecules—
three-dimensional illustrations of molecular structure calculated and
plotted with computer-generated method using electrostatic energy
contours O Electrostatic potential energy—considered in depicting
three-dimensional illustrations of molecular structure of narcotic mol-
ecules

In this study, molecular projections utilizing electro-
static potential energy contours were prepared for mor-
phine, meperidine, and alphaprodine. These narcotic
agents were chosen because their large molecular sizes
show that the methods developed are adaptable to large
molecular systems characteristic of most medicinal agents.
Moreover, although the spatial configurations of the
molecules are dissimilar, they possess common pharma-

cological properties. The molecular illustrations derived
from the electrostatic potential energy function show that
these molecules possess common regions of reactivity in
their molecular environments.

BACKGROUND

The stereochemical configuration of compounds possessing narcotic
activity was presented (1-5) and reviewed (6). Another study (7) dealt
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Figure 1—Skeletal illustration of morphine depicting the spatial re-
lationships of the atoms obtained from the ORTEP program.

with the topography of the narcotic receptor. Binding modes by the use
of free energy relationships were presented (8), and receptor perturbation
by interacting molecules was suggested (9). The possibility of unrelated
chemical species assuming a conformation similar to active compounds
also was discussed (10). The chemical configuration of opium alkaloids
(11, 12) and the total synthesis of codeine and morphine (13) confirmed
earlier studies.

The structure of the phenanthrene fragment and its relative configu-
ration were reported (14). Independent studies (15-18) confirmed this
work. Stereochemical configurations from X-ray crystallographic studies
of this type of compound were derived (19, 20), and the absolute config-
urations were determined by chemical means (21). Subsequent three-
dimensional analysis of crystallographic data confirmed the absolute
stereochemistry of morphine (22) and codeine (23). Through similar
methods, the stereochemistry of several synthetic narcotics was deter-
mined (24-26).

PROCEDURES

Computations—The calculation of electrostatic potential energy was
accomplished with a computer! utilizing Fortran IV language. These
procedures were described in Part I. The molecular projections or illus-
trations were effected by the use of an available program? and an incre-
mental plotter? slaved to the computer output.

Electrostatic Potential Energy Projections—Morphine—All
molecules discussed in Part [ had relatively small structures. To dem-
onstrate the applicability of this method to large molecular systems of
more practical interest, the electrostatic potential energy computations
were performed on several narcotic agents. Morphine was chosen because
of its potent pharmacological properties, widespread interest, and well-
defined conformation.

A skeletal illustration of this molecule, utilizing the ORTEP method
(27), is found in Fig. 1. The characteristic features of this molecule include
a piperidine and phenyl ring joined by a common asymmetric carbon
atom, C-13. Two more six-membered rings and a five-membered ring
containing an ether linkage, O-3, complete the main structure. Peripheral
groups necessary for pharmacological activity include a methyl, C-17,
an alcoholic hydroxyl, O-2, and a phenolic hydroxyl, O-1. The basic
structure consists of five ring systems bonded to each other at multiple
points, This structure is rigid and may preclude any significant confor-
mational changes caused by biological systems. The skeletal configuration
and numbering system for this molecule were taken from the crystallo-
graphic data of Gylbert (22), as corrected®.

TIBM 370/155.

20RTEP.

3 Broomall Industries M-2000 drum-type.

4 The correct x positional coordinate, in Table L of Ref. 22, for C-3 is 1806 (5) (Dr.
Leif Gylbert, Department of Medical Physica, Karolinska Institutet, S-104-01
Stockholm 60, Sweden, personal communication, Sept. 1974).
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Figure 2—(a) [llustration of the electrostatic potential energy contours
of morphine (ORTEP facing). The negative lobes are at —10 kcal/mole
for O-1, 0-2, and 0-3 and at —5 keal/mole for N; all other lobes are at
+100 kcal/mole. (b) Hlustration of the electrostatic potential energy
contours of morphine from Fig. 2a, where the molecule is rotated 90°
about a vertical axis toward the viewer.

The electrostatic potential energy contours pertaining to morphine
are presented in Fig. 2. Figure 2a represents a frontal view in which the
molecule is positioned identically to Fig. 1. Figure 2b is a view after the
molecule was rotated 90° about a vertical axis. For comparison, the net
atomic charges of the molecular constituents are listed in Table I. These
data were calculated from the CNDO/2 valence orbital populations.
These populations compare favorably with those published previously
(28).

Virtually the entire molecule is surrounded by a field of positive po-
tential. As expected, the potential diminishes near the center of the
various ring systems. In Fig. 2a, “holes” may be seen in the two six-
membered rings parallel to the plane of the page as well as in the ring
containing the ether bridge. The N-methyl group is readily distin-
guishable at the far left. The phenolic hydroxyl group is at the upper right,



Table | —CNDO/2 Net Atomic Charges for Morphine

Net Atomic Net Atomic
Atom Charge Atom Charge
0-1 -0.2445 C-17 0.0430
0-2 —0.3067 H-0O-1 0.1433
0-3 —-0.2382 H-1 0.0156
N —0.1744 H-2 0.0103
C-1 -0.0298 H-5 —0.0001
C-2 —0.0364 H-6 —-0.0035
C-3 0.1285 H-7 0.0253
C-4 0.1116 H-8 0.0239
C-5 0.1082 H-9 -0.0253
C-6 0.1397 H-10a 0.0251
C-7 -0.0442 H-10b 0.0022
C-8 —0.0280 H-14 0.0007
C-9 0.0968 H-15a 0.0051
C-10 -0.0282 H-15b 0.0022
C-11 0.0221 H-16a -0.0117
C-12 —-0.0178 H-16b -0.0009
C-13 0.0288 H-17a —0.0065
C-14 0.0101 H-17b 0.0169
C-15 -0.0070 H-17¢ —-0.0094
C-16 0.0752 H-0-2 0.1781

adjacent to the aromatic ring; the alcoholic hydroxyl is positioned at the
lower right but is hidden from view.

Four regions of negative potential, each associated with a heteroatom,
can be noted.

The minima, expressed in kilocalories per mole, found at the center
of each of these energy wells are ranked as follows: —32.2 (0-2, alcoholic
hydroxyl) > —24.4 (O-1, phenolic hydroxyl) > —20.7 (O-3, ether) > =7.1
(N). These regions represent prime areas for electrophilic interaction or
attack and are of particular interest when considering drug-receptor
mechanisms. Each lobe is on the periphery of the molecule, thus providing
a relatively large number of possible conformations in its approach to,
or interaction with, a biophase.

Because of the close physical proximity of the lobes associated with
the phenolic and ether oxygen atoms, the —10-kcal/mole contours merge
to form one large, odd-shaped negative site. Within this dumbell-shaped
lobe, two wells exist, having minimum energies of —24.4 and —20.7
kcal/mole.

The negative potential corresponding to the ether oxygen atom is
nonuniformly distributed about the nucleus. In a molecule where there
is no steric hindrance, the negative lobe of an ether linkage would possess
a quarter-moon shape and lay on a plane perpendicular to the ether
linkage, corresponding to the approximate position of the two lone pairs
of electrons. In the present case, the —10-kcal/mole contour associated
with the ether oxygen atom is concentrated only on one side of it. The
additive effect of the phenolic hydroxyl may partially account for this
uneven distribution.

Of greater significance is the alcoholic hydroxyl group at C-6. The O-H
bond of this group is directed toward the ether bridge. The 0-2-H--0-3
interatomic distance is 2.72 A, and the angle is 146°. As suggested pre-
viously (22), the geometric configurations of these atoms present condi-
tions that may be favorable to intramolecular hydrogen bonding, and the
potential for forming a five-membered ring exists.

The partial positive charge on the hydrogen atom, H-0-2, generates
a large sphere of positive potential, and a region of negative potential is
generated by the excess electrons of the ether. In this case, these atoms
are close enough together that the potential energies generated by each
blend together, resulting in a net positive electrostatic potential in this
entire region.

The illustrated isoelectrostatic energy values were chosen because these
values provide a contiguous picture of the entire molecule, Greater or
smaller values would cause the illustration to “balloon out” or “become

Table II—CNDO/2 Conformational Energies for Various
Configurations of Meperidine

Total

Energy
Configuration keal/mole
Crystal, from Ref. 24 -107,453
Piperidine ring inverted -107,455
Phenyl ring rotated about C-3-C-1’ onto a plane -107,452

perpendicular to N-C-3

Ester linkage rotated about C-3-C-7 -107,448

Figure 3—Skeletal illustration of meperidine depicting the spatial
relationships of the atoms obtained from the ORTEP program.

nodules” in space; the values chosen give the best pictorial guide com-
patible with chemical reasoning.

Meperidine—Meperidine, a synthetic narcotic, has several structural
features similar to morphine. This molecule is composed of a piperidine
ring, containing an N-methyl group, with a phenyl ring and an ester
linkage positioned on an asymmetric carbon atom. The crystal structure
of this compound (24) indicates the aromatic ring to be equatorial and
the ester linkage to be axial to the piperidine ring.

In this investigation, the conformation of meperidine was altered to
reposition the negative lobes that might be generated by the heteroatoms.
Manipulation of the atomic coordinates allows these lobes to be placed
in positions similar to those occupied by the negative lobes of mor-
phine.

When altering the configuration of a molecule, one must also be con-
cerned with the change in conformational energy that may occur. Table
11 lists the steps used in manipulating the meperidine molecule and the
total energy of each resulting conformer.

By inverting the piperidine ring, the'phenyl ring now becomes axial
and the ester becomes equatorial (Fig. 3). In this position, this molecule
is in a configuration similar to the structure of morphine. Conformational
energies indicate a small change in total energy between the crystal and
inverted configurations.

The next step involves the rotation of the aromatic ring about the C-
3-C-1’ axis onto a plane perpendicular to the nitrogen and asymmetric
carbon atoms of the piperidine ring. Again, a very small change in the
conformational energy is noted. Finally, rotation of the ester fragment
about the C-3-C-7 bond allows the two ester oxygen atoms to be posi-
tioned in the same relative positions as the ether and alcohol oxygen

Table III—-CNDO/2 Net Atomic Charges for Meperidine

Net Atomic Net Atomic

Atom Charge Atom Charge
0-1 -0.2735 H-2a 0.0013
0-2 -0.3291 H-2b 0.0039
N —-0.1565 H-4a -0.0057
C-1 0.0811 H-4b -0.0042
C-2 0.0086 H-5a -0.0076
C-3 -0.0184 H-5b -§.0090
C-4 0.0179 H-6a -0.0029
C-5 0.0786 H-6b 0.0224
C-6 0.0273 H-6¢ 0.0003
C-7 0.3985 H-8a ~0.0011
C-8 0.1541 H-8b -(1.0093
C-9 -0.0377 H-9a 0.0117
C-1v 0.0416 H-9b 0.0261
C-2 -0.0222 H-9¢ 0.0160
C.3 0.0110 H-2' 0.0103
C-4 0.0065 H-3 ~0.0038
C-5’ 0.0050 H-4' ~0.0093
C-6' -0.0273 H.5 0.0027
H-1a --0.0166 H-6 0.0217
H-1b -0.0117
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Figure 4—(a) Illustration of the electrostatic potential energy contours
of meperidine (ORTEP facing). The negative lobes are at —10 kcal/mole
for O-1 and O-2 and at —5 kcal/mole for N, all other lobes are at +100
kecal/mole. (b) Illustration of the electrostatic potential energy contours
of meperidine from Fig. 4a, where the molecule is rotated 90° about a
vertical axis toward the viewer.

atoms of morphine. A small loss in the conformational energy of 4 keal/
mole occurs as a result of this step. The net change in conformational
energy between the first and the last step is a loss of 5 kcal/mole (Table
1.

The skeletal structure of meperidine resulting from these manipula-
tions is found in Fig. 3. This structure is used in all subsequent illustra-
tions. The numbering system is identical to that previously published
(24). In Ref. 24, only the positions of the nonhydrogen atoms were re-
ported. In the present investigation, standard bond lengths and bond
angles were used to add the hydrogen atoms. Table III lists the net atomic
charges calculated from the CNDQ/2 orbital populations.

The potential energy contour surfaces corresponding to meperidine
are shown in Fig. 4. The energy values represented by the various contours
and the orientation of the molecule are identical to the morphine illus-
trations.
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Figure 5—Skeletal illustration of alphaprodine depicting the spatial
relationships of atoms obtained from the ORTEP program.

Three lobes of negative electrostatic potential energy are found, and
each of these energy wells is associated with an atom possessing lone-pair
orbitals and a rather large negative net atomic charge. The energy min-
ima, in kilocalories per mole, associated with each lobe are ranked as
follows: —41.7 (0-2, carbonyl) > —~18.7 (O-1, ether) > ~7.8 (N).

The —10-keal/mole contours generated by the ester oxygens merge in
an area approximately midway between the two minima. This phenom-
enon may not be explicitly evident from these illustrations but was vi-
sually confirmed using other viewing angles. The remainder of the mol-
ecule is surrounded by a field of positive electrostatic potential.

Alphaprodine—The molecular structure of alphaprodine, another
synthetic narcotic agent, is similar to meperidine in that it is composed
of a phenyl ring, an ester linkage, and a piperidine ring containing an
N-methyl group. In alphaprodine, however, the ester linkage is reversed
from that in meperidine. The only other feature unique to this compound
is a second methyl group substituted on the piperidine ring.

The spatial relationships among the two ring systems and the ester
group are identical to the crystal configuration of meperidine (25). The
additional methyl group is equatorial to the heterocyclic ring.

Because of the similar stereochemical relationships of meperidine and
alphaprodine, it was presupposed that the latter molecule could be
subjected to conformational alterations with virtually no change in
conformational energy. The resulting configuration is similar to that
found in Fig. 5. As seen in the previous illustrations, the ester group may
be rotated, within limits, to orient the expected regions of negative po-
tential into positions mimicking meperidine and morphine. As a result
of the type of ester found in alphaprodine, only one oxygen atom may be
displaced by a ratation about the C-3—-0-1 bond. The other oxygen atom,
which lies on the axis, cannot be displaced by rotation, but the anticipated
lobe of negative potential associated with the ether oxygen atom may be
reoriented into a more favorable position.

In the previous illustrations of meperidine, the carbonyl produced the
largest region of negative potential. Because of the close stereochemical
similarities, the carbonyl of alphaprodine would, in all probability, gen-
erate the largest region of low electrostatic potential energy. This portion
of the molecule was manipulated independently so that the position of
this lobe would reside in the same general area as the lobe generated by
the ether group of morphine.

A conformational change of this nature affords the opportunity to
assess the difference in the potential energy contour surfaces resulting
from interchanging the two types of oxygen atoms. In meperidine, an
ether oxygen is located in the same relative spatial position as the ether
oxygen of morphine; in alphaprodine, this region is occupied by the car-
bonyl oxygen.

The nuclear coordinates of the atomic constituents of alphaprodine
were taken from the corresponding atoms of the meperidine molecule.
The C-10 methyl group was added and the ester linkage was reversed,
utilizing standard bond lengths and angles. The ester group was then
rotated about the C-3-0-1 bond as described. The resulting configuration
(Fig. 5) was utilized in the CNDO/2 computations to determine the



Table IV—CNDO/2 Net Atomic Charges for Alphaprodine

Net Atomic Net Atomic

Atom Charge Atom Charge
0-1 —0.2943 H-2 -0.0014
0-2 —-0.3376 H-4a 0.0042
N —(.1588 H-4b 0.0019
C-1 0.0873 H-5a -0.0027
C-2 0.0127 H-5b —0.0064
C-3 0.1668 H-6a -0.0017
C-4 -0.0169 H-6b 0.0229
C-5 0.0843 H-6¢ 0.0022
C-6 0.0283 H-8a 0.0331
C-7 0.4082 H-8b 0.0145
C-8 —0.0529 H-9a 0.0039
C-9 0.0049 H-9b 0.0147
C-10 —0.0084 H-9¢ 0.0090
C-1 —-0.0061 H-10a -0.0097
C-2 -0.0133 H-10b 0.0105
C-3 -0.0070 H-10c 0.0082
C-4 0.0155 H-2' 0.0
C-5 —-0.0194 H-3' -0.0083
C-¢ 0.0242 H-4 —0.0142
H-1a -0.0177 H-5 —0.0006
H-1b -0.0082 H-¢ 0.0282

atomic electron populations, from which the net atomic charges (Table
1V) were derived.

Two views of the electrostatic potential energy contour surfaces rep-
resenting alphaprodine are shown in Fig. 6. The viewing angle in each is
the same as the corresponding illustrations of morphine and meperidine.
The negative isoenergy contour associated with the nitrogen atom is not
drawn at the same energy level as in the previous illustrations. In the
present case, this contour represents a value of —2 kcal/mole.

This molecule is unique, among the three narcotics presented, in that
the minimum energy in the nitrogen atom region does not attain a value
of =5 kcal/mole, the level at which this contour was drawn for the pre-
vious molecules. This positive shift in the potential energy may be due
to the close proximity of the C-10 methyl group. The positive potential
generated by this group partially neutralizes the negative potential ra-
diated by the nitrogen atom, resulting in a net increase in the minimum
energy of this lobe.

The energy minima, in kilocalories per mole, associated with each lobe
are: —40.5 (0-2, carbonyl) > =22.7 (O-1, ether) > —4.8 (N). As expected,
the largest region of negative potential, as well as the lowest minimum,
was found in the vicinity of the carbonyl oxygen atom.

DISCUSSION

The atomic coordinates and the spatial orientation of these narcotic
compounds have been manipulated so that comparisons may be readily
made among them. The illustration pertaining to morphine (Fig. 2a)
indicates three lobes of negative potential on the right side of the mole-
cule. If the quantity of energy representing these contours is made less
negative, it would become apparent that this entire region is attractive
to an electrophilic group in a biophase. The region on the opposite side
of the molecule is positive and repulsive to a reactant of this type.

Meperidine and alphaprodine each possess a similar large region of
positive potential surrounding the phenyl ring and the top of the piper-
idine ring. They differ from morphine in the shape of their regions of
negative potential. In these compounds, the ethane substituent attached
to the ester linkage radiates a dense field of positive energy that pierces
or attenuates this otherwise large field of negative potential. As a result,
an approaching electrophilic agent must be more selective in its direction
of attack.

Each of these molecules demonstrates a decreased propensity toward
electrostatic interactions in an area directly beneath the nitrogen atoms.
The energy minima in these regions are significantly less negative than
those generated by the other electronegative atoms. The affinity of these
areas for an electrophilic agent is greatly reduced. Of importance also is
the greater amount of shielding produced by the surrounding region of
positive potential. Unlike the other energy wells, the lobes associated with
each nitrogen atom are tucked in close to the underside of the molecule.
This shielding effect is more pronounced for alphaprodine, which has a
methyl group axial to the piperidine ring. In these regions, the direction
from which an electrophilic agent might approach the molecule is more
restrictive than when the lobes are associated with the oxygen atoms.

o)
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Figure 6—(a) lllustration of the electrostatic potential energy contours
of alphaprodine (ORTEP facing). The negative lobes are at —10 keal/
mole for O-1 and 0-2 and at —2 kcal/mole for N, all other lobes are at
+100 keal/mole. (b) Illustration of the electrostatic energy contours of
alphaprodine from Fig. 6a, where the molecule is rotated 90° about a
vertical axis toward the viewer.

The type of atom involved in these electrostatic potential energy cal-
culations should dictate the magnitude of the energy minimum. An
oxygen atom, having a greater ability to attract electrons than a nitrogen
atom, is expected to generate an energy minimum somewhat more neg-
ative than that produced by a nitrogen atom. This fact is substantiated
by the data presented in Table V. Each nitrogen atom generates an energy
minimum significantly less negative than any oxygen atom.

The oxygen atoms can be further segregated by the type of group in
which they reside. In general, the net atomic charges become more neg-
ative as one descends this list of chemical groups. An alcoholic oxygen
atom is expected to possess a larger number of excess electrons than an
ether oxygen because of the greater ease of extracting an electron from
a hydrogen atom. In an ether group, the oxygen atom incurs more com-
petition from the two adjacent carbon atoms, and its net atomic charge
is less negative.

A phenolic hydroxyl group is much the same as an alcoholic hydroxyl
group, but the resonating aromatic ring competes with the oxygen from
the electrons to a greater extent than a single carbon atom. As a result,
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Table V—-‘Summary of the Potential Energy Minimums 2 and the

Net Atomic Charge 5 Associated with the Noted Atom or

gur:ictlonal Group for the Narcotic Molecules Utilized in This
tudy

Table VII—Summary of the Distances between the Points of
Minimum Energy Found in Each Common Region 2 and the
Triangular Area Enclosed by These Points for the Narcotic
Molecules Utilized in This Study ?

Group Morphine Meperidine Alphaprodine
N —7.1[-0.1744] —7.8[—0.1565] —4.8 [-0.1588]
Ether —20.7 [-0.2382] —18.6 [-0.2735] —22.7 [-0.2943)]
Phenolic —24.4 {-0.2554] — —

hydroxyl
Alcoholic —32.2 [-0.3067] — —

hydroxyl
Carbonyl — =417 {~0.3291] —40.5 [-0.3376]

@ Expressed in kilocalories per mole. ? Values appear in brackets.

the net atomic charge on the oxygen atom is similar to that of an ether
oxygen. Finally, a carbonyl oxygen atom has the largest electron-with-
drawing capability because of the reduced number of protons, on the
single carbon atom, competing with the oxygen atom. To summarize, as
the list is descended, the total number of protons on the atoms adjacent
to the oxygen atom gain excess electrons. As a result of this ordering of
net atomic charges, the energy minima also vary in the same general
pattern (Table V).

Another factor also must be considered when discussing the ordering
of the energy minima associated with the oxygen atoms. As the list is
descended, the number and size of the atoms bonded to the oxygen atom
diminish. The number and magnitude of the spheres of influence gen-
erated by these nearest neighbors also diminish, resulting in less atten-
uation of the negative energy lobe.

(' particular interest is the smaller variation of the energy minima
among the nitrogen atoms themselves (Table V). In each of the three
molecules listed, the net atomic charge of the nitrogen atoms is nearly
identical. This fact in itself would lead one to expect identical energy
minima. However, the value for alphaprodine is nearly half that of the
other molecules. This aberrant behavior pointedly demonstrates the
steric effect created by the C-10 methyl group of alphaprodine. The
spatial location of this substituent is close enough to the nitrogen atom
that its sphere of positive influence mitigates the negative potential
generated by the nitrogen atom, thus rendering the minimum less neg-
ative. With nearly identical net atomic charges, electron density illus-
trations would not show any discernible differences in this region of the
molecules.

Several other irregularities also demonstrate the significant influence
of neighboring atoms on the energy minima (Table V). One would expect
the energy minimum to become more negative as the number of electrons
in a given atom increases. Comparing the ether groups of morphine and
meperidine, one finds the minimum energies to be proportional to the
net atomic charges. An analogous situation exists with the meperidine
and alphaprodine carbonyl groups.

These trends illustrate the specificity and sensitivity of this method
to depict small changes in the electronic character of a molecule and to
depict uniquely the steric effects caused by interactions of molecular
constituents.

In any discussion of drug-receptor mechanisms, electrostatic inter-
actions between the pharmacophore and receptor must be considered.
In a given series of similar pharmacological agents, such as the narcotics
presently being discussed, a comparison of their electrostatic potential
energy characteristics is essential. Each of these molecules possesses at
least three energy wells in similar geometrical or spatial regions. The
minimum energies in each region in the molecular environment are listed
in Table VI

Region 1 includes the energy wells generated by the nitrogen atoms,
and Region 2 is comprised of the ether oxygens of morphine and me-

Table VI—Summary of the Potential Energy Minimums 2
Associated with the Common Spatial Regions for the Narcotic
Molecules Utilized in This Study

Region®
Molecule 1 2 3 4
Morphine -7.1 -20.7 -32.2 —-24.4
Meperidine -17.8 —18.6 —-41.7 —
Alphaprodine -4.8 —40.5 -22.7 —

¢ Expressed in kilocalories per mole. ? See the text for a description of the het-
eroatoms associated with each region.
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Vector, A
Molecule 1-2 1-3 2-3 Area, A2
Morphine 6.8[5.22] 7.7[6.50] 4.2[272]  14.3[6.9]
Meperidine 6.3[5.10] 58[4.98] 4.2[2.27) 12.0[5.6]
Alphaprodine 6.8 [5.39] 5.3 [4.33] 4.2 [2.44] 11.0 [4.7]

@ See the text for a description of the heteroatoms associated with each region.
% Values denoted in brackets were derived in a similar manner from the nuclear
coordinates of the heteroatoms associated with each region.

peridine and the carbonyl oxygen oi alphaprodine. The alcoholic hydroxyl
of morphine, the carbonyl oxygen of meperidine, and the ether oxygen
of alphaprodine are located in Region 3. Morphine has a fourth energy
well generated by the phenolic hydroxyl group. Meperidine and al-
phaprodine do not possess a corresponding region of low potential en-
ergy.

The energy minima for morphine and meperidine are ranked in the
same order but differ slightly in magnitude. In each molecule, the lobes
occupying Regions 1 and 2 are generated by a nitrogen atom and an ether
oxygen atom, respectively. On this basis, one might expect similar min-
imum energies, barring any steric influence from neighboring atoms. The
lowest potential energy in Region 2 of meperidine is somewhat less neg-
ative than the corresponding value for morphine. The sphere of negative
potential energy in this region of the morphine molecule possesses spatial
contours larger in volume because of the additive effect of the phenolic
hydroxyl in Region 4. This condition undoubtedly accounts for the
slightly more negative minimum in Region 2 of morphine.

A somewhat larger deviation is found when comparing the minimum
energies in Region 3 of morphine and meperidine. These energy wells are
generated by an alcoholic hydroxyl and a carbonyl oxygen atom, re-
spectively. Previously, it was noted that the alcoholic oxygen atom pos-
sessed a less negative net atomic charge, thus accounting for part of this
deviation. A large sphere of positive potential is generated by the alcoholic
hydrogen atom, which tends to produce a less negative minimum energy
in Region 2 of morphine.

The smaller minimum energy found in Region 1 of alphaprodine has
already been discussed in regard to the sphere of influence generated by
the extra methyl group in this molecule. The relative strengths of the
minima in Regions 2 and 3 of alphaprodine are reversed from those in
morphine and meperidine (Table VI), partially as a result of the ester
group being approximately 180° out of phase with the same chemical
group of meperidine.

The ester groups of these two molecules have about the same geo-
metrical configuration and spatial coordinates. It would be expected that
the relative order and magnitudes of the alphaprodine minimums could
be made to conform to those of morphine and meperidine by rotation of
the ester linkage. In such a configuration, a close correlation would be
noted among the energy minima found in nearly identical regions of each
of these narcotic molecules.

The electrostatic potential energy surface contours are unique in that
they can be utilized to combine elements from both the stereochemical
and quantum mechanical approaches to the elucidation of drug-receptor
conformations. The magnitude of the electrostatic interactions is an in-
dicator of the intermolecular affinity between two or more species. As
noted from the illustrations, these forces are not evenly distributed about
the molecule but are localized in specific regions; each region radiates a
sphere of influence from its nucleus or point of minimum energy.
Therefore, critical distances should not be calculated from the nuclear
coordinates of the reactive atoms but from the centers of the minimum
energy wells. Since these energy minima are not symmetrically distrib-
uted about an atom because of the influence of its neighbors, a more ac-
curate description of the location of the “reactive sites” is obtained from
the point of minimum energy.

Table VII lists the distances calculated between these points in similar
regions of low electrostatic potential. The regions are numbered by the
same convention used in the previous table. For comparison purposes,
the distances between the nuclei of the atoms generating these minimum
energies are included in brackets. The distance between each pair of
minima occupying similar regions are nearly identical among the three
molecules. The major exception is the Region 1-3 interval in morphine.
This deviation is a consequence of the alcoholic hydroxyl group of Region



3 being approximately one carbon—carbon bond length further removed
from the nitrogen atom.

The positions of the energy minima associated with the three negative
lobes common to each molecule may be thought of as representing the
vertices of a triangle. The similarities of the geometrical configuration
of the electrostatic potential energy field surrounding each compound
is demonstrated by a comparison of the areas of these triangles (Table
VID. The values corresponding to meperidine and alphaprodine are
nearly identical. As a result of the increased distance between Regions
1 and 3, the area corresponding to morphine is slightly larger.

The data in Table VII derived from the nuclear coordinates show ap-
proximately the same rank correlation as those derived from the positions
of minimum energy. The significant feature is the larger magnitude of
the distances calculated by the latter method. This result indicates the
much larger total sphere of influence a molecule presents to a receptor
than might be implied by using measurements taken from the nuclear
coordinates.

At the beginning of this investigation, it was noted that the molecular
structures of meperidine and alphaprodine were systematically manip-
ulated so that the anticipated positions of the energy wells would occupy
approximately the same spatial regions in each molecule. Examination
of the illustrations and the data of Table VII shows the manipulations
to be effective in achieving this end.

If the original coordinates, derived from the crystallographic data, were
used to generate the electrostatic potential energy contour surfaces, the
distances between Regions 1 and 2 and 1 and 3 would be reduced for both
meperidine and alphaprodine. The vector from Region 2 to Region 3
would not be altered due to the rigidness of the ester group. In these
molecules, the inversion of the piperidine ring reorients the ester group
from an axial to an equatorial position, resulting in electrostatic potential
energy contours that closely mimic those of morphine with a minimum
expenditure of conformational energy.

Much smaller variations in the distances between the energy wells may
be achieved by rotation of the individual functional groups about their
adjacent bonds. With the exception of the carbonyl group, the points of
minimum energy are remote from the bond axis. Rotation about a bond
would reorient the negative energy lobe.

Rotation about the C-O bonds of the hydroxyl groups of morphine
would alter only slightly the positions of the energy minima associated
with the oxygen atoms. In meperidine, the ester linkage may be rotated
about the C-3-C-7 bond, within the limits dictated by the conformational
energy. A similar rotation could be applied to the C-3-0-1 bond of al-
phaprodine. In each case, the positions of the energy wells would be offset
by a small distance. In any case, the effect created by the extra carbon-
carbon length between the nitrogen atom and alcoholic hydroxyl of
morphine could not be compensated for by these manipulations.

A more important point is the effect of any molecular configurational
modification on the magnitudes of the various energy wells. Each negative
energy lobe is oriented on a vector away from all other neighboring atoms.
Small rotations about the bonds specified would tend to bring these lobes
into closer proximity to the neighboring atoms. The steric relationships
of these atoms would have a profound effect on the electrostatic energy
minima, resulting in less negative values and changes in the shapes of the
isopotential surfaces.

If it is assumed that the electrostatic forces play an important role in
drug-receptor interactions, these spheres of influence would determine
the proper and maximal alignment of a pharmacophore with a receptor.
An affinity for the receptor could result if proper alignment could occur.
The minimum energies, as well as the spatial location of the negative
energy lobes, would be of utmost importance. Under these conditions,
the members of a homologous series of pharmacophores would not have
to possess identical energy minima at exactly the same spatial locations.
Any small deviation from the optimum position for an energy well could
be compensated for by a more negative energy minimum associated with
that well. In such a situation, the net attractive force between a molecule
and a receptor would remain constant.

A comparison of morphine and meperidine can be used to illustrate
this principle. If one assumes that the negative energy lobes associated
with the nitrogen atom and the oxygen atom of the aleoholic hydroxyl
group of morphine are in “perfect” alignment with complementary re-
ceptor sites, the meperidine molecule would not physically match these
sites identically. In the latter compound, the carbonyl oxygen atom and
its corresponding point of minimum energy would be far removed from
the receptor site. However, the energy minimum (Table VI, Region 3)
in this region is significantly more negative, producing a sphere of in-
fluence much larger in volume than that in the corresponding position
of morphine. Because of this magnified effect, it is conceivable that this

region of low electrostatic potential extends away from the molecule far
enough to engage the same receptor site. If the ester group of alphapro-
dine is rotated, as mentioned previously, this same reasoning would apply
to that compound.

The possibility of the receptor itself modifying the conformation of
the pharmacophore also must be considered. Just as the drug molecule
is considered as a field of electrostatic forces, the receptor must be
thought of likewise. The fields of electrostatic attraction and/or repulsion
generated by the receptor molecule could perturb the pharmacophore
to a small degree. This effect, in turn, could aid in the proper alignment
of these species and increase the efficiency of the drug-receptor inter-
action. This ability of drugs to undergo molecular reorganization upon
interacting with a receptor also was recognized by Portoghese (29).

It is also possible to alter the magnitude and position of the minimum
energy at a point in the molecular environment by aitering neighboring
substituent groups. The C-10 methyl group of alphaprodine significantly
changed the magnitude of the minimum energy associated with the ni-
trogen atom to a less negative value. The opposite effect might also be
designed into a drug molecule. For example, the addition of an electro-
negative group on a position in close proximity to one already present
in a molecule would enhance the minimum energy, producing a more
negative value. This result, in turn, would increase the volume of its
sphere of influence. The position of the energy minimum may also be
altered by such an additional chemical group.

CONCLUSIONS

The purpose of this study was to devise a method by which three-
dimensional illustrations could be produced to allow visualization of the
electronic characteristics of a molecule. To devise a viable research tool
to accomplish this task, it was necessary to introduce some assumptions
and approximations to reduce the computational efforts involved.

The electrostatic potential energy contour surface illustrations were
prepared from molecules that admittedly exist in vacuo. In reality, a
molecule cannot exist as a single entity but always coexists with other
molecules of its own or of a differing kind. Such a close relationship of
molecular entities tends to influence the electronic structure of each. In
an analogous manner, the association of a drug with a receptor could cause
mutual perturbations in both the pharmacophore and molecular con-
stituents of the biophase. However, the amount of computational effort
necessary to consider the perturbations is beyond the realm of reality at
this time. The method presented fulfilled the objectives initially set forth.
It allows one to view the physical configuration of a molecule in terms of
the electrostatic forces generated by the constituent atoms and to discern
how these contours are perturbed by molecular modifications.

The superiority of the electrostatic potential contour surface illus-
trations may also be substantiated by some features found in the narcotic
illustrations. The unsymmetrical shape of the region of negative potential
associated with the ether group of morphine provided evidence of possible
intramolecular hydrogen bonding.

In comparing the molecules of the narcotic series, the attenuating effect
of the fields of electrostatic potential energy about a molecule was noted
from the significant influence of the C-10 methyl group of alphaprodine
in rendering less negative the minimum energy associated with the ni-
trogen atom. The electron population assigned to this nitrogen atom is
nearly identical to that in meperidine and morphine.

The electrostatic potential energy contour surface illustrations allow
one to discern readily the regions in the molecular environment that are
attractive or repulsive to an approaching electrophilic group.

A sensitive probe has been developed which makes clearly perceptible
one force within a molecule that is important in any discussion of drug
interactions in the biophase.
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Abstract O The synthesis and preliminary biological testing for in vitro
cholesterol biosynthesis inhibitory activity of 2-indeneacetic acid, 2-
methyl-1,2-dihydro-2-naphthoic acid, and their 5- and 7-chloro deriva-
tives, respectively, are described. These compounds were prepared as
trans- and cis-analogs of the known antilipemic agent 3-methyl-4-phe-
nyl-3-butenoic acid. Although both series of compounds showed cho-
lesterol biosynthesis inhibitory properties, chloro substitution enchanced
potency only in the cis-system. These findings are discussed in terms of
a possible relationship between the cis-compounds and clofibrate-type
antilipemic agents.

Keyphrases O cis- and trans-3-Methyl-4-phenyl-3-butenoic acid an-
alogs—synthesized, evaluated for effect on cholesterol biosynthesis in
rat liver homogenates O 2-Indeneacetic acid and 5-chloro derivative—
synthesized, evaluated for effect on cholesterol biosynthesis in rat liver
homogenates 0 2-Naphthoic acids, substituted-—synthesized, evaluated
for effect on cholesterol biosynthesis in rat liver homogenates @ Cho-
lesterol biosynthesis—effect of 2-indeneacetic acid and substituted 2-
naphthoic acids and chloro derivatives, rat liver homogenates 0 Struc-
ture-activity relationships—effects of 2-indeneacetic acid and substi-
tuted 2-naphthoic acids and chloro derivatives on cholesterol biosynthesis
in rat liver homogenates

In continuing investigations (1) of the structure-activity
relationships for cholesterol biosynthesis inhibition by
compounds related to 3-methyl-4-phenyl-3-butenoic acid
{benzalbutyric acid) (I), the influence of the double bond
stereochemistry on biological activity was examined.
Compound I exists in the (E)-configuration (2), but it has
not been established that this configuration represents the
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optimal geometry for biological action.

In an initial attempt to obtain information relating to
this question, the synthesis of indeneacetic acids (Ila and
11b) and dihydronaphthoic acids (I1la and IIIb) as trans-
and cis-congeners of the parent system was undertaken.
Although these compounds also differ with respect to the
«-carbon substitution pattern, they were believed to be
useful as initial probes. This report describes their syn-
thesis and preliminary in vitro testing.

DISCUSSION

The synthesis of [Ia and IIb is outlined in Scheme I (also see Experi-
mental). Although the mixture of hydroxy acid X and lactone X1 could
be converted entirely into the lactone by prolonged stirring in dilute
sulfuric acid, for preparative runs it was more convenient to use the
mixture directly for the subsequent reaction.

Synthesis of the cis-analogs was accomplished according to the se-
quence outlined in Scheme IL

Interestingly, if the methanolysis of X VIII or the mixture of XVII and
X VIII was terminated after refluxing for only 4 hr and the product was
saponified, methoxy acid XX could be obtained from the reaction product
mixture. This finding is in agreement with the suggestion advanced
previously (3) that methanolyses of similar tricyclic lactones, including
XI, proceed vig an intermediate benzyl carbonium ion. This conclusion
was based largely on the fact that methanolysis of y-phenylbutyrolactone
afforded methyl 4-methoxy-4-phenylbutanoate instead of the anticipated
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methyl-1,2-dihydro-2-naphthoic acid, and their 5- and 7-chloro deriva-
tives, respectively, are described. These compounds were prepared as
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and cis-congeners of the parent system was undertaken.
Although these compounds also differ with respect to the
«-carbon substitution pattern, they were believed to be
useful as initial probes. This report describes their syn-
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DISCUSSION

The synthesis of [Ia and IIb is outlined in Scheme I (also see Experi-
mental). Although the mixture of hydroxy acid X and lactone X1 could
be converted entirely into the lactone by prolonged stirring in dilute
sulfuric acid, for preparative runs it was more convenient to use the
mixture directly for the subsequent reaction.

Synthesis of the cis-analogs was accomplished according to the se-
quence outlined in Scheme IL

Interestingly, if the methanolysis of X VIII or the mixture of XVII and
X VIII was terminated after refluxing for only 4 hr and the product was
saponified, methoxy acid XX could be obtained from the reaction product
mixture. This finding is in agreement with the suggestion advanced
previously (3) that methanolyses of similar tricyclic lactones, including
XI, proceed vig an intermediate benzyl carbonium ion. This conclusion
was based largely on the fact that methanolysis of y-phenylbutyrolactone
afforded methyl 4-methoxy-4-phenylbutanoate instead of the anticipated
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8,v-unsaturated ester. This report (3) suggested that the methoxy com-
pound was produced because substitution by methoxide occurred in
preference to elimination, as in the tricyclic lactones. The results obtained
in the present case, however, imply that the y-methoxy esters either are
intermediates in the formation of the 8,y-unsaturated esters or, more
likely, are in equilibrium with the benzyl carbonium ion since none of the
methoxy acid was detected when the methanolysis was allowed to con-
tinue for 24 hr.

EXPERIMENTAL?

2-Indeneacetic Acid (I1a)—Compound Ile was prepared as de-
scribed previously (3), affording slightly yellow flakes from 20% aqueous
acetic acid, mp 122-123° {lit. (3) mp 124-125°].

Anal.—Calc. for C;1HgO9: C, 75.84; H, 5.79. Found: C, 75.79; H,
5.70.

5-Chloro-1-indanone (VIIb)—Compound VIIb was prepared as
described previously (4) from m-chlorobenzaldehyde (5) and sublimed
at 80°, affording white crystals, mp 72-88°, apparently as a mixture of
keto and enol forms since the material appeared chromatographically
(TLC) and spectroscopically pure. Crystallization from ethyl acetate
afforded colorless crystals, mp 93-95° [lit. (4) mp 100°].

Anal.—Cale. for CoH,ClO: C, 64.88; H, 4.23; Cl, 21.28. Found: C, 64.66;

? Melting points were determined with a Thomas-Hoover apparatus and are
uncorrected. Elemental analyses were performed by Galbraith Laboratories,
Knozxville, Tenn., or by Baron Consulting Co., Orange, Conn. IR spectra were re-
corded on a Beckman Acculab 3 spectrophotometer. NMR spectra were obtained
with a Hitachi Perkin-Elmer model R-24 spectrometer, using tetramethylsilane
as the internal standard. In all cases, the spectra obtained were consistent with
proposed structures.

For biological evaluations, 14C-counting was performed with a Packard Tri-Carb
liquid scintillation spectrometer, model 3375. Where unspecified, organic solutions
were dried prior to evaporation of the solvent with either anhydrous sodium sulfate
o}rﬂan}(liydrous magnesium sulfate. Brine refers to a saturated solution of sodium
chioride
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H, 4.32; C], 21.56.

5-Chloro-2-methoxycarbonyl-1-indanone (VIIIb)—According
to the method of House and Hudson (6), a solution of 8.0 g (48 mmoles)
of VIIb in 65 ml of sodium-dried benzene was added dropwise over 2 hr
to a mixture of 34 ml of dimethyl carbonate and 3 equivalents of sodium
hydride (6.91 g of a 50% dispersion in mineral oil) in 85 ml of benzene at
85°. Heating was continued for 2 hr after the complete addition. The
mixture was then cooled at 15° and acidified with 15 ml of acetic acid.

The resulting mixture was poured onto ice-hydrochloric acid, and the
organic phase was washed successively with saturated sodium bicarbonate
and brine and then dried. The solvent was removed in vacuo, affording
a dark-green oil. The oil was distilled with the aid of a heat lamp to pre-
vent crystallization in the distilling head. The distillate was recrystallized
from hot hexane after treatment with charcoal, affording 5.2 g (438%) of
VIIIb as white crystals, mp 83-84°.

Anal.—Cale. for C11HgClO3: C, 58.81; H, 4.04; Cl, 15.78. Found: C,
58.37; H, 4.09; Cl, 15.41.

5-Chloro-1-indanone-2-acetic Acid (IXb)-—A mixture of 6.0 g (26.7
mmoles) of VIIIb, 5.5 g (33 mmoles) of ethyl bromoacetate, and 3.8 g (37.6
mmoles) of triethylamine in 300 ml of sodium-dried ether was heated at
reflux for 24 hr. The solvent was removed in vacuo, and 375 ml of 6 N
H3S0,4 was added. The resulting mixture was heated at reflux overnight.
The reaction mixture was allowed to cool and was then extracted with
ether.

The ether solution was extracted several times with saturated sodium
bicarbonate solution, and the combined bicarbonate extracts were
acidified with dilute sulfuric acid. The precipitate was isolated and dried
in a heated vacuum desiccator, affording 4.6 g (77%) of crude IXb as a

OCH,

CO.H
Cl CH,
XX
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colorless solid, mp 158-161°. Recrystallization from ethyl acetate afforded
an analytical sample, mp 162-163°,

~ Anal.—Calc. for C;;HgClOg: C, 58.81; H, 4.04; Cl, 15.78. Found: C,
58.40; H, 4.22; Cl, 15.94.

5-Chloro-1-hydroxy-2-indaneacetic Acid Lactone (XIb)—To a
solution of IXb (2.5 g, 11.1 mmoles) in 90 ml of 2 N NaOH was added 0.41
g (11.1 mmoles) of sodium borohydride. The solution was allowed to stir
at room temperature for 24 hr and was then acidified with 4 N HSO,.

The resulting mixture was extracted with ether, the organic phase was
dried, and the solvent was removed in vacuo, affording 2.19 g of white
solid as a mixture of Xb and XIb. The mixture was then stirred in 200
ml of 4 N HySO, for 3 days, and the solid was filtered and dried in vacuo,
affording 2.04 g (89%) of XIb, mp 111-114°. Recrystallization from
heptane-ethy! acetate afforded an analytical sample, mp 119.5-121°.

Anal.—Calc. for C1;HgClO4: C, 63.32; H, 4.35; Cl, 16.99. Found: C,
63.06; H, 4.45; Cl, 17.00.

5-Chloro-2-indeneacetic Acid (I1b)—A solution of XIb (1.62 g, 7.77
mmoles) in 50 ml of methanol containing 1 ml of concentrated sulfuric
acid was heated at reflux for 18 hr. The cooled solution was diluted with
100 ml of ether and washed with 100 ml of distilled water. The aqueous
layer was extracted with 100 ml of ether, and the combined organic layers
were washed successively with 100 ml of saturated sodium bicarbonate
and brine.

The resulting solution was dried, and the solvent was removed in vacuo,
affording a yellow-orange oil. The oil was dissolved in 100 ml of acetic
acid-concentrated hydrochloric acid (4:1) and heated on a steam bath
for 2 hr. The cooled reaction mixture was poured onto 300 g of ice. The
precipitate was isolated and dried, affording 1.16 g (72%) of crude prod-
uct, mp 129-132°. Recrystallization from heptane-ethyl acetate afforded
pure IIb, mp 134.5-136°.

Anal.—Calc. for C;;HoClOg: C, 63.32; H, 4.35; Cl, 16.99. Found: C,
63.47; H, 4.28; Cl, 16.85.

2-Benzyl-2-methylsuccinic Acid (XVa)—Compound XVa was
prepared as described by Foucaud (7), affording a white powder, mp
140-142° [lit. (7) mp 144°].

Anal.—Calc. for C;sH1404: C, 64.85; H, 6.35. Found: C, 65.24; H,
6.43.

2-Methyl-4-0x0-1,2,3,4-tetrahydro-2-naphthoic Acid (XVIa)—A
mixture of 5.8 g (26.1 mmoles) of diacid XVa and 50 ml of concentrated
sulfuric acid was stirred at 45-50° for 4 hr. The cooled mixture was poured
onto ice (300 g) and extracted with ether (3 X 100 ml). The combined
ether extracts were washed with brine and dried, and the solvent was
evaporated. Recrystallization of the solid residue from ethy] acetate af-
forded 4.1 g (78%) of XVla as white crystals, mp 163-166°. A further
recrystallization afforded an analytical sample, mp 172.5-174.5°.

Anal.—Cale. for C;3H,504: C, 70.57; H, 5.92. Found: C, 70.56; H,
6.08.

2-Methyl-1,2-dihydro-2-naphthoic Acid (ITIa)—To a solution of
XVIa (20.4 g, 0.1 mole) in 300 ml of 2 N NaOH was added 3.8 g (0.1 mole)
of sodium borohydride, and the solution was allowed to stir at room
temperature. After 24 hr, the solution was acidified by dropwise addition
of 4 N H;S0, and was then extracted with ether. The ether extract was
washed with brine and dried, and the solvent was removed in vacuo, af-
fording 19.5 g of a mixture of XVIIa and XVIIla in an undetermined
ratio. Without further purification, the mixture was dissolved in 500 ml
of methanol, and 5 ml of concentrated sulfuric acid was added.

The resulting solution was heated at reflux for 30 hr, cooled to room
temperature, and concentrated in vacuo to about 60% of the original
volume. The concentrate was then partitioned between 250 ml each of
ether and distilled water. The aqueous phase was removed and extracted
with 3 X 150 m] of ether, and the combined organic layers were washed
with brine and dried. Evaporation of the solvent afforded 20 g of crude
XIXa as a yellow-orange liquid. Although the procedure was not per-
formed routinely, the hydroxy acid XVIIa could be isolated from the
crude mixture by crystallization from ethyl acetate as colorless crystals,
mp 181-183°.

Anal.—Calc. for C19H 405 C, 69.88; H, 6.84. Found: C, 69.75; H,
6.86.

Lactone XVIIla was obtained by evaporating the filtrate, redissolving
in ether, and washing with saturated sodium bicarbonate solution. The
remaining ether solution was dried, and the solvent was evaporated.
Recrystallization of the residue from hexane afforded pure XVIlla, mp
86.5-87.5°.

Anal.—Calc. for CsH1202: C, 76.57; H, 6.43. Found: C, 76.37; H,
6.35.

Crude XIXa was dissolved in 450 ml of methanol, and 16.5 g (0.25
mole) of 85% potassium hydroxide was added. The solution was refluxed
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for 12 hr, cooled, concentrated in vacuo to about 100 ml, and diluted with
200 m! of distilled water. The resulting aqueous solution was washed with
3 X 100 ml of ether and acidified with 4 N HoSO,. The resulting mixture
was extracted with 3 X 100 ml of ether, and the combined ether extracts
were washed with brine and dried. The solvent was then removed in
vacuo, affording 16.8 g (89% overall from XVla) of crude I1la as a slightly
yellow solid, mp 89-92°. Recrystallization from hexane afforded pure
I1la, mp 93-94.5°.

Anal.—Calc. for CyoH1909: C, 76.57; H, 6.43. Found: C, 76.72; H,
6.51.

4-Methoxy-2-methyl-1,2,3,4-tetrahydro-2-naphthoic  Acid
(XX)—A solution of 5.0 g of XVIIla in 50 ml of methanol was refluxed
for 4 hr and worked up as described above to give 5.1 g of a cloudy liquid.
Distillation (105-115°/0.6 mm) afforded 4.7 g of an impure oil. A 3.0-g
portion of this material was refluxed for 2.5 hr in a mixture of 15 ml of
methanol and 15 ml of 2 N NaOH. Workup gave 2.7 g of a viscous oil,
which was dissolved in hot hexane. The solution was allowed to stand at
room temperature overnight, and 0.5 g of a white solid, mp 142-145°, was
isolated. A further recrystallization from hexane afforded pure XX, mp
145-147°.

Anal.—Calc. for C;3H1g03: C, 70.89; H, 7.32. Found: C, 70.71; H,
7.48.

Methyl 2-Cyano-4-(3’-chlorophenyl)-3-methyl-2-butenoate
(XIVb)—A mixture of 26.0 g (0.154 mole) of m-chlorophenylacetone (8),
19.1 g (0.193 mole, 1.25 equivalents) of methyl cyanoacetate, 0.5 ml of
piperidine, and 0.5 m! of acetic acid in 100 ml of sodium-dried benzene
was refluxed for 18 hr; water was collected in a Dean-Stark trap. The
reaction mixture was allowed to cool to room temperature; it was then
diluted with 200 ml of ether and washed successively with 100-ml portions
of distilled water, saturated sodium bicarbonate, brine, 3 N HCI, and
brine.

The resulting solution was dried, and the solvent was removed in vacuo.
Distillation of the residue afforded 32.6 g (85%) of XIVb as a slightly
yellow liquid, bp 138-148°/0.3 mm. This liquid was shown to be ap-
proximately a 1:1 mixture of (E)- and (Z)-isomers by NMR analysis, with
the methyl groups appearing as sharp singlets at 5 2.14 and 2.25 ppm, the
methoxyl protons appearing at 6 3.80 and 3.83 ppm, the methylene pro-
tons appearing at 6 3.83 (shoulder on methoxyl resonance) and 4.13 ppm,
and the aromatic protons appearing as a multiplet centered at & 7.18 ppm.
No attempts were made to purify the material further or to separate the
isomers.

2-(3'-Chlorobenzyl)-2-methylsuccinic Acid (XVb)—A solution
of 5.0 g (0.020 mole) of XIVb in 50 ml of absolute ethanol was warmed
to about 60° and 3.4 ml of 50% aqueous potassium cyanide was added.
The mixture was heated at reflux for 18 hr, and 50 ml of 6 N NaOH was
added. The ethanol was removed by distillation, and the resulting mixture
was refluxed an additional 12 hr. The cooled reaction mixture was poured
into ice—sulfuric acid (300 g, 30 ml) and extracted with ether.

The organic solution was then washed with brine and dried. The sol-
vent was then removed in vacuo, leaving a viscous oil which crystallized
from benzene-heptane, affording 4.6 g (89%) of crude XVb, mp 138-143°.
Recrystallization from benzene afforded white crystals, mp 144-146°.

Anal.—Cale. for C19H;3Cl04 C, 56.15; H, 5.10; Cl, 13.81. Found: C,
55.80; H, 4.90; C), 14.14.

7-Chloro-2-methyl-4-0x0-1,2,3,4-tetrahydro-2-naphthoic Acid
(XV1b)— A solution of 5.80 g (22.6 mmoles) of XVb in 60 ml of concen-
trated sulfuric acid was stirred at 50° for 3 hr. The resulting solution was
poured onto ice (300 g); the precipitate was filtered and dried, affording
4.6 g (85%) of crude product, mp 158-162°. Recrystallization from ethyl
acetate afforded pure XVIb as colorless crystals, mp 163-165°.

Anal.—Calc. for C12H;,Cl103: C, 60.39; H, 4.65; Cl, 14.86. Found: C,
60.29; H, 4.58; Cl, 15.04.

7-Chloro-4-hydroxy-2-methyl-1,2,3,4-tetrahydro-2-naphthoic
Acid Lactone (XVIII b)—To a solution of 1.07 g (4.5 mmoles) of XVIb
in 50 ml of 2 N NaOH was added 0.17 g (4.5 mmoles) of sodium borohy-
dride. After 24 hr, the solution was acidified and extracted with ether (3
X 50 ml). The combined organic layers were washed with brine and dried,
and the solvent was removed in vacuo. The resulting solid was stirred
for 4 days in 4 N HoSQ, at room temperature, filtered, and dried, af-
fording 0.93 g (93%) of the crude lactone, mp 102-105°. Recrystallization
from ethyl acetate afforded pure XVIb, mp 105-106°.

Anal.—Calec. for C12H1:1Cl0s: C, 64.73; H, 4.98. Found: C, 64.43; H,
4.63.

7-Chloro-2-methyl-1,2-dihydro-2-naphthoic Acid (II1b)—A so-
lution of 2.0 g (9.0 mmoles) of XVIIIb in 50 ml of methanol containing
1 ml of concentrated sulfuric acid was heated at reflux for 18 hr. The
cooled solution was diluted with 100 ml of ether and washed with 100 ml



Table I—Effect of Compounds on Incorporation of 2-'4C-Acetate
into Neutral Sterols by Rat Liver Homogenate Preparations

Concentration, Percent
Compound mM Incorporation®
I 10 6.7 £ 0.51¢
1 40.9 + 0.95
0.5 54.4 + 2.00
0.1 72.7 £ 9.90
la 10 8.1+1.85
5 189 + 1.65
1 64.1 +£ 2.03
0.5 75.0 £ 2.08
IIb 10 1.8 £ 0.57
5 7.8 + 4.06
1 60.3 + 1.01
0.5 85.9 + 1.34
Ila 10 20.8 + 2.62
5 54.3 £ 2.11
1 95.9 + 6.72
0.5 106.9 £ 3.72
IIIb 10 0.7 +£0.17
5 6.2 + 3.35
1 57.7+6.91
0.5 66.8 + 2.91

¢ Relative to incorporation in controls being defined as 100%. ® Data taken from
Ref. 1. < Standard error of mean of three experiments,

of distilled water. The aqueous layer was extracted with 100 ml of ether,
and the combined organic layers were washed with 100-ml portions of
saturated sodium bicarbonate and brine and dried. The solvent was
evaporated in vacuo.

The resulting oil was dissolved in 50 ml of methanol and 1.2 g of po-
tassium hydroxide. The solution was allowed to reflux overnight and
acidified with 100 ml of 2 N HzSO,. The mixture was then extracted with
2 X 100 ml of ether. The combined extracts were washed with brine and
dried. The solvent was then removed in vacuo, affording 1.74 g (87%) of
crude product, mp 132-135°. Recrystallization from heptane gave pure
1114, mp 138-140°.

Anal.—Cale. for C1oH;1Cl04: C, 64.73; H, 4.98; Cl, 15.92. Found: C,
64.52; H, 5.30; Cl, 16.20.

RESULTS

Compounds Ila, I1b, IIla, and I1Ib were examined for their ability to
inhibit the incorporation of 2-14C-acetate into nonsaponifiable sterols
by rat liver homogenates using the method described previously (1)
(Table I).

In the unsubstituted compounds, the trans-analog Ila is considerably
more potent than the cis-Illa, as was anticipated. However, the effect
of para-substitution in the two systems is quite different. Incorporation
of the chloro group in the trans-system, on the other hand, produced a
marked increase in potency.

The variable response observed for the two systems cannot be ac-
counted for on the basis of available information since several alternative
explanations are possible. From among those possible, however, certain
rationalizations readily lend themselves to further examination by ex-
tension of the series of compounds employed in this study.

On the basis of earlier studies with acyclic analogs of I (1), it was an-

ticipated that chloro substitution para to the point of attachment of the
double bond would enhance potency, especially in the trans-system,
which is structurally more closely related to the acyclic analogs. However,
this effect was demonstrated only for compounds in which the carbon
alpha to the carboxyl group is tetrasubstituted. Previously, it was sug-
gested that the apparent reduction in potency resulting from p-chloro
substitution in 1 (9) might be due to contamination of material with the
less active 8,y-unsaturated isomer. In view of the results reported herein,
such an explanation is less attractive. These observations would, however,
be consistent with the suggestion that the mode of action depends on the
substitution pattern at the a-carbon atom. The synthesis of additional
analogs that should help clarify the situation is currently in progress.

The difference in the effect of substitution in the two systems also al-
lows an interesting interpretation on the basis of geometrical properties.
One original goal of this research program was to obtain information that
could be used in relation to the speculation that I and 2-(4'-chlorophe-
noxy)-2-methylpropanoic acid (XXI), the active metabolite of clofibrate,
might be affecting cholesterol biosynthesis by similar mechanisms. Ex-
amination of Dreiding models of I1a, 115, I1la, I1Ib, and XX reveals that
only the cis-compounds can adopt conformations in which the distance
between the center of the aromatic ring and the carboxyl group is similar
to that possible for XXI. The interatomic distances between the centroid
of the aromatic ring and the carboxyl carbon as measured using Dreiding
models fall in the possible ranges of 3.5-4.9 A for XXI, 4.2-5.3 A for Illa
and II1b, and 5.8 A for Ila and IIb. Furthermore, it is known that removal
of the chloro substituent in XXI and its analogs lowers their potency as
inhibitors of cholesterol biosynthesis (10, 11). It seems possible, therefore,
that Illa and IIIb may be interacting with the same receptor site(s) as
XXI. The additional analogs currently being prepared should provide
additional information for assessing these and other possible explana-
tions.

REFERENCES

(1) E. S. Stratford, J. Med. Chem., 18, 242 (1975).
(2) S.G.Boots, M. R. Boots, and K. E. Guyer, J. Pharm. Sci., 60,614
(1971).
(3) S. K. Dasgupta, S. R. Ghosh, and A. S. Sarma, Tetrahedron Lett.,
1969, 2331.
(4) L. Novak and M. Protiva, Coll. Czech. Chem. Commun., 27,2413
(1962).
(5) K. C. Pandya and R. B. Pandya, Proc. Indian Acad. Sci., 14A,
112 (1941).
(6) H. 0. House and C. B. Hudson, J. Org. Chem., 35, 647 (1970).
(7) A.Foucaud, Bull. Soc. Chim. Fr., 873 (1963).
(8) K.L.Nelson, J. C. Robertson, and J. J. Duvall, J. Am. Chem. Soc.,
86, 684 (1964).
(9) U. Valeavi and L. Gaudenzi, Farmaco, Ed. Sci., 16, 571 (1961).
(10) D. T. Witiak, T. C.-L. Ho, R. E. Hackney, and W. E. Connor, J.
Med. Chem., 11, 1086 (1968).
(11) D.T. Witiak, E. S. Stratford, R. Nazareth, G. Wagner, and D. R.
Feller, ibid., 14, 758 (1971).

ACKNOWLEDGMENTS

Supported by Grant HL 14950 from the National Institutes of
Health.

Vol. 67, No. 1, January 1978/ 83



GLC Determination of Warfarin in Human Plasma

S. HANNA x, M. ROSEN, P. EISENBERGER,
L. RASERO, and L. LACHMAN

Received April 19, 1976, from the Quality Control Department, Endo Laboratories, Inc., Garden City, NY 11530 (Subsidiary of E. I. du Pont de

Nemours & Co., Inc.). Accepted for publication April 8, 1977.

Abstract O A specific and quantitative GLC method for warfarin in
human plasma is described. The procedure uses papaverine as the in-
ternal standard and involves a dichloroethane extraction of the acidified
specimen. The organic extract is evaporated, and the evaporated extract
is dissolved in 50 ul of chloroform. Aliquots of 2-3 ul are injected into a
gas chromatograph equipped with a flame-ionization detector. The
sensitivity of the method is such that 0.3 ug of intact warfarin can be
detected in 1 ml of plasma. Statistical analyses indicate a recovery of 97.26
+ 1.89% SD. The procedure was successfully applied to plasma drug level
studies in humans.

Keyphrases 00 Warfarin—GLC analysis in human plasma 0 GLC—
analysis, warfarin in human plasma [0 Anticoagulants—warfarin, GLC
analysis in human plasma

It has been more than 30 years since the oral antico-
agulant warfarin was first used medically (1). Because of
the numerous disease states in which warfarin is poten-
tially useful, drug interactions appear to occur more fre-
quently with it than with any other pharmacological class
of drugs (2).

Warfarin measurement in human blood facilitated many
pharmacokinetic and bioavailability studies. Analysis of
warfarin in human plasma by spectrophotometric (3-10),
fluorometric (11, 12), and TLC combined with spectro-
photometric or fluorometric (13-19) techniques were de-
scribed. Recently, GLC methods using warfarin methyl or
trimethylsilyl ester, acetate, trichloroacetate, trifluo-
roacetate, and pentafluorobenzyl derivatives were reported
(20-23). A high-pressure liquid chromatographic proce-
dure also was used for the quantitative estimation of
warfarin in human plasma (24). These methods are com-
plex and lengthy or require large amounts of plasma
samples.

This paper describes a relatively simple, easily repro-
ducible, sensitive, and specific GL.C method that eliminates
the need for derivatization or special instrumentation.

EXPERIMENTAL

Reagents and Materials—Warfarin! and papaverine? were used as
supplied. Spectral grade chloroform?, analytical reagent grade sulfuric
acid* (1 N), dichloroethane?, and vinyl methyl silicone® on 80-100-mesh
Gas Chrom WHP® were employed.

Instrumentation—A gas chromatograph’ equipped with a flame-
ionization detector was used. The column was a spiral glass tube (1.8 m
X 0.25 cm i.d.) packed with 3.8% (w/w) vinyl methyl silicone on 80-
100-mesh Gas Chrom WHP. The column was conditioned by being
maintained at 275° for 12 hr with helium gas at a flow rate of 15 ml/
min.

The injection port, detector, and oven temperatures were maintained
isothermally at 300, 300, and 270°, respectively; helium as a carrier gas

1 USP reference standard.

2 Endo Laboratories, Garden City, N.Y.

3 Burdick & Jackson Laboratories, Muskegon, Mich.

4 J, T. Baker Chemical Co., Phillipsburg, N.J.

5 UCW-98, Applied Science Laboratories, State College, Pa.
6 Applied Science Laboratories, State College, Pa.

7 Model 3920, Perkin-Elmer, Norwalk, Conn.
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Table I—Recovery of Warfarin after In Vitro Addition to 5 ml of
Human Plasma

Warfarin Warfarin
Added per  Recovered per
Milliliter Milliliter
Warfarin of Blank of Blank Average
Added, ug  Plasma, ug Plasma, ug  Recovery® SD, %
1.50 0.300 0.2907 96.90 +0.678
3.0 0.600 0.5844 97.40 +0.919
5.0 1.00 0.9953 99.53 +0.674
10.0 2.00 1.9443 97.21 +0.680
Mean 97.26 +1.89

@ Mean of five samples.

was maintained at a flow rate of 60 ml/min. Hydrogen and compressed
air flow rates were adjusted to give maximum response. Chromatograms
were recorded on a 1-mv recorders,

Determination of Warfarin in Human Plasma—Throughout the
procedure, scrupulously clean glassware was used; the glassware had been
washed successively with hydrochloric acid, water, and ethanol, carefully
dried, rinsed with dichloroethane, and then dried.

A 2-m] plasma sample (spiked or from dosed volunteers) was acidified
with a few drops of 1 N H3SO4 to pH 1. The sample was then extracted
with 3 X 5 ml of dichloroethane. The combined dichloroethane extracts
were filtered through a dichloroethane-wetted glass wool pledget into
a centrifuge tube containing 5.0 ml of a 5-ug/ml solution of papaverine
in dichloroethane as the internal standard. The organic solvent was
evaporated to dryness under a gentle stream of dry nitrogen over a steam
bath.

The walls of the centrifuge tube were washed down with 1 m! of di-
chloroethane and evaporated to dryness with nitrogen over a steam bath.
The tube was allowed to cool to room temperature, and the residue was
dissolved in 50 ul of chloroform by mixing for 30 sec. A 2-3-ul aliquot was
injected into the gas chromatograph.

Plasma Level Studies—All subjects® were between the ages of 21 and
50 years and ranged in body weight from 65 to 90 kg and in height from

14

1
w
%’ 1
uw
[+
&
5 ‘ !
El: b H

3
I I L—/\_ L\__/\—-

1234667
MINUTES
Figure 1—Chromatograms of human plasma extracts. Key: A, control
plasma; B, plasma containing 3 ug of warfarin/ml and 30 ug of papav-
erine/ml; and C, plasma from a human volunteer who had been given
15 mg of warfarin sodium, 2nd-hr plasma sample. Peaks I and II are

peaks of warfarin and papaverine, respectively.

1234567 1234667

& Model 690, Perkin-Elmer, Norwalk, Conn.
9 Informed written consent was obtained from each of the normal, healthy, male
Caucasian volunteers prior to participation.
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Figure 2—GLC-mass spectrum of warfarin (normalized).

1.5 to 1.9 m. Each subject had a drug history taken, and a physical ex-
amination was given which included measurement of blood pressure,
pulse, and respiration rates. Before and after the study, adequate clinical
pathological screening including hematology, blood chemistry, and uri-
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Figure 3-—Chromatogram of warfarin and its degradation and meta-
bolic products. Key: A, 5-hydroxywarfarin; B, 7-hydroxywarfarin; C,
8-hydroxywarfarin; D, 3-(o-hydroxyphenyl)-5-phenyl-2-cyclohexen-
I-one; E, warfarin; and F, papaverine,

200 300

nalysis was performed. Seven subjects were selected who had all pa-
rameters in the normal range.

All subjects received no medication for 7 days preceding initiation of
the studies and only the prescribed medication during the study. Subjects
were fasted overnight with water ad libitum (at least 12 hr predosing)
and for 4 hr after drug administration. Then a standard light meal was
eaten. Each subject swallowed three whole 5-mg crystalline warfarin
sodium!© tablets with 200-500 ml of water.

Blood samples of 30 ml were withdrawn from a forearm vein into
heparinized evacuated tubes!! at zero time and at 1, 2, 4, 6, 8, 12, 48, 72,
and 96 hr after dosing. The blood samples were centrifuged!2 at 2000 rpm
for 10 min, and the plasma was transferred to another tube before being
stored at ~20°,

Calculations—Peak height ratios were calculated by dividing the
height of the peak due to warfarin by that due to papaverine. Calibration
curves were constructed from the results of spiked control plasma samples
by plotting the peak height ratios against the warfarin concentration,
expressed as micrograms of warfarin per milliliter of plasma. Values of
unknown concentrations of warfarin in plasma specimens, obtained in
the same manner, were then read directly from the graph or calculated
from the slope of a two-point standard curve.

RESULTS AND DISCUSSION

Under the assay conditions described, a linear relationship between
detector response and concentration was obtained for warfarin over the
range of 0.3-2 ug/ml of plasma with a correlation coefficient of 0.9944.
Regression analysis showed that the regression equation was y = 0.338x
— 0.081 with a standard error of the estimate of ¥y on x of 0.021 and
standard errors of the estimate of the intercept and slope of 0.107 and
0.675, respectively. The retention times of warfarin and papaverine were
2 and 3.1 min, respectively (Fig. 1).

Several plasma samples taken at the predetermined intervals were
pooled, extracted, and chromatographed using the described method.
The material obtained within the warfarin peak (retention time of 2 min)
was trapped and analyzed by mass spectrometry!3. The mass spectrum
of the collected warfarin peak was identical with that obtained from a
USP reference standard (Fig. 2). The mass spectrum showed a molecular
ion at m/e 308 and abundant ions at m/e 43, 65, 77,92, 103, 121, 131, 145,
175, 187, 249, 251, 265, 266, 275, and 290.

The accuracy and precision of the GLC assay procedure are demon-
strated in Table I. The quantitative lower limit of detection sensitivity
for warfarin in human plasma was 0.3 ug/ml. The average recovery of
warfarin from spiked plasma was 97.26 + 1.89%. The resolution factor
between warfarin and internal standard peaks was 4.6 (25). The degra-
dation product, 3-(o-hydroxyphenyl)-5-phenyl-2-cyclohexen-1-one?, and
three metabolic products of warfarin (16, 23, 24), 5-hydroxywarfarin!¢,
7-hydroxywarfarin!4, and 8-hydroxywarfarin!4, do not interfere with the
assay since they gave retention times of 1.65, 0.6, 0.7, and 0.75 min, re-
spectively, under the assay conditions described (Fig. 3).

The GLC procedure was compared with a UV spectrophotometric
assay (14). Results from measurements of plasma warfarin levels in seven
normal human subjects after single-dose oral administration of crystalline
warfarin sodium, 15 mg, are shown in Fig. 4. A peak mean level of warfarin
(1.80 ug/ml) was observed at 1.0 hr after oral drug administration, fol-

10 Coumadin, Endo Laboratories, Garden City, N.Y.

11 Becton, Dickinson and Co., Rutherford, N.J.

12 Model IEC-HN-S, Damon IEC Division, Needham Heights, Mass.
13 Model 1015, Finnigan Corp., Sunnyvale, Calif.

14 Dr, C, Schroder, WARF Institute, Madison, Wis.
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Figure 4—Mean plasma warfarin concentrations in seven volunteers
following a single oral dose of 15 mg of crystalline warfarin sodium. Key:
A, UV method; and B, GLC method.

lowed by a smooth, gradual decline from 24 to 96 hr, indicating slow drug
disappearance from peripheral circulation. The estimated areas under
the plasma concentration-time curves from 0 to 96 hr were 73.58 and
75.86 ug/ml X hr while the elimination half-lives were 50.9 and 51.4 hr
as determined by the GLC and UV methods, respectively.
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Abstract O An analysis of the disintegration-dissolution sequence of
drug release from a tablet leads to a mathematical expression relating
disintegration to the dissolution profile of the tablet and the dissolution
rate of the primary drug particles in the tablet. The equation describing
the disintegration of an acetaminophen tablet is determined to demon-
strate the application of the theory.
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A method involving numerical analysis was described
recently (1) that accounts for both the disintegration and
dissolution aspects of drug release from a tablet. If the
dissolution characteristics of the primary drug particles
in the tablet are known, it is possible to determine the time
course of the disintegration process from tablet dissolution
data. This disintegration—dissolution analysis requires a
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numerical data analysis over many small time intervals.
The purpose of the present paper is to extend this method
to provide a model based on continuum mathematics.

THEORETICAL

The principle of the disintegration-dissolution analysis described
previously (1) is to consider the processes of disintegration and dissolution
to be discrete events over many small, equal time intervals. At any arbi-
trary interval, the fraction of drug in the tablet that has dissolved is
considered to be the sum of the amounts dissolved from all disintegrated
fractions, calculated using the cube-root equation for the time periods
between the disintegration intervals and the arbitrary interval. The
mathematical expression given that describes this phenomenon is:

n
M, = Z wiu - [1 - K(th — ti)]g}
=0
where M,, is the fraction of drug in the tablet dissolved after n time in-
tervals and corresponds to time ¢,. The fraction disintegrated at the ith
interval is w;, and K is the cube-root law dissolution constant. The term

(Eq. 1)
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Figure 4—Mean plasma warfarin concentrations in seven volunteers
following a single oral dose of 15 mg of crystalline warfarin sodium. Key:
A, UV method; and B, GLC method.

lowed by a smooth, gradual decline from 24 to 96 hr, indicating slow drug
disappearance from peripheral circulation. The estimated areas under
the plasma concentration-time curves from 0 to 96 hr were 73.58 and
75.86 ug/ml X hr while the elimination half-lives were 50.9 and 51.4 hr
as determined by the GLC and UV methods, respectively.
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numerical data analysis over many small time intervals.
The purpose of the present paper is to extend this method
to provide a model based on continuum mathematics.

THEORETICAL

The principle of the disintegration-dissolution analysis described
previously (1) is to consider the processes of disintegration and dissolution
to be discrete events over many small, equal time intervals. At any arbi-
trary interval, the fraction of drug in the tablet that has dissolved is
considered to be the sum of the amounts dissolved from all disintegrated
fractions, calculated using the cube-root equation for the time periods
between the disintegration intervals and the arbitrary interval. The
mathematical expression given that describes this phenomenon is:

n
M, = Z wiu - [1 - K(th — ti)]g}
=0
where M,, is the fraction of drug in the tablet dissolved after n time in-
tervals and corresponds to time ¢,. The fraction disintegrated at the ith
interval is w;, and K is the cube-root law dissolution constant. The term

(Eq. 1)
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Figure 1—Linearized plot of dissolution data for acetaminophen
powder.

in braces should be defined equal to one once it attains that value. The
w; can be obtained by applying Eq. 1 at each interval for the dissolution
curve of the tablet. The cumulative fraction of drug disintegrated from
the tablet, W,, up to time ¢, is given by:

n
W, = _Z%) w; (Eq. 2)
fs

The disintegration profile for the tablet can be constructed by application
of Eq. 2 at each time interval.

To make the transition from the numerical analysis type of expressions
of Egs. 1 and 2 to equations involving analytical functions, Eq. 1 should
first be generalized as:

M, = i w(t)f(t, — t;) At (Eq. 3)
=0

where w is the differential disintegration function and At is the length
of the time interval. The function f describes the dissolution of the pri-
mary drug particles. The term in braces in Eq. 1 is f(t, — ¢;) for the
Hixson-Crowell cube-root model for particle dissolution.

In the limit as At = 0 and n — «, Eq. 3 becomes the convolution in-
tegral:

M) = j; WO — ) db = wit)f(t) (Eq. 4)

where M now becomes a continuous function of time ¢, f is an integration
variable, and = represents convolution. The convolution integral is well
characterized and is dealt with on the basis of operational calculus (2).
Because w(t) is the differential disintegration function, the cumulative
fraction of the tablet disintegrated as a function of time, W(¢), is given
as:

W) = J;' w(t) dt (Eq. 5)

1If Laplace transforms are taken for the convolution equation M(¢t) =
w(t)«f(t), then the relationship for the transforms is:

M(s) = W(s)f(s) (Eq. 6)
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Figure 2—Dissolution of the acetaminophen tablet (points). The curve
is the Weibull function with a = 11.15and b = 1.996.

The bar over the function and the s represent the Laplace transform for
the function. A rearrangement of Eq. 6 yields:
_ M(s)
w(s) = =——
f(s)
Equation 7 indicates that the function w can be obtained from the inverse
transform of the ratio of the Laplace transforms of M and f.

The function M is a continuous function that describes the fraction
of drug in a tablet dissolved with time. To obtain this function on a
practical basis, an empirical equation can be fit to experimental tablet
dissolution data. An equation found to be useful is the Weibull function

(3):

(Eq. 7)

M(t) =1 - e~/ (Eq. 8)

The adjustable parameters are a and b, the scale factor and the shape
factor, respectively. The Weibull function normally contains a lag time,
but this term has been omitted because it is usually zero for tablet dis-
solution experiments.

The function f describes the dissolution of the primary drug particles
in the tablet; it is initially zero and approaches unity as the particles
completely dissolve. This function can be developed from a model that
describes dissolution of powders, e.g., the term in braces in Eq. 1 is f(¢,
~ t;) developed from the cube-root law, or it may be an empirical function
fit to powder dissolution data. The latter approach is taken for the present
work because a smooth function that facilitates the solution of Eq. 4 may
be chosen. Functions f that arise from the powder dissolution models
usually have a discontinuity in the first derivative at the time of complete
dissolution, making the mathematics more complex. For the present, an
exponential function is assumed to describe the particle dissolution:

fle)y=1—e"kt (Eq.9)

where k is an adjustable parameter.
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Figure 3—Disintegration profile (curve) determined with Eq. 14. The
points are the results of the numerical method using Eq. 9.

If the Laplace transform of Eq. 9 is substituted into Eq. 7 and rear-
ranged:

wis) = % s2M(s) + sM(s) (Eq. 10)
Thus:

w(t) =%L“[52M(s)] + L-1sM(s)] (Eq. 11)
where . ~! represents the inverse transform. Because of the fundamental

relationship between the derivative of a function (denoted by a prime)
and the transform, if M’(0) = 0 and M(0) = 0, Eq. 11 becomes:

wit) =%M”(t) + M'(¢t) (Eq. 12)-
Integration of Eq. 12 yields:
W) = 2 M) + M(2) (Eq. 13)
If M from Eq. 8 is substituted into Eqg. 13:
Win=1-(1- btb:) e~ tet/a) (Eq. 14)

Equation 14 thus represents the disintegration profile for a tablet whose
dissolution curve is represented by the Weibull function with parameters
a and b and whose particles dissolve according to Eq. 9 with parameter
k.

RESULTS AND DISCUSSION

In the report where the disintegration profile was determined by a
numerical technique (1), the method was applied to an acetaminophen

88 / Journal of Pharmaceutical Sciences

Table I—Fraction Dissolved and Fraction Disintegrated from
an Acetaminophen Tablet

W
Discrete Case, Discrete Case, Continuous
Minutes M  Cube Root (1) Exponential Function (Eq. 14)
0.00  0.000 0.018 0.015 0.000
0.17  0.004 0.028 0.025 0.019
0.33  0.009 0.043 0.039 0.042
0.50 0.017 0.109 0.096 0.070
0.67  0.038 0.156 0.142 0.103
083  0.065 0.158 0.154 0.137
1.00  0.088 0.251 0.237 0.176
1.17  0.128 0.255 0.253 0.217
133  0.159 0.306 0.303 0.258
150 0.198 0.347 0.346 0.303
1.67  0.237 0.356 0.362 0.348
1.83  0.269 0.428 0.427 0.392
2.00 0311 0.480 0.479 0.438
2.17 0.356 0.497 0.501 0.483
2.33  0.393 0.531 0.536 0.525
250 0431 0.540 0.549 0.568
2.67  0.462 0.614 0.613 0.609
2.83  0.501 0.648 0.649 0.646
3.00 0.540 0.669 0.674 0.684
3.17 0576 0.708 0.711 0.719
3.33 0610 0.734 0.738 0.749
3.50  0.644 0.781 0.783 0.779
3.67 0.681 0.795 0.801 0.807
3.83 0.711 0.837 0.840 0.831
4.00 0.746 0.860 0.864 0.854
4.17  0.777 0.906 0.907 0.874
433 0.810 0.949 0.949 0.891
4.50  0.847 0.931 0.941 0.908
467 0.872 0.933 0.945 0.922
483 0.891 0.950 0.960 0.934
500  0.909 0.978 0.983 0.945
517 0929 0.986 0.991 0.954
533  0.945 0.976 0.984 0.962
550  0.955 0.995 0.999 0.969
6.00 0.982 0.994 0.997 0.983
6.50 0.991 0.991

tablet prepared with a direct compaction formulation which included
a monodisperse sample of the drug. The same data are used for the
present analysis. The dissolution behavior of the acetaminophen powder
sample is shown in Fig. 1, plotted as the linearized form of Eq. 9. The
straight line is the least-squares fit and yields a good correlation coeffi-
cient (r2 = 0.995). A nonlinear regression of Eq. 9 with the data gives k
= 1.824.

Figure 2 shows the data points for the dissolution profile of the acet-
aminophen tablet. The continuous line is the Weibull function for a =
11.15 and b = 1.996. These parameters were determined by a nonlinear
regression of the Weibull function to the data. The fit is quite good, al-
though the function is below the data at large times.

The disintegration profile constructed from Eq. 14 with the above-
mentioned values for a, b, and k is given in Table I and as the continuous
curve in Fig. 3. The shape is sigmoidal. The profile determined before
had slight curvature but was sufficiently linear that a straight line was
fitted to it and utilized for simulation purposes. Data for the profile de-
termined previously are included in Table I for comparison. Because W
in Fig. 3 appears to have more curvature than the profile determined
previously, it is of interest to evaluate the possible reasons for this change.
Two functions used in the present report that differ from the earlier work
are the exponential function (Eq. 9) instead of the cube-root law and the
Weibull function (Eq. 8) instead of the actual data.

To evaluate whether the use of the exponential function contributed
to the discrepancy, Eq. 9 was used in Eq. 3 and the numerical analysis
technique was applied using the actual data to generate the disintegration
profile (Table I). These results closely follow those of the previous work
using the cube-root law. The results of this calculation are also shown in
Fig. 3. It is apparent from Figs. 2 and 3 that the problem resides in the
Weibull function at higher times where it does not fit the experimental
dissolution data with a high degree of accuracy. With this in mind, the
agreement between the discrete and continuous mathematical treatments
is quite satisfactory.

Equation 13 arises primarily from the application of Egs. 7 and 5 to
the exponential description of the dissolution of primary particles (Eq.



9) along with the restrictions on M of M(0) = 0 and M’(0) = 0. Within
these limitations, Eq. 13 is a rather general relationship between the
disintegration and dissolution of a tablet. Any function M that fits the
tablet dissolution data and meets these restrictions may be substituted
into Eq. 13 to give an explicit expression for the disintegration.

Another ramification of Eq. 13 is that it would be possible to determine
the disintegration profile in real time if & is known by using the output
signal from the spectrophotometer or potentiometer that is monitoring
the tablet dissolution as input for an analog computer programmed for
Eq. 13. The dissolution and disintegration profiles could thereby be de-
termined simultaneously.
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Abstract O The complexations of the singly charged cations of 3-ami-
noacridine and 7-aminoquinoline by double-stranded, calf thymus DNA
were studied by electronic absorption spectrophotometry. At high ratios
of total DNA phosphate concentration to total probe concentration (the
region associated with intercalative binding), four DNA phosphate units
are associated with each bound monocation. However, a binding isotherm
based on four DNA phosphate groups in a single binding site does not
vield a reproducible equilibrium constant for the binding process. Rather,
the sequestration of the monocations by two binding sites, each con-
taining two DNA phosphate units, yields a satisfactory equilibrium ex-
pression. This result suggests that the intercalative mode of binding by
DNA is not a simple one-step process, which is in agreement with previous
kinetic studies. In the region of low DNA phosphate concentration to
monocation concentration (the external binding region), the binding is
described adequately by a linear isotherm.

Keyphrases O 3-Aminoacridinium monocations—binding to double-
stranded DNA, equilibrium expressions developed O 7-Aminoquino-
linium monocations—Dbinding to double-stranded DNA, equilibrium
expressions developed O Binding-—3-aminoacridinium and 7-amino-
quinolinium monocations to double-stranded DNA, equilibrium ex-
pressions developed O DNA, double stranded—binding to 3-aminoac-
ridinium and 7-aminoquinolinium monocations, equilibrium expressions
developed

Numerous investigators have examined the binding of
aminoacridines and aminoquinolines to double-stranded
and denatured deoxyribonucleic acid (DNA) (1-8). The
aminoacridines have received particular attention because
of their well-known antibacterial activity, which has been
attributed to their binding by bacterial DNA (9-11). The
ability of aminoacridinium compounds to induce frame-
shift mutations by causing a deletion or insertion of a single
nucleotide in the complementary chain of a replicating
chromosome is believed to be due to the strong or inter-
calative binding of these compounds to nucleic acid
(12-14).

Aminoquinolines, particularly the 4-amino and 8-amino
analogs, have been employed extensively as antimalarial
agents (15). Their antimalarial activity has been said to be
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due to their interaction with the DNA of infectious plas-
modia found in malaria-infested mammals (16).

BACKGROUND

The various interactions of aminoacridines and aminoquinolines with
nucleic acids can be classified into two groups: intercalation and external
binding (6, 11). Intercalation or strong binding of the aminoacridine or
aminoquinoline involves insertion of these compounds, to varying de-
grees, into the DNA molecule and results in some disruption of the latter
(1-3). The intercalative binding of drugs or probes to double-stranded
DNA is strongest with compounds possessing three fused aromatic rings,
linearly annulated, as in the aminoacridines (6-17). A decrease in the size
of the aromatic portion of the intercalating probe results in weaker in-
tercalative binding, as demonstrated by DNA-aminoquinoline complexes’
(18).

Previous studies (19-23) utilizing temperature-jump relaxation kinetics
indicated that the intercalation of the singly charged cations of proflavine
and acridine orange may occur in two kinetically discrete steps at high
DNA phosphorus to probe ratios. However, this behavior has not been
established for all aminoacridine cations. External binding to the dou-
ble-stranded DNA polyanion occurs after all intercalative binding sites
are saturated. The interaction apparently occurs mainly between the
cationic probe molecule and the negatively charged DNA phosphate
groups and, as such, is primarily an electrostatic interaction (6).

Albert (9) demonstrated that it is the cation of aminoacridine that is
necessary for bacteriostasis. The inference is that the cationic form is a
necessary condition for intercalation of aminoacridines and amino-
quinolines. Therefore, electrostatic forces are believed to provide the
initial driving force behind the formation of the DNA-probe complex,
prior to intercalation of the probe into the DNA molecule, as well as a
substantial portion of the forces that maintain the integrity of the com-
plex (6, 9, 18). However, electrostatic forces are said to be less important
in intercalative binding than in the binding of cationic drugs or probes
to the exterior of the DNA molecule (5, 6).

Data obtained from investigations of the complexation of small cations
to DNA are usuaily treated according to a model developed by Scatchard
(24) to describe the binding of small molecules to proteins. This model
was later modified and adapted by other investigators to describe binding
to nucleic acids (5, 6, 11, 25).

As a consequence of the pharmacological and physicochemical sig-
nificance of the complexation of aminoquinolines and aminoacridines
to double-stranded and denatured DNA, as well as of an interest in im-
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9) along with the restrictions on M of M(0) = 0 and M’(0) = 0. Within
these limitations, Eq. 13 is a rather general relationship between the
disintegration and dissolution of a tablet. Any function M that fits the
tablet dissolution data and meets these restrictions may be substituted
into Eq. 13 to give an explicit expression for the disintegration.

Another ramification of Eq. 13 is that it would be possible to determine
the disintegration profile in real time if & is known by using the output
signal from the spectrophotometer or potentiometer that is monitoring
the tablet dissolution as input for an analog computer programmed for
Eq. 13. The dissolution and disintegration profiles could thereby be de-
termined simultaneously.
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of their well-known antibacterial activity, which has been
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nucleotide in the complementary chain of a replicating
chromosome is believed to be due to the strong or inter-
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(12-14).
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analogs, have been employed extensively as antimalarial
agents (15). Their antimalarial activity has been said to be
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due to their interaction with the DNA of infectious plas-
modia found in malaria-infested mammals (16).

BACKGROUND

The various interactions of aminoacridines and aminoquinolines with
nucleic acids can be classified into two groups: intercalation and external
binding (6, 11). Intercalation or strong binding of the aminoacridine or
aminoquinoline involves insertion of these compounds, to varying de-
grees, into the DNA molecule and results in some disruption of the latter
(1-3). The intercalative binding of drugs or probes to double-stranded
DNA is strongest with compounds possessing three fused aromatic rings,
linearly annulated, as in the aminoacridines (6-17). A decrease in the size
of the aromatic portion of the intercalating probe results in weaker in-
tercalative binding, as demonstrated by DNA-aminoquinoline complexes’
(18).

Previous studies (19-23) utilizing temperature-jump relaxation kinetics
indicated that the intercalation of the singly charged cations of proflavine
and acridine orange may occur in two kinetically discrete steps at high
DNA phosphorus to probe ratios. However, this behavior has not been
established for all aminoacridine cations. External binding to the dou-
ble-stranded DNA polyanion occurs after all intercalative binding sites
are saturated. The interaction apparently occurs mainly between the
cationic probe molecule and the negatively charged DNA phosphate
groups and, as such, is primarily an electrostatic interaction (6).

Albert (9) demonstrated that it is the cation of aminoacridine that is
necessary for bacteriostasis. The inference is that the cationic form is a
necessary condition for intercalation of aminoacridines and amino-
quinolines. Therefore, electrostatic forces are believed to provide the
initial driving force behind the formation of the DNA-probe complex,
prior to intercalation of the probe into the DNA molecule, as well as a
substantial portion of the forces that maintain the integrity of the com-
plex (6, 9, 18). However, electrostatic forces are said to be less important
in intercalative binding than in the binding of cationic drugs or probes
to the exterior of the DNA molecule (5, 6).

Data obtained from investigations of the complexation of small cations
to DNA are usuaily treated according to a model developed by Scatchard
(24) to describe the binding of small molecules to proteins. This model
was later modified and adapted by other investigators to describe binding
to nucleic acids (5, 6, 11, 25).

As a consequence of the pharmacological and physicochemical sig-
nificance of the complexation of aminoquinolines and aminoacridines
to double-stranded and denatured DNA, as well as of an interest in im-
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proving the methods employed in developing experimental data obtained
from these complexation studies, it seemed desirable to investigate the
comparative binding affinities of these compounds. The 3-aminoacri-
dinium (I) and 7-aminoquinolinium (II) monocations were chosen as
model compounds since they are not only benzologs of each other but are
directly related to the much studied compounds proflavine and acridine
orange but are less susceptible to problems associated with molecular
aggregation (8, 11, 25-28).

EXPERIMENTAL

Instrumentation—Electronic absorption spectra were taken in 1-cm
silica cells on a spectrophotometer!. The pH measurements were made
on a pH meter? with a combination silver—silver chloride glass electrode!.
Caleulations were made on a programmable calculator? utilizing an ex-
tensive cassette program library. Solutions were mixed on a rotating
mixer? and an ultrasonic mixer®. Solutions of DNA or probe were deliv-
ered with micropipets®.

Materials and Solutions—Aqueous buffered solutions at a specified
pH were prepared from analytical grade monobasic and dibasic potassium
phosphates? in which the ionic strength was maintained at 0.005 M. Calf
thymus DNA8 as the A grade sodium salt, containing 8.04% phosphorus
and 12.21% nitrogen, was used without further purification. A sufficient
amount of the DNA sodium salt was added to 10 ml of buffer solution in
a volumetric flask to make a stock DNA solution (1.10 X 102 mole of
DNA phosphorus/liter).

Solutions of DNA were prepared at the desired pH for each titration
and were mixed for 6 hr on a rotating mixer at room temperature. After
mixing, the flask containing the stock solution was placed in an ultrasonic
mixer for 10 min. These solutions were then divided into 0.5-m! aliquots
and stored at 0° for not more than 2 weeks prior to use.

3-Aminoacridine, prepared by a literature method (29), and 7-ami-
noquinoline? were determined to be at least 98% pure according to lit-
erature melting-point and molar absorptivity values (29-32).

Methods-—Ethanolic solutions (~1.00 X 103 M) of the compounds
to be studied were delivered from a 20-ul micropipet into a 1-cm silica
cell containing 2.00 ml of the aqueous buffer solution at the desired pH.
This 2 ml of solution was titrated, in the cell, with small increments of
the DNA solution at the desired pH. Several micropipets that delivered
5-100 ul reproducibly were employed during each titration. The inherent
viscosity of the DNA solution did not appear to be a factor in its repro-
ducible delivery,

The total concentration of DNA phosphorus at each point in the ti-
tration was calculated from the dilution of the added DNA stock solution
by the 2 ml of test solution. The total concentration of I or Il at each point
in the titration was calculated from the initial value, taking account of
dilution by the volume of added DNA solution. All experiments were
conducted at ambient temperature.

Calculations-—The concentrations of free base, {B], free monocation,
{BH*{, and bound monocation, [BHS,|, in solution were calculated from
the simultaneous solution of the equations representing the protolytic
equilibrium:

(H*(B]
. = Eq. 1)
K BHY] (Eq
the conservation of mass for the probe I or II:
C: = [B] + [BH*] + [BHS,] (Eq. 2)

! Beckman Instruments, Fullerton, Calif.

2 Orion Research, Cambridge, Mass.

* Wang Laboratories, Tewksburg, Mass.

4 Scientific Industries, Springfield, Mass.

5 Precision Cells, Hicksville, N.Y.

6 Unimetrics Universal Corp., Anaheim, Calif.

7 Mallinckrodt Chemical Corp., Anaheim, Calif.

8 Calbiochem, Ladolla, Calif.

9 Courtesy of Dr. D. Jackman, Texas Tech University, Lubbock, Tex.
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and the photometric ahsorbance at any point in the titration of I or Il with
DNA:

A = eg[B]l + egu+[BH*)l + eBHs, [BHS ]! (Eq. 3)
Explicitly:
Ka
<EB m + eBH+>C¢1 - AQ + K,/[H*])
[BHS,] = (Eq. 4)
eB——a— + egy+ — epHs, (1 + Ka/[H+])}l
(H*] ‘
[BH*| = A~ enns,Cul (Eq. 5)
egrﬁ%]' + egH+ — ¢BHs, (1 + Ka/[H'*])ll
_ +
[B] - (A EBHSth[)Ka/[H ] (Eq‘ 6)
{(B"K—H-Fe + = €BHS, <1+ K >}l
[H] BH BHS, [H]
It was also useful to calculate the ratio directly:
K
(eB La_y (BW)ctz - A(L + K. /[H*)
H+
BHS,] 2 1] (Eq.

[BH*| A = egns,Cil

K, = dissociation constant for the drug or probe

[H*] = hydronium-ion concentration
¢BHS, = molar absorptivity of the bound monocation at the specified
analytical wavelength
egu+ = molar absorptivity of the free monocation at the specified an-
alytical wavelength
eg = molar absorptivity of the free base at the specified analytical
wavelength
! = absorption cell path (1 ¢cm)
A = absorbance at any point during the titration at the specified

analytical wavelength
C; = total concentration of drug or probe

The molar absorptivities of 1 and Il were calculated at each absorption
maximum as well as at each distinct vibrational band and agreed with
published values (31, 32). The molar absorptivities of the bound mono-
cations of I and 1I were calculated from the absorbances of solutions of
the probes in which pH = pKa — 2 and to which a sufficient excess of
DNA was added so that further addition of DNA produced no perceptible
changes in the absorption. Since C, is equal to {BHS,] when I or I is
completely sequestered by the DNA, egns, for I and IT may be readily
calculated as A/C,L.

The analytical wavelengths at which all calculations were made were
363 and 453 nm for I and 393 nm for I1.

The pKa values of 8.04 and 6.65 of I and I, respectively, were taken
from the literature (9, 31).

RESULTS AND DISCUSSION

Figures 1 and 2 are representative of the absorption spectra obtained
when aqueous solutions of 1 and II were titrated with double-stranded
DNA. Titrations were conducted at five different pH values from 5.90
to 7.90 for I and at three different pH values from 4.90 to 6.40 for 11
Figures 1 and 2 contain the electronic absorption spectra of the free drug
or probe, three intermediate spectra, and a final spectrum of the DNA-
probe complex in which the probe has been sequestered completely by
the DNA. Each titration consisted of 13-18 spectral measurements.
However, some intermediate spectra were omitted from these figures for
clarity.

Calculation of the solution concentrations of the free base, [B], the free
monocation, [BH*}, and the bound monocation, [BHS,], derived from
I and II represents an attempt to account for all spectroscopically distinct
species derived from the probes throughout the titration with DNA. The
advantage of this approach is that the pH of a solution titrated with DNA
need not be maintained such that the drug or probe is fully protonated.
The ability to vary the pH of the test solution offers the alternative of
measuring either BHS, or B in cases where the spectra of BHS, and BH*
overlap to a great extent or when the affinity of BH* for DNA is so great
that little free BH* is in solution.

Moreover, the reproducibility of binding constants at different values
of solution pH is a good test of the absence of processes competing with
the binding equilibria of interest over a given pH range. Therefore, a wider
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Figure 1—Variation of the electronic absorption spectra accomparnying the titrations of 1.00 X 10~5M I with double-stranded DNA at pH 5.90
(A), 6.90 (B), and 7.90 (C). The Py is the total DNA phosphate concentration at any point during the titration. Key: P, = 0, -; P, = 1.38 X 10~5
mole P/l, —; Py = 4.13 X 10~5 mole P/}, .. . ; Py = 8,19 X 10~% mole P/l, ——; and P, = 14.9 X 10-5 mole P/|, solid line.

variety of compounds may be utilized to study the complexation behavior
of DNA. In studies with double-stranded DNA, this approach is limited
to the pH range in which the integrity of the double helix is maintained
{i.e., double-stranded DNA becomes denatured at pH values below 4.00
and greater than 11.00 (33)]. Furthermore, at a high pH (pH > pKa), the
competition of alkali metal ions with BH* for the DNA binding sites may
complicate the interpretation of the titration curves.

Stoichiometry of Binding-—The number of DNA phosphate groups
associated with each bound monocation was estimated by the mole ratio
method (34). Plots of absorbance against P,/C; (total DNA phosphate
concentration/total probe concentration) for I with double-stranded DNA
were obtained in acidic solution (pH 5.90). The stoichiometry of binding
is apparently four or five phosphates for each bound BH*. The stoichi-
ometry is in agreement with that obtained by other investigators for
different amino-substituted acridines such as proflavine, acridine orange,
9-aminoacridine, and ethidium bromide (5, 6, 35, 36).

The high degree of curvature of the mole ratio plots for I with dou-
ble-stranded DNA prevented estimation of the binding stoichiometry
and suggested that II is more weakly bound by double-stranded DNA
than is 1. This observation is supported by the weaker association con-
stants calculated for 11 relative to those calculated for I (Table I).

Methods for Determining Binding Constants—Most available
information concerning the binding of the aminoacridines and ami-
noquinolines to DNA has been gathered using the method first proposed
by Scatchard (24) and then modified by Peacocke and Skerrett (5, 6) to
explain spectrophotometric data acquired directly or subsequent to
separation of the free and bound probes by equilibrium dialysis. In this
approach, the average number of moles of probe bound per mole of DNA
phosphate, [BHS,1/P;, is divided by the free protonated probe concen-
tration, [BH*], and plotted against [BH*], This plot yields a hyperbolic
curve resolvable into two linear components, one of steep slope at high
values of [BHS,}/P;[BH*] (low values of [BH*]) and one of shallow slope
at low values of [BHS,|/P;(BH*] (high values of [BH*]). The line of steep
slope is associated with the intercalative (strong) binding, and the line
of shallow slope is associated with external (weak) binding of the
probe.

The slope of each line segment is taken to be the negative of the equi-
librium constant and the intercept on the vertical axis, the product of the
equilibrium constant, and the number of DNA phosphates associated
with each mode of binding. It is implicit in this treatment that the number
of DNA phosphate groups associated with each mode of binding is
equivalent to a single binding site (i.e., regardless of the number of
phosphates in each type of binding site, ¢ = 1 in BHS;). Upon careful
examination of the data obtained for the strong binding of I and II using

this treatment, definite curvature was exhibited in the plots of
|BHS,]/P,[BH*] against [BH*] at low values of [BH*]. This result
suggested that the linearity in binding site concentration, implicit in the
method of Peacocke and Skerrett (5), might not adequately describe the
chemistry of binding in the intercalative region. Therefore, the binding
of I and IT by DNA was examined by employing an empirical mass action
approach.

For the systems under study, the binding equilibria may be expressed
as:

BH* + ¢S = BHS,
Scheme I

where BH* is the free I or II monocation, g is the number of DNA binding
sites that complex one BH*, and S is the free DNA binding site, which
may contain 1,2, 3, ..., m DNA phosphates. The binding sites are defined
in terms of DNA phosphate since the formal concentration of the DNA
and the stoichiometry are expressed in these terms. Although binding
sites on the exterior of the DNA may differ physically and chemically
from intercalative (internal) binding sites, each is defined, for the present,
in terms of the number of DNA phosphates engaged in binding since
DNA phosphate is their common component,
The association constant, K, may be determined from:

- _[BHS]

K= s

(Eq. 8)

Table I—Binding Constants for the Association of I and I at
Different pH Values with Double-Stranded DNA¢

I 11
pH Ky X 109 Ky X 10-3 pH Ky X 10-¢
5.90 6.8+ 0.5 0.97 £ 0.04 4.90 4.2+0.1
6.40 8.0+ 0.5 1.3+0.3 5.40 6.5+ 0.7
6.90 83406 1.0 + 0.06 6.40 6.2+06
7.40 8.9+£0.7 1.0+ 0.1
7.90 70+£0.7 —

2 The constants in the intercalative (strong-binding) region of the titration of
the probe with DNA (K ) were calculated from the expression:

{BHS, ]
[BRF(P. 2~ BHS, T2
The constants in the external (weak-binding) region of the titration were calculated
from the expression;

Ki=

- [BHS,]
Ke = mrmm = [BHS,])
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Figure 2—Variation of the electronic absorption spectra accompanying the titrations of 1.00 X 10~5M Il with double-stranded DN A at pH 4.90
(A), 5.90 (B), and 6.90 (C). The Py is the total DNA phosphate concentration at any point during the titration. Key: Py = 0, - Py = 52.4 X 10>
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The equilibrium concentration of free binding sites, in a given class (S},
is evaluated by:

Sy =[S]+S. (Eq. 9)
where S, is the total concentration of DNA binding sites in moles per liter
and S, is the equilibrium concentration of complexed DNA binding sites
in moles per liter. If ¢ is the number of occupied sites, S, in each complex
of a given class, then:

S./q = [BHS,] (Eq. 10)

and since P, is the total concentration of DNA phosphate in moles per
liter:
S, =P/m (Eqg. 11)

where m is the number of DNA phosphates in a binding site. Then (S]
becomes:

[S] = (P,/m — q[BHS,)) (Eq. 12)
Substituting Eq. 12 into Eq. 8 yields:
K [BHS,] (Eq. 13)

“[BH*|(P./m — q|BHS, )
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which, upon rearrangement, becomes:
[BHS,[/[BH*} = K(P,/m — q[BHS,])9 (Eq. 14)

Values for [BH*] and [BHS,] were calculated at each point in the titra-
tion using methods described under Experimental.

The appropriate values for m and g were empirically determined by
solving for K in Eq. 13 using probable combinations of the two constants
based on the approximate stoichiometry obtained from the mole-ratio
plots (the stoichiometric number of DNA phosphates bound must equal
m X g). Combinationsof ¢ = 1and m = 1-6,q = 2and m = 1-4,q = 3 and
m = 1-3,and ¢ = 4and m = 1, 2 were attempted to fit the data of the ti-
trations to Eq. 13. The combination of ¢ = 2 and m = 2 gave the best fit
of K to the data points in the intercalative region. In the region generally
associated with external binding, the combination of ¢ = 1 and m = 3 gave
the most reproducible value of K. The results of these calculations are
shown in Table L.

Equation 14 can be expressed in logarithmic form such that:

log [BHS,|/[BH*] = log K + q log (P./m — q|BHS,]) (Eq.15)

This equation allows a rapid graphical estimate of the suitability of es-
timated values of m and q over an extended titration range. Log
[BHP]/[BH*] against log (P;/m — q[BHS,]) was plotted for I and II, with
double-stranded DNA, using thé empirically chosen value of 2 for both
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Figure 3—Logarithmic plots of the ratio of bound monocation [BHS ]
to free monocation [BH*] against (P/2 — 2[BHS¢]) for I titrated with
double-stranded DNA at pH 6.40 (0) and 7.40 (@).

m in the P,/m term and g in the g[BHS,] term. The slope of the plot
should be 2 and the intercept should be log K where m = q = 2 correctly
represents the binding isotherm.

Representative results for I with double-stranded DNA are found in
Fig. 3. This figure exhibits two distinct regions of linearity. The linear
region of least slope corresponds to the external binding region of each
titration, although this line segment has no rigorous physical significance
when m and g are chosen as 2. The linear region of greatest slope corre-
sponds to the intercalative region of each titration. The presence of two
regions of linearity strongly suggests that there are at least two separate
modes of binding. One occurs at the beginning of the titration at con-
centrations of I such that only external binding sites on the DNA molecule
are available. The other occurs near the latter part of the titration at total
concentrations of I such that intercalative binding could predominate
(i.e., P,/(IBH*] + [BHS,}) > 10).

The slopes of these two linear regions, ¢ = 2.0 £ 0.3 and g = 1.00 + 0.04,
indicate that the nature of the binding site differs in each mode of
binding. The poor precision in the former slope may indicate overlap of
the two modes of binding when the free binding site concentration is high.
If ¢ = 2 is substituted in Scheme I:

BH* + 25 = BHS,
Scheme I

However, the binding stoichiometry of I to double-stranded DNA was
determined to be four or five DNA phosphates per BH*. This result can
be accounted for by considering that one BH* may be complexed by two
binding sites, each containing two phosphate groups, in separate steps.
Scheme 11 will then be equivalent to:

BH+ + 2[P04]2 f=4 BH([PO4]2)2
Scheme 111

where [PO4]; is conceived as representing one binding site. Kinetic studies
demonstrated that the binding of proflavine and acridine orange to
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Figure 4—Linear plots of the ratio of bound monocation [BHS ] to free
monocation [BH*] against (Py/2 — 2[BHP])2 for I titrated with dou-
ble-stranded DNA at pH 6.40 (0) and 7.40 (®).

double-stranded DNA occurs in two discrete steps at concentrations of
probe and DNA such that only intercalative binding can occur (19~
23).

The mathematical model of the binding equilibrium in the intercalative
region, represented in Scheme 111, does not establish a detailed mecha-
nism for the interaction. Moreover, the physical significance of the oc-
currence of two DNA phosphates in each intercalative binding site is not
clear from the present study. The diphosphate units are not indepen-
dently diffusing entities and, on the DNA polyanion, may actually rep-
resent two singly charged phosphate groups, two adjacent bases on one
DNA strand, or one DNA base pair on complimentary strands.

Furthermore, it is even possible that the two diphosphate units rep-
resented in Scheme III may not represent identical physical entities but
may actually be a combination of two different binding sites of the types
just mentioned. For example, the intercalative process could entail a
diffusion-controlled encounter of a monocation with the phosphate
backbone of DNA, with a strong electrostatic interaction occurring be-
tween the cation and two neighboring phosphate groups. As suggested
by the experiments of Li and Crothers (19), the externally bound cation
could then move, in a second discrete step, into the interior of the dou-
ble helix. This would require that two more DNA phosphates (and their
associated bases) would be removed from the pool of “free” phosphate
groups and thereby account for the four phosphates associated with each
intercalated monocation. However, at equilibrium, the interaction with
the DNA base pairs may actually be more important than the interaction
with the phosphate groups.

The complexation of II by double-stranded DNA was comparable to
that observed for I. Empirically determined values for m and g were the
same as those for [ under the same conditions (m = ¢ = 2). However,
values for the slopes of the logarithmic plots were not as consistent as
those calculated for 1. The correlation coefficients, although still indi-
cating that the slopes drawn correlate to the equation for a straight line,
were not quite as good, nor were the errors as small, as those obtained for
I. Moreover, it was not possible to observe a well-defined region of weaker
external binding for I1. Possibly this is because external binding is so weak
that it does not occur to a significant degree with the concentrations of
reagents and buffer species employed in the present experiments,

The adherence of the binding reaction to an isotherm linear in the
concentration of the binding site appears to be valid in the beginning of
the titration of the monocations with DNA where saturation of the in-
tercalative binding sites of double-stranded DNA by the monocations
exists. The available DNA binding sites in this region of the titration
contain three DNA phosphates.

General Power Curve, y = Kx?—A nonlinear regression analysis
was conducted at each pH to test the two regions of linearity observed
in the logarithmic plots obtained from titrations of I and II with dou-
ble-stranded DNA. The data points constituting the region of greatest
slope in these plots followed the equation of the power curve and:

[BHS, |/[BH*] = K(P,/2 — 2|BHS,])® (Eq. 16)

The power b ~ g = 2.0 + 0.2 while the average correlation coefficient was
0.996 + 0.003. This result supports the conclusion that the power, g,
cannot be neglected when writing equilibrium expressions to describe
the strong complexation (intercalation) of I and II and perhaps other
aminoacridines and aminoquinolines to double-stranded DNA. The data
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points comprising the region of least slope in these logarithmic plots also
followed Eq. 16, with b = @ = 1 £ 0.1. The average correlation coefficient
was 0.997 + 0.002.

Linear Plots—To confirm the significance of the exponent g in the
equilibrium expression describing the intercalative binding region, ele-
ments of Eq. 14 were plotted against each other. Linear plots of
[BHS, )/[BH*] against (P,/2 — 2[BHS,]) were drawn in which the power,
q, was set equal to 2 for each pH at which the titrations were conducted.
Figure 4, which is representative, shows that the linear plots exhibit a
definite region of linearity, corresponding to the intercalative region of
the titration.

A linear regression analysis of the linear portions in these plots revealed
an average correlation coefficient of 0.997 £ 0.002 for I titrated with
double-stranded DNA; the value for a similar titration of Il was 0.991 +
0.006. The results indicate that Eq. 14 fits well the experimental data
obtained from the titrations of I with double-stranded DNA, when q is
set equal to 2. The experimental fit of the data obtained from similar ti-
trations with II, however, is more approximate.

CONCLUSIONS

The complexation of I and II by double-stranded DNA at high P,/C,
(total DNA phosphate concentration/total probe concentration) values
may be described by a nonlinear binding isotherm in which one mono-
cation is sequestered in at least two successive steps by two separate
entities on the DNA polymer, each containing two phosphate groups. This
process may be described by Scheme III.

However, the complexation of the same compounds by double-
stranded DNA, having only external binding sites vacant, evidently fol-
lows a linear binding isotherm in which one monocation is complexed by
one binding site containing three phosphate groups. The latter binding
process may be described by:

BH* + [PO,]s = BH([PO,]s)

Scheme IV
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Abstract O Dissolution rates of salicylamide in water and caffeine so-
lutions under perfect sink conditions were predicted by theoretical dif-
fusion equations applicable to dissolution in complexing media. Exper-
imental dissolution rates were measured using a compartmentalized
rotating-basket apparatus under two sets of conditions. Agreement was
found between experimental and predicted rates. Use of the theoretical
equation for estimating dissolution rates involves simple calculations of
diffusion coefficients and diffusion layer thickness under the operative
dissolution conditions. The increase in dissolution rate caused by addition
of the complexant can be calculated for diffusion-controlled dissolution
directly if the stability constant and the drug solubility in water are
known or measured.

Keyphrases O Dissolution rates—salicylamide in water and caffeine
solutions, estimated using theoretical diffusion model, compared to ex-
perimental results 0 Salicylamide—dissolution rates in water and caf-
feine solutions, estimated using theoretical diffusion model, compared
to experimental results 01 Diffusion model, theoretical—used to estimate
dissolution rates of salicylamide in water and caffeine solutions, compared
to experimental results [0 Complexes—salicylamide and caffeine, dis-
solution rates estimated using theoretical diffusion model, compared to
experimental results

Dissolution rates of solid drug products in media con-
taining substances capable of reaction with the drug have
aroused much interest in view of their possible influence
on bioavailability. Three main classes of interactions af-
fecting dissolution have been recognized. The first, in-
volving pH equilibria and their effects on the degree of
drug ionization, has been investigated extensively, and
theoretical treatments have been developed and tested
(1-3). The second is the interaction between drugs and
macromolecules, such as colloids or surfactant micelles,
generally added as formulating agents; this area also has
received considerable study (4-8).

Mouch less attention has been paid, however, to the third
type, complex formation, which may occur between the
drug and formulating agents, other drugs, food ingredients,
enzymes, and toxins. Interaction of solid phase compo-
nents was treated theoretically as one case of dissolution
from polyphase mixtures, and the equations developed
agreed with the dissolution behavior of caffeine-benzo-
caine disks (9). The initial dissolution rates of solid com-
plexes of caffeine and gentisic acid were compared with
those of caffeine using a simplified mathematical treat-
ment (10). With regard to the interacting medium, the
dissolution rate of 2-naphthol was studied in several
complexing media. Experimental results were not repro-
ducible, nor did they obey the Noyes-Whitney equation;
a “concentration jump” extrapolation technique was de-
veloped to compare dissolution rates during individual
experiments (11).

The purpose of the present studies was to determine
whether a general diffusional mathematical treatment was
applicable to prediction of dissolution rates over a range
of complexant concentrations under experimental condi-
tions used for in vitro testing. Such a treatment would

permit theoretical estimation of dissolution rates in various
complexing media since stability constants of many com-
plexes are available or are easily measured; the necessary
hydrodynamic parameters of the dissolution apparatus
may be estimated for standard conditions.

THEORETICAL

The treatment used is based on the general theory previously developed
(1) for the influence of bases on the dissolution of acidic solids undergoing
diffusion-controlled transport through a liquid film. The complexation
equilibrium replaces the ionization equilibrium, and the formation
constant of the complex is the factor determining the activities of the free
and complexed drug in the film and bulk medium. Complexation is
cansidered to occur throughout a single liquid film at the solid interface
through which there is a continuous concentration gradient rather than
at a plane surface of contact somewhere within the film. Concentration
gradients in the film need not be linear, but the chemical equilibrium
must be rapid compared to transport. Diffusion coefficients are consid-
ered to be concentration independent. The treatment is based on the
“unstirred” diffusion layer model.

In the test apparatus used in the present work (see Experimental), in
which solvent flow occurs through a tube cut into a cylindrical block, the
velocity gradient for streamline flow may be considered to be zero at the
sides of the tube. In effect, the tube is bisected by the large flat com-
pressed disk inserted in the center, which gives two hemispherical
streamlined flows, with the velocity gradient approximated to zero over
the disk surface. Equations for dealing with convective flow components
were proposed previously (12-14) but are applicable to idealized model
systems and are not valid for the apparatus used here. For the defined
test apparatus, the film thickness is considered to be dependent on the
stirring rate but independent of all other factors except viscosity.

For dissolution of a solid unionized substrate, S, in the presence of an
unionized complexant molecule, C, with which it forms complexes in
solution by the Scheme I reactions:

S+C=SC

S+ 2C = SCy, etc.
Scheme I

the thermodynamic stability constants K,(1:1), Ka(1:2), etc., are given
by:

Ka:ny = (SCY/(S)C) (Eq. 1a)
Ko = Kequny vse/vsve (Eq. 1b)
Ka:zy = (8C2)/(S)(C)? (Eq. 1c)
Ko = Kooy vsco/vsve? (Eq. 1d)

where parentheses represent activities and v activity coefficients of the
various species and K, is the concentration equilibrium constant. Con-
centrations and concentration stability constants are applicable to dilute
aqueous solutions of nonelectrolytes, for which ¥y — 1, and are used
here.

With Olander’s treatment (15), the solution rate of S is given by the
fluxes of all species containing S—uiz., S, SCy, .. ., SCp. The concen-
tration of each species SC,, formed can be evaluated, in principle, if the
individual K., constants are known and used in conjunction with the
appropriate diffusion coefficient of the species to write a flux equation.
For weak complexes formed at low concentrations in water, measured
K values are generally overall values or represent the dominant com-
plex.

By designating steady-state concentrations at the solid-liquid interface
with the subscript 0 and in the bulk solution with the subscript h, the
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Table I—Estimated Diffusion Coefficients of Salicylamide,
Caffeine, and Their 1:1 Complexes at 25 and 37°

Diffusion

Partial Molal Coefficient, D

Volume, v, cm?2/sec X 1056

Species cm?/mole? ! 37°
Salicylamide 100 1.06 1.42
Caffeine 127 0.978 1.31
1:1 Complex 228 0.806 1.08

2 The v values were calculated using data from Ref. 22. ® The D values were
calculated by means of Eq. 11.

concentrations of the components on the two sides of a film of thickness
h (considered as one dimensional) are given by: [S]o, [Clo, and [SC], and
[Slk, [Cln, and [SC]y, respectively. Application of Fick’s second law (16)
and Higuchi’s treatment (1) to the steady-state condition leads to:
Vi = Ds([Slo = [S]n)
DETT
DcDscK([Slo = [S]nMDsc[SC]x + Dc[Cln)
h(DsclSleK + Dc)(DsclS]hK + Dc)
where Vp is the dissolution rate per unit area of substrate in the com-
plexant solution in which a 1:1 complex of stability constant K is formed;
Dg, D¢, and Dgc are the diffusion coefficients of the respective species.
This equation is parallel to that developed for a nonionic acid-base
equilibrium (1). Equation 2 may be simplified by using Eq. 1 to eliminate
[SCl, giving:
_Ds((Slo — [S]n) , DeDscK[Cla{[S)o — [Sx)
h h(DscK[S]o + D¢)
When K is very small, Eg. 3 reduces to the usual Noyes-Whitney equa-
tion for dissolution of the pure solid:

(Eq. 2)

Vp (Eq. 3)

D
Vo ==%((Slo = [Slh) (Eq. 4)
When K is very large, Eq. 3 takes the form:
D D .
Vp= ~h_s_ ([Slo — [S]x) + _hg [Cln (Eq. 5)

Further simplifications of the general equation may be made under
zero sink conditions when (S), = (SC); = 0. Equation 3 then reduces
to:

1S]o DeDscK|[Cly
V = — e e e 0
D= (DS +DSCK[S]0+DC> (Eq. 6)
or:
Vb = L1 + La[Cln (Eq.7)

where Ly = ([S]oDs)/h and Ly = {[SloDcDscK)/h{DscK{Slo + Dc).
Equation 7 predicts a linear increase of the dissolution rate with the
complexant concentration, [C]x.

When the diffusion coefficients have similar values, as with interactants
differing in molecular weight by a factor of less than three (10), Eqs. 3-7

Table II—Diffusion Layer Thickness (h) at 25° and 48 rpm and
at 37° and 90 rpm

Caffeine Salicylamide
Concentration, Solubility, D, cm?/sec
M x 102 M X 10 fs/fsc X 105 h,cm X 102°%
37° and 90 rpm
1.00 — — — —
2.90 4.50 2.11/1 1.31 0.87
3.00 _ = = _
5.00 — — —_ —
5.75 6.07 1.07/1 1.25 0.97
8.12 7.38 1/1.32 1.22 1.03
25° and 48 rpm
2.25 — — — —
2.90 2.85 1.02/1 0.93 1.35
3.50 — — — —
4.00 3.36 1/1.25 0.92 1.36
8.12 5.27 1/2.74 0.87 1.34

¢ Calculated by means of Eqg. 13. ® Calculated by means of Eq. 12. The values of
h for this apparatus estimated from benzoic acid dissolution rates were 0.82 X 10~2
at 37° and 90 rpm and 1.73 X 1072 ¢m at 25° and 48 rpm.

96 / Journal of Pharmaceutical Sciences

may be further simplified. Equation 6, for example, gives:

vn=[SL°D (1+ Kg[]f]i 1) (Eq. 8a)
_ [S]eD [C]
vp =15t (1+ [S]O+”1/K) (Eq. 8b)

By rearrangement and substitution of (K[S]o{C]r)/(K[S]o + 1) by [SC]o!,
Eq. 8a approximates:
D . D
Vp =E([5]0+ [SClo) =L cs (Eq.9)

where cg is the apparent salicylamide solubility; ie., cs = [Slo +
ISClo.

By using this relation, the ratio, R, of the dissolution rates in the caf-
feine solutions to those in water (Eq. 4 with [S}, = 0) are given, under
these limitations, by:

R = cs/[S]o (Eq. 10)

EXPERIMENTAL

Materials—Salicylamide? and caffeine® were NF grade.

Viscosity and Density—The viscosity of filtered solutions containing
mixtures of salicylamide and salicylamide—caffeine complex, prepared
by saturation with salicylamide at the various caffeine concentrations,
was measured at 25 and 37° using a capillary viscometer?. The densities
of these solutions were measured at 25 and 37° pycnometrically.

Solubility of Salicylamide—The solubilities of salicylamide in water
at 25 and 37° and the stability constants of its complex with caffeine were
obtained by the solubility method. Experimental conditions and phase
diagrams were reported elsewhere (18).

Dissolution Rate Determinations—Salicylamide was compressed
into cylindrical tablets (diameter, 13.1 mm; thickness, 2.9 mm; and
weight, 493 mg + 1.5%) in a vacuum potassium bromide die with a labo-
ratory press at high pressure®. Release of the drug was measured using
a rotating-disk dissolution apparatus (19) in 1 liter of dissolution medium
containing increasing concentrations of caffeine. Experiments were run
at 48 rpm and 25° and at 90 rpm and 37° over 3 hr. Samples were assayed
for total salicylamide content spectrophotometrically at Amax 525 nm
using a modified Trinder’s reagent (18).

Corrections were applied for cumulative dilution caused by replace-
ment of samples by equal volumes of the original medium. Two tablets
were used per test; experiments were run in duplicate and the results were
averaged. Reproducibility was within £3%. The data were treated by
means of the Hixson-Crowell equation (20), and dissolution rates (3K’)
were obtained from the slopes (K’a) of (Wol/3 — W1/3) against time®,
which were linear throughout each experiment. The tablets maintained
a constant shape throughout the measurements.

RESULTS AND DISCUSSION

Dissolution rates were predicted by Eq. 6, with perfect sink conditions
prevailing throughout the measurements. The values used for [S]o, the
solubility of salicylamide in water, were 1.50 X 1072 M at 25° and 2.90
X 10~2 M at 37°; the stability constants, K, at these temperatures were
57.9 and 44.1 M~1, respectively (18). The diffusion coefficients (Table
1) of the species S, C, and SC were calculated by the Stokes-Einstein
equation (Eq. 11) (22):

__RT (41rN>1/3 (Eq. 11)

- 479N \ 3v

where R is the molar gas constant, T is the absolute temperature, 7 is the
viscosity of the solvent, N is Avogadro’s number, and v is the partial molal
volume.

For the apparatus used in the present work, calculation of the apparent
diffusion layer thickness, h, involved hydrodynamic properties, which
are not readily definable. Therefore, this parameter was estimated ex-
perimentally by using compressed disks of a model solute, benzoic acid,
reported to give diffusion-controlled dissolution (23).

! Here, [SC] = S![C];, and 81 = K[S)o/(1 + K[S]o), where S! is the slope of sub-
strate solubility versus ligand concentration in the phase diagram (17).

2 Sigma Chemical Co., St. Louis, Mo.

3 Merck, Darmstadt, West Germany.

4 Ostwald type U tube, A. Gallenkamp & Co., London, England.

5 Research and Industrial Instruments Co., London, England.

6 The notation used is that of Parrott et al. (21), except that K’ replaces K.



Table III—Dissolution Rate, Experimental and Estimated Data

Caffeine Salicylamide Dissolution Rate,
Concentration, Concentration, moles cm~2/sec X 108 4@ Dissolution Rate Ratio?
M x 102 cs, M x 102 Experimental Estimated R, R, R3 R4
25° and 48 rpm
0 1.50 0.98 1.09 — — — —
0.26 1.62 1.09 1.12 1.11 1.14 1.02 1.08
0.47 1.72 1.22 1.23 1.24 1.26 1.12 1.14
0.94 1.92 1.34 1.36 1.37 1.39 1.24 1.28
2.00 2.43 1.66 1.66 1.70 1.70 1.31 1.62
2.90 2.85 1.96 1.92 2.00 1.96 1.75 1.90
4.70 3.68 2.39 2.43 2.44 2.48 2.21 2.45
8.12 5.27 3.43 3.40 3.50 3.47 3.09 3.47
37° and 90 rpm
0 2.90 4325 4.11 — — — —
1.99 4.00 6.38 5.44 1.50 1.28 1.32 1.37
3.26 4.70 6.86 6.30 1.61 1.48 1.53 1.62
4.08 5.15 7.23 6.86 1.69 1.61 1.66 1.76
5.57 5.97 7.15 7.85 1.82 1.84 1.90 2.06
7.42 6.99 8.50 8.63 2.00 2.00 2.10 2.41

2 Slope of dissolution rate against caffeine concentration. At 25° and 48 rpm: experimental = 2.95 X 107 (r = 0.998). and predicted = 2.89 X 10—+ (r = 0.999). At 37°
and 90 rpm, experimental = 5.36 X 1074 (r = 0.962), and predicted = 6.21 X 10~ (» = 0.999). Slope units are centimeters per second. ? Ratio of dissolution rate in caffeine
solution to that in water: Ry, both from experimental data; R, predicted values from Eq. 6 for caffeine solutions and experimental data for water; Ry, both predicted from

Eq. 6; and R4, predicted from Eq. 10.

The apparent h value was obtained from the experimental dissolution
rates and solubilities measured in 0.01 N HCl and substituted in Eq. 12
based on the Nernst theory (24):

_ Decs

3K’

The h values (Table II) were close to those calculated from the experi-

mental parameters of the salicylamide-caffeine system, obtained using
the same equation.

In calculating the thickness from dissolution rates corresponding to
different forms of the diffusing substrate, Dy, is the weighted mean dif-
fusion coefficient—uviz.:

D = fsDs + fscDsc = ZfiD;

where fs and fsc are the fractions of free and complexed salicylamide,
respectively. These values were calculated from the complexation data
(18) using the relations fs = 1/(K[C]s + 1) and fsc = K[C|./(K{C], +
1), in which [C], is the total caffeine concentration (Table II).

Estimated and experimental dissolution rates are given in Table III
for caffeine concentrations used in the dissolution medium. At 25° and
48 rpm, the predicted and measured rates are virtually identical over the
full concentration range.

There is reasonable agreement also at 37° and 90 rpm; the deviation
of the first two points is the cause of the lower correlation coefficient,
0.962, of the experimental regression line; its source is apparently inter-
facial control of the dissolution process when the transport is largely of
free salicylamide (25). There is evidence of a similar deviation of the initial
point at 25 and 48 rpm, but it is small.

Participation of the interfacial control in the process is supported by
point-to-point comparison of experimental and estimated ratios of the
dissolution rates. Ratios of the dissolution rates in the caffeine solutions
to those in water are included in Table III. When calculated with respect
to the experimental dissolution rate in water at the respective tempera-
ture and agitation rate, the experimental ratios, R, and theoretical ratios,
Ry, are in good agreement. However, when estimated with respect to the
predicted dissolution rate of salicylamide in water, the predicted ratios,
R3, agree much less well with the experimental values.

Evidently, R5 values based on rate equations that assume diffusion
control for salicylamide dissolution in both caffeine solutions and water
are incorrect for comparison with the experimental systems, so agreement
is rather poor. However, the predicted ratios calculated with respect to
the experimental rates in water, Rz, do take into account the initial in-
terfacial control. Therefore, they become virtually identical with the
experimental B, values as soon as the caffeine concentration is sufficient
for the process to become diffusion controlled. The addition of the caf-
feine shifts the process from interfacial to diffusion control because of
the increase of salicylamide concentration in the diffusion layer in the
form of the complexed species.

Deviation from the linear diffusion model used in the present study
might also be expected in three other cases: () where insoluble complexes
are formed that coat the surface of the solid substrate, (b) where the
complex contains more than one molecule of the ligand, and (¢) where

(Eq. 12)

(Eq. 13)

there is multiple complexation. In the first case, the dissolution rate-
ligand concentration plot would exhibit a break; in the other cases, it
would be curved since powers of [C];, would be involved. Ratios calculated
in accordance with Eq. 10 (Table ITI, R,) are also of the same order as the
experimental ratios, Ry, the deviations presumably arising from the D
approximation made. Thus, this simple equation yields a rapid estimate
of the dissolution rate change obtained on complexation in these sys-
tems.

CONCLUSIONS

Complexation between the two drugs doubled the salicylamide dis-
solution rate at 37° and increased it fourfold at 25° over the range used.
The experimental conditions selected covered substantial differences
in K values, solubilities, and agitation rates. Therefore, since Eq. 6 and
the estimated parameters correctly predicted the diffusion behavior
during dissolution, they might afford a general procedure for estimating
dissolution rates for a range of ligands without point-by-point experi-
mental studies”.

On the other hand, the dissolution rate of the substrate in water should
always be measured since, should it differ appreciably from the predicted
value, one would suspect interfacial control of dissolution rate to be
present?. It would then be necessary to extend the experimental studies
over a ligand concentration range sufficient to clarify the onset of diffu-
sion control.
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Abstract O The evaluation of a new high-performance liquid chroma-
tographic method is described. It permits the separation and determi-
nation of the four components of dihydroergotoxine (dihydroergocristine,
dihydroergocornine, dihydro-a-ergocryptine, and dihydro-g3-ergocryp-
tine) in a single step. On reversed-phase microparticles, complete baseline
separation is possible with different mobile phases containing about 102
M base. The analysis of dihydroergotoxine mesylate drug substance or
its dosage forms can be carried out in about 15 min. No reference sub-
stance is required for the determination of the proportions of the com-
ponents. This method is simple and exhibits high accuracy, reproduc-
ibility, and selectivity. It permits the analytical control of dosage forms
containing dihydroergotoxine mesylate to ensure that they comply with
the specifications for the drug substance used in clinical and pharma-
cological studies.

Keyphrases O Dihydroergotoxine—high-performance liquid chroma-
tographic analyses of four components in bulk drug and pharmaceutical
formulations O High-performance liquid chromatography—analyses,
four components of dihydroergotoxine in bulk drug and pharmaceutical
formulations O Antiadrenergic agents—dihydroergotoxine, high-per-
formance liquid chromatographic analyses of four components in bulk
drug and pharmaceutical formulations

Ergotoxine is the name given to a particular group of
ergot alkaloids derived from lysergic acid; they contain
peptide moieties with similar chemical structures and have
almost the same chemical and physical properties. These
alkaloids are produced together by many strains of Clav-
iceps purpurea.

Ergotoxine was believed to consist of three components:
ergocristine (I), ergocornine (II), and ergocryptine (1, 2).
In 1967, however, ergocryptine was shown to be composed
of two isomers (3, 4), designated a-ergocryptine (III) and
B-ergocryptine (IV) (5), differing only in one isomeric
amino acid.

BACKGROUND

Ergotoxine, the actual product from Claviceps, is not used as such but
in the form of the 9,10-dihydro derivative, generally called dihydroer-
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I: R=CH,C,H,
II: R = CH(CH,),
III: R = CH,CH(CH,),
IV: R = CH(CH,;)CH,CH,
V: R =CH,C,H,; 9,10-dihydro
VI: R = CH(CH,),; 9,10-dihydro
VII: R = CH,CH(CH,),; 9,10-dihydro
VIII: R = CH(CH,)CH,CH,; 9,10-dihydro

gotoxine (V-VIII). In the mesylate form, it is now widely used for the
treatment of symptoms of impairment of mental function in the elder-
ly.
Proof of safety and efficacy was obtained with material! containing
the four constituents in specified proportions, representing the amounts
found in natural ergotoxine isolated from selected, cultivated strains of
C. purpurea. This defined dihydroergotoxine mesylate? consists of equal
amounts of the mesylates of dihydroergocristine (V), dihydroergocornine
(V]) and dihydroergocryptine (both isomers taken together), the ratio

‘of dihydro-a-ergocryptine {VII) to dihydro-8-ergocryptine (VIII) being

2:1.
An analytical method is required to check the compliance of active
ingredient and dosage forms with these specifications®. No simultaneous

L Hydergine, Sandoz Ltd.

2 Dergocrine, generic name proposed to WHO.

3 The tolerance ranges are 30.3-36.3% for V and V1 as well as for the sum of VII
and VIII and 1.5:1-2.5:1 for the ratio of VII to VIII.
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Abstract O The evaluation of a new high-performance liquid chroma-
tographic method is described. It permits the separation and determi-
nation of the four components of dihydroergotoxine (dihydroergocristine,
dihydroergocornine, dihydro-a-ergocryptine, and dihydro-g3-ergocryp-
tine) in a single step. On reversed-phase microparticles, complete baseline
separation is possible with different mobile phases containing about 102
M base. The analysis of dihydroergotoxine mesylate drug substance or
its dosage forms can be carried out in about 15 min. No reference sub-
stance is required for the determination of the proportions of the com-
ponents. This method is simple and exhibits high accuracy, reproduc-
ibility, and selectivity. It permits the analytical control of dosage forms
containing dihydroergotoxine mesylate to ensure that they comply with
the specifications for the drug substance used in clinical and pharma-
cological studies.

Keyphrases O Dihydroergotoxine—high-performance liquid chroma-
tographic analyses of four components in bulk drug and pharmaceutical
formulations O High-performance liquid chromatography—analyses,
four components of dihydroergotoxine in bulk drug and pharmaceutical
formulations O Antiadrenergic agents—dihydroergotoxine, high-per-
formance liquid chromatographic analyses of four components in bulk
drug and pharmaceutical formulations

Ergotoxine is the name given to a particular group of
ergot alkaloids derived from lysergic acid; they contain
peptide moieties with similar chemical structures and have
almost the same chemical and physical properties. These
alkaloids are produced together by many strains of Clav-
iceps purpurea.

Ergotoxine was believed to consist of three components:
ergocristine (I), ergocornine (II), and ergocryptine (1, 2).
In 1967, however, ergocryptine was shown to be composed
of two isomers (3, 4), designated a-ergocryptine (III) and
B-ergocryptine (IV) (5), differing only in one isomeric
amino acid.

BACKGROUND

Ergotoxine, the actual product from Claviceps, is not used as such but
in the form of the 9,10-dihydro derivative, generally called dihydroer-
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I: R=CH,C,H,
II: R = CH(CH,),
III: R = CH,CH(CH,),
IV: R = CH(CH,;)CH,CH,
V: R =CH,C,H,; 9,10-dihydro
VI: R = CH(CH,),; 9,10-dihydro
VII: R = CH,CH(CH,),; 9,10-dihydro
VIII: R = CH(CH,)CH,CH,; 9,10-dihydro

gotoxine (V-VIII). In the mesylate form, it is now widely used for the
treatment of symptoms of impairment of mental function in the elder-
ly.
Proof of safety and efficacy was obtained with material! containing
the four constituents in specified proportions, representing the amounts
found in natural ergotoxine isolated from selected, cultivated strains of
C. purpurea. This defined dihydroergotoxine mesylate? consists of equal
amounts of the mesylates of dihydroergocristine (V), dihydroergocornine
(V]) and dihydroergocryptine (both isomers taken together), the ratio

‘of dihydro-a-ergocryptine {VII) to dihydro-8-ergocryptine (VIII) being

2:1.
An analytical method is required to check the compliance of active
ingredient and dosage forms with these specifications®. No simultaneous

L Hydergine, Sandoz Ltd.

2 Dergocrine, generic name proposed to WHO.

3 The tolerance ranges are 30.3-36.3% for V and V1 as well as for the sum of VII
and VIII and 1.5:1-2.5:1 for the ratio of VII to VIII.



chromatographic separation of the four components has been reported
previously.

Incomplete separation without distinguishing between the isomers VII
and VIII by paper chromatography (6-11), TLC (12, 13), high-perfor-
mance liquid chromatography (HPLC) (14, 15), and countercurrent
distribution (16) was described. A TLC separation of VII and VIII, de-
rived from a system previously proposed (17), was reported?. However,
the simultaneous separation into all four components failed because VIII
and VI showed the same Ry value.

Amino acid analysis, according to Moore and Stein (18), has been the
only technique available for the identification and determination of the
four components in the drug substance. The peptide moieties of the al-
kaloids were hydrolyzed, and the resulting amino acids were determined
by ion-exchange chromatography and subsequent reaction with ninhy-
drin. This indirect determination, however, is usually inadequate for the
analysis of pharmaceutical dosage forms.

This paper describes a method, based on HPLC separation, suitable
for the analysis of the drug substance and the various liquid and solid
dosage forms. Because of its accuracy, reproducibility, and simplicity,
this method is suggested for quality control, e.g., to verify compliance
with the established specifications.

EXPERIMENTAL

Apparatus—Two solvent delivery systems were used5. Sample in-
jections were made with three systems® using 20-50 ul. The detectors’
were set at 280 nm. Peak integrations were performed with a laboratory
data system®. A pH meter? and an NMR spectrometer!? were used.

Reagents and Solvents—Water was double distilled in a quartz ap-
paratus. The solvents and reagents were analytical grade and were used
without further purification; they were triethylamine!!, acetonitrile for
pesticide residue analysis!2, methanol!2, absolute ethanol!?, tartaric
acid!2, ammonium carbonate!2, and ammonium acetate!2.

The pH 2-13 range was studied using commercial buffer solutions!3.
Phosphate buffers, 5 X 1072 M or 1 X 10~! M, were used for the pH 9-13
range after adjustment to the appropriate pH with sodium hydroxide.

Packings and Columns—Several types (A4, B15, and C16) of chem-
ically bonded reversed-phase materials were used to pack columns (25
cm long, 3-4 mm i.d., for 10-um materials or 10-15 cm long, 34 mm i.d.,
for 5-um materials) according to the procedures described for micro-
particles, e.g., the balanced density technique (19-21), the dynamic slurry
packing technique (22), and the viscosity technique (23-25). Some col-
umns were glass coated!”. In addition, prepacked columns were used with
Phases B!8, C!9 and D20,

Samples—Sample solutions, 1 mg/ml, were prepared by dissolving
the drug substance?! in methanol or the mobile phase.

Twenty tablets! of 1 or 1.5 mg were stirred without grinding in 20 ml
of tartaric acid-water—ethanol (0.03:2:1 w/v/v) for about 15 min. The
suspensions were centrifuged, and the solutions were injected directly
into the column. Liquid dosage forms! required no preparation.

Assay—The sample injection size was 50 ul, corresponding to the
following amounts of dihydroergotoxine mesylate: 50 ug for 1-mg tablets,
75 ug for 1.5-mg tablets, 15 ug for the injection, and 50 ug for the oral
solution.

4 R. Brunner, Chemical Production Department, Sandoz Ltd., personal com-
munication.

6 Model 6000 A, Waters Associates, Milford, Mass.; and model FLM 50/2, Lewa,
Leonberg, Germany.

6 Model 70-10 loop injector, Rheodyne, Berkeley, Calif.; model UK, Waters
Associates, Milford, Mass.; and autosampler system, Varian,

7 Model 1030 B, Hewlett-Packard; and model LC 55, Perkin-Elmer.

8 Model 3352 B, Hewlett-Packard.

9 Model E 500, Metrohm, Herisau, Switzerland.

16 Model HX-90E, 22.63 MHz, Bruker Physik, Karlsruhe, Germany.

11 Purigs., Fluka, Buchs, Switzerland.

12 Merck, Darmstadt, Germany.

13 Titrisol, Merck, Darmstadt, Germany.

14 Nucleosil Cyg, 10 um, Macherey and Nagel, Diiren, Germany.

15 LiChrosorb RP 8, 5 and 10 pm, Merck, Darmstadt, Germany.

16 LiChrosorb RP 18, 5 and 10 um, Merck, Darmstadt, Germany.

17 Scientific Glass Engineering, Melbourne, Australia.

18 LiChrosorb RP 8, 7 um, 25 cm long, 3 mm i.d., Merck, Darmstadt, Germa-
ny.

19 LiChrosorb RP 18, 5 um, 25 ¢cm long, 3 mm i.d., Merck, Darmstadt, Germa-
ny.
20 4-Bondapak Cyg, 10 um, 30 cm long, 4 mm i.d., Waters Associates, Milford,

Mass.
21 Sandoz Ltd., Basle, Switzerland.
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Figure 1—Dihydroergotoxine mesylate in an oral solution; separation
of components V, VI, and VII/VIII. The conditions were: column, 30
cm X 4.6 mm i.d.; stationary phase, C, 10 um; mobile phase, acetoni-
trile-10~2 M ammonium carbonate in water (0.82:1 v/v); flow, 7 ml/min;
pressure, 5000 psi; detection, 280 nm and 0.4 absorbance unit; and in-
Jection, 50 ul of oral solution = 50 ug of dihydroergotoxine mesylate.

Chromatographic conditions for different stationary phases were:
Phase C, 5 ym in a 15-cm column, 3 mm i.d., water-acetonitrile-trieth-
ylamine (32:8:1 v/v/v) with a 1.0-ml/min flow, corresponding to a linear
velocity of 0.3 cm/sec and a pressure of 4000 psi; Phase B, water-aceto-
nitrile-triethylamine (75:40:1 v/v/v) with a 0.8-ml/min flow, corre-
sponding to a linear velocity of 0.3 cm/sec and a pressure of 2000 psi; and
Phase D, water-acetonitrile-triethylamine (22.8:11.4:1 v/v/v) with a
2.0-ml/min flow, corresponding to a linear velocity of 0.4 cm/sec and a
pressure of 5000 psi.

The general procedure for evaluating the proportions of the compo-
nents is demonstrated with the following example of 1-mg tablets!. Peak
areas found were 16.960 (V), 17.079 (VI), 10.602 (VII), and 6.011 (VIII).
Molecular weights of the mesylates are 707.8 (V), 659.8 (VI), and 673.8
(VII and VIII). The corrected peak areas are obtained by multiplication
of the found areas with the corresponding molecular weights: 11,969 (V),
11,269 (VI), 7144 (VII), and 4050 (VIII). The sum of these corrected peak
areas, 34,432, corresponds to 100%. Consequently, the relative amounts
of the components are: 34.8% (V), 32.7% (VI), and 32.5% (VII/VIII), and
the ratio of VII to VIII is 1.8:1.
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Figure 2—Sparation of dihydroergotoxine mesylate drug substance
into its constituents using a neutral mobile phase. The conditions were:
column, 30 cm X 4 mm 1.d.; stationary phase, D; mobile phase, metha-
nol-10-1' M ammonium acetate in water (1.1:1 v/v); flow, 3.3 ml/min;
pressure, 5500 psi; detection, 280 nm and 0.02 absorbance unit; and
injection, 30 ul of methanolic solution = 30 ug of drug substance.

RESULTS AND DISCUSSION

The problem of separating all four components (V-VIII) of dihydro-
ergotoxine mesylate has been tackled in various ways by HPLC. With
normal phase partition chromatography, a complete separation into three
components, V, VI, and VII/VIII, was achieved, but isomers VII and VIII
were only partly separated?2. The selectivity factor « for this critical pair
of compounds was reported to be 1.06.

A separation of components V, VI, and VII/VIII on reversed-phase
porous layer beads?3 was described (14) and improved (15) by using the
corresponding microparticles?0, At the same time, determination of the
components of dihydroergotoxine mesylate in various dosage forms with
reversed-phase microparticles was begun in this laboratory. A repre-
sentative chromatogram for an oral solution! is given in Fig. 1. The
chromatographic system is useful for quality control and stability test-
ing.

22 R, Stampfli and R. Krattiger, Chemical Production Department, Sandoz Ltd.,
personal communication.
23 Corasil C1s, Waters Associates, Milford, Mass.
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Figure 3—Capacity factors k' of V-VIII as a function of the pH of the
mobile phase (aqueous part of phosphate buffers and sodium hydroxide
mixed with acetonitrile, 1.67:1). Stationary Phase A was used.

Proper selectivity of the mobile phase is achieved by using a salt con-
centration of at least 10~3 M and a pH value adjusted to 7 < pH <9,e.¢.,
with a mobile phase of acetonitrile-10~2 M ammonium carbonate in water
(0.54:1 v/v).

Insufficient stability was observed for some columns of any reversed-
phase material because of the alkaline conditions of a mobile phase with
acetonitrile and ammonium carbonate. New experiments showed that
the ammonium carbonate solution can be replaced by systems buffered
to pH ~ 7.5, prepared either with 0.33 M phosphate buffer or with 0.1%
(v/v) triethylamine in water and adjusted to the required pH with 1 N
acetic acid. The ratio of acetonitrile to the aqueous solution is the same
as when ammonium carbonate solution is used.

A partial separation of VII and VIII was observed only on columns with
extremely high performance (n > 3000, determined at the peak of VI).
It was, therefore, necessary to improve the selectivity of the phases. Re-
placement of acetonitrile by methanol led to a slight change in the ca-
pacity factors (k') of VII and VIII. To improve the selectivity of this
methanolic phase, the effect of certain salts and acids added to the mobile
phase was investigated.

A mobile phase of methanol-10~1 M ammonium acetate in water (1:
1-1.2:1) gave reproducible separations of all four components (V-VIII)
on Phase D in a column with at least 1000 theoretical plates (determined
in the system at the peak for VI). The capacity factors (k') were: 21 (VI),
33 (VIII), 36 (VII), and 42 (V), thus leading to a selectivity factor a for
the critical pair of isomers, VII and VIII, of about 1.1 and to a resolution
Rs of about 0.9 (Fig. 2).

The advantage of this chromatographic system is that the pH of the
mobile phase (pH ~7) causes no difficulties with the stability of the
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Figure 4—Selectivity, a, of the different pairs of compounds as a
function of the basicity of the mobile phase, corresponding to the pH
of the aqueous part (mixed with acetonitrile, 1.67:1). Stationary Phase
C was used.

stationary phase used. Disadvantages result from the high capacity fac-
tors (k'), particularly for electronic peak integration.

An improvement of selectivity in drug analysis by pH variation of the
mobile phase was reported. Twitchett and Moffat (26) described the
correlation between the pKa values of various drugs and their retention
time in reversed-phase HPLC. As a result, the optimum pH can be pre-
dicted from the pKa value. Hartmann and Rédiger (27) reported that
improved selectivity in separation of penicillins and cephalosporins could
be obtained by modifying the pH.

For dihydroergotoxine mesylate, a pH variation of the aqueous part
of the mobile phase between 2 and 13 influenced the selectivity of the
chromatographic system.

Mobile phases with pH < 9 (buffer-acetonitrile) did not improve se-
lectivity. On the other hand, Fig. 3 demonstrates specific influences on
the selectivity at pH = 10 by showing the &’ values as a function of pH.
With increasing basicity, the retention time of VIII becomes longer in
comparison with that of the other components, thereby improving the
separation between VII and VIII. But at the same time, the separation
between V and VIII becomes worse in an intermediate region at pH ~
11. If the pH is increased still further, the &’ value of VIII becomes higher
than that of V, and a further improvement of resolution is achieved.

The results for the critical components VI-VIII appear to indicate that
the separation of VII and VIII requires a pH above 10.5 using a phosphate
buffer system. In the pH 10.5-11.5 range, the peak of VIII emerges be-
tween the peaks of VII and V; finally, at pH > 12, VIII is eluted as the last
peak.

Figure 4 shows that the selectivities of the pairs VI and VII, V and VI,
and V and VII are more or less independent of pH changes. The dramatic
variation of the pairs VII and VIII and V and VIII is solely due to the
effect of pH on the retardation of VIII. The reasons for this particular
effect cannot be found in the ionization constants of the nitrogen in po-
sition 6 of the molecules?4.

All explanations of this successful separation remain purely hypo-
thetical. Factors that may influence the retention behavior of VIII are:
{a) changes in solvation or conformation, (b) specific ionization of the
amide groups, and (c¢) specific ionization of the 12"-hydroxyl group.
Preliminary 13C-NMR investigations were carried out to study the in-
fluence of basicity on the carbon skeleton of the molecules.

Table I—Results Deduced from the Calibration for the
Proportions of the Four Components, Including the Relative
Standard Deviation Found by Repeating the Analyses in the
Most Relevant Range under Constant Conditions (100% = 1 mg
of Dihydroergotoxine Mesylate/ml)

Proportion
Component Calculated, % Found, % RSD, %
\Y 4.8 4.5
9.6 9.3
19.2 19.1
24.0 24.1
28.8 28.9
30.2 30.7 1.0(n =3)
33.2 33.4 0.7(n =9)
37.2 37.5 0.3(n=23)
384 38.7
VI 4.7 4.7
9.5 9.5
18.9 18.7
23.6 23.6
28.4 28.7
30.4 30.0 0.6 (n =4)
33.4 32.9 0.2 (n =86)
37.5 36.8 1.0(n =3)
37.8 37.8
VII 48 4.7
9.5 9.8
19.1 19.0
20.8 20.5 0.3(n=23)
21.8 21.3 0.5(n =3)
22.8 22.5 0.4 (n = 4)
23.8 23.7 04(n=2)
23.9 24.2
28.6 29.0
38.2 38.3
VIII 4.8 4.6
9.0 9.2 09(n=28)
9.7 9.6
11.0 11.2 1.5(n =13)
14.0 14.1 0.9 (n =4)
19.2 18.5
24.0 23.9
28.7 28.5
38.3 38.0

Solutions of VII and VIII in dimethyl sulfoxide?> yielded signals that
did not vary as a function of basicity. Nevertheless, there is some evidence
for variations in the chemical shifts of isomers VII and VIII in the critical
range of pH > 10 when the solvent is as similar as possible to the mobile
phase used in HPLC26,

The conclusion to be drawn from the results of variation in pH is that
sufficient selectivity can be achieved only when the concentration of the
base is at least 102 M. This valuc is far outside the range recommended
for chromatographic support materials based on silica gel (pH < 8-9) (24).
In fact, the columns cannot resist such an alkaline mobile phase and
usually fail after about 2-4 days.

Methylating the remaining silanol groups of the stationary phase
produced some improvement in the stability, but it was not sufficient.
Therefore, the replacement of the inorganic bases and buffer systems by
organic amines was studied?’. The influence of methanol and acetonitrile
was investigated at the same time.

Successful separation of the four components (V-VIII) of dihydroer-
gotoxine was obtained with triethylamine in the specified concentration
(1072 M) together with either methanol or acetonitrile to produce the
optimum selectivity. Typical conditions for Phase C are water—-metha-
nol-triethylamine (25:3.6:1 v/v/v) or water-acetonitrile-triethylamine
(32:8:1 v/v/v). The acetonitrile system has the following advantages over
the methanol system: (a) better selectivity, particularly for the pair V
and VII; (b) lower pressure and, consequently, fewer technical problems
with pumps, injectors, etc.; and (c) a longer lasting stationary phase since
silica gel is not dissolved.

In accordance with the results from pH variation, the important
modifier of the selectivity is the amount of the amine. At least 0.5-1%
triethylamine (equivalent to 3.5-7 X 1072 M in the mobile phase) is

24 Maulding and Zoglio (28) reported the pKa values in aqueous solution of V,
VI, and VII/VIII to be practically equal (pKa ~ 6.74). A. Wehrli, Chemical Research
Department, Sandoz Ltd., determined the following pKmcs values according to
t{x/t;]method described by Simon (29): 5.83 (V), 5.78 (VI), 5.81 (VII), and 5.84
(VIID.

25 F. Erni and H. Loosli, Sandoz Ltd., showed that 13C-NMR spectra can be used
to determine the proportions of the four components in dihydroergotoxine mesylate
drgg substance dissolved in dimethyl sulfoxide.

H. Bethke and H. Loosli, to be published.
27 H. P. Keller, R. Stampfli, and A. Wehrli, to be published.
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Table II—Determination of the Proportions of the Four Components in Dihydroergotoxine Mesylate and Its Preparations, Including
the Relative Standard Deviation Found by Repeating the Analyses under Constant Conditions

Proportion of

Sum of VII Ratio of VII
Mesylate and Mesylate to
Sample V Mesylate VI Mesylate VIII Mesylate VIII Mesylate

Dihydroergotoxine mesylate (10 determinations) 33.9 +£0.9% 35.0 + 0.8% 31.2 + 0.5% 1.9+ 1.7%
Oral solution® (eight determinations) 33.6 £0.7% 32.2 £ 0.8% 34.2 4+ 0.4% 2.2+ 1.8%
Injection solution?® (10 determinations) 33.7 £ 0.7% 34.2 £ 0.9% 32.1 + 0.3% 21+ 17%
Tablets?, 1 mg (seven determinations) 34.9 + 0.6% 32.7 £ 0.9% 32.4 + 0.5% 1.8+ 1.2%
Tablets?, 1.5 mg {eight determinations) 34.5 + 0.4% 33.8 +£ 0.4% 31.7 + 0.4% 2.0+ 1.4%

¢ Hydergine, Sandoz Ltd.

necessary for sufficient separation. With larger amounts, the retention
times qf all components are reduced and the separation between VI and
VI1 is practically unchanged whereas the selectivity for the pair V and
V11 is improved. A similar decrease in selectivity is observed for the pair
V and VII. Therefore, about 2-3% triethylamine should be optimum,
producing sufficient resolution while permitting the analysis to be
completed within a reasonable time.

On the other hand, in the range of 20-30%, the amount of acetonitrile
has little influence on system selectivity. It only affects the retention
times, which decrease with increasing acetonitrile concentration. These
results and further experience led to typical chromatographic conditions
(Fig. 5) for different reversed stationary phases (see Experimental).
Under these conditions, baseline separations are achieved for all adjoining
peaks. The capacity factors vary between k’ ~ 6 for VI and k' ~ 35 for
VIIL By slight modifications of the mobile phase, the system can he ad-
justed to yield optimum separation and minimum chromatographic time,
generally about 15 min.

|
|

Vi
\")
!
Vil 1
Vil
INJECT
e

0 5 10 15

7, min

Figure 5—Separation of dihydroergotoxine mesylate oral solution into
its constituents using the optimum mobile phase of pH ~ 12. The con-
ditions were: column, 15 cm X 3 mm i.d. glass-coated steel; stationary
phase, C, 5 um,; mobile phase, water-acetonitrile-triethylamine (32:8:1
v/v/v); flow, 1.0 ml/min; pressure, 5500 psi; detection, 280 nm and 0.2
absorbance unit; and injection, 20 ug of dihydroergotoxine mesylate in
20 ul of water-acetonitrile (4:1 v/v).
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Several columns have been in use, some for more than 2 months for
hundreds of routine analyses of dihydroergotoxine mesylate drug sub-
stance and its dosage forms. The columns are at least as stable as under
conditions of low alkalinity (pH 8 with inorganic salts), although the
measured pH is about 12.

The top of the column must be inspected routinely and a small amount
of the stationary phase must be added, if necessary. Washing the column
with water, acetonitrile, or alcohols should be avoided because it adversely
affects stability.

Since all peaks show baseline separation, electronic integrators can
be used for the quantitative determination. Since the indole group of the
lysergic acid constitutes the chromophore of all four components, the
molar ratios can be calculated directly from the peak areas obtained at
280 nm. This fact has been verified by calibration experiments, in which
the proportions of the single components ranged from 5 to 50% calculated
on the total amount of dihydroergotoxine mesylate. At the 95% confidence
level, the measured values did not differ significantly from the expected
values (Table I).

The precise setting of the detection wavelength is not critical, as was
demonstrated by varying it from 275 to 285 nm with 2-nm bandwidth.
Calibration with an external standard is not necessary for the determi-
nation of the proportion of each component. Consequently, a high level
of accuracy is required for integration of the peaks, especially the smallest
peak (VIII). Proper column performance, an injected amount of about
20-50 ug of dihydroergotoxine mesylate, and an optimum setting of the
peak detection system of the integrator are essential.

For the drug substance dihydroergotoxine mesylate, the proportions
are labeled as weight ratios rather than as molar ratios. Therefore, the
area of each peak in the chromatogram must be multiplied by the mo-
lecular weight of the relevant mesylate. These corrected values give the
amount of each component by weight; the proportions can be calculated
by using the 100% method (example given in the Experimental sec-
tion).

The proportions of the components were determined for dihydroer-
gotoxine mesylate and for different dosage forms. The results and the
standard deviations of the analyses are summarized in Table II. There
is a good agreement with the specifications given in the introduction as
well as good reproducibility, which demonstrates the suitability of the
method for routine analysis.

The preparation of the samples is simple. The drug substance must
be dissolved in the mixture of water and acetonitrile used in the mobile
phase; liquid dosage forms require no preparation; and an extract of
tablets is prepared in a single step (cf., Experimental).

Further investigations showed that the HPLC system is not only
suitable for the determination of the relative amounts of each component
but also for the determination of dihydroergotoxine mesylate as the sum
of all components?28,
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Abstract 0 Administration of 1-3H-N-methyl-14C-(&)-reticuline to
Papaver bracteatum gave good incorporation of carbon-14 into thebaine
and a decrease in the tritium to carbon-14 ratio indicative of racemization.
The incorporation of carbon-14 and the extent of tritium loss were the
same whether reticuline was administered to the intact plant or to isolated
leaves. Carrier dilution with cold codeine, codeinone, and morphine
showed only insignificant incorporation of radioactivity into codeine and
none at all into codeinone and morphine. When codeinone was admin-
istered to the living plant, it was converted to codeine rapidly and effi-
ciently, but no O-demethylation to morphine could be detected. The
experimental data indicate that the biosynthesis of thebaine in P. brac-
teatum proceeds by the same pathway as in the opium poppy. The lim-
iting step in the sequence is the demethylation of the enol ether group
of thebaine to neopinone.

Keyphrases 0 Morphine alkaloids—biosynthesis in Papaver brac-
teatum, radiochemical study O Alkaloids, morphine—biosynthesis in
Papaver bracteatum, radiochemical study O Biosynthesis—morphine
alkaloids in Papaver bracteatum, radiochemical study O Papaver
bracteatum—biosynthesis of morphine alkaloids, radiochemical study
O Radiochemistry—study of biosynthesis of morphine alkaloids in Pa-
paver bracteatum

In 1963, Neubauer and Mothes (1) reported on a strain
of Papaver bracteatum Lindl. that produced thebaine in
high yield but apparently contained neither codeine nor
morphine. P. bracteatum is closely related to P. orientale
and P. pseudo-orientale, which do not synthesize signifi-
cant amounts of thebaine. They can be differentiated from
P. bracteatum by cytological examination (2) and che-

motaxonomic tests (3). In contrast to the opium poppy (P.
somniferum), which produces a large number of alkaloids,
several in appreciable concentrations, P. bracteatum
contains mainly thebaine, which may account for 98% of
the alkaloid content! (1, 4). Isolation and purification of
thebaine from P. bracteatum are, therefore, relatively
simple.

In recent years, considerable interest has developed in
this plant as a source of thebaine; in the laboratory, the-
baine can be converted to codeine and other narcotic an-
algesics and antitussives (6-8). Thebaine is also the raw
material for naloxone and related narcotic antagonists and
for the interesting endo-ethenotetrahydrothebaines (9).
In 1972, a collaborative research project on P. bracteatum
was initiated by the United Nations Narcotics Laboratory,
which has been coordinating investigations carried out in
many countries (10).

The purposes of the present investigation were to study
the biosynthetic pathways of hydrophenanthrene alkaloids
in P. bracteatum and to explore possible sites of biosyn-
thesis.

BACKGROUND

The biosynthesis of morphine alkaloids in the opium poppy has been

1 Several varieties, or chemical races, of P. bracteatum have been found, differing
somewhat in alkaloid composition. The Arya II variety from western Iran has a
particularly high content of thebaine (5).
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of Papaver bracteatum Lindl. that produced thebaine in
high yield but apparently contained neither codeine nor
morphine. P. bracteatum is closely related to P. orientale
and P. pseudo-orientale, which do not synthesize signifi-
cant amounts of thebaine. They can be differentiated from
P. bracteatum by cytological examination (2) and che-

motaxonomic tests (3). In contrast to the opium poppy (P.
somniferum), which produces a large number of alkaloids,
several in appreciable concentrations, P. bracteatum
contains mainly thebaine, which may account for 98% of
the alkaloid content! (1, 4). Isolation and purification of
thebaine from P. bracteatum are, therefore, relatively
simple.

In recent years, considerable interest has developed in
this plant as a source of thebaine; in the laboratory, the-
baine can be converted to codeine and other narcotic an-
algesics and antitussives (6-8). Thebaine is also the raw
material for naloxone and related narcotic antagonists and
for the interesting endo-ethenotetrahydrothebaines (9).
In 1972, a collaborative research project on P. bracteatum
was initiated by the United Nations Narcotics Laboratory,
which has been coordinating investigations carried out in
many countries (10).

The purposes of the present investigation were to study
the biosynthetic pathways of hydrophenanthrene alkaloids
in P. bracteatum and to explore possible sites of biosyn-
thesis.

BACKGROUND

The biosynthesis of morphine alkaloids in the opium poppy has been

1 Several varieties, or chemical races, of P. bracteatum have been found, differing
somewhat in alkaloid composition. The Arya II variety from western Iran has a
particularly high content of thebaine (5).
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Scheme I

described in detail (11-17). The last few steps of the pathway in P. som-
niferum are illustrated in Scheme 1. Reticuline produced from L-tyrosine
has the (S)-configuration and is dextrorotatory (I). Battersby et al. (13)
demonstrated that reticuline undergoes racemization in the plant, a re-
action essential for the formation of the morphine alkaloids derived from
(—)-(R)-reticuline (III). This racemization is enzymatic and substrate
specific (18) and proceeds by a reversible oxidation-reduction mechanism
via the 1,2-dehydro derivative (II) (13). While O-demethylation of the
enol ether group of thebaine (IV) is an enzymatic reaction, the rear-
rangement of neopinone (V) to codeinone (VII) does not require an en-
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Table I—Tracer Experiments on P. bracteatum with 1-3H-N-
Methyl-!4C-(+)-reticuline

Incorporation of #C, %, into
Thebaine Codeine?® Codeinone® Morphine®

Administration

Intact plant by wick 12.03° 0.002 0.000 0.000
Isolated shoots 12.08¢ 0.000 — 0.000
Root of whole plant:
Root 0.304 — — —
Shoot 0.06¢ — — —
Root slices 1.60/ — — —

@ [solated by dilution with cold carrier. ® 4696 dpm/mg (14C); 53.6% 3H-loss.
41,888 dpm/mg (14C); 54.2% 3H-loss. 4 1071 d?m/mg (14C); 55.3% 3H-loss. ¢ 267
dpm/mg (14C); 58.9% 3 loss. f 2762 dpm/mg (14C); 58.0% 3H loss.

zyme. In aqueous solution, an equilibrium that favors codeinone is es-
tablished (19).

Very few biosynthetic studies have been performed with P. bractea-
tum. Neubauer (20) showed that short-term (6 hr) exposure of leaves to
2-14C-DpL-tyrosine gave incorporation of radioactivity into thebaine with
a proper labeling pattern. Nordal et al. (21) obtained radioactive thebaine
from uniformly labeled phenylalanine, tyrosine, glycine, and urea when
the radioactive substances were applied to the surface of leaves and stems
in a surfactant solution.

To obtain more detailed information about the biosynthetic pathway,
reticuline was chosen as the precursor because-—unlike the amino
acids—it is not a primary metabolite and its racemization plays a crucial
part in the biosynthesis of morphine in the opium poppy. Racemization
was studied by means of double-labeled (+)-reticuline containing a
14C.N-methyl, a 3H-label at the asymmetric center, and a known ratio
of specific activities. Previously (12, 13), it was demonstrated that no
significant N-demethylation takes place in the biosynthesis of thebaine
from reticuline in the opium poppy.

If the isotope ratio of the biosynthetic product remains unchanged,
no racemization has taken place and only the levo-enantiomer has been
utilized in the reaction. A 3H-loss of 50% or less means that racemization
has occurred, but it may only have affected the dextrorotatory isomer.
If the 3H-loss is greater than 50%, even the levorotatory isomer of required
stereochemistry must have been subjected to some racemization and,
consequently, the reaction is reversible. The labeling pattern of isolated
thebaine was established by rearrangement to thebenine (11), followed
by exhaustive methylation and Hoffman degradation. Trimethylamine
carrying the #C-label was isolated as benzyltrimethylammonium bro-
mide.

To determine the limiting step in the biosynthesis of hydrophenan-
threne alkaloids in P. bracteatum, feeding experiments also were per-
formed with codeinone. This alkaloid was administered as the nonra-
dioactive substance. The alkaloids produced by the plant were isolated
and identified by GLC and IR spectroscopy.

In young plants of P. bracteatum, the thebaine content increases most
rapidly in the roots and tends to stabilize there after a few weeks,
whereupon the thebaine concentration increases in the shoots (22). It was
suggested, therefore, that thebaine is biosynthesized in the root and
translocated to the shoots. As the plant reaches maturity during its 2nd
year of growth, the highest concentration of thebaine is found in the
capsule, reaching a peak 4-6 weeks after flowering (8, 23). If the plant is
disbudded and thereby prevented from flowering and forming capsules,
most thebaine remains in the roots, which increase in size and weight

(7).

RESULTS AND DISCUSSION

The results of the feeding experiments indicate that the biosynthesis
of thebaine in P. bracteatum occurs by the same route as in the opium
poppy. Double-labeled (&)-reticuline showed good incorporation into
thebaine by several methods of administration (Table I). The plant is
capable of racemization of reticuline, and the reaction is reversible as
indicated by a 3H-loss greater than 50%. Chemical degradation of the-
baine showed that all 14C-activity was located in the N-methyl group
(Table IT). Rearrangement to thebenine took place without loss of tritium.
Immature plants fed (+)-reticuline through their leaves gave thebaine
with the highest specific }4C-activity (~42,000 dpm/mg), but the percent
incorporation was the same as that obtained by wick feeding because of
the much larger amount of thebaine present in the whole plants.

The negligible incorporation of radioactivity into codeine (VIII), co-
deinone (VII), and morphine (IX), isolated by dilution with cold carriers,
indicates that these alkaloids are not present in the plant. However,



Table II—Controlled Degradation of Radioactive Thebaine
Relative C-Activity

Fragment in Isolated Fragment,% 3H-Loss
Methebenine methosulfate 99.6 0.00
Benzyltrimethylammonium 99.5 100.0

bromide

Table III—Biosynthetic Conversion of Codeinone to Codeine in
P. bracteatum

Codeinone, mg Codeine
Administration Administered Recovered Isolated, mg
Intact plant by wick 6 0 2
Isolated shoots 30 Trace 21

Kiippers et al. (24) recently reported the isolation of trace amounts
(0.003-0.004%) of neopine (VI) and codeine from the Arya [ variety of
P. bracteatum. Unequivocal detection of such small amounts by the
isotope dilution method requires a precursor of much greater specific
activity than was used in these experiments. Nevertheless, the small in-
corporation of reticuline into codeine is consistent with the results of
Kuppers et al. (24).

When codeinone was administered to the intact plant and to isolated
leaves, rapid and efficient reduction to codeine took place, as demon-
strated by actual isolation of codeine (Table I1I). Little or no codeinone
could be recovered unchanged. The difference between the amount of
codeinone administered and the amount of codeine isolated was due
primarily to losses during the extensive purification of codeine. No
morphine could be detected. Therefore, the limiting step in the biosyn-
thetic sequence apparently is the O-6-demethylation of thebaine to
neopinone. In view of the large amount of thebaine present in P. brac-
teatum and the facile reduction of the ketones, as demonstrated for co-
deinone, the minute amounts of codeine and neopine reported by Kiip-
pers et al. (24) perhaps may be best explained by nonenzymatic hydrol-
ysis of the enol ether group of thebaine because of the acidic conditions
prevailing in the plant. Neopinone and codeinone produced in this way
would be rapidly reduced to the corresponding alcohols in the living
plant.

The feeding experiments with young, isolated leaves prior to stem
formation make it clear that alkaloid biosynthesis occurs at a fast rate
in the aerial parts (Table I). When labeled reticuline was fed through the
roots of young plants placed in vermiculite and the roots and shoots were
analyzed separately, significant incorporation of radioactivity into the-
baine could be observed in the roots. A much smaller incorporation was
found in the aerial parts, perhaps because the time of the experiment was
too short (2 days) for an appreciable translocation from the roots.

High incorporation of radioactivity into thebaine was achieved when
the roots were cut into small sections and allowed to remain in contact
with radioactive reticuline solution. This result was undoubtedly due to
the larger surface area and the direct contact of the precursor with the
enzymes exposed by the cross-sections of the roots. Therefore, alkaloid
biosynthesis in P. bracteatum is not limited to any one part of the plant.
As in the opium poppy, alkaloid biosynthesis probably takes place in the
laticiferous vessels that form an anastomotic network throughout the
plant (25, 26). This finding is consistent with the fact that the latex that
accumulates in the capsule after petal drop is the single richest source
of thebaine, containing as much as 20% on a dry weight basis (27).

EXPERIMENTAL?

Synthesis of Precursors—I1-3H-N-Methyl-14C-(+)-reticuline—
N-Methyl-14C-(£)-0,0-dibenzylreticuline was prepared as described
previously (28); the specific activity was 1.65 mCi/mmole.

1-(3-Benzyloxy-4-methoxybenzyl)-7-benzyloxy-6-methoxy-3,4-dihy-
droisoquinoline methiodide (200 mg) (28) was dissolved in 25 ml of an-
hydrous dimethyl sulfoxide and reduced with 8 mCi (1.6 mg) of sodium
3H-bhorohydride overnight. Cold sodium borohydride was added to
complete the reduction, and the product was isolated and purified by
crystallization to give 166 mg of pure 1-3H-(%)-0,0-dibenzylreticuline,
specific activity 14.00 mCi/mmole.

N-Methyl-1*C-(+)-0,0-dibenzylreticuline (667 mg) and 1-3H-(&£)-
0,0-dibenzylreticuline (150 mg) were dissolved in 50 ml of hydrochloric
acid (38%) in a 250-ml round-bottom flask. Then 50 ml of benzene was
added, and the mixture was stirred vigorously under nitrogen for about
14 hr at room temperature (29). The acid layer was separated, cooled in
ice water, and made alkaline to pH 13 with 6 N NaOH. After extraction
with ether, the aqueous phase was adjusted to pH 9 with ammonium
chloride and extracted several times with ether. The ether extracts ob-
tained at pH 9 were dried over anhydrous sodium sulfate and evaporated
to dryness. The residue (428 mg) was purified by repeated precipitation

2 All melting points are uncorrected.

from ether—petroleum ether until pure by TLC on silica gel and GLC3
of the base and its bis(trimethylsilyl) derivative on OV-1 (3%); specific
activities were: 14C, 1.35 mCi/mmole; 3H, 2.57 mCi/mmole; and *H to 14C
ratio, 1.90.

Codeinone—This compound was prepared by oxidation of codeine
with manganese dioxide as described by Highet and Wildman (30). It was
purified by chromatography on alumina* with benzene containing 20%
chloroform and by crystallization from benzene-hexane until free of
codeine as demonstrated by GLC on OV-1 (3%), mp 185°.

Cultivation of Plants and Administration of Labeled Reticu-
line—Seeds® of P. bracteatum, Arya Il variety, were sown on free land
in December 1974 and in flowerpots in a greenhouse in January 1976. The
precursor solutions were prepared by dissolving the compound in an
equivalent amount of 0.1 N HoS0, and diluting with water to a concen-
tration of 1 mg/ml.

Wick Feeding—A cotton thread was inserted through the main stem
near its base of 12 plants, 16-18 months old, as they were just beginning
to blossom. Both ends of the thread were twisted together and placed in
a vial containing the precursor solution. The amount of precursor per
plant ranged from 1 to 3 mg, depending on plant size. The plants were
harvested after 10 days and placed in a freezer until they could be ex-
tracted.

Feeding of Isolated Shoots—Sixty leaves from 30 immature plants,
about 15 months old, were cut off near the roots and immediately placed
in a beaker of water. About 1 cm of the end of the leaf stem was cut off
under water and the leaf was transferred, with a drop of water clinging
to the end, to a small test tube, 15 mm i.d. X 10 ¢cm long. The test tube
contained 0.25 mg of labeled reticuline in 1 ml of water. Two leaves were
placed in each test tube. Water was added as needed during the experi-
ment, and the leaves were harvested when they showed signs of wilting
(36-48 hr).

Root Feeding of Whole Plants—Four immature plants, about 15
months old, were carefully removed from the soil, rinsed with water, and
placed in moist vermiculite in test tubes. A solution of the precursor
containing 3 mg of labeled reticuline was added to each test tube around
the root system. The plants were harvested after 2 days when they began
to wilt. About 1 cm of the intersection between the root and the shoot was
removed, and the roots and the leaves were extracted separately.

Tracer Experiments with Root Slices—Six immature plants, about
15 months old, were removed carefully from the soil and rinsed with
water. The shoots were removed, including about 1 cm of the uppermost
part of the root. The rest of the root was cut into 1-cm slices, which were
placed in a dark-brown glass bottle and moistened with a solution con-
taining 10 mg of labeled reticuline. The bottle was rotated several times
a day for 4 days to allow the root pieces to contact the radioactive pre-
cursor solution,

Extraction, Separation, and Purification of Alkaloids—The fresh
or frozen plants were extracted with methanol in a high-speed blender$,
and the cold alkaloid carriers were added. The suspension was poured
into a glass percolator and extracted with methanol until the extract gave
negative tests for alkaloids. The extract was concentrated in a rotary
vacuum evaporator to remove the methanol, transferred to a separator,
and shaken with several small portions of ethyl acetate. The combined
ethyl acetate extracts were washed three times with 0.5 N HC], and the
acid washings were combined with the original agueous solution (total
alkaloids).

The total alkaloid solution was cooled in ice water, 6 N NaOH was
added to pH 13, and the solution was extracted several times with chlo-
roform. Chloroform evaporation gave the nonphenolic alkaloids. The
aqueous solution containing the phenolic alkaloids was adjusted to pH
9 with ammonium chloride and extracted with 50, 30, and 20 m! of chlo-

3 Varian Aerograph model 2100 gas chromatograph with glass column, 1.82 m
(6 ft) long, 2 mm i.d.

4 Neutral aluminum oxide, Woelm, activity IIL

5 Obtained from the United Nations Narcotic Laboratory, courtesy of Dr. O. J.
Braenden.

€ Waring Products Co.
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roform-isopropyl alcohol (3:1). The organic extract was shaken, first with
10 ml and then with 5 ml of 0.1 N NaOH.

The combined alkaline extracts were placed in a 50-ml glass-stoppered
flask and 20 ml of ether, 500 mg of ammonium chloride, and 1 m! of pH
9.0 ammonium chloride-ammonium hydroxide buffer were added. The
flask was stoppered, shaken vigorously for about 2 min, and placed in a
refrigerator for crystallization of morphine. The crystals were collected
and purified by crystallization from methanol to constant radioactivity
31).

*The fraction containing the nonphenolic alkaloids was separated by
chromatography on alumina* with benzene containing 10% chloroform.
The elution was monitored by micro-TLC. After thebaine had been
collected, the concentration of chloroform in the eluting solvent was in-
creased gradually to 35% for elution of codeinone and codeine. Thebaine
was purified by fractional crystallization from benzene-hexane to con-
stant radioactivity. Codeinone and codeine were first purified by pre-
parative TLC on alumina with 8% ethanol in benzene. Codeinone was
then crystallized from benzene—hexane to constant radioactivity. Codeine
was converted to 6-acetylcodeine by means of acetic anhydride and
pyridine and crystallized from hexane to constant radioactivity.

Feeding Experiments with Codeinone—In one experiment, 6 mg
of codeinone was administered as the sulfate to a mature flowering plant
by cotton wick. The plant was harvested after 7 days and extracted as
described. GC of the total alkaloid extract (116 mg) revealed thebaine
as the major component with smaller amounts of several other alkaloids.
One minor alkaloid had the same retention time as codeine. The gas
chromatogram showed no detectable amount of codeinone.

The major portion of thebaine was removed by crystallization from
ether, and the minor alkaloids were separated by preparative TLC on
silica gel with chloroform-methanol (9:1) into three fractions, one of
which contained codeine as its major component. This fraction was fur-
ther purified by TLC on silica gel with benzene-ethanol (8:2) (double
development) to afford pure codeine (2 mg), identified by GLC of the base
and of its trimethylsilyl derivative on two stationary phases of different
polarity (OV-1 and OV-17). There was no evidence of morphine.

In another experiment, 30 mg of codeinone was administered to 66 large
leaves cut from 35 5-month-old plants as described for reticuline. The
alkaloids were extracted and separated into phenolic and nonphenolic
fractions. The nonphenolic fraction (172 mg), consisting mainly of the-
baine, displayed a distinct peak on the gas chromatogram corresponding
to codeine but showed only a trace of codeinone. It was separated by
preparative TLC on alumina with benzene—ethanol (92:8) into six frac-
tions, one of which was almost pure codeine (21 mg), identified by GLC
and IR spectroscopy. The phenolic fraction (91 mg) was purified by
preparative TLC on silica gel with chloroform-methanol (9:1). No mor-
phine could be detected by GLC of the fractions obtained.

The same extraction and separation procedures were applied to 45
leaves of P. bracteatum that had not received codeinone. No codeine
could be detected by GLC of the total nonphenolic fraction or of the
fractions obtained by preparative TLC on silica gel with chloroform-
methanol (9:1).

Degradation of Thebaine—Thebaine (200 mg) was dissolved in a
mixture of 2 ml of 15% hydrochloric acid and 0.4 ml of methanol and re-
fluxed under nitrogen for 2 min. The solution was cooled, and the liquid
was decanted from the gummy precipitate of thebenine. Thebenine was
methylated at room temperature in a nitrogen stream with dimethyl
sulfate. Sodium hydroxide solution (11 N) was added dropwise to
maintain the pH of about 10. The reaction mixture was cooled in the re-
frigerator overnight to produce green crystals of methebenine metho-
sulfate (97 mg), mp 270-273° {lit. (11) mp 273-275°). It was recrystallized
from methanol-ether to constant radioactivity.

Methebenine methosunifate (88 mg) was placed in a two-necked flask
fitted with a reflux condenser and a nitrogen inlet tube. The top of the
condenser was connected to a flask containing 1 ml of benzyl bromide
in 10 m] of methylene chloride. A slow nitrogen stream was passed into
the reaction flask, bubbling through the solution of benzyl bromide. Five
milliliters of 8 N NaOH was added to the reaction flask, and the solution
was refluxed overnight. The methylene chloride solution was concen-
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trated, and benzyltrimethylammonium bromide was precipitated with
ether. The precipitate (26 mg) was recrystallized from ether—chloroform
to constant radioactivity, mp 232-234° [lit. (32) mp 235°].
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Abstract 00 Albumin can be immobilized in microparticles of poly-
acrylamide in such a way that its ligand-binding properties are retained.
With radiolabeled salicylic acid, warfarin, and tryptophan, the same
characteristics are obtained for binding to albumin in the microparticles
as in free solution. The particles can be used conveniently to determine
association constants and the number of binding sites directly. The as-
sociation constant of a competitive displacer can be determined indirectly
as well, as shown with diazepam-salicylic acid and tryptophan-salicylic
acid.

Keyphrases O Binding, protein—salicylic acid, warfarin, and trypto-
phan to albumin in free solution and in microparticles, direct and indirect
determination of constants 0 Protein binding—salicylic acid, warfarin,
and tryptophan to albumin in free solution and in microparticles, direct
and indirect determination of constants O Microparticles, polyacryl-
amide—containing albumin, binding of salicylic acid, warfarin, and
tryptophan compared to binding in free solution, direct and indirect
determination of constants

Considerable efforts have been devoted to the quanti-
tative characterization of ligand-macromolecule com-
plexes, especially between drugs and serum albumin. In
the absence of better methods, the time-consuming and
laborious equilibrium dialysis technique is still most
commonly used and is considered to give correct data when
properly applied. Some modifications (1, 2) were tried to
speed up equilibrium. Ultrafiltration is a rapid technique,
but it generally gives too high a degree of binding because
of the increased local concentration of protein just over the
membrane (3).

Gel filtration also has been used in ligand binding
studies (4), but unspecific interactions with the gels, to-
gether with difficulties in correctly calculating the binding
constants thermodynamically, have precluded its general
application. Circular dichroism measurements (5) can, in
some cases, be used to determine binding constants accu-
rately in homogeneous solutions without any interfering
membranes or matrixes. However, the limited availability
of spectropolarimeters and the costs involved limit the
applicability.

It recently was reported (6-8) that immunoglobulins,
albumin, and enzymes retain their biological properties
when immobilized in microparticles of highly cross-linked
polyacrylamide. The proteins are partly entrapped in the
network of the polymer and partly fixed in the thick
threads forming the network. The relatively large pores of
the polyacrylamide allow the equilibrium between the
interior of the particles and the environment to be attained
rapidly.

The present paper demonstrates that the quantitative
relationships for the binding of some drugs to albumin in
microparticles and in true solution (as in equilibrium di-
alysis) are the same. Moreover, it is shown how albumin
in microparticles can be used conveniently for both direct
and indirect determinations of binding constants.

EXPERIMENTAL

Materials—The putity of the human serum albumin! was more than
98% according to the manufacturer’s specifications.

14C_Salicylic acid (52 mCi/mmole), 1¥C-warfarin (23.5 mCi/mmole),
and MC-tryptophan (52 mCi/mmole) were used2. The radiochemical
purity was checked by TLC and was >98%. The unlabeled drugs were
used as received. Other chemicals were analytical grade.

Radioactivity was measured by liquid scintillation counting.

Microparticles of polyacrylamide containing human serum albumin,
and with a diameter primarily between 1 and 3 um, were prepared as
described by Ekman and Sjéholm (7). An appropriate amount of human
serum albumin was dissolved in a solution of acrylamide (6% w/v) and
N,N’-methylenebisacrylamide (2% w/v) in 0.1 M KCl and 0.006 M
phosphate buffer, pH 7.4. In general, a concentration of 150 mg of albu-
min/ml was used.

After the addition of the catalyst system consisting of N,N,N’,N'-
tetramethylethylenediamine and ammonium peroxydisulfate, the water
phase (5 ml) was immediately homogenized in 200 m! of an organic phase®
[toluene—chloroform (4:1)]. The polymerization started immediately and
was completed in 5 min. The microparticles were isolated by centrifu-
gation and washed several times with buffer. The amount of human
serum albumin incorporated in the particles was determined by amino
acid analysis after hydrolysis in 6 M HCl &t 106° for 20 hr.

Drug-Protein Binding with Microparticles—The experiments
were carried out at room temperature (23°). Microparticles containing
albumin were suspended in a 0.03 M phosphate buffer and 0.1 M NaCl,
pH 7.4. The concentration of albumin in the suspension was 0.8 mg/m]
(1.2 X 10~8 M). Aliquots of 1 ml were pipetted into plastic centrifuge
tubes. Different amounts of the drug studied, also containing the 14C-
labeled compound, were dissolved in the same buffer and added (in 100
ul) to the tubes containing the microparticle suspension. Earlier studies
(7) showed that equilibrium is obtained rapidly; the samples were gen-
erally centrifuged within 5-15 min for 20 min at 3000Xg.

After centrifugation, the concentration of the free drug, [D], in the
system was determined by measuring the radioactivity in 0.1-ml aliquots
taken in duplicate from the supernate. The concentration of the bound
drug, [DP], was calculated by subtracting the free drug from the total
concentration of drug added.

Unspecific binding to the polyacrylamide gel of the respective ligands
was tested in the same way with microparticles not containing pro-
teins.

In the interaction studies, the displacing drug, which was not ra-
dioactively labeled, was added to the microparticle suspension so that
a constant molar ratio between displacer and albumin was obtained in
all samples in a series. After mixing and centrifuging, the radioactivity
was determined as previously described.

Equilibrium Dialysis—The protein binding also was determined by
equilibrium dialysis at 23° as described earlier (9). The albumin con-
centration was determined from the absorption at 278 nm (A}%, =
5.80).

Evaluation of Data—The binding data obtained with the different
ligands were analyzed according to Scatchard (10). The following equa-
tion:

=n.Ka—-r.Ku (E;ql)

r

(D]
was used, where r is the moles of bound drug per mole of albumin, n is
the number of binding sites, K, is the association constant for the

1 Batch 30299, KABI AB, Stockholm, Sweden.

2 Radiochemical Centre, Amersham, England.

3 An Ultraturrax TP 18-10 was used as the homogenizer, and the detergent was
Pluronic F68, Wyandotte Chemicals Corp., Wyandotte, Mich.
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Figure 1—Scatchard plot showing salicylic acid binding to human
serum albumin in free solution determined by equilibrium dialysis (®)
and to albumin in microparticles (0). The lines (--- and —, respectively)
are the regression lines calculated from the experimental points with
r < 1.0. Albumin (1.2 X 10~% M) was dissolved or, when present in mi-
croparticles, suspended in 1.0 M NaCl with 0.03 M phosphate, pH 7.4;
the temperature was 23°.

drug-albumin complex, and |D] is the concentration of free drug. The
data also were evaluated by the double-reciprocal plot:

1 1 1 1

_ — e — Eq. 2

r nK, [D] n (Eq-2)
When the binding of a ligand to a particular site on the macromolecule
is inhibited by a competitive inhibitor, the following relation exists (11)
between the association constant, Kapp, determined in the presence of
the inhibitor, I, and the true association constant, K, obtained in the
absence of inhibitor:

K.
1+ [I ]K,‘
where [I] is the concentration of the free displacing drug and K; is the
association constant for the protein-displacer complex. From this
equation, the association constant for the displacing drug, K;, can be
calculated if K, and [I] are known.

In the plots, the data points were fitted to straight lines by linear re-
gression analyses using the values on the x-axis as the independent
variable and the values on the y-axis as the dependent variable.

Kopp = (Eq. 3)

RESULTS

Protein Binding—The unspecific binding to the polyacrylamide gel
is generally low, and no such binding was detected for salicylic acid,
warfarin, and tryptophan. The characteristics for the binding to human
serum albumin in microparticles, as displayed in the Scatchard plots, are
shown for salicylic acid, warfarin, and tryptophan in Figs. 1-3, respec-
tively. The binding of the drugs to albumin incorporated in the micro-

N
o

(r/D) X 107 M~
5

0

Figure 2—Scatchard plot showing warfarin binding to human serum
albumin in free solution determined by equilibrium dialysis (®) and
to albumin in microparticles (0). The lines (--- and —, respectively)
are the regression lines calculated from the experimental points with
r < 0.6. The experimental conditions were the same as in Fig. 1.
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Figure 3—Scatchard plot showing L-tryptophan binding to humgn
serum albumin in microparticles (®). The line drawn is the regression
line. The experimental conditions were the same as in Fig. 1.

particles is the same, within the experimental errors, as the binding to
albumin in free solution as determined by equilibrium dialysis. The
straight lines were calculated by linear regression and gave the values of
nK, (intercept on the y-axis), n (intercept on the x-axis), and K, (Table
.

Inhibition of Binding—The changes in the binding of salicylic acid
to albumin in microparticles brought about by adding competing ligands
are shown in Figs. 4 and 5. These double-reciprocal plots show that both
diazepam and tryptophan inhibit 14C-salicylic acid binding.

Diazepam is known to bind to one primary site on human serum al-
bumin (12, 13); this site is evidently one of the two sites to which salicylic
acid binds. The two lines have the same intercept, giving n = 2; i.e., the
binding of salicylic acid is competitively inhibited. From the slopes of
the two lines, K, and K,y can be calculated; K;, the association constant
characterizing diazepam binding to albumin, may subsequently be cal-
culated from Eq. 3. Thereby, in Eq. 3, the total concentration of the in-
hibitor may, as an approximation, be substituted for the value of the free
inhibitor concentration, [I]. The value of K; is given in Table I and ap-
proaches the value 1.8 X 105 M ~! obtained with circular dichroism (13).
The albumin used in this investigation was not treated with charcoal,
which is usually done to eliminate the strongly bound fatty acids.

Figure 5 shows that salicylic acid binding successively decreased with
increasing tryptophan concentration. Tryptophan is probably bound to
more than one site on human serum albumin, even if the Scatchard plot
in Fig. 3 indicates only one site. Therefore, the approximation that [I]
= |I)sotal is more uncertain, which introduces a larger error in the calcu-
lation of K;.

DISCUSSION

Immobilization of biologically active macromolecules, e.g., proteins,
by covalent binding to solid matrixes generally decreases or changes the
activity. However, in the microparticles of highly cross-linked poly-
acrylamide (in this work, T ~ C = 8-25%)?, the proteins are only physi-
cally entrapped in the network as well as in the threads, and the activity
of the immobilized proteins is retained (6, 7).

In the present case, the binding affinity between albumin and several
lizands was the same in the microparticles as in free solution. The obvious
consequence of this observation is that microparticles with immobilized
albumin (or other proteins) might be used to characterize the quantitative
relationship between protein and ligand.

The present work showed that the association constant for drug

4 The gels preg‘ared are characterized according to the nomenclature suggested
by H'ertgn (15). The first numeral, T, denotes the total amount of monomer (g/100
m! of solvent), and the second numeral, C, denotes the amount of N,N-meth-
y}‘enebisacrylamide expressed as the percentage (weight/weight) of the total amount
of monomers.
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Figure 4—Double-reciprocal plot showing salicylic acid binding to
human serum albumin in microparticles in the absence (0) and pres-
ence (@) of 1.5 X 10~ M diazepam. The experimental conditions were
the same as in Fig. 1.

binding can conveniently be performed directly. The constants can be
determined by the Scatchard plot, especially when the number of binding
sites involved, n, is of interest. In addition, the double-reciprocal plot can
be used to study the effects of inhibitors. The association constant for
the binding of the inhibitor to the specific site can be estimated from the
changed slopes of the lines obtained with increasing inhibitor concen-
tration. Certainly, the inhibitor may bind to other sites as well, so some
uncertainty will exist as to the approximation that the free inhibitor
concentration approaches the total. In this case, information may be
obtained from determinations at varying inhibitor concentrations.
Consistent values of K; indicate that the approximation is correct.
The use of microparticles with immobilized protein simplifies the
determination of association constants considerably. The procedure is
rapid and simple, and the values will be precise when radiolabeled ligands
are used or when sensitive methods are available for the determination
of the free ligand in the supernate obtained after centrifugation. In these

Table I—Binding Constants for the Binding to Human Serum
Albumin

Microparticles Other Methods
Ka» Ki» Ka:
Compound M-1xX10¢ n M1XxX107% M-1X10* n
Salicylic acid 3.0 2.0 — 2.8 2,24
Wartarin 24.0 1.0 —_ 21.0 1.2¢
Tryptophan 1.1 0.8 0.9 11 0.9%
Diazepam — — 11.0 18.0 1.0¢

a ;)Equilibrium dialysis (this work). ® Gel filtration (14). ¢ Circular dichroism

0 | |

o] 1.0 2.0
(1/D) X 10"* M~
Figure 5—Double-reciprocal plot of salicylic acid binding to human
serum albumin in microparticles, alone (Q), in the presence of 5.8 X
10-5M tryptophan (@), and in the presence of 9.6 X 10~5 M tryptophan
(A). The experimental conditions were the same as in Fig. 1.

cases, low concentrations of protein and ligand can be used, which means
that the degree of binding will be low. Such conditions are favorable for
the determination of the primary binding constant, which most often
represents the physiologically significant binding.
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Abstract O 7-Aminocephalosporanic acid tert-butyl ester was reacted
with polystyrene-bound mixed carbonic-carboxylic anhydrides to give
the corresponding N-acylated derivatives. Cleavage of the tert-butyl
protecting group with trifluoroacetic acid gave the corresponding
cephalosporanic acid.

Keyphrases O Cefaloram—synthesized by N-acylation of tert-butyl
7-aminocephalosporanate using polystyrene-bound anhydrides O
Polymer-bound anhydrides—used in synthesis of cefaloram by N-acyl-
gtion of tert-butyl 7-aminocephalosporanate O Cephalosporins—
cefaloram synthesized by N-acylation of tert-butyl 7-aminocephalo-
sporanate using polystyrene-bound anhydrides O Solid phase synthe-
ses—cefaloram, N-acylation of tert-butyl 7-aminocephalosporanate using
polystyrene-bound anhydrides & Antibiotics—cefaloram, synthesized
by N-acylation of tert-butyl 7-aminocephalosporanate using polysty-
rene-bound anhydrides

The advantages of using insoluble polymer supports in
the syntheses of polypeptides (1) and polynucleotides (2)
have been well documented. The success of this solid phase
technique prompted various syntheses with polymer-
bound reagents (3, 4). One dominant reason for using the
insoluble support is that the excess reagent and the
products arising from it can be removed by simple filtra-
tion. Thus, excess reagent can be added to ensure complete
conversion of the substrate and the product can be isolated
by filtration and solvent evaporation. The ease of this
workup procedure is especially important in preparing
sensitive molecules such as antibiotics. This report pre-
sents initial studies on the use of insoluble reagents in the
N-acylation of 7-aminocephalosporanic acid.

Mixed carbonic-carboxylic anhydrides have been uti-
lized in the N-acylation of both 7-aminocephalosporanic
and 6-aminopenicillanic acids (5). Due to their instability,
these reagents are prepared in situ. These highly reactive
anhydride functions can be created on insoluble polysty-
rene (6), resulting in a polymer capable of benzoylation of
simple aliphatic amines. Since N-acylation of 7-amino-
cephalosporanic acid by phenylacetic acid is required to
produce an active antibiotic (cefaloram), a study of the
formation and utilization of polystyrene with carbonic—
phenylacetic anhydride functions was undertaken.

RESULTS AND DISCUSSION

The preparation of polymeric mixed anhydrides is illustrated in
Scheme 1. “Popcorn polystyrene” (I) was chloromethylated according
to the general procedure of Merrifield (1), resulting in the production of
resins bearing approximately 1.8 mEq/g of chloromethyl residues. Sub-
sequent reaction of the chloromethyl polystyrene (II) with sodium ben-
zoate and triethylamine gave the benzoate ester (II1), which, on alkaline
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hydrolysis, gave quantitative conversion to the benzyl alcohol-bearing
resin (IV).

Treatment of IV with a 12.5% solution of phosgene in benzene con-
verted the alcohol to the corresponding chloroformate (V). The conver-
sion of V to the carbonic-benzoic anhydride (VIa) was achieved using
triethylamine as the catalyst at 0° in 30 min (6). Attempts to prepare the
corresponding phenylacetic anhydride (VIb) under the same conditions
resulted in poor yields, because of the rapid decomposition of the anhy-
dride functions caused by the presence of triethylamine. Stability studies
on such mixed anhydrides in solution have shown that some tertiary
amines catalyze their conversion to the corresponding esters, accompa-
nied by the loss of carbon dioxide (7). The use of another tertiary amine,
quinoline, as the catalyst at 25° gave the desired resin (VIb) in fair yield
(0.8 mEq/g of acid).

Prior to the reaction with the resin anhydrides, 7-aminocephalospo-
ranic acid was converted to its tert-butyl ester (VII) by the use of 2-
methylpropene and sulfuric acid (8) for two reasons. One was the ne-
cessity of carrying out the reactions of polystyrene-based reagents in
solvents, such as benzene, that swell the resin bead. The solubility of
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7-aminocephalosporanic acid in benzene is negligible. The second was
the blocking of the carboxylic acid function, which left only the amine
function to react with the resin-bound reagents (6).

Acylation was carried out by addition of the ester to the benzene sus-
pensions of resins Vla and VIb. The corresponding N-acyl derivatives
were obtained after the evaporation of the filtrates in 75 and 50% yields,
respectively. Cleavage of the tert-butyl ester from tert-butyl 7-(N-
phenylacetamido)cephalosporanate (VIIIb) resulted in the production
of 7-(N-phenylacetamido)cephalosporanic acid (cefaloram), a biologically
active cephalosporin (5, 8). Subsequent biological activity testing of
cefaloram, produced by N-acylation with the polymeric mixed anhydride
method, by the paper disk method of Bauer et al. (9) gave antibiotic ac-
tivity parallel with that obtained following conventional synthetic
preparation (5, 9). Against Staphylococcus aureus (3074), a minimum
inhibitory concentration of 2.5 ug/ml was obtained.

The reason for the relatively low yields in the acylation reactions was
the incomplete conversion of the chloroformate functions of V to the
mixed anhydrides. Thus, the polymers VIa and VIb possessed some
chloroformate functions. A portion of the substrate amine was lost be-
cause of the reaction with the chloroformate moieties, resulting in binding
to the resin as the carbamates. This conclusion was supported by the
presence of sulfur in Vla and VIb after reaction with VII. Attempts are
being made to reduce the number of the unreacted chloroformate func-
tions on VIb,

Although yields obtained in the N-acylation of the cephalosporin
nucleus at this time are only comparable to other synthetic procedures,
the solid phase method is of potential interest in the preparation of
semisynthetic cephalosporins because of its simplicity.

EXPERIMENTAL!

Compound I--The resin was prepared according to the procedure
described by Letsinger et al. (10) and was reduced to 40-100 mesh using
a blender?.

Compound IT—To 70 g of I in 500 ml of chloroform at 0° was added,
over 30 min, 135 ml of a solution containing 100 m! of chloromethyl
methyl ether and 35 ml of anhydrous stannic chloride. The mixture was
stirred for 1 additional hr at 0° and then for 2 hr at 25°. The resin was
then washed with 500-m] aliquots of each of the following: dioxane, di-
oxane-water (1:1), 10% HCI (hot), water, dioxane, benzene, and anhy-
drous ether. The pale-yellow resin was dried in vacuo to yield 80.5 g.

Polystyrene Benzyl Alecohol (IV)—To 12.0 g of II in 100 ml of 2-
methoxyethanol were added 5 g of potassium benzoate and 2 ml of tri-
ethylamine, and the mixture was refluxed for 4 hr. The polymer was
washed by decantation with 200 ml of 2-methoxyethanol while still hot.
Then the resin was transferred to a second flask containing 4.0 g of po-
tassium hydroxide in 100 ml of 2-methoxyethanol, and the mixture was

LIR spectra were recorded on a Perkin-Elmer 564 or 700 instrument. NMR
spectra were taken on a Varian EM-360 or A-60-A instrument. Mass spectra were
obtained on a Perkin-Elmer RMU-67 instrument at 70 ev. Melting points were
taken with a Thomas-Hoover capillary melting-point apparatus and are uncor-
rected. Elemental analyses were performed by Microanalysis Inc., Wilmington, Del.,
and were within 0.4% of theory.

2 Waring.

refluxed for an additional 4 hr. The resin was washed as previously de-
scribed and dried in vacuo to give 11.2 g of IV; IR (4% KBr pellet): 3300
cm™L

Polystyrene Benzylchloroformate (V)—To a flask containing 75
ml of a 12.6% solution of phosgene in benzene was added 10.0 g of IV. The
mixture was shaken at 25° for 5 hr. Then the resin was filtered, washed
with benzene (2 X 100 ml) and anhydrous ether (2 X 100 mi), and dried
in vacuo to give 12.9 g of V; IR (4% KBr pellet): 1765 cm~! (no absorption
at 3300 cm™1),

Polystyrene Mixed Carbonic-Carboxylic Anhydrides (VIa and
VIb)—To 8.0 g of V in 50 ml of dry benzene was added 30 mM of the
desired carboxylic acid and 30 mM of the necessary tertiary amine. For
benzoic acid, triethylamine was added and the reaction was allowed to
proceed at 0° for 30 min; for phenylacetic acid, quinoline was added and
the reaction was conducted at 25° for 2 hr. The resin was washed with
dioxane-water (1:1) (2 X 100 ml), dioxane (2 X 100 ml), benzene (2 X 100
m}), and anhydrous ether {2 X 100 ml) and dried in vacuo; IR (4% KBr
pellet): 1740 and 1795 cm™1,

Compound VIITh—To 3.0 g of VIb in 50 ml of dry benzene at 50° was
added 0.85 g of tert-butylaminocephalosporanate (VII). The mixture was
allowed to react for 2 hr, and then the resin was removed by filtration.
After evaporation of the solvent, the residue was recrystallized from
methylene chloride-ether to give 0.65 g (50%) of VIIIb, mp 159-160° [lit.
(11) mp 148-150°).

Cefaloram—Cleavage of the tert-butyl ester-protecting group was
conducted by dissolving 1.0 g of VIIIb in 10 ml of anhydrous ice-cold
trifluoroacetic acid and allowing it to stand at 25° for 30 min (8). Then
the solution was concentrated under reduced pressure to give a gummy
residue, which was dissolved in a minimum of methylene chloride. The
product precipitated with ether to give 0.54 g (62%) of cefaloram (5), mp
168-171° dec.; IR (chloroform): 1780, 1720, 1670, and 1640 cm~1; NMR
(acetone-dg): 6 2.02 (s, 3H, COCH3), 3.45-3.55 (d, 2H, C-2 CHy), 3.6 (s,
2H, C¢HsCH ), 4.6-5.2 (m, 3H, C-6 H and CH;0), 5.75 (quartet, 1H, C-7
H), 7.25 (s, 5H, CeHj5), and 7.85-8.0 (broad doublet, 1H, NH) ppm.
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Abstract O To understand the role that tetrahydroisoquinoline for-
mation may play in alcoholism and drug toxicology, high-performance
liquid chromatography with electrochemical detection was used to
monitor the overall rate of reaction, in pH 7.4 buffer, between the cate-
cholamines (dopamine, «-methyldopamine, dihydroxyphenylpropano-
lamine, deoxyepinephrine, levodopa, a-methyldopa, epinephrine, le-
varterenol, and isoproterenol) and acetaldehyde. The observed overall
rate of reaction varied from 0.38 to 0.0013 liter/mole sec. In addition, the
reaction rate of the neurotransmitter dopamine was measured for various
aldehydes (formaldehyde, acetaldehyde, glyoxylic acid, paraldehyde,
malonaldehyde, glyceraldehyde, and chloral hydrate). The observed
overall rate of reaction varied from 5.3 to 0.0011 liters/mole sec. Peni-
cillamine prevented formation of the tetrahydroisoquinoline alkaloids
when initially present in concentrations equal to or greater than the al-
dehyde concentration.

Keyphrases O Catecholamines, various—reaction with acetaldehyde,
formation rate of isoquinoline alkaloids 0 Aldehydes, various—reaction
with dopamine, formation rate of isoquinoline alkaloids O Isoguinoline
alkaloids—formation rate by reaction of various catecholamines and
aldehydes O Alkaloids, isoquinoline—formation rate by reaction of
various catecholamines and aldehydes

An understanding of the mechanism and kinetics of the
Pictet-Spengler condensation is significant. The reaction,
involving the formation of tetrahydroisoquinoline alka-
loids from biogenic amines and aldehydes, may be im-
portant in alcoholism and the toxicology of several phar-
maceuticals adventitiously coadministered with alcohol
(1-9). While some effort has been expended to evaluate the
role of these alkaloids in vivo, few supporting chemical
studies have been reported (10).

Recently, this laboratory developed a new approach to
the assay of phenolic alkaloids involving high-performance
liquid chromatography (HPLC) with electrochemical
detection (11). The new method is sufficiently sensitive to
be useful for monitoring isoquinoline alkaloids in biological
material, and data have been obtained for the banana (12),
cocoa (13), and human urinel. The present brief report
describes the use of HPLC to determine the overall for-
mation rate of tetrahydroisoquinoline alkaloids from the
Pictet—Spengler reaction at physiological pH. The inhi-
bhition of alkaloid formation by competitive reaction of
penicillamine with acetaldehyde also was examined. This
investigation was undertaken as part of a long-term study
on the role of in vivo isoquinoline formation in drug toxi-
cology.

EXPERIMENTAL
A modular HPLC system? was used with an amperometric detector

operated at +0.8 v versus the saturated calomel electrode. A 50-cm X
2-mm glass column was dry packed with a pellicular cation-exchange

L'R. M. Riggin and P. T. Kissinger, unpublished results.
2 Model LC-40, Bioanatytical Systems.
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Figure 1—Representative chromatograms illustrating conversion of
dopamine to salsolinol at pH 7.4 monitored by HPLC with electro-
chemical detection. The initial concentration of dopamine was I mM,
and that of acetaldehyde was 20 mM. Key: A, 0 sec; B, 25 sec; C, 101 sec;
D, 149 sec; and E, 300 sec.

resin®. The aqueous mobile phase consisted of 0.018 M HySO, and either
0.1 or 0.2 M NaySOy, depending upon the relative capacity factors of the
alkaloids and parent amines.

Reactions were carried out at 37° in 0.1 M phosphate buffer, pH 7.4.
The amines tested included dopamine, a-methyldopamine, 3,4-dihy-
droxyphenylpropanolamine, deoxyepinephrine, levodopa, a-methyldopa,
epinephrine, levarterenol, isoproterencl, and serotonin. The compounds
(as salts), except a-methyldopa and a-methyldopamine?, were obtained
from commercial suppliers®.

Acetaldehyde, formaldehyde, malonaldehyde, glyceraldehyde, gly-
oxylic acid, paraldehyde, or chloral hydrate was added to a 1 mM amine
solution so that the final analytical concentration of the aldehyde was
20 mM. Serial aliquots (25 ul) of the reaction mixture were transferred
to test tubes containing 10 ml of the acidic mobile phase at 0°, thereby
quenching the reaction both thermally and by dilution. Each tube was

3 Zipax SCX, du Pont.
4 Donated by the Merck Institute, West Point, Pa.
5 Sigma Chemical Co., Aldrich Chemical Co., and Regis Chemical Co.



Table I—Reaction of Catecholamines with Acetaldehyde at pH
74

R,
HO. NHR,
HO R,
N kobss
liter/mole
Compound R Ro Rs Ry sec?
Dopamine H H H H 0.38
«a-Methyldopamine H CHj4 H H 0.36
3,4-Dihydroxyphenyl- OH CHj H H 0.32
propanolamine
Deoxyepinephrine H H H CHs 0.30
Levodopa H COOH H H 0.16
a-Methyldopa H COOH CH3; H 0.14
Epinephrine OH H H CH3 0.10
Levarterenol OH H H H 0.075
Isoproterenol OH H H CH(CHjy);  0.0013

2 Observed second-order rate constants for the disappearance of catecholamines
in the presence of acetaldehyde at pH 7.4 and 37° determined under pseudo-first-
order conditions via HPLC.

immediately capped, vortexed, and kept on ice prior to chromatographic
analysis. A similar sequence was used during competitive inhibition
studies, except that penicillamine was mixed with the deoxygenated
amine solutions prior to aldehyde addition. All chromatographic data
were analyzed by manual peak height measurement and fit, using a simple
linear regression analysis assuming pseudo-first-order behavior.

RESULTS AND DISCUSSION

Neuroamines condense in vivo with aldehydes to form isoquinoline
alkaloids of potential pharmacological importance. Since the reaction
is apparently nonenzymatic, the chemistry in homogeneous solution
probably has a direct bearing on the in vivo process. A thorough study
of this chemistry (14) is complicated by the large number of reactions
(protonations and hydrations) coupled to the major steps indicated in
Scheme I, using dopamine as an example.

While all of the details are not well understood, a useful first step is
to assess the influence of amine and aldehyde structure on the overall rate
of alkaloid formation. HPLC is well suited to this objective since, in most
cases, the irreversible reaction is sufficiently slow to permit discrete
analysis of the reaction mixture quenched by acidification, dilution, and
temperature. For example, the time course of the reaction between
dopamine and acetaldehyde can be examined by HPLC as illustrated in
Fig. 1. All alkaloids of interest are phenolic and can be readily oxidized
at a graphite electrode following separation by HPLC. The current re-
sulting from this electrochemical reaction is an excellent measure of the
quantity eluted from the column.

Rate constants obtained for the condensation of acetaldehyde with
several catecholamines are presented in Table I. Where the biogenic
amine is -hydroxylated (e.g., levarterenol), the reaction is complicated
by the stereochemistry of the final product(s). Serotonin (5-hydroxy-
tryptamine), which is known to react with acetaldehyde (15, 16), has a
kobs of 0.0034 liter/mole sec for the formation of 1-methyl-6-hydroxy-

HO NH, HO

HO HO NH

:
/N

R H OH
HO
~-H.0O HO
L —
N NH
AN R
R H
Scheme I

Table II—Reaction of Dopamine with Various Aldehydes at pH
74

Compound kobs, liters/mole sec?®
Formaldehyde 5.3
Acetaldehyde 0.38
Glyoxylic acid 0.33
Paraldehyde 0.069
Malonaldehyde 0.048
Glyceraldehyde 0.021
Chloral hydrate 0.0011

@ Observed second-order rate constants for the disappearance of dopamine at
pH 7.4, 37°, determined under pseudo-first-order conditions via HPLC.

tryptoline under the conditions described in Table I. Observed rate
constants for the condensation of endogenous or exogenous aldehydes
with dopamine are reported in Table I1. The hypnotic compounds, chloral
hydrate and paraldehyde, react, but slowly, as do aldehydes that result
from lipid peroxidation (17).

An attempt was made to examine the role of sulfhydryl-containing
compounds (i.e., penicillamine and cysteine) in preventing tetrahydro-
isoquinoline alkaloid formation. With variable amounts of the sulfhydryl
compounds present in the initial catecholamine reaction mixture, acet-
aldehyde combined with the sulfhydryl compound in a 1:1 ratio. With
stoichiometric amounts of penicillamine and acetaldehyde, no measurable
alkaloid was produced even at catecholamine concentrations 10-fold in

_excess. Penicillamine and cysteine protect animals from the detrimental

effects of acetaldehyde by the formation of the corresponding thiazolidine
compounds (18-20). This observation may eventually prove useful in
alcohol detoxification therapy.

This HPLC approach is applicable to a number of related problems
in alkaloid chemistry because of its excellent selectivity and sensitivity
(detection limits below 100 pg are routine). Whether the Pictet-Spengler
reaction is important in the pharmacology of amine or aldehyde drugs
remains to be determined. In vivo experiments bearing on this question
are planned. The methodology for brain tissue assay has already been
developed (21).
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Abstract O The influence of two linear polymers, polyethylene glycol
6000 and povidone 25,000, on the dissolution rate of three poorly soluble
drugs, nitrofurantoin, ethotoin, and coumarin, was studied. Povidone
25,000 produced better drug solubilization than polyethylene glycol 6000
with the drug—polymer ratios studied, and an increase in the weight
fraction of either polymer gave more rapid dissolution. TLC and IR
studies ruled out any interaction between the drugs and polyethylene
glycol 6000. IR spectrophotometry provided evidence that there was
complex formation between nitrofurantoin and povidone 25,000, probably
via hydrogen bonding.

Keyphrases O Nitrofurantoin—solid dispersions with polyethylene
glycol 6000, coprecipitates with povidone, effect on dissolution rate O
Ethotoin—solid dispersions with polyethylene glycol 6000, coprecipitates
with povidone, effect on dissolution rate @ Coumarin—solid dispersions
with polyethylene glycol 6000, coprecipitates with povidone, effect on
dissolution rate 0 Solid dispersions—nitrofurantoin, ethotoin, and
coumarin with polyethylene glycol 6000, effect on dissolution rate O
Coprecipitates—nitrofurantoin, ethotoin, and coumarin with povidone,
effect on dissolution rate O Dissolution rates—nitrofurantoin, ethotoin,
and coumarin, solid dispersions with polyethylene glycol 6000 and
coprecipitates with povidone O Polyethylene glycol 6000—solid dis-
persions with nitrofurantoin, ethotoin, and coumarin, effect on dissolu-
tion rates 00 Povidone—coprecipitates with nitrofurantoin, ethotoin, and
coumarin, effect on dissolution rates

The formation of solid dispersions or coprecipitates of
relatively water-insoluble drugs with various pharmaco-
logically inert carriers increases in vitro dissolution rates
significantly (1-22). However, the use of linear polymeric
materials, especially povidone, as carriers in coprecipitate
systems has received limited attention (7, 13). In theory,
an enhancement in the dissolution rate of a drug should
facilitate its GI absorption rate if the absorption process
is dissolution rate limited. The mechanism and advantages
of increased dissolution rates of drugs coprecipitated in
povidone were described (13, 16).

The mechanism underlying the influence of polyethyl-
ene glycols in enhancing the dissolution rate of drugs was
the subject of intensive study by IR spectral analysis (16),
X-ray diffraction (23), differential thermal analysis (24),
microscopic examination (24), and TLC (16, 25). Each of
these approaches for increasing the dissolution rate re-
quires a unique type of drug molecule (26). The coprecip-
itation of reserpine with povidone markedly enhanced the
absorption characteristics of this hydrophobic drug, and
these in vivo increases were correlated quantitatively with
in vitro dissolution rates (14, 17).

Recently, several reports (27, 28) confirmed the exis-
tence of a close correlation between in vitro dissolution and
plasma digoxin levels. Therefore, dissolution experiments
were carried out to reflect bioavailability. This study re-
ports the influence of solid dispersions of polyethylene
glycol 6000 (I) coprecipitates and physical mixtures of
povidone 25,000 (IT) on the dissolution rates of three poorly
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water-soluble drugs: nitrofurantoin, ethotoin, and cou-
marin.
EXPERIMENTAL

Materials—Nitrofurantoin!, ethotoin2, and coumarin3 were phar-
maceutical grade. Compounds I and II% had average molecular weights
of 6000 and 25,000, respectively. Chloroform, hydrochloric acid, and ac-
etone were analytical reagent grade.

Test Preparation—Solid dispersions of nitrofurantoin, ethotoin, and
coumarin in I were prepared by the fusion method. A weighed quantity
of the drug was dissolved in a melted quantity of I over a thermostatically
heated water bath and then spread in a thin layer on a glass slab. The
resultant mixtures were cooled and solidified gradually at room tem-
perature. The formed crust was scraped off, homogeneously mixed, and
incubated at 45-50° for 6 hr. [t was then pulverized in a mortar, and the
125-180-um particles were collected.

The 1:2, 1:4, and 1:8 (w/w) drug-II coprecipitates were prepared by
dissolving both components in chloroform and subsequently evaporating
the organic solvent in vacuo. The residue was then dried to constant
weight in vacuo and screened, and the drug-II weight ratio was confirmed
analytically.

The 1:4 (w/w) nitrofurantoin, ethotoin, and coumarin physical mixtures
with IT were prepared by gently triturating appropriate quantities of each
drug and Il in a glass mortar. Pure drug possessing the same particle-size
range served as a control.

Dissolution Rate Studies—The dissolution apparatus was similar
to that employed by Levy and Hayes (29). A 400-ml beaker contained 200
ml of 0.1 N HCl as the dissolution medium. The dissolution medium was
maintained at 37 £+ 0.5° and agitated at 100 rpm with a polytef stirrer
blade connected to a constant-speed stirring moter®.

The test preparations were filled into capsules, each containing a
quantity equivalent to 100 mg of drug. At frequent time intervals after
the test preparation was added to the dissolution medium, a 2.0-ml
sample was withdrawn, filtered, and replaced with 2.0 ml of fresh disso-
lution medium. The amount of the drug in solution at each time interval,
appropriately corrected for this dilution effect (30), was determined
spectrophotometrically” at 367, 257, and 276 nm for nitrofurantoin,
ethotoin, and coumarin, respectively. Compounds I and II in the con-
centration present in the assay samples did not interfere with the de-
termination of these drugs.

IR Spectral Analysis—A mineral oil mull of each sample was smeared
as a thin film between two sodium chloride plates, and the IR spectrum?®
was recorded at the slow scanning speed.

TLC—TLC plates of 0.25-mm thickness were prepared using a slurry
of silica gel G2 (25 g) with 60 ml of water. The solvent systems were
chloroform-diethylamine (90:10), benzene-acetone (90:10), and chlo-
roform-acetone (90:10) for nitrofurantoin, coumarin, and ethotoin and
their test preparations, respectively. Aliquots (10 ul) of 0.1% alcoholic
solutions of each drug and its preparations were spotted on the TLC
plates and developed. Nitrofurantoin, coumarin, and their preparations
were detected by UV light, but the visualization of ethotoin and its
preparations was by UV light after spraying with 2’,7"-dichlorofluorescein
alcoholic solution.

1 Eaton Laboratories, Norwich Pharmacal Co., Norwich, N.Y.
2 Abbott.

3 British Drug House Chemicals Ltd., Poole, England.

4 Hoechst, West Germany.

5 BASF, Ludwigshafen, West Germany.

6 Citenco Ltd., England.

7 Model DU-2, Beckman Instruments.

8TR-10, Beckman Instruments.

9 E. Merck, Darmstadt, West Germany.
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Figure 1—Dissolution rates of coumarin from test preparations at 37°.
Key: O, pure coumarin; @, 1:4 (w/w) solid dispersion; D, 1:10 (w/w) solid
dispersion; @, 1:4 (w/w) physical mixture; and A, 1.4 (w/w) coprecipi-
tate.

RESULTS AND DISCUSSION

Dissolution followed first-order kinetics. Semilogarithmic plots of the
percent drug undissolved versus time were linear, the correlation coef-
ficient being 0.98-0.99 in all cases. Figures 1-3 show that the dissolution
rate of the solid dispersions of coumarin, ethotoin, and nitrofurantoin
increased considerably. For capsules containing coumarin only, the re-
lease rate was slow and steady (Fig. 1). However, there was almost a
sevenfold increase in the dissolution rate of coumarin when present in
a 1:10 I solid dispersion system. Figures 2 and 3 show that there were
fivefold and sevenfold increases in the dissolution rates of ethotoin and
nitrofurantoin, respectively, in the 1:10 and 1:8 drug-I solid dispersion
systems.

In addition, there was a progressive increase in the percentage release
of the medicament corresponding to the increased weight fraction of I.
The maximal release attained depends upon the weight fraction of the
polymer (Figs. 1-3). Thus, maximum drug release was achieved after 45
and 60 min from the dispersion system of coumarin-I in ratios of 1:10 and
1:4, respectively. The plain capsules gave only 10% release after 120 min.
Similar results were obtained for both ethotoin-I and nitrofurantoin-I
dispersion systems. The demonstrated fairly fast in vitro release of the
selected three compounds from dispersion systems suggests their high
potential application for the formulation of most water-insoluble drugs.
The bicavailability of such dosage forms as compared to the conventional
forms, however, will be the subject of further study.
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Figure 2—Dissolution rates of ethotoin from test preparations at 37°.
Key: O, pure ethotoin; ®, 1:4 (w/w) solid dispersion; D, 1:10 (w/w) solid
dispersion; B, 1:4 (w/w) physical mixture; A, 1:4 (w/w) coprecipitate;
and A, 1:8 (w/w) coprecipitate.
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Figure 3—Dissolution rates of nitrofurantoin from test preparations
at 37°. Key: O, pure nitrofurantoin; ®, 1:4 (w/w) solid dispersion; O,
1:8 (w/w) solid dispersion; W, 1.4 (w/w) physical mixture; and &, 1:4
(w/w) coprecipitate.

The dissolution rate profiles for 1:4 (w/w) physical mixtures and 1:4
(w/w) coprecipitates of coumarin, ethotoin, and nitrofurantoin are also
shown in Figs. 1-3. At each time interval, marked differences existed
between the amount of drug in solution from the coprecipitate and the
other two preparations (Figs. 1 and 2). Surprisingly, the capsules prepared
from nitrofurantoin-II as a 1:4 physical mixture and a 1:4 coprecipitate
achieved dissolution rates essentially lower than pure nitrofurantoin alone
(Fig. 3). From these data, it can be concluded that bulk effects due to the
presence of Il in solution are responsible for the decrease in the dissolu-
tion rate observed, since there was a significant difference between ni-
trofurantoin alone and when present in a 1:4 physical mixture and a 1:4
coprecipitate with II. Therefore, factors such as insoluble complex for-
mation, chemisorption, micelle formation, and other surface phenomena
are probably responsible for the decreased nitrofurantoin dissolution
rate.

An increase in the weight fraction of II resulted in a corresponding
increase in the ethotoin dissolution rate (Fig. 2). However, II induced
better solubilization of ethotoin and coumarin than I with the drug-
polymer ratios tested. If it is assumed that the dissolution rate from the
powder surface is rate limited by the dissolution of the controlling I ex-
ternal layer, analogous to the controlling II layer in the high II weight
fractions (13), then the dissolution rate of the drug from the same drug-I
dispersion surface will be proportional to the drug-I ratio of the solid
dispersion. In other words, the dissolution rate of the drug from a 1:4 solid
dispersion will be almost twice as fast as from a 1:2 solid dispersion if the
dissolution surface is the same. Other factors, such as the possible com-
plexation between the drug and I or II and the conversion of the molecular
dispersion to particulate aggregates of pure compounds, may also affect
the dissolution.

Chromatographic Behavior—TLC showed that the drug-I solid
dispersion was resolved into two separate spots of Ry (X 100) values of
52, 73, 3, and 78 for I, ethotoin, nitrofurantoin, and coumarin, respec-
tively, which were identical to the pure components. The nitrofuran-
toin-II coprecipitate was not resolved into two separate spots as were
coumarin-1I and ethotoin—II coprecipitates. Therefore, TLC indicated
the existence of complexation between nitrofurantoin and II, but there
was no evidence of complexation between coumarin or ethotoin and
1L

IR Spectra—The bands characteristic for each drug were unaffected
in the drug-I systems, and the IR spectrum of the drug-I system was
simply the summation of the spectra of the two components. There was
no evidence of complexation between nitrofurantoin, ethotoin, or cou-
marin and I. On the other hand, the sharp band at 3300 cm™!, due to the
NH stretching vibration of nitrofurantoin, completely disappeared in
the nitrofurantoin-II system. Other sharp bands at 680, 820, 975, 1100,
and 1239 em™!, characteristic of nitrofurantoin, disappeared in the ni-
trofurantoin-II system.

In contrast, the band at 3300 em™~1, due to the NH stretching vibration
of ethotoin, was unaffected in the ethotoin-II system, and the IR spec-
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trum of the ethotoin-II system was the summation of the spectra of the
two components. Again there was no evidence of complexation between
the two compounds. The formation of an insoluble complex between
nitrofurantoin and II may explain the decrease in the dissolution rates
from both the nitrofurantoin-II physical mixture and the coprecipi-
tate.

REFERENCES

(1) K. Sekiguchi and N. Obi, Chem. Pharm. Bull., 9, 866 (1961).
(2) K. Sekiguchi, N. Obi, and Y. Ueda, ibid., 12, 134 (1964).
(3) A. H. Goldberg, M. Gibaldi, and J. L. Kanig, J. Pharm. Sci., 54,
1145 (1965).
(4) Ibid., 55,581 (1966).
(5) Ibid., 55,487 (1966).
(6) A. H. Goldberg, M. Gibaldi, J. L.. Kanig, and M. Mayersohn, /.
Pharm. Sei., 55,581 (1966).
(7) M. Mayersohn and M. Gibaldi, ibid., 55, 1323 (1966).
(8) R.G.Stoll, T. R. Bates, K. A. Nieforth, and J. Swarbrick, ibid.,
58, 1457 (1969).
(9) M. Gibaldi, S. Feldman, and T. R. Bates, (bid., 57, 708 (1968).
(10) W. L. Chiou and S. Riegelman, (bid., 58, 1505 (1969).
(11) Ibid., 59,937 (1970).
(12) Ibid., 60,1376, 1569 (1971).
(13) A.P.Simonelli,S. C. Mehta, and W. 1. Higuchi, J. Pharm. Sci.,
58, 538 (1969).
(14) T.R. Bates, J. Pharm. Pharmacol., 21,710 (1969).
(15) G.H. Svoboda, M. J. Sweeney, and W. D. Walkling, J. Pharm.
Sei., 60, 333 (1971).

GLC Determination of

(16) S. A.Said, H. M. El Fatatry, and A. S. Geneidi, Aust. J. Pharm.
Sci., 3(2), 42 (1974).

(17) E. I Stupak and T. R. Bates, J. Pharm. Sci., 61, 400 (1972).

(18) A. A. Kassen, S. A. Said, and M. El-Samaligy, Aust. J. Pharm.
Sci., 4,123 (1974).

(19) W.1. Higuchi, N. A. Mir, and S. J. Desai, J. Pharm. Sci., 54, 1405
(1965).

(20) M. H. Malone, H. . Hochman, and K. A. Nieforth, ibid., 55,972
(1966).

(21) D.d. Allen and K. C. Kwan, ibid., 58, 1190 (1969).

(22) T. Tachibana and A. Nakamura, Kolloid-Polym., 203, 130
(1965).

(23) T. Tsuji, K. Foukik, and T. Takaibo, Bull. Chem. Soc. Jpn., 42,
2193 (1969).

(24) R. Rastogi and P. Bassi, J. Phys. Chem., 68, 2398 (1964).

(25) S. Said, H. El Fatatry, and M. El Samaligy, Aust. J. Pharm. Sci.,
3(2), (1974).

(26) D. C. Monkhouse and J. L. Lach, J. Pharm. Sci., 61, 1430
(1972).

27) T. R.D. Shaw, K. Raymond, M. R. Howard, and J. Hammer, Br.
Med. J., 4,763 (1973).

(28) J. Linenbaum, V. P. Butler, J. E. Murphy, and R. M. Crosswell,
Lancet, 1, 1215 (1973).

(29) G.Levy and B. A. Hayes, N. Engl. J. Med., 262, 1053 (1960).

(30) T. R. Bates, M. Gibaldi, and J. L. Kanig, Nature, 210, 1331

(1966).
ACKNOWLEDGMENTS

The authors acknowledge the technical help of Mr. M. H. Ibrahim.

Meperidinic and Normeperidinic Acids in Urine

I. W. WAINER * and J. E. STAMBAUGH

Received December 9, 1976, from the Department of Pharmacology, Section of Clinical Pharmacology, Thomas Jefferson University,

Philadelphia, PA 19107.

Accepted for publication February 10, 1977.

Abstract O A GLC procedure for the determination of meperidinic and
normeperidinic acids in human urine is described. After the extraction
of any interfering meperidine or normeperidine, the urine samples are
dried and the acids are reesterified using ethanol-sulfuric acid. The re-
sulting meperidine and normeperidine are then extracted and quantified.
With this method, the urinary excretion of these metabolites was followed
in five subjects who received a single meperidine dose of 36 mg/m?2 im.
This method represents an improvement over the previously described
methods for meperidinic and normeperidinic acids and can be applied
to clinical situations.

Keyphrases 0 Meperidine metabolites—meperidinic and normeperi-
dinic acids, GLC analyses, human urine 0 GLC—analyses, meperidinic
and normeperidinic acids in human urine O Analgesics, narcotic—
meperidine metabolites, GLC analyses in human urine

The pharmacokinetics of meperidine (I) were described
previously (1), and its metabolites were identified (2).
Unchanged meperidine was identified in the urine along
with the N-demethylated metabolite normeperidine (II),
meperidinic acid (III), normeperidinic acid (IV), and
conjugated esters of these acids (Scheme I) (2). These
initial studies were limited to high drug doses due to the
limitations of the analytical colorimetric method.

The recent development of more sensitive GLC assays
for meperidine in serum (3) and for meperidine and nor-
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meperidine in urine (4) permitted the study of the phar-
macokinetics and metabolism of meperidine in humans
using usual clinical doses (5). A sensitive method for the
determination of urinary levels of meperidinic and nor-
meperidinic acids has not been reported previously. This
report describes a GLC technique for the analysis of these
metabolites using small aliquots of urine samples.

EXPERIMENTAL

Ten milliliters of urine, 1 ml of 5 N NaOH, and 5 ml of chloroform were
shaken for 10 min in a 50-ml glass-stoppered centrifuge tube. Then the
tube was centrifuged, and 9 ml of the aqueous phase was transferred to
a 50-ml round-bottom flask and evaporated to dryness by freeze drying.
Absolute ethanol, 9 ml, and 1 ml of sulfuric acid were added to the residue,
and the resulting mixture was refluxed for 3 hr.

After cooling, 1 ml of the reaction mixture was added to a 15-ml
screw-capped centrifuge tube containing 2 ml of 2.5 N NaOH. Chloro-
form, 100 ul, containing an internal standard (lidocaine, 20 pg/ml), was
added to the solution, and the resulting mixture was vortexed for 30 sec
and centrifuged for 5 min. A 5-ul aliquot of the chloroform layer was then
injected into the chromatograph!.

The analysis was carried out using a hydrogen flame-ionization detector

1 Perkin-Elmer model 3920.



trum of the ethotoin-II system was the summation of the spectra of the
two components. Again there was no evidence of complexation between
the two compounds. The formation of an insoluble complex between
nitrofurantoin and II may explain the decrease in the dissolution rates
from both the nitrofurantoin-II physical mixture and the coprecipi-
tate.
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Abstract O A GLC procedure for the determination of meperidinic and
normeperidinic acids in human urine is described. After the extraction
of any interfering meperidine or normeperidine, the urine samples are
dried and the acids are reesterified using ethanol-sulfuric acid. The re-
sulting meperidine and normeperidine are then extracted and quantified.
With this method, the urinary excretion of these metabolites was followed
in five subjects who received a single meperidine dose of 36 mg/m?2 im.
This method represents an improvement over the previously described
methods for meperidinic and normeperidinic acids and can be applied
to clinical situations.
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The pharmacokinetics of meperidine (I) were described
previously (1), and its metabolites were identified (2).
Unchanged meperidine was identified in the urine along
with the N-demethylated metabolite normeperidine (II),
meperidinic acid (III), normeperidinic acid (IV), and
conjugated esters of these acids (Scheme I) (2). These
initial studies were limited to high drug doses due to the
limitations of the analytical colorimetric method.

The recent development of more sensitive GLC assays
for meperidine in serum (3) and for meperidine and nor-
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meperidine in urine (4) permitted the study of the phar-
macokinetics and metabolism of meperidine in humans
using usual clinical doses (5). A sensitive method for the
determination of urinary levels of meperidinic and nor-
meperidinic acids has not been reported previously. This
report describes a GLC technique for the analysis of these
metabolites using small aliquots of urine samples.

EXPERIMENTAL

Ten milliliters of urine, 1 ml of 5 N NaOH, and 5 ml of chloroform were
shaken for 10 min in a 50-ml glass-stoppered centrifuge tube. Then the
tube was centrifuged, and 9 ml of the aqueous phase was transferred to
a 50-ml round-bottom flask and evaporated to dryness by freeze drying.
Absolute ethanol, 9 ml, and 1 ml of sulfuric acid were added to the residue,
and the resulting mixture was refluxed for 3 hr.

After cooling, 1 ml of the reaction mixture was added to a 15-ml
screw-capped centrifuge tube containing 2 ml of 2.5 N NaOH. Chloro-
form, 100 ul, containing an internal standard (lidocaine, 20 pg/ml), was
added to the solution, and the resulting mixture was vortexed for 30 sec
and centrifuged for 5 min. A 5-ul aliquot of the chloroform layer was then
injected into the chromatograph!.

The analysis was carried out using a hydrogen flame-ionization detector

1 Perkin-Elmer model 3920.



Table [—-Recovery of Meperidine following the Esterification of
Urine Samples Containing Meperidinic Acid?

Meperidinic Meperidine Conversion
Acid Added, ug/ml Recovered, ug/ml and Recovery, %

10 7.73 £ 0.15 77.3+1.3

7 5.46 £ 0.15 781+ 2.2

5 3.76 £ 0.32 7563 +6.4

2 1.48 £ 0.08 742 +£ 43

@ Figures represent the mean + SD for three analyses.

and a 2-mm i.d. X 1.8-m coiled glass column packed with 3% OV-17 on
100-120-mesh Gas Chrom Q2. A column temperature of 175° and an in-
jector and detector temperature of 250° were used. The gas flows were:
hydrogen, 60 ml/min; air, 500 ml/min; and nitrogen carrier gas, 55 ml/min.
Under these conditions, the retention times of meperidine, normeperi-
dine, and lidocaine were approximately 4.4, 5.2, and 6.8 min, respectively
(Fig. 1).

Following chromatography, a baseline was drawn and the peak heights
of meperidine, normeperidine, and lidocaine were measured. The ratios
of meperidine and lidocaine peak heights and normeperidine and lido-
caine peak heights were calculated, and the concentrations were obtained
from the standard curves.

Standard curves for meperidinic and normeperidinic acids were con-
structed by the analysis of urine samples to which known amounts of the
meperidinic and normeperidinic acids® had been added. The concen-
trations ranged from 20 to 1 ug/ml. The standard curves were described
by the equations y = 19.6x + 0.9 with a correlation coefficient (r) = 0.99
for normeperidinic acid and y = 3.9x — 0.4 (r = 0.99) for meperidinic acid.
The percent conversion and the percent recovery were calculated by

CH,

COR
CH,
CH,
N N
(C)ggcozczm @:%gcoz}i
I 11

l

H H
N N
E()jggcolczm COH
I v
+
H
N
COR

Scheme I

2 Applied Science Laboratories, State College, Pa.
N”yStandards supplied by Sterling-Winthrop Research Institute, Renssalaer,

Table II—Recovery of Normeperidine following the
Esterification of Urine Samples Containing Normeperidinic
Acid®

Normeperidinic Normeperidine Conversion
Acid Added, ug/ml Recovered, ug/ml and Recovery, %

10 7.85+0.25 785+ 2.5

i 5.30 £ 0.18 758+ 2.6

5 3.72+0.15 745 £ 3.1

2 1.45 £ 0.03 725+£15

@ Figures represent the mean + SD for three analyses.

comparing the final meperidine and normeperidine concentrations with
known standards.

For the in vivo study, five healthy volunteers were given a single 36-
mg/m? im injection of meperidine hydrochloride®. Venous blood samples
were collected at 0.5, 1, 2, 4, 8, 8, 12, and 24 hr and were analyzed for
meperidine by previously described methods (5). The cumulative urinary
output in each subject was collected 1, 2, 4, 6, 8, 12, and 24 hr after dosing.
The volume and pH of these samples were measured, and then the
samples were frozen for analysis at a later date. The 24-hr cumulative
excretion of meperidinic and normeperidinic acids was determined using
10% aliquots of each sample and analyzing the pooled samples.

RESULTS AND DISCUSSION

The percent conversion of meperidinic and normeperidinic acids to
the corresponding ester and the recovery of meperidine and normeperi-
dine are presented in Tables I and I1. The mean percent recovery of
meperidine from urine samples with initial meperidinic acid concen-
trations of 2-10 ug/ml was 76.0%. The mean percent recovery of nor-
meperidine from urine samples with initial normeperidinic acid con-
centrations of 2-10 mg/ml was 74.8%. The low recoveries were probably
due to incomplete esterification and degradation of the molecule during
the esterification process. Due to the difference in retention time and the
similarity of the molecules, meperidinic and normeperidinic acids can
be assayed at the same time without interference. The limit of detection
was approximately 10 ng/ml of urine.

All subjects displayed normal serum meperidine concentration-time
curves, with a maximum at 1 hr and with biological half-lives of 2.8-3.4
hr. The amount of meperidinic acid excreted varied considerably from

RECORDER RESPONSE
RECORDER RESPONSE

8

12 3456 7 12345 67
MINUTES MINUTES

Figure 1—Gas chromatogram of an extract after the esterification of
10 ml of control human urine containing no drugs (left) and 10 ml of
human urine containing 10 ug of meperidinic acid/ml and 10 ug of
normeperidinic acid/ml (right). Key: A, normeperidine; B, meperidine;
and C, internal standard.

4 Elkins-Sinn, Inc., Cherry Hill, N.J.
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Table III—Cumulative 24-hr Excretion of Meperidinic and
INormeperidinic Acids

Table I_V‘—Hourly Excretion of Meperidine, Normeperidine, and
Meperidinic and Normeperidinic Acids by Subject 3

) Meperidinic  Percent  Normeperidinic  Percent Meperidine, Normeperidine, Meperidinic Normeperidinic
Subject Acid, mg Dose Acid, mg Dose Hour mg mg Acid, mg Acid, mg
1 8.89 17.8 3.56 7.1 1 0.01 0.00 0.61 0.00
2 6.49 12.8 4.73 9.5 2 0.44 0.08 1.28 0.36
3 13.91 27.8 4.17 8.3 4 0.46 0.06 1.12 0.34
4 4.49 9.0 2.22 4.4 6 0.56 0.28 3.37 0.81
5 12.98 26.0 6.51 13.0 8 0.08 0.08 1.49 0.58
12 0.04 0.24 2.68 0.89
) ) 24 0.19 1.07 3.36 1.19
subject to subject (Table III), and the 24-hr cumulative excretion of Total 1.71 1.81 13.91 4.17

meperidinic acid accounted for between 9.0 and 27.8% of the administered
dose. These results are consistent with the previously reported findings
for these metabolites of 10.3-40.9% of the administered dose when
200-1180 mg (over 20 hr) (2) and 100 mg (6) of meperidine were admin-
istered.

The 24-hr cumulative excretion of normeperidinic acid ranged between
4.4 and 13.0% of the administered dose (Table III); these results are also
consistent with previous studies of normeperidinic acid, which accounted
for 2.7-28.3% of the administered dose (2, 6). No other attempt was made
to quantitate the conjugate esters of meperidinic and normeperidinic
acids, which accounted for 0-16.1 and 3.8-22.3% of the administered dose,
respectively.

The hourly excretion of meperidine, normeperidine, and meperidinic
and normeperidinic acids was followed in one subject (Table IV). The
meperidine excretion rate reached a maximum of 3.50 ug/ml hr at 2 hr.
Meperidinic acid also reached its maximum at 2 hr with a rate of 10.24
ug/ml hr. The maxima for normeperidine and normeperidinic acid were
reached at 6 hr with rates of 0.60 and 2.64 ug/ml hr, respectively.

The described GLC procedure is reliable and easily performed, and

it can be applied to the study of the pharmacokinetic and metabolic pa-
rameters of meperidine in humans using average clinical doses.
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Abstract O A simple, rapid, and sensitive simultaneous quantitative
determination of phenylpropanolamine and chlorpheniramine in human
urine by GLC, using a nitrogen specific detector, is described. After al-
kaline extraction from urine, phenylpropanoclamine and chlorphenira-
mine are analyzed directly by GLC, without a derivatization step. Pro-
methazine was used as the internal standard. The total assay time is less
than 30 min. The method is useful in studies of pharmacokinetic and
pharmacological interactions of drug combinations.

Keyphrases 00 Phenylpropanolamine—GLC analysis in presence of
chlorpheniramine, human urine O Chlorpheniramine—GLC analysis
in presence of phenylpropanolamine, human urine O GLC—analyses,
phenylpropanolamine and chlorpheniramine simultaneously, human
urine O Adrenergic agents—phenylpropanolamine, GLC analysis in
presence of chlorpheniramine, human urine 0 Antihistaminics—chlor-
pheniramine, GLC analysis in presence of phenylpropanolamine, human
urine

Phenylpropanolamine has been identified and quanti-
tated by a spectrophotometric method after periodate
oxidation (1) according to the original method of Shinn and
Nicolet (2). This method was time consuming in compar-
ison to GLC for phenylpropanolamine and chlorphenira-
mine analysis (3-7).
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GLC, using a nitrogen selective detector, is sensitive and
allows specific detection (8-11).

The purpose of this work was to develop a simultaneous
quantitative method for the determination of phenyl-
propanolamine and chlorpheniramine in human urine by
GLC with a nitrogen specific detector.

EXPERIMENTAL

Instrumentation—The gas chromatograph! was equipped with
flame-ionization and nitrogen detectors? connected to a recorder® with
a scale range of 1 mv. The stainless steel column (2.17 mm X 2 m) was
packed with 3% OV-14 on 100-120-mesh Gas Chrom Q® and conditioned
at 260° for 34 hr with 35 ml of nitrogen (U quality)/min.

The chromatographic conditions were as follows: injected quantity of
sample, 1-2 ul; injector temperature, 240°; detector temperature, 280°;
column temperature, 230° in isotherm; carrier gas (nitrogen U) flow rate,
35 ml/min; hydrogen (U) flow rate, 30 ml/min; air (medical quality) flow

! Girdel model 3000 1 ERPT, Paris, France.
2 Girdel model 15 489, Paris, France.

3 Servotrace PU Sefram, Paris, France.

4 Pierce Chemical, Rockford, IL 61105.

5 Applied Sciences, Inglewood, CA 90304,



Table III—Cumulative 24-hr Excretion of Meperidinic and
INormeperidinic Acids

Table I_V‘—Hourly Excretion of Meperidine, Normeperidine, and
Meperidinic and Normeperidinic Acids by Subject 3

) Meperidinic  Percent  Normeperidinic  Percent Meperidine, Normeperidine, Meperidinic Normeperidinic
Subject Acid, mg Dose Acid, mg Dose Hour mg mg Acid, mg Acid, mg
1 8.89 17.8 3.56 7.1 1 0.01 0.00 0.61 0.00
2 6.49 12.8 4.73 9.5 2 0.44 0.08 1.28 0.36
3 13.91 27.8 4.17 8.3 4 0.46 0.06 1.12 0.34
4 4.49 9.0 2.22 4.4 6 0.56 0.28 3.37 0.81
5 12.98 26.0 6.51 13.0 8 0.08 0.08 1.49 0.58
12 0.04 0.24 2.68 0.89
) ) 24 0.19 1.07 3.36 1.19
subject to subject (Table III), and the 24-hr cumulative excretion of Total 1.71 1.81 13.91 4.17

meperidinic acid accounted for between 9.0 and 27.8% of the administered
dose. These results are consistent with the previously reported findings
for these metabolites of 10.3-40.9% of the administered dose when
200-1180 mg (over 20 hr) (2) and 100 mg (6) of meperidine were admin-
istered.

The 24-hr cumulative excretion of normeperidinic acid ranged between
4.4 and 13.0% of the administered dose (Table III); these results are also
consistent with previous studies of normeperidinic acid, which accounted
for 2.7-28.3% of the administered dose (2, 6). No other attempt was made
to quantitate the conjugate esters of meperidinic and normeperidinic
acids, which accounted for 0-16.1 and 3.8-22.3% of the administered dose,
respectively.

The hourly excretion of meperidine, normeperidine, and meperidinic
and normeperidinic acids was followed in one subject (Table IV). The
meperidine excretion rate reached a maximum of 3.50 ug/ml hr at 2 hr.
Meperidinic acid also reached its maximum at 2 hr with a rate of 10.24
ug/ml hr. The maxima for normeperidine and normeperidinic acid were
reached at 6 hr with rates of 0.60 and 2.64 ug/ml hr, respectively.

The described GLC procedure is reliable and easily performed, and

it can be applied to the study of the pharmacokinetic and metabolic pa-
rameters of meperidine in humans using average clinical doses.
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Abstract O A simple, rapid, and sensitive simultaneous quantitative
determination of phenylpropanolamine and chlorpheniramine in human
urine by GLC, using a nitrogen specific detector, is described. After al-
kaline extraction from urine, phenylpropanoclamine and chlorphenira-
mine are analyzed directly by GLC, without a derivatization step. Pro-
methazine was used as the internal standard. The total assay time is less
than 30 min. The method is useful in studies of pharmacokinetic and
pharmacological interactions of drug combinations.

Keyphrases 00 Phenylpropanolamine—GLC analysis in presence of
chlorpheniramine, human urine O Chlorpheniramine—GLC analysis
in presence of phenylpropanolamine, human urine O GLC—analyses,
phenylpropanolamine and chlorpheniramine simultaneously, human
urine O Adrenergic agents—phenylpropanolamine, GLC analysis in
presence of chlorpheniramine, human urine 0 Antihistaminics—chlor-
pheniramine, GLC analysis in presence of phenylpropanolamine, human
urine

Phenylpropanolamine has been identified and quanti-
tated by a spectrophotometric method after periodate
oxidation (1) according to the original method of Shinn and
Nicolet (2). This method was time consuming in compar-
ison to GLC for phenylpropanolamine and chlorphenira-
mine analysis (3-7).
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GLC, using a nitrogen selective detector, is sensitive and
allows specific detection (8-11).

The purpose of this work was to develop a simultaneous
quantitative method for the determination of phenyl-
propanolamine and chlorpheniramine in human urine by
GLC with a nitrogen specific detector.

EXPERIMENTAL

Instrumentation—The gas chromatograph! was equipped with
flame-ionization and nitrogen detectors? connected to a recorder® with
a scale range of 1 mv. The stainless steel column (2.17 mm X 2 m) was
packed with 3% OV-14 on 100-120-mesh Gas Chrom Q® and conditioned
at 260° for 34 hr with 35 ml of nitrogen (U quality)/min.

The chromatographic conditions were as follows: injected quantity of
sample, 1-2 ul; injector temperature, 240°; detector temperature, 280°;
column temperature, 230° in isotherm; carrier gas (nitrogen U) flow rate,
35 ml/min; hydrogen (U) flow rate, 30 ml/min; air (medical quality) flow

! Girdel model 3000 1 ERPT, Paris, France.
2 Girdel model 15 489, Paris, France.

3 Servotrace PU Sefram, Paris, France.

4 Pierce Chemical, Rockford, IL 61105.

5 Applied Sciences, Inglewood, CA 90304,
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Figure 1—(a) Gas chromatogram obtained during the peak height ratio
standardization in the standard curve, Phenylpropanolamine (1),
chlorpheniramine (2), promethazine (3), a constituent of the solvent
(4}, and a urinary constituent (5) were present. (b) Representative
chromatogram from a patient receiving an oral dose of 8-mg of chlor-
pheniramine and 50 mg of phenylpropanolamine in a combination
dosage form.

4

»

rate, 350 ml/min; sensitivity and attenuation, 1 X 64; and chart speed,
10 mm/min.

Standard Solutions—The stock standard solutions (1 mg/ml) of
promethazine chlorhydrate$, phenylpropanolamine chlorhydrate?, and
chlorpheniramine maleate? were prepared by directly dissolving them
in methanol. After some decomposition in the first 48 hr, the pro-
methazine chlorhydrate standard solution was stable for several months
(12). The standard solutions were stored at 4° in a cold chamber.

Extraction Procedure—To 1 ml of normal human urine in a glass
test tube® (polytef-lined screw cap) were added successively 15 ul of
promethazine (15 ug), 50-150 ul of phenylpropanolamine (50-150 ug),
2.5-10 ul of chlorpheniramine (2.5-10 ug) from stock standard solutions,
and 0.5 ml of 1 N NaOH. The mixture was shaken and extracted with 2
X 3 ml of ether with vigorous stirring. The organic fractions were mixed
and dried on anhydrous sodium sulfate and then evaporated under an
air flow in a water bath at 30°.

The residue was dissolved in methanol (30 pl) by ultrasonic shaking

6 Specia, Paris, France.
7 Smith Kline and French, Paris, France.
8 Sovirel, Paris, France.

for 30 sec. Then 1-2 ul of the mixture was injected into the gas chroma-
tograph.

RESULTS AND DISCUSSION

Figure la represents the gas chromatogram obtained during the peak
height ratio standardization of phenylpropanolamine on promethazine
and of chlorpheniramine on promethazine in a standard curve. In spite
of the nitrogen specific detection, five peaks were observed. Two came
from the impurity of the solvent and a urinary constituent. The relative
retention times (to the solvent) were 0.3 min for phenylpropanolamine,
1.55 min for chlorpheniramine, and 3.35 min for the internal standard.
The total analysis time was 30 min or less, suitable for several analy-
ses.

The chromatographic yield of phenylpropanolamine (CygH;3NO) with
one nitrogen atom was less than that of chlorpheniramine (Cy¢H;9CINo),
but phenylpropanolamine had better permeability through the 3% OV-1
packed column.

The selectivity and sensitivity of the nitrogen selective detector (8-10)
contribute to the suitable separation of the tailing peak of methanol
(solvent) from that of phenylpropanolamine on the weak polar phase
OV-1. This separation was not possible with flame-ionization detection
because of the short retention time of phenylpropanolamine and the
unfavorable ratio of the amount of phenylpropanolamine to the sol-
vent.

Figure 1b shows the representative chromatogram of a biological
specimen from a patient receiving an oral dose of phenylpropanolamine
chlorhydrate (50 mg) and chlorpheniramine maleate (8 mg) in a combi-
nation dosage form. One hundred samples were assayed in this labora-
tory.

The standard curves were prepared from normal human urine samples
spiked with 0-150 ug of phenylpropanolamine, 0-10 ug of chlorphenir-
amine, and a constant quantity of the internal standard. The curves of
the peak height ratio versus the added amount of phenylpropanolamine
and chlorpheniramine were linear over these ranges.

The concentration in urine was within the range of the concentrations
found following daily doses of 8-16 mg of chlorpheniramine and 50-100
mg of phenylpropanolamine.

The errors on the peak height ratio in standard curves for any of the
three points were 7.5% for phenylpropanclamine (50, 100, and 150 ug)
and 6% for chlorpheniramine (2.5, 5, and 10 ug). The recovery for both
products was 98.5 £ 3.5%, and the coefficients of variation within and
between assays were 2.5 and 7.5%, respectively.

The limit of sensitivity was not reached and might be improved.

After alkaline extraction, phenylpropanolamine, chlorpheniramine,
and promethazine were in a relatively volatile basic form. Evaporation
at room temperature under nitrogen may be desirable.
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Abstract O A new three-step synthesis of 4-amino-3-hydroxybutyric
acid from an inexpensive starting material and under mild reaction
conditions is described. Crotonic acid was brominated by the Wohl-
Ziegler reaction to 4-bromocrotonic acid, which, in turn, was converted
with ammonium hydroxide into 4-aminocrotonic acid. This compound,
refluxed in water in the presence of a strong acid resin, afforded 4-
amino-3-hydroxybutyric acid in good yields.

Keyphrases 00 4-Amino-3-hydroxybutyric acid—three-step synthesis
from crotonic acid O Anticonvulsants-—4-amino-3-hydroxybutyric acid,
three-step synthesis under mild reaction conditions

4-Amino-3-hydroxybutyric acid (III) was first synthe-
sized by Tomita (1) in 1923 and was detected in the rat
brain by Hayashi (2) in 1959. The remarkable importance
of III stems from its biological function as a neuromodu-
lator in the mammalian central nervous system (3, 4).
Moreover, the metabolic correlation of III with 4-amino-
butyric acid (5) and thus with glutamic acid and glutamine
(6) justifies interest concerning its use in the treatment of
epilepsy (7, 8).

In the elaboration of a research program on new 4-
hydroxypyrrolidinones (9, 10), it was of interest to develop
a versatile synthesis capable of giving fair amounts of III
that could eventually be adapted to the preparation of
some related compounds (e.g., carnitine).

DISCUSSION

At present, essentially three methods exist for the synthesis of III:
starting from material that contains two carbon atoms (e.g., glycine),
starting from compounds having three carbon atoms (e.g., epichlorohy-
drin), and starting from compounds that possess the four-carbon
framework (e.g., ethyl acetoacetate).

The difficulties involved in the preparation of the key intermediate,
4-phthalimidocrotonic acid (11, 12), from phthalimidoacetic acid render
the first method of limited synthetic utility. Another approach (1) consists
of the reaction of phthalimide with epichlorohydrin to form 1-chloro-
2-hydroxy-3-phthalimidopropane, exchange with alkaline cyanides, and
final hydrolysis to II1. In spite of its industrial application (13-15), this
method suffers from serious ecological limitations due to the toxicity of
epichlorohydrin and cyanides.

The four-step method involves bromination of the ethyl acetoacetate,
reduction of the keto group, displacement of the halogen with ammonium
hydroxide, and final hydrolysis of the ester (16). This method appears
attractive because the material employed is inexpensive and the workup
is safe. Unfortunately, the procedure is considerably limited by the low
reactivity of ethyl 4-bromo-3-hydroxybutyrate to nucleophilic dis-
placement, which causes a drastic fall in the overall yield.

To circumvent this problem, 4-bromocrotonic acid (Ib) (17) was used.
It possesses the 4-amino-3-hydroxybutyric acid framework and has an
allylic bromine, which is highly reactive toward the nucleophiles.

Crotonic acid (Ia, Scheme [) was brominated by the Wohl-Ziegler re-
action with N-bromosuccinimide in boiling benzene in the presence of
2,2-azobisisobutyronitrile as a radical initiator. An effort was made to
find the best conditions for optimizing the transformation of Ia into Ib,
thus avoiding the need of crystallization with severe loss of product (17).
The replacement of the bromine by an amino group to yield 4-amino-
crotonic acid (II) was performed with ammonium hydroxide in the
presence of excess ammonium chloride to minimize the formation of
secondary and tertiary amino derivatives (18).
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Scheme I

The exchange, carried out in liquid ammonia, contrary to that reported
(19), provided only very low yields of II, as could be expected from the
poor reactivity of the anhydrous reagent at —33° (20). Addition of water
to the double bond of II was catalyzed in boiling water by a strongly acidic
resinl. This reaction can be regarded as the reverse of the known dehy-
dration of III in warm sulfuric acid to form II (21).

This three-step synthesis of 111 {Scheme I) provided the final com-
pound in 26% overall yield. Moreover, mild reaction conditions are em-
ployed in this preliminary method, which is still open to improve-
ment.

EXPERIMENTAL?

4-Bromocrotonic Acid (I5)—To a solution of 20 g (0.23 mole) of Ia
in 200 m! of dry benzene, 45.6 g (0.25 mole) of N-bromosuccinimide was
added under nitrogen. The solution was brought to a gentle reflux while
stirring and was treated with 0.5 g (3.7 mmoles) of 2,2’-azobisisobutyro-
nitrile. Refluxing was continued for 2 hr, and the solution was cooled to
10°. The resulting white precipitate was filtered off, and the filtrate was
evaporated in vacuo.

The residue was taken up with 200 ml of carbon tetrachloride, and the
mixture was cooled to 0° and filtered. The filtrate was evaporated in
vacuo to give 38 g of a mixture of Ia and [b as a brown solid. Examination
of the 'H-NMR signals of CHj at 6 1.95 ppm for Ia and of CH,Br at 6 4.05
ppm for 1b indicated that about 85% (molar percentage) was the bromo
derivative Ib. An analytical sample of Ib could be obtained upon several
recrystallizations from light petroleum, mp 73-74° [lit. (17) mp 73.5-
74.5°].

4-Aminocrotonic Acid (II)-—To an ice-cold and stirred solution of
130 g (2.43 moles) of ammonium chloride in 1.3 liters of ammonium hy-
droxide (density = 0.89 g/ml), 38 g of the crude Ib dissolved in 50 ml of
methanol was added dropwise. The flask was sealed, and stirring was
continued at room temperature for 16 hr. The resulting solution was
concentrated in vacuo at 60° to remove excess ammonia and was then
passed through a column (1.3 liters) of acidic resin!.

The column was washed with water and developed with 5.8 liters of
5% ammonium hydroxide. The eluate was concentrated in vacuo to 80
ml and added dropwise to 1.5 liters of ethanol stirred at 0°. The resulting
precipitate was collected and dried to yield 10.7 g (50%) of IT, mp 157-160°
dec. A further precipitation afforded an analytical sample, mp 174-176°
dec. [lit. (11) mp 164° dec. and (21) mp 180° dec.].

(RS)-4-Amino-3-hydroxybutyric Acid (III)—To a solution of 10.7
g (0.106 mole) of I in 600 ml of water, 260 m! of acidic resin was added;
the mixture was then refluxed with stirring for 16 hr. After cooling, the

I Amberlite IR 120

2 Melting points were determined with a Biichi capillary melting-point apparatus
and are uncorrected. 'H-NMR spectra were determined on a Perkin-Elmer R-12B
spectrometer in carbon tetrachloride, using tetramethylsilane as the internal ref-
erence.



resin was transferred to a column, washed with water, and developed with
1.3 liters of 5% ammonium hydroxide. The eluate was concentrated in
vacuo to 25 ml, treated with active charcoal (5 g), and added dropwise
to 1 liter of ethanol stirred at 0°, The precipitation was repeated, yielding
7.18 g (567%) of 111, mp 204-206° dec. Recrystallization from water-eth-
anol afforded an analytical sample, mp 214-215° dec. [lit. (1) mp
214°).
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Abstract O Various adenosine analogs were evaluated as smooth muscle
vasodilators. The compounds were screened initially using a dog hindlimb
preparation. Most analogs were less potent than adenosine. The three
most potent compounds were tested for coronary vasodilator effects and
duration of action on the isolated rabbit heart. 5’ -Deoxy-5'-chloroaden-
osine and 5'-deoxy-5’-bromoadenosine were equipotent with adenosine
but possessed a longer duration of action. 2/,3’,5’-Trideoxy-3',5'-dichlo-
roadenosine, an analog lacking both the 2'- and 3’-hydroxyl groups, had
significant vasodilator activity.

Keyphrases O Adenosine analogs, various—evaluated as smooth muscle
vasodilators, dog hindlimb preparation 00 Vasodilator activity—various
adenosine analogs evaluated, dog hindlimb preparation O Structure-
activity relationships—various adenosine analogs evaluated as smooth
muscle vasodilators, dog hindlimb preparation

The coronary vasodilator effects of adenosine (Ia) and
its analogs have been recognized since 1929 (1). It has also
been reported that these compounds cause the dilation of
peripheral vessels (2, 3). It was suggested that adenosine
is a physiological mediator of vasodilation (4). In all cases,
the observed effects of adenosine are of short duration due
to the rapid metabolism of the nucleoside to inosine (5) or
phosphorylation to the corresponding nucleotide. Re-
cently, Stein and coworkers (6, 7) reported that a series of
esters and amides of adenosine-5'-carboxylic acid were
potent cardiovascular agents that caused a marked in-
crease in coronary sinus oxygen tension and prolonged
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hypotension. These investigators postulated that these
compounds act directly at an “adenosine receptor.”

In an attempt to investigate the vasodilator activities
of adenosine analogs further, a diverse series of adenosine
analogs was synthesized and studied for peripheral activity
in the hindlimb vasculature of the dog. Three of the most
potent compounds were further studied on the Langen-
dorff heart. The structural modifications included mono-
and dihalo substituents in the sugar moiety, the extension
of the 5’-position by one and two carbon atoms, an unsat-
uration in the carbon chain attached to the 5-position,
alterations in the sugar moiety, and a modification in the
imidazole ring system. The vasodilatory effects of these
compounds were compared to those of adenosine.
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resin was transferred to a column, washed with water, and developed with
1.3 liters of 5% ammonium hydroxide. The eluate was concentrated in
vacuo to 25 ml, treated with active charcoal (5 g), and added dropwise
to 1 liter of ethanol stirred at 0°, The precipitation was repeated, yielding
7.18 g (567%) of 111, mp 204-206° dec. Recrystallization from water-eth-
anol afforded an analytical sample, mp 214-215° dec. [lit. (1) mp
214°).
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The coronary vasodilator effects of adenosine (Ia) and
its analogs have been recognized since 1929 (1). It has also
been reported that these compounds cause the dilation of
peripheral vessels (2, 3). It was suggested that adenosine
is a physiological mediator of vasodilation (4). In all cases,
the observed effects of adenosine are of short duration due
to the rapid metabolism of the nucleoside to inosine (5) or
phosphorylation to the corresponding nucleotide. Re-
cently, Stein and coworkers (6, 7) reported that a series of
esters and amides of adenosine-5'-carboxylic acid were
potent cardiovascular agents that caused a marked in-
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hypotension. These investigators postulated that these
compounds act directly at an “adenosine receptor.”

In an attempt to investigate the vasodilator activities
of adenosine analogs further, a diverse series of adenosine
analogs was synthesized and studied for peripheral activity
in the hindlimb vasculature of the dog. Three of the most
potent compounds were further studied on the Langen-
dorff heart. The structural modifications included mono-
and dihalo substituents in the sugar moiety, the extension
of the 5’-position by one and two carbon atoms, an unsat-
uration in the carbon chain attached to the 5-position,
alterations in the sugar moiety, and a modification in the
imidazole ring system. The vasodilatory effects of these
compounds were compared to those of adenosine.
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Table I—Potency Ratios of Adenosine Analogs on Perfused

Hindlimb Preparation
NH,
8o
4
<T @)
R

Table I—Continued

Synthesis
Literature
Compound R Potencya Reference
CiCH, 0
Ib <_> 0.810 8
HO OH
BrCH, 0
I <_> 0.360 8
HO OH
ccy, -9
I @ 0.160 9
cicH, -0
v @ 0.008 9
HO
CH,CH,00CCH.CH, ~©
\% ‘<_> 0.011 10
HO OH
HOOCCHCH, -0
% <_> 0.009 10
HO OH
CH,CH,00CCH=CH _-©
VII 0.008 10
HO OH
HOOCCH=CH _-0
VIII 0.003 10
HO OH
HOCH,CH,CH. -©
IX 0.012 10
HO OH
NO,
i
X ]-10(;{> 0.006 10
HO OH
N
CH,
X1 H(‘J?O: 0.027 10
HO OH
ik
I
XII HOCH O 0.025 10
HO OH
CH,
ClH 0
xmp MO 0.038 10
HO OH

122 / Journal of Pharmaceutical Sciences

Synthesis
Literature
Compound R Potency? Reference
(llH,‘
HCOH O
X1V 0.009 10
HO OH
ICH, -0
XV <_> 0.049 —
HO OH
o)
XVI OHHO 0.011 11,12
HOCH,
HOocH, -0
XVII <_> 0.004 —
HO
NH,
N
O
N
XVIII HOCH, 0 0.0005 —_

{

HO OH

2Vasodilator potency relative to adenosine; n = 3 except for XVIII
where n = 2,

EXPERIMENTAL

Chemistry—Compounds Ib, II-XIV, and XVI were prepared by lit-
erature methods (Table 1). Compounds Ia?!, XVIIZ, and XVIIIZ were
obtained commercially. Compound XV was prepared by the acid hy-
drolysis of N-formyl-O-(2',3-isopropylidene)-5’-deoxy-5’-iodoadeno-
sines,

Pharmacology—Perfused Hindlimb Preparation—All compounds
were screened for vasodilator activity in the perfused hindlimbs of
mongrel dogs. Briefly, the preparation utilizes the left hindquarter iso-
lated from the circulation by cannulation of the distal iliac artery with
polyethylene tubing. The limb is perfused at a constant flow rate, with
blood withdrawn from a carotid artery and pumped with a constant flow
pump. Adequacy of isolation is determined by turning off the pump and
noting a residual pressure of 25-30 mm Hg and the lack of pulsatile flow.
Under these conditions, a change in perfusion pressure is proportional
to changes in vascular resistance.

Drugs were dissolved in 10 ml of 0.9% saline solution with 1.0 mg of
tartaric acid for solubilization and injected directly into the perfusion
tubing proximal to the cannula. All test compounds were compared to
adenosine as the standard, and relative potencies were determined ac-
cording to Finney (13). Since this procedure was utilized for screening,
any compounds that were less than 0.100 as active as adenosine were not
studied in the isolated Langendorff heart.

Langendorff Heart Preparation—New Zealand rabbits of either sex
were sacrificed with a blow on the head, and the heart was rapidly re-
moved and placed in a dish containing Feigen’s solution (composition:
154.00 mM NaCl, 5.63 mM KCl, 0.82 mM CaCl;-2H50, 23.81 mM
NaHCOj3, and 11.10 mM dextrose). This preparation was essentially the
same as described by Long and Chiou (14), except that perfusion pressure
and heart rate and force were continuously displayed on a recorder*.

Parallel Line Assay—In this type of assay, several different com-
pounds are compared to a standard compound for their ability to cause
the test responses. The purpose of this assay is to define as precisely as
possible the potency of the test compound in terms of the standard
compound. This assay was particularly suitable since the major interest
was in comparing the activities of the adenosine analogs with adenosine.

1 Zellstoff-fabrik, Waldorf, Germany.

2 Sigma.

3 Gift of Dr. Saburo Fukui, Kyoto University, Kyoto, Japan.
4 Beckman.



Table II—Relative Potencies of Adenosine and Analogs

Potency® Signifi-
Compound n (95% Confidence Interval) cance?
Adenosine 15 1.00
1 9 0.85¢ (0.36-1.88) NS
9 2.28¢ (0.99-8.37) NS
11 10 1.59¢ (0.81-3.56) NS
10 2.32¢9 (1.05-7.23) *
111 8 0.18¢ (0.04-0.38) *
8 0.519 (0.06-1.69) NS

e Patency relative to adenosine; 100.0 ug of adenosine caused coronary perfusion
pressure to decrease 59.5 + 3.8 mm Hg (mean + SEM, n= 15). The high dose of
adenosine {243 ug) had a duration of action of 0.76 4 0.07 min. ? Significance was
determined from the 95% confidence interval. For details, see Experimental. NS
= not significantly different from adenosine. * = significantly different from
adenosine. ¢ Relative vasodilator potency. ¢ Relative duration of action.

This method is better than using the ratio of EDs¢’s since at least two or
three doses of each compound are used in the analysis.

For optimal results, dose-response curves are constructed for the test
compounds and adenosine. From these curves, doses of the test drug that
approximate the same response as adenosine are then used for the assay.
In the interpretation of the analysis of variance and potency estimations,
F values at the 0.05 level are always used. In calculating the fiducial limits,
a tabulated ¢ value at the 0.05 level was used. By definition, any potency
estimation along with the 95% confidence limit (same as fiducial) is sig-
nificantly different from the standard compound if the interval does not
contain 1.00.

RESULTS AND DISCUSSION

Table I shows the potencies relative to adenosine in the hindlimb
preparation. With the exception of 5-deoxy-5'-chloroadenosine (Ib),
5-deoxy-5-bromoadenosine (II), and 2’,3’,5'-trideoxy-3’,5’-dichlo-
roadenosine (III), the compounds were much less potent than adenosine.
Compound IV, the ara-analog of I, was almost inactive. Compounds V
and VII, the saturated and unsaturated homologs of the potent ethyl
esters of adenosine-5'-carboxylic acids VI and VIII, respectively, were
inactive.

Extension of the 5’-position of adenosine by two carbon atoms as in
IX led to a considerable drop in activity. Introduction of a nitromethyl
or aminomethyl moiety in the 5'-position of adenosine by two carbon
atoms as in X-XII was detrimental to vasodilator activity. Similarly, the
introduction of a methyl group in the 5-position of adenosine as in XIII
and X1V led to decreased activity. 5’-lodoadenosine (XV) was virtually
inactive compared to the 5'-chloro (Ib) and 5’-bromo (II) analogs. Com-
pound XVIII, which contains an 8-bromo substituent in the adenine
moiety, was the least active compound. The low order of activity of X VIII
could, in part, be attributed to its syn- rather than anti-conformation
(15).

Table II shows the coronary vasodilator potencies and duration of
action of Ib, II, and III relative to adenosine in the Langendorff heart
preparation. The activity and duration of action of Ib and II confirm
earlier reports (16, 17). This study and an earlier report (17) showed that
both 2’-deoxyadenosine (XVII) and 3’-deoxyadenosine are relatively
weak vasodilators. It is, therefore, interesting that ITI, which lacks both
2’- and 3'-hydroxyl groups and has a chloro substituent in the 3'-position,
was significantly more potent than IV-XVIIIL
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Abstract D Ethanol extracts of the leaves and roots of a Mexican variant
of Cannabis sativa L. (marijuana) afforded, after partitioning and
chromatography, the new spermidine alkaloid, anhydrocannabisativine.
The structure was determined by spectral analysis and semisynthesis.

Keyphrases O Anhydrocannabisativine—isolated from ethanol extract
of leaves and roots of Cannabis sativa, structure determined 00 Cannabis
sativa—ethanol extract of leaves and roots, anhydrocannabisativine
isolated, structure determined O Alkaloids—anhydrocannabisativine
isolated from ethanol extract of leaves and roots of Cannabis sativa,
structure determined

The occurrence of nitrogen-containing substances in
Cannabis sativa L. was presented recently (1). The most
novel compound is the spermidine alkaloid, cannabisati-
vine (I), isolated from the leaves and roots (2-4). The iso-
lation of I represented the first occurrence of the spermi-
dine (pyrido|2,1-d][1,5,9]triazacyclotridecine) nucleus in
a higher plant. This investigation dealt with the isolation
of a related alkaloid, anhydrocannabisativine (II), from the
roots and leaves of a Mexican variant of C. sativa L.

DISCUSSION

The plant was defatted with hexane and extracted with ethanol, and
the extract residue was partitioned between chloroform and 2% citric acid.
The acidic layer was made basic with concentrated ammonium hydroxide
and extracted with chloroform. This chloroform extract, when chroma-
tographed on a silica gel G column and eluted with 2% ammonium hy-
droxide in methanol, afforded II. Numerous attempts to crystallize the
alkaloid or its salts failed, so spectral data were obtained on the resi-
due.

The IR spectrum showed absorptions at 1715 (C=0), 1661 (amide
C=0), and 1615 (C=C) cm~!. The mass spectrum showed a molecular
ion at m/e 363 for C2;H37N30, [18 amu (H;0) less than I]. A comparison
of the mass spectral fragmentations of I and II showed great similarities,
except for fragments arising from the C-7 side chain. Peaks at m/e 292
(M~ CzH;1) and 264 (M — C;H;;CO) indicated that II was an analog of
I with a keto group on C-2 of the side chain.

Direct comparison of the alkaloid with a dehydration product of 1
confirmed the structure, and the compound was named anhydrocanna-
bisativine (IT) {13-(2-oxoheptany!)-1,4,5,6,7,8,9,10,11,13,16,16a-dodec-
ahydropyrido[2,1-d][1,5,9)triazacyclotridecine-2(3H)-one].

H
oH
I: R = A.\\\\“OH
HO
HCH,
ILR= /0
CH,,
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EXPERIMENTAL!

Plant Material —Leaves and roots of a Mexican variant of C. sativa
L. were used?.

Extraction—Air-dried ground leaves (5 kg) were first defatted by
percolation with hexane (60 liters) and then extracted with ethanol (100
liters) at room temperature. The extract was evaporated in vacuo at 40°
to leave a dark-green syrup (645 g) (12.9%).

Isolation of II—The ethanol extract was partitioned between chlo-
roform (2 liters) and 2% citric acid (3 X 700 ml). The acidic layer was then
made alkaline (pH 9) with concentrated ammonium hydroxide and
partitioned with chloroform (3 X 2 liters). The combined chloroform
layers were dried over anhydrous sodium sulfate and evaporated in vacuo
at 40° to yield a dark yellowish-brown residue of the crude alkaloidal
fraction (0.7 g) (0.014%). This residue was chromatographed over a 1.8
X 30-cm silica gel G column?® (40 g).

Elution with 2% concentrated ammonium hydroxide in methanol af-
forded II (23 mg); [a]# + 18.7° (¢ 0.1, methanol); IR: »yax (film on po-
tassium bromide) 3290, 3020, 2925, 2860, 1715, 1661, 1642, 1615, 1540,
1460, 1365, 1210, 1124, 1100, and 1050 cm~1; NMR: 6 5.8 (2H, m, vinyl)
and 9.6 (1H, s, broad, CONH) ppm; mass spectrum: M* m/e 363 (12%),
348 (1), 292 (4), 264 (22), 250 (68), 208 (55), 198 (60), 192 (25), 171 (20),
84 (60), 80 (40), 70 (100), and 43 (60).

Following this same isolation procedure, additional quantities of IT (20
mg) were isolated from air-dried ground roots (66 kg) of this species.

Preparation of II from I—Compound I (5 mg) was dissolved in a
saturated aqueous solution of oxalic acid (0.3 ml). The solution was
evaporated to dryness, and the reaction flask was flushed with nitrogen
and then attached to a drying tube. The reaction mixture was heated
(180-185°) for 2 min and left to cool to room temperature. The mixture
was dissolved in water (5 ml), made alkaline with concentrated ammo-
nium hydroxide (pH 9), and extracted with chloroform (3 X 5 ml).

The combined layers were dried with anhydrous sodium sulfate and
evaporated in vacuo at 40° to leave a residue (4 mg). This residue was
chromatographed on a 0.9 X 12-cm silica gel G column3 (10 g). Elution
with 2% concentrated ammonium hydroxide in methanol afforded II (2
mg), identical (TLC, [a]p, and mass spectrum) with the natural prod-
uct.
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Abstract O Several 2-dialkylaminoethyl 3-methyl-2-benzo[b}furan-
carboxylates, 2-dialkylaminoethyl 3-methyl-2-benzo[b]furancarbamates,
and 3-methyl-2-benzo{b]furancarboxamide derivatives were prepared
and tested for local anesthetic activity. Piperidinoethyl 3-methyl-2-
benzo[b]furancarbamate, 2-diethylaminoethyl 3-methyl-2-benzo(b]-
furancarboxylate, and N-(2-diethylaminoethyl)-3-methyl-2-benzo[b]-
furancarboxamide were the most potent.

Keyphrases O Benzo[b]furan derivatives—synthesized, local anesthetic
activity evaluated [0 Anesthetic activity, local—various benzo[b]furan
derivatives evaluated O Structure-activity relationships—various ben-
zo|b]furan derivatives evaluated for local anesthetic activity

Diethylaminoethyl 3-methyl-2-benzo{b]furancarbox-
ylate (3-methylcoumarilate) has been reported to have
spasmolytic activity (1). Some carbamic acids having the
benzo[b]furan moiety showed antifungal activity (2). It
also has been demonstrated that benzoic acid derivatives
having the dialkylaminoethyl moiety and dialkylami-
noacetanilides have potent local anesthetic activity with
low toxicity (3, 4).

In a cdhtinuing effort to find a potent local anesthetic
compound with low toxicity, a series of dialkylaminoethyl
3-methyl-2-benzo[b]furancarboxylates, 2-dialkylami-
noethyl 3-methyl-2-benzo[b]furancarbamates, and 3-
methyl-2-benzo[b]furancarboxamide derivatives was
prepared and efficacy was determined.

RESULTS AND DISCUSSION

Chemistry—Dialkylaminoethyl 3-methyl-2-benzo[b}furancarboxy-
lates were synthesized using readily available 3-methyl-2-benzo[b]fu-
rancarboxylic acid (I) (5). Reaction of 1 with thionyl chloride and sub-
sequent reaction of the acyl halide with dialkylaminoethanol gave the
desired compound (Scheme I).

3-Methyl-2-benzo[b]furancarbamic acid esters (V) were obtained
through the reaction of 3-methyl-2-benzo[b]furancarboxazide (IV) (2)
with 2-dialkylaminoethanol (Scheme II).

Finally, 3-methyl-2-benzo[b]furancarboxamide derivatives (VII or
VIII) were obtained through the reaction of either IV or 3-methyl-2-

Rl
| A
HOCH,CN\
CH. CH; | R
) SOCl, R,
o =0 —
0~ ™COOH 0" ~cocl
1 i
CH.
1
R,
O COOCHch/
I\
R,
R,
I
Scheme I
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Scheme 11

benzo|b]furancarboxyl chloride (II) with 2-dialkylaminoethylamine or
N-methylpiperazine (VI) (Scheme III).

The physical data for the prepared compounds are summarized in
Tables I-I11.

Pharmacological Assay—The compounds listed in Tables I-11I were
screened for surface anesthetic activity. The conjunctival sac of rabbits
was kept filled with the aqueous solution of the hydrochloride salt of the
compounds for 60 sec. The cornea was tested once every minute, and the
duration of anesthesia was followed for 18 min. Cocaine was used for
comparison.

The results are presented in Table IV,

Compounds I115, Ve, and VIIb were the most potent. The LLD5q values
of IIIb and Ve in mice, estimated by the moving average method (6), were
240.8 (204-289.3) and 59.1 (55-63.5) mg/kg, respectively, when injected
intraperitoneally. Animals tolerated all substances locally. Apart from
a transient irritation, no conjunctival intolerance or corneal opalescence
was observed 24 and 48 hr and 1 week after drug application.

R
NHQCHQCHzN/
AN
R
IVor I + or
HN  NCH,
s
VI
CH,
@_j( A
0" SCONHCH,CH,N
AN
R
VI
—_— aor
CH,
O~
0~ SCON  NCH,
./
VIII
Scheme II1
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Table I—Physical Constants of 2-Dialkylaminoethyl 3-Methyl-2-benzo[ b}furancarboxylates

Yield, Melting Analysis, %
Compound R R; R; % Point? Formula® Cale. Found
la H CH; CHj3 90 189-190° C14H15CINO3 C 59.26 59.42
H 6.35 6.12
N 4.94 4,81
1116 H CoH; C.H; 94 180-181° C16H22CINO; C 61.64 61.51
H 7.06 7.12
N 4.49 4.32
IIc H C4H9 C4H9 80 140-141° C20H3001N03 C 65.31 65.45
H 8.16 8.23
N 381 3.91
111d H CH; CH2Cg¢H5 78 170-171° CooH22CINO3 C 66.76 66.55
’ H 6.12 6.01
N 3.89 3.95
11le H —(CHy)s— 91 194-195° C16H20CINO; C 62.04 62.22
H 6.46 6.57
N 4.52 4.63
1113 H —(CH3)s5— 95 120-121° C17H22CINO; C 63.06 63.14
H 6.80 6.92
N 4.33 4.16
Ilg H —(CHzCH3);0 85 200-201° CygHgoCINO4 C 5899 58.81
H 6.14 6.02
N 4.30 4.15
II1h CH; CHj CHj 65 209-210° C16H22CINO; C 61.64 61.51
H 7.06 7.01
N 4.49 4.38

o Unless otherwise indicated, the recrystallization solvent was ethanol-ethyl acetate. ® IR, NMR, and mass spectra of all compounds were as expected.

Table II—Physical Constants of 2-Dialkylaminoethyl 3-Methyl-2-benzo[ b}furancarbamates

Yield, Melting Analysis, %

Compound R, R, Rs % Point Formula® Calc. Found
Va H CHj CHj,4 65 134-135°% C14H1gN:203 C 64.12 64.25
H 6.87 6.93

N 10.69 10.73

Vb H CyHs CoH; 70 173-174°¢ C16H22N203 C 66.21 66.05
H 7.59 7.41

N 9.66 9.50

Ve H C4H9 C4H9 75 —d C20H30N203 C 69.36 69.16
H 8.67 8.48

N 8.09 8.26

Vd H CH;, CHyCgHj 68 —d CooH2oN203 C 71.00 71.18
H 6.51 6.32

N 8.28 8.46

Ve H —(CHg)s— 70 200-201° C17H2aN20O3 C 67.55 67.66
H 7.28 7.15

N 9.27 9.14

Vf H —(CH3CH,),0 70 194-195° Cy6HooN204 C 63.16 63.01
H 6.58 6.64

N 9.21 9.40

Vg CH; CH; CH; 67 —d C16H29N204 C 66.21 66.35
H 759 7.72

N 9.66 9.82

2 IR, NMR, and mass spectra of all compounds were as expected. ® This compound was crystallized as a picrate from ethanol. ¢ This compound was crystallized as a
hydrochloride from absolut