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SUMMARY

Diffusion chanaetemistics of eight sulfonamides imlcludling five carbonic anhycirase in-

hibitors and three antil)actemial drugs were studied in detail. There was very litttle van-

ation ill illagilitudes of aqueous diffusion coefficients anlong tile dirugs.

The diffusivities into red cells weme lO� to 1O� those in aqueous illediunl. Drugs

SllOWed a range of 4000-fold in rates of red cell penetration. Lipid solubilities of time van-

01_ms dinlmgs weme apl)moacile(I l)y illeans of tile CIIC13 : 1120 ])artitiOn coefficients which
covered a railge of 2.5 X 10�. A diflusion constant for dmugs into red cells was calculated

using the squa me moot of tile lipid solubility; the range of ])enetnation rates was tileleby

reduced fmommi 4000 to 100.

All these (imugs al)l)ettIed to diffuse passively down a concentmation gradient imlto tile

red cells. It �Vas pmoposed that time rate-luniting step in tile passage of these drugs into

the red cell is at time cell muembramle amld that aqueous diffusion normally is of little sig-

nificance in affectimmg the overall mates of penetlatioml.

}romn pemletmatioll kinetics of sulfonamides into dog arid human red cells, it was con-

eluded that time two most imllportant cllaractenistics which influence these mates are

plasilla drug i)inding and lipid solubility, as measured at ])ilysiological 1)11.

INTRODUCTION

Despite a considerable accumulation of

data regarding the permeability of various

biologic mefllbranes to organic and inor-
ganic substamlces, unified efforts to compare
basic diffusion properties with rates of per-

meability timrough a viable membrane are

lacking.

Some of time more pertimlent studies of

permeability rates mcludle those concerned

with differential penetration of sulfon-

amnides into CSF (1, 2), aqueous humor (2,
3, 4), sweat (5), saliva (6), and passage

of some organic bases and anions into

human red cells (7, 8). Although Maren

et al. (9) have shown that there are eon-
siderable differences aillong time rates with
whicil various sulfonamides enter canine

red cells, no quamltitation of these penme-

ability rates was attempted.

With regard to simple diffusion, i.e.,

diffusion of a substance through an aqueous
mediumn, even tile most fundamental values

for sulfonamides, the aqueous diffusion co-

efficients, are ileretofore nonexistent in the
literature. Tile capillary cell method of

determining diffusion coefficients offered
itself as a satisfactory means for doing so

with the sulfonamides used for this study.

In the present paper we compare aqueous
diffusion coefficients of eight sulfonamides

(including antibacterial drugs and carbonic
anhydrase inhibitors) with their rates of

penetration into red cells.

MATERIALS AND METHODS

I)rugs. Drugs were obtained as pure

crystals or as powder, in their acid forms

fronl tile American Cyanamid Company,
with the following exceptions: ethoxzol-
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amide was obtained fromll ‘Upjohn; sulfisox-
azole fromn Hoffman-LaRoche. Primary

solutions were made l)y tile addition of 1-
1.6 moles of NaOH pcI’ mole of drug. For

red cell diffusion sui)sequent dilutions were
made in i)uffered 0.9% NaCl. For aqueous

diffusion studies subsequent dilutions were

made with distilled water to tile final con-

centrations: sulfanilamidle 200 1�g/ml;
sul fametiloxypymidazine, sul fadiazine, and
sulfisoxazole 100 jtg/ml ; acetazolamnide,
mnethazolamnide, ethoxzolaillide, and CL
11,366 50 �tg/mnl. Structures and properties

of these drugs are given in Table 1.

Analysis of chemicals and drugs. Analysis

for acetazolamide, CL 11,366, mnethazol-

amide , suifanilamilide, and ethoxzoiamide
was done by time mnetllod of Maren (10)

which utilizes tile conversion of CO2 to H�
and! HC03 by carbonic anhydnase. Anal-
yses for sul fadiazine, sul faimlethoxypynida-

zinc, and sulfisoxazole were dione by tile

method of Bratton and Marshall (11).

Optical densities were measured by Bausch

and Lomb Spectronic 20 colonimeten at 540
nl/t. NaC1 and KC1 standards were ana-

lyzed for C1 by HgNO3 titration.

Aqueous diffusion procedure. A mnodifi-

cation of the capiilaiy cell flletilOdl of

measuring diffusion coefficients, described
by Wang (12), and modified by Saraf et

al. (13) was employed. Tile method allows

solute to diffuse from the open end of a

capillary tube into a surrounding bath of

pure solvent. Instead of a sealed-end capil-

lary as originally used by Wang, tile modi-
fied method makes use of a 50-1d or
100-pl glass syringe with stainless steel

plunger (kindly provided by Hamilton

Company, Inc. of Whittier, California). Set
screws pernlitted fixation of tile plunger

at desired deptils. The syminges were filled
to time selected capillary length, 3.0 cm,
with primary drug solutions and immersed

open-end up in 7.0 liters of distilled water

adjusted to either pH 5.0 or 7.4. Drug
and i)atlm solutions were adjusted to tile

above pH conditions i)y time addition of

0.1 N HC1 and 0.077 M phosphate buffer

(pH 7.4) respectively. For each diffusion
run intracapillany and bath solutions were
brought to within 0.2 pH units of each

other as dietenlilined by Beckman pH

illeter.

The solutions weme allowed to (liftuse for

36-48 imm in time 7.0-liter batil which \\�5

slowly stilmedi Witll a nlagnetic stirring

device. To nlinimnize convection currents time

magnetic stirring rO(! was placed inside a
sfllttll i)eaker w’hich was covered in time

l)ath by a �)Ol�Tetiiylemle rack rulapted for
holding time syringes. Currents were per-

Illitted escape tilrougil several sillal I aper-

tures puilciled! into the side of the rack.
Visual observation of the currents as mdi-

cated by dimops of ink placed in the i)ath in

1)Otil trial and actual runs gave sufficient

evidence that the convection currents were
illininlal. At the end of the diffusion period

the syringes were removed and the con-
tents emptied into a known volume of water.

Aliquots of tiliS solution were used for anal-
ysis. rFo obtain initial concentration values

time syringes were then refilled to their

pmevious dleptils \Vitil �)nimary solution and
replaced in tile l)ath for a period! of 15 mm.

The syringes were again removed from time

bath, and the solutions were extracted for
analysis. All diffusions w’ere conducted at

�OOill tefllperature (240)

Fick’s equation. Solution of Fick’s diffu-

sion equation for time conditions of this

method yields tile following expression (Eq.

1) (14):

= s 1 e l)2�r21)tIL2J

C0 �.2 L� (2n + 1)2
ii =0

(1)

Where: C1 concentration of solute within

tIme (al)illarv at the comple-

tion of (lif!Usid)Il

concentration of solute wit bin

time (apillarv at the begin-

ilimlg of diffusion
e base of natural logarithms

1) diffusion (Oeflicient of soltmte

in cm� see

t = timmie allowed for diffusion in

sec

L = length of cal)illarv in cm

By substituting various values for time

expression Dt/112 it may i)e seen that if



TABLE 1

Structure
Name and

mol. wt.

CHCI3
-

H,0 p�a
% ionized

pH 5 pH 7.4

% bound
to plasma

Dog Man

N

Et0r�%/’ \
I C-S0,NH,

-�

Ethoxzolamide
258

25. 0’ 8.1 0. 1 17 96” 96”

NH,

�

I N-N
� \
SO2N-C C-O-CH,

\ /
C==C
HH

Sulfamethoxy-
pyridazine

280

1.6/ 6.7 2.0 83 60” 83c

NH2

H
N-C

�H �
S0,N-C CH

\ /
N==C

H

Sulfadiazine
250

0.050/ 6.5 3.0 89 17c 33C

0 CH,-N--N

CH,�-N==� �-�S02NH,
\/

S

Methazolamide
236

0.035” 7.2 0.6 61 55� 55�

NH,

(,�

�
�-‘

S0,NH,

Sulfanilamide
172

0.020” 10.4 0.0004 0. 1 iF’ ii”

NH,

(�

I CH3C-C-CH,
H

S0,N---C N
\/

0

Sulfisoxazole
268

0.005” 5.8 160 98.5 68c 84”

0 N-N

CH,C-N-C C-S0,NH2
\/

H S

Acetazolamide
222

0.001” 7.4
9.1

0.4 50 50 95

�-S0,-N-��’-S0,NH2
H \/

S

Cl 11,366
320

0.0001” 3.2
9.0

98.0 99.994 92� 95”

Respective references as follows:
a (9)

C. E. Wiley, unpublished data from this laboratory. Binding value for 10 �zg/ml plasma.
(25) at 100 �.tg/mlplasma. See references cited for values at other concentrations.

d (26).

#{149}(27) at 10 �g/ml plasma. Sec references cited for values at other concentrations.

/ (23).
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Dt/L’ � 0.2 all terms of the series may be

neglected except the first with an error of

no more than 0.5%. For values of Dt/L2
( 0.2 more terms of the series must be

included to attain similar accuracy. To

expedite calculations a graph was con-

structed (Fig. 1) by assigning values to

l.0

0.8

FIG. 1. Graphic sobut ion for Eq. (1)

Dt/L2 and solving Eq. 1 for corresponding
values of C,/C0, using as many tennIs of the

infinite series as were necessaiy to claim an

accuracy of 99.5% on greaten.

After analyzing solutions to determine

C, and C0, measuring capillary lengths with

Vernier calipers and recording elapsed time
in seconds, C,/C0 was computed, and the

corresponding values for I)t/L� were readl

from the graph. Known values for t and

L were t.hen introduced into time resulting

equation, which was solved for I). Table
2 gives an example of these calculations.

freshly drawn, hepaninized human or canine

blood was used. Ten milliliters of whole
blood was placed in a 25-mi Enlenmeyer
flask to which was added 0.1 ml of drug
solution in the appropriate concentration.
The flask was then shaken in horizontal
motion on a Burnell shaker at 37#{176}.At pen-

odic time intervals approximately 2-3 ml
of sample was withdrawn and immediately

subjected to centnifugation at 850 g for 10

mm. The hematocnit was noted, and plasma

and packed red cell aliquots were taken

for analysis. Because of plasma trapping
among the packed red cells, an error found

by ultracentnifugation, at 20,000 q, to be

9%, an appropriate connection factor was

applied in all red cell determinations.

For determination of rates of penetration

of drugs from 1)uffered saline media into

red cells tile procedure was the same cx-
cept tilat prior to addition of drug, the

1)100(1 was centrifuged, plasma was dis-

carded!, and packed redl cells were washed

once with buffered saline and then sus-

pemlded in an equal volume of phosphate-
buffered saline made from 0.15 M NaC1 and

0.01 M i)ilOsi)ilmtteat l)H 7.4.

Several of the drugs, namely ethoxzol-

amide, and metllazolami die, sulfamethoxy-

pynidlazine penetratedl the redi cells from
saline media so rapidly that entry into ned
cells was complete within less than 1 mm of
incubation; hence, tile limiting values for

P.� in Table 5. Penetration rates of these
same three drugs from whole plasma was

�1ABLE 2

Diffusion of sulfanilamide at pH 7.4 in aqueous buffers

Syringe

(‘�

(�ig/ml)

(�

(/Ag/ml (‘�/(� Dt/L’ SN >< 1(Y5

I) X 10�

(eImI’/scc’

1 200 112 0.560 0.150 1.69 0.77S

2 200 109 0.545 0. 160 1 .69 0. S30

3 200 104 0.520 0.180 1.69 0.960

4 200 110 0.550 0.158 1.69 0.846

Red cell penetration procedure. Penetra-

tion rates of drugs into red cells were

measured both from wilole plasma and from

buffered saline media. To determine pene-
tiation rates from plasma into med cells,

rapid enough to Ilecessitate sampling after

60 sec of incul)ation. For these dirugs it w’as

Possible to get a crudle estimate of rate of
l)enetnation by incubation of drug with red
cells for 15 see, then eentrifugation for 45
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see, followed by immediate sampling of cells
from the bottom of the centrifuge tul)e with

a Pil)ette. It was simown by ultracentnifu-
gation timat time plasma trapping error in
this case was only 127c. Dmug recovery

from cells andi media ranged from 90 to
100% in all experiments.

Fick’s equation. WThen red cells are in-

cubated witil plasma or saline which con-

tains drug, and if each dmug penetrates the

a IU�T1CN TI�. MN.

FIG. 2a. Penetration of CL 11,366 into human

red cells from plasma

Concentrations in red cells calculated for cell
water (66% of volunle) ; that for plasma is total

concentration in the fluid.

�o � 80

Incubation Time (mini

Fia. 2b. Penetration of sulfiso.razole into human

red cells from plasma

Concentrations in re(l cells calculated for cell
water (66� of volume) ; that for plasma is total

concentration in the fluid.

red cell only by simple passive diffusion,

the rate of pemletration of drug into red
cells will i)e proportional to time concen-
tration gradlient across tile cell mnemnbrane.
The rates of entmy of (mug into red cells
will coincide witim the decay in concentra-

tion of drug from tile incubation media as
a logarithmic function of time, until equi-

librium is reachedi as iilumstrated in Figs.

2a and 2b. If one considers only the portion

of the diffusion curve before diffusion

equilibrium is established and the time in-

tervals for sampling are appropriately short

in duration, the following form of Fick’s
equation can be applied:

Where: Vel

KA(CO - C1)
Vel =

Vol �x
(2)

= velocity of diffusion in
moles/liter sec

K = membrane diffusion coeffi-
cient in cm2/sec

A = surface area of red cell in

cm2

C0 = average concentration out-

side red cell in moles/liter

= average concentration inside
red cell in moles/liter

Lix = thickness of red cell mem-
brane in cm

Vol = volume of red cell in cm’

Permeability constant. For practical

purposes KA/VolLix is usually combined in-
to a single constant P, called the perme-

ability constant for a single system so that

Vel = P(CO - C�) (3)

Where: P = permeability constant in sec1

Should tile drumg be bound to proteins

either inside on oumtside tile red cell, that
portion of 1)oundl drug would be unavail-

able for diffusion armdl values of C� and/or

C0 in tile above expression would be altered.

Mareml et al. (9) have shown that ethoxzol-

amide, metimazolamide, acetazolamide, and

CL 11,366 are bound to red cell receptors
inside the red cell with a dissociation con-

stamlt in time order of lO� �r. It has also

been simown that these receptors become
saturated at intracellular concentration of

140 �t�i in man and 38-92 � in dog. In the
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present paper these valumes are adjusted to

the volume of water in red! cells (66%).
The range noted! for dog imldieates d!iffer-

ences amllong the several drugs. ‘[lie disso-

ciation constants of these foumr dirugs for

carbonic animydrase and possible otimer red

cell receptors are so low (<10 �i) that
when drug concentration inside time red cell

is less than time (mug receptor saturation

level, timere is essentially no free dlmug
intracelluharly amid! C1 assuimmes time value

of zero in Eq. 3. For these four drumgs a
drug level was cimosen whieil allowed

samples to be taken before tile imlt.racellumlar

drug receptors became saturated so that
C1 could be neglected. lalmle 3 is presemited

TABlE �

Diffusion of (.‘L 11,366 vato hit man red cells

from plasma

Average

IT

(mm)

Red cell

flux
(ug/rnl IT)

\elocity

(pg/mi

. hr)

plasma
(lrllg (0111.

(pg/mI I

J),

(lir’)

0-5 10.3 123 122 1.91

5-10 11.9 144 109 1.32

10-20 13.0 78 92 m.07

20-40 29.0 88 73 1 .20

to illustrate time i��amii�er iml which Eq. 3 was

applied! to the diffusion data. Time data in

Table 3 are taken from time representative

curves of Figs. 2a and 2b.
Since sul fadliazine , sumi familetiloxy��’nid!a-

zinc, and suifisoxazoie are not houmnd intra-

cellularly (9) , C was included! iii the cal-
culations. Figure 2b exenplifies the (lata

obtained for these three dlrumgs, andl it should
be noted tilat intracellular drug concen-

tration never equals extracellular. Since

sulfisoxazole is moderately bound by pro-

tein in dog plasma tilere is a rather imiarked

difference between intracellular and total
plasma concentration at equilibrium. In

Fig. 2b the unbound concentration in

plasma water at 2-4 imours is about 50

�g/ml, while in red cell water it is 30
pg/mi. This follows the passive distribu-

tion of an anion across a menlhrane whose

potential is ai)out 10 mV, and agrees with
ratios for halides.1

Since sulfani!amilide is i)ound intnacel-
lulary w#{149}itll a dissociation collstant of

10W” M, time total drug inside time red cell is
not free, Iumt. mleitiler does C1 equal zero. It

was therefore mlecessamy to study sulfanil-

anhi(le penetration in a (liffereImt fasilion.

An oumtside concentration range was used

\ViIiCil resulted in a total imltraeehlular con-
cemltration ( > 500 �c�I) greatly exceeding the

drug receptor satumration level, therel)y per-

immitting time alilOuint of (lrilg i)oun(! intra-

cellularly to be neglected.

Since time (!nmgs stumdie(l are bound to

I )lIsilla albiiimmiim aiml only the free, i.e., un-
bound, Illolecules are at. liberty to tra�’erse

time red cell membrane, \\.C assume that
velocity of pemlet ration is dependent upon

the comicentration of umnboimmid drug rather

than total conceimtration of dirug in l)laSma.

On this assumimiption two permeability con-

stants were determined in tile case of each

(lm’lmg amld (l(fihme(! as follo�v�

and

I) - 1’ 1)1
p -

100

(4a)

‘ub - #{149}. . . (4b)
(. (, ol (mug 0111)01111(1 ill l)Iasn�a

\Vimere: P� : : rate cOflstailt mlleasurcd

froni whole l)lasilla in sec1

T� � : velocity of diffusion in

Imloles/litel’ sec

Pit :-T: total pl�ismlla dm’ug concen-

tration in nloles/liter

Ph?) :i� rate comistant considering
only free (111mg in plasma,

ill sec�1

In soim�e of time tables and! figures P� and
Pib are given in ilr1.

Rate constamits were also determined from

buftem’ed saline (P. ) into re(l cells to elimii-
mate COmllpletely the factor of plasnla 1)ind-

ing and thus (lai’ifv time significance of P�

and P1111. rfhl plasilla i)inding values re-

1 There are �I)I1le interesting uaraliels between

the present data and the classical studies of Tos-
teson on halide t ran� tort in red cells. Chloride
flux across red (illS is passive, and very rapidi;

however the resistance ill tile niembrane was cal-
culated as Li)out 10’ that ill free solution (28).



we have used an additional diffusion con-

stant K’ to test the equation of Riggs (17)

which relates diffusivity across an homo-

geneous lipid barrier to R, the distribution
ratio of drug between the lipid and water
phases. CHCl�1:H0O partition coefficients

were used as values for R. In this circum-

stance Eq. 2 is modified as follows:

� K’AR(C, - (J,)
\ ci = Vol Li .r (6a)

Or using tile form of Eq. 5b:

�, (5.3 X 10”) Vel
K = R(CO - C2) (bb)

Examination of the data suggested a

further modification of these relations in

w’hich the square root of R was used in the
type of equation as 6b, then:

I.” - (5.3 x 10�’) Vel

‘ - �R(CO - C�)

Resultant values for each drug appear in

Table 6 showing dliffusion constants cal-
culateel according to Eqs. Sb, 6b, and 7.

RESULTS

Aqueous diffusion. standardization of the

method. Prior to the diffusion runs with
sulfonamides, several calibration determi -

nations were performed using 0.5 N NaCl

and 0.5 N KC1 solutions. The mean diffusion
coefficient (in cm2 sec’ X 10�) and stand-

ard error of the mean for NaC1 and KCI,
respectively, were 1.33 ± 0.11 (n = 4) and

1.74 ± 0.29 (n = 4). The diffusion coeffi-
cients of NaCl and! KC1 determined by
various early methodis as recorded in the
International Critical Tables are 1.40 ±

0.10 and 1.78 ± 0.10, respectively. It was
felt that the similarity of mean values by

the capillary-cell method with those from
previous methods sufficiently justified fur-

ther utilization of the method for delimiting
sulfonamide diffusion coefficients.

Sulfonamide diffusion coefficients. Table

2 for sulfanilamide is an example of the
measunements and calcumlations performed

on all the drugs. Values for Dt/L2 are taken

from Fig. 1 and correspond to respective

C,/C0 ratios. Values for D expressed in

(Sb)
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portedi in Table 1 were (lone at piasmiia

concentration close to timose used in nedi

cell diffusion experiments, as illustrated in
Figs. 2a and 2b.

Chloroform : �ea ter partition coefficient.

Time chloroform : water partition coefficient

of each drug �y�js d!etermnined in timis lab-

om’atory as follows : Mallinckrod!t chloro-
fonni analytical reagent was washed! with
an equal volume of pH 7.4 phosphate

aqueous buffer for 1 hour and separated.

Phosphate-buffered dlm’umgsolution at pH 7.4

was mixed! w’itim an equal \‘Oluille of washed

CHCI, and placed on a simaker for 1 hour.

Time aqueous and chloroforni layers were
separated and ahiqumots were taken for drug
analysis. The aqueoums aliquot was analyzed

directly: 0.5 ml of time chlorofom’mii aliquot

was placed in a glass-stoppem’ed test tube
and allowed to evaporate dow’n in a w’atem’

bath at 60#{176}.The residue was then dissolved
in water, using 1 nil of 0.05 N NaOH, and

analyzed for drug.

Diffusion constant. In on(!er to compare

the aqueoums diffusion coefficients of the

eight sulfonamides with the rates of pene-
tration into red cells, all comiiponents of Eq.

2 were used. The following geometrical
measurements of the red cell as reported in

the literature (15) were substituted into
Eq. 2: surface area 163 p� = 1.63 X 106
cm2, volume 87� = 8.7 X 10i� cm3, thick-

ness of red cell membrane 100 A = 10� cm.

Thus, A/VolLix (in units of cnr2) remains

a constant in this system and Eq. 2 reduces

to:

Vel = (1.9 X 10’#{176})K(C - (1) (5a)

or

K - (5.3 X 10_li) Vel
- ((‘a - (�)

Where: K = diffusivity of drug in the red
cell plasma membrane in

cmu2/sec

It should be noted timat K has the same

units as D from Eq. 1.

The idea of relating mliffumsivit.y across

biological membranes to lipid partition co-

efficient.s has been developed! in mathemati-

cal form by Danielhi (16). In this context
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Table 2 reappear in Table 4 along with
values for the remaining drugs. Table 1
shows the fraction of each sulfonamide

TABLE 4

Aqueous diflusion coefficients, D = cm2/sec X 1O�

Drug

p

Mean

H 5.0 pH

SE. n Mean

7.4

S.E. n

Ethoxzolamide 0.59 0.06 3 0.93 0.10 4

$umlfamethoxy- 0.58 0.03 4 0.62 0.05 4

pyridazine
Sulfadiazine 0.55 0.05 5 0.56 0.05 4
Methazolamide 0.71 0. 11 4 0.44 0.07 4

Sulfanilamide 0.98 0.22 4 0.85 0.08 4

Sulfisoxazole 0.47 0.04 4 0.47 0.04 5

Acetazoiamide 0.63 0.15 4 0.38 0.11 4

CL 11,366 0.52 0.04 4 0.71 0.06 4

existing in ionized form at time different pH
conditions of the diffusion experiments. It
should be noted that at pH 7.4 the lowest
value for D, that of acetazolamide, differs

by a factor of less than three from the

highest value, that for ethoxzolamide.

Red cell penetration. Three penetration

rate constants were determined for each of

the eight sulfonamides. P,, represents pene-

tration rates from whole plasma ; Pub,

penetration rate from plasma considering

only the unbound or free drug ; and P4,
penetration rate from saline. Exemplary

data showing measurements and! calcula-

tions are shown in Table 3, and rates for

all the drugs, in Table 5. In general, all

eight sulfonamides diffuse more rapidly into
human than into dog red cells as cvi-
denced by the values for P, and P.,. This
small but consistent difference is inexplica-

ble at this time since it has been shown
that the type, quantity, and! strumctural

internelationshil)s of the lipid components

in the red cells of time two species are not

d!issimilar (18, 19).
Pp. The relative rates of penetration of

the sulfonami.!es into red! cells from whole

plasma are similar in dog and human. In
order from least to most rapid penetration,
they rank as follow’s: sulfisoxazole, CL

11,366, acetazolamidle, sumlfamet.iioxypynid-
azine, sal fadiazine, sul fanilamide, metha-

zolamide, and ethoxzolamide. Time range is
10’. The P,, values of each drug in man

and dog are generally the same except for

acetazolamide and sulfamethoxypyridazine.
The P� of acetazolamide in dog is about 10
times that in man, while the P�, for sulfa-
methoxypynidazine in dog is approximately

half that in man. These differences are

entirely accounted for by respective differ-

ences in plasma binding of these drugs.

Pub. Assuming that only the unbound or

free drug in plasma determines the concen-
tration gradient, Pub values were deter-
ruined by dividing Pp by the fraction of

drug which was unbound in plasma. These
latter values are given in Table 1. The

calculated value for Pub resembled closely
the P� value determined experimentally in

each case, indicating that Pub and P, are
essentially the same, and thus adding im-
petus to the proposition that plasma bind-
ing is a major factor influencing the rates

of penetration of sulfonamides into red cells

of man and dog.

PS. In an attempt to eliminate entirely
the factor of plasma binding of the drug

and its effect on the rate of red cell pene-

tration, rate constants from saline were

determined. The constants from saline were
considerably larger than those from plasma
in each case. Again, relative rates were of

the same order of magnitude in both spe-
cies, in spite of an alteration of the order
from least to most rapid! penetration. Some

of these drugs passed into the red cell

faster than could be measured by our
methods, hence the limiting values in Table

0.

Relationship betutneen P� and the chior-

oform.u’ater partition coefficient. In an ef-
fort to delineate (!iffumsion kinetics more

thoroughly, the Pub values in man w’ere
plotted against the cimloroform:waten parti-

tion coefficients of each drumg at physiologi-
cal pH, and presented in Fig. 3. Included

are values for drug penetration rates into
imuman red! cells as obtained in a similar

study h)y Scimanken et at. (7) , who investi-

gated time rates of penetration of drugs
from Tynode’s solution into red! cells in a
system in Wilicil the concentration of drug

in time nle(!iumni IVas inaintaine(l constant.
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CHCL3 � H20 PARTITION COEFFICIENT

Fin. 3. Penelral ion rates of drugs in to Ii oman

Tell cc!! is. ch!orofornz partitton co(’flieu�1u1s

Closed Pd)iflts (I(flote values (le1erI�in((I in this

study, an(l o�nn points iIlm licate �aliies I’eI)OI’te(l

1)’� Schanker (‘I a!. (7).

His data were ilamldled with the following

form of the Fick edlumatiOn

Ip = in (1 - Crbc/Cr x Cr1)

Where : t = time

p = penetration constant

Crbc drug concentration inside
the red cell

C� drug concentration in
plasma medium

Cr CpI/Crhc at equilibrium

Time above form of Fick’s equation will

not apply to this study because the drug

concentration in the medium was not kept

constant. however, Schanker’s constant, p,

is matimematically equivalent to our con-

stants P� and P5. In Fig. 3 tIme combined
data of our SUlfOnami(!e experinments with

timose of Schanker et at. suggest an almost
linear relationship 1)etween chloroform:
water i)artition coefficients (leternhinedl at

ui-I 7.4 amit! 1)emletration rates. I�mrtherniore,
the slope of the dhlta, beirmg nearly 1/4�

suggests that the pemietration rates are di-

meetly proportional to the square roots of

time CFICIt : Hi) distribution coefficients, an
oi)servation ummilike that of (Tollan.ler and

Biinlumid (20 � , wimo fount! a dlirect relation-

siui1i) i)etween ienetration m’ates of sonic or-

ganic conipoumncls into C/mama ceratoph ylla

amid thieim’ respective olive oil :water l)arti-

tion coefficients.

Coiiipai’ison. of J�) (111(1 � Aq�meous dif-
fusion coefficients for timese (.!rugs ltm’e in the

range of 10 � cilic/sec, and values of red

cell d!iffUsiOii coefjicieiits u.am’v from 10 �
(8) 10-’�’ c1111/sec (Table 6 ) . It is Illailifest that

‘�l’ABLE 6

Comparison of aqueous diffusion cOe�fflCi(flts (1)) u’it/i /iumiiaim red cell dljJusil’itids (1�)

D taken from Table J\T; J),� from Table V, convcrte(l to units of K through Eq. Sb, K’ through Eq. Gb,
and K” through 1�q. 7.

Drug

D

(cm2/see) X 10� Se(���

P1b

X 10�

K K’ K”

((.Im32/s(�(. I X 1012 (em2/see I >< I0’� (en12,/sec I X l0i�

Ethoxzolamide 9 . 3 12 ,500 66 2 . 6 13

Sulfamethoxy- 6 . 2 585 3 . 0 2 0 2 1
pyridazine

Sulfadiazine 5.6 210 1 . 1 23 5 0

Methazolamide 4 . 4 542 2 . 9 82 15

Sulfanilanlide 8 . 5 380 2 0 98 mt
Sulfisoxazole 4.7 3.3 0.Oms 3.c 0 26

Acetazolamide 3 . S 75 (1 . U) 4 10 13

CL 11,366 7. 1 64 0.33 3,300 :�
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the diffusivities of these drugs in water is

104_lQs times greater than their corre-

sponding diffusivities in time red cell plasma
membrane.

A significant comparison can be made

between aqueous diffusion coefficients and

membrane diffusion coefficients according to

Eq. 7 (K”), which introduces the �/R as

�t correction factor. When this is done the

new membrane diffusion coefficients (K”)
nrc very similar to each other at about

1012.

DISCUSSION

.lqueous diffusion. Errors of the capil-

lary cell method. A treatment of the errors
inherent in the capillary cell diffusion sys-

tern is given by Mills and Kennedy (21).
The two most pertinent sources of error

with the method are the convection cur-

rents which are generated by the stirring

apparatus, and an error introduced when
the method is used as it is here for free

diffusion determinations rather than self-

diffusion of radioactive solute into un-
labeled solute of the same physical concen-

tration. The former source of error has been

approached in the methods section. Briefly,

the latter soum’ce is one that is present in

many diffusion systems i)umt is magnified
here because of the small volume of drug
solution (circa 50 ,�l). As diffusion of the
solute into the pure solvent proceeds, there

is a concomitant diffusion of free solvent

into the capillary cell resulting in a real
increase in flumid volumme within the cell.
This increase in volumme d!isplaces solution

out of time cell into tile enveloping solvent
and engenders an appam’ent high d!iffusion
coefficient.. It w’oumid! seemmi timat this last
eliot could be d!nmlinished! 1)1,’ umsing very
low initial concentrations which would de-

�‘i.�se the solvent concemltmation gradient.

and consequently time influx of solvent into

the capillary cell. Witil this source of error

in immind! primmmary solutions umsed for tile

sulfonamide detenimiinat ions. were as low as

time analytical methods permitted!.
Even though time capillary cell method

�eeimis adequate Ls al)l)hied imere. final values

of 1) as obtained are so similar in magni-

thi(le an(! time individual standard! erm’ons of

the mean are so relatively large, that sig-.
nificant differences among the diffusion co-
efficients are appreciable only when corn-
paring the extremes of time range of values.

Furthermore, our data show no consistent

relationship between molecular weight and/

or percentage ionization and numerical

size of D. What influence such phenomena

as hydration and steric hindrance may

exert on rapidity of aqueous diffusion are
not quantitatively elucidated at this time.

Red cell penetration. Some of the phys-
ical, chemical, and physiological factors
which have been indicated as influential in

affecting passage of any substance from
extracehlular to intracellular fluid are aque-
ous diffusion, plasma binding, lipid solu-
bility, molecular size, as well as the struc-

turai characteristics and peculiarities of the

plasma membrane itself.
Aqueous diffusion as determined for

these sulfonamides is apparently of no
limiting significance in the overall passage

of these drugs into the red cell. When

values of D are compared with those of K

in Table 6, it is evident that aqueous dif-
fusion is of the order of a million times

greater than rates of transit through the
cell membrane in question. The relatively

small variations in the diffusion rates of

these sulfonamides in aqueous medium are
negligible compared to those differences ob-

served in rates of penetration into red

cells.1
The importance of plasma binding is

established by time find!ing that penetration

rates of unbound drug from plasma and
from saline are very nearly the same. At

any given instant only time unbound drug

in plasnia is free to diffuse into the cell.

Li1)id soluhility has previously been
shiowii to 1.)e of great significance in deter-

nmining nec! cell penetration rates. The

l)iesent. (litta coimfimnm an(l extend this ; Fig.
3 simows that a 2 log umnit change in parti-

tion coefficients is reflected as a 1 log unit
change in penetration rate. It is generally

imeid! timat time lipid solubihity at physi-

ological 1)11 is a fummction of time innate lipid
solubiiity of time nonionized form of the

(lrumg, amid! tile proportion of drumg in the
mlonionized fonmii as defined by time pK1 of
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FIG. 4. Penetration rate of sulfonamides from

plasma into aqueous humor for time rabbit (closed

points, ref. 4) and for the rat (open points, ref.

22) plotted against CIIC1,:1110 partition co-

eqicients

DIFFUSION OF SULFONAMIDES 277

ho!. P/’z/,miiiio!. 1, 266-279 (196S)

that drug. The factor which is probably of
key importance in determining time lipid

solubility of the nonionized moiety is the
polarity of the molecule as represented by
its dipole moment, values which are hereto-
fore unknown for sulfonamuides.

As has been stated, pKa valumes are im-

tortant in any consideration of penetration
rates in that they define the proportion of
drug in nonionized form at physiologic pH.

Generally speaking, ionized! organic com-
pounds do not read!iiy penetrate plasma

memmibranes because of low lil)idl solubility

and/or large effective size due to hyd!nation.
It would be of interest to know the relative
lipid solubilities of ionized and nonionized

species of time sanme drug, as well as their
relative diffusion rates.

Comparison with other data. It is of

imiterest to compare data procured on the
penetration rates of sulfonamides into red

cells with data obtained from the literature

on passage of these drugs into other tis-
sue compartments. Wistrand, Rawis, and

Maren (4) studied rates of penetration of

several sulfonamides from plasma to aque-

ous humor of rabbits. Sorsby (22) per-
formed similar work, utilizing rats. Sub-

jecting their data to the same form of

Fick’s equation used in this study, a rela-
tionsimip was established between chloro-
form :water partition coefficients and! pene-

tration rates (Fig. 4 � , suggesting that a 4
log unit change in partition coefficients is

reflected as a 1 log unit change in penetra-
tion rates.

Penetration coefficients of sulfonamides
into CSF of dogs detennmined by Rail et at.

(23) were plotted! in Fig. 5 versus chloro-

I.0

.s-�
RAT BRAIN

S Sijtfodiozw*
S Suthi�ohs

0 I.
I0.0�

DOG cEREBROSPINAL FLUID

I .0 #{149}SulphoMomide

S Siifodiozme

. Suit oltilozole

. Sulfonslic AOd

0.1- � ‘ ‘ , ‘0 ‘I ‘2

ici�4 io�� cc2 �#{231}t � �

cHcIs . ii�o P*�TtflON COEFFICIENT

Fia. 5. Penetration rates of sulfonamides from

plasma into rat brain (top, T. F. Muther, per-

sonal communication) and into canine cerebro-

spinal fluid (bottom, ref. 23) plotted against

CIICI3:1130 partition coefficients

forum 1)antition coefficients along witim d!ata

obtaimmed by T. F. Muther (personal com-

nmunication) for penetration of sulfon-

aniides into rat brain. Time same relation
between lipid! solubihity and diffusion rate

cited ai.)ove for aqueous imunmor was ob-
served.

As nmentionedl earlier, if time passage of

sonic molecumles timrougim plasnma membranes

is dependent on their lipid solubilities and

if sucim nlemmmi)ranes behave akin to an ho-
mogeneous hiI)id! nmed!iuimm, timen discrepan-
cies in penetration rates among different
compounds could possibiy be niinimimized l)y
introducing time hl)id:water partition co-

efficients as connection factors into time Fick
equation (see Eq. Ga ) . Using chmloroformmm:

water partition coefficients as representa-

tives of lipid solumbihity simch a correctiomi
was attenmpted! witim our data. Fronm Fable

6 it is patently clear that is-ide variation in

penetration rate coimstants (K’) persist de-
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Sl)ite ilmt.rod!uction 0 f 1? . however, wilen

,�// I? is emmiploved (see F;q. 7 � time resultan

rate cohmstamlts are remarkably (lOse to each

other. It is ilossible that the values in

Table 6 for h.1T” would be tvemm closer to

each ()t iimi if �ve could � !(termmlimme the aetumal
soluhilities d)f time (hugs ill time metnl)rane
I’atimdI’ t hamm i.ism’ t.h(i appioxifliation of

C1I(.�l; : TI( ) h)artit.iomm COeIhifI�ieIlt5.
ilIC(/l(I1I lc�!1t of (/,(TI/,�,C)I,. C1imrreimt.lv 1)10-

P05d’m! immecim:mnisius of mmmeimmbrane t1’�u)sl)Ort
fall into (i)II( of t.\V() Varieties : �I��ive or

active. �Fhn. fommller m((luhiId5 1k) exiien� !itumre

of cellular Imletai olic energy aImd! i� simmlple

diffiisioim d) f suistamlce fmoiim higher doncerl-

t.ia.t ion ((I l0\V(I. Fime latt(’I’ I !epeimdls on

CdlllIl:LI (nemgv �tml(! usima liv illVd)l yes traims-

port agaimm�t a dolmctIIt matiomm gradhient.

,\t, h:tst two sigimificallt 1)Oiflts umggest.

that tr:tIm�.J)ort. of these siilfommaniides irmto

ied el Is js I �is�jve. �\ t. e(llmilib)1iliiil time in-

1.erima I � )Imc(nt mat i()Il5 of fred imuig iieVCI’

ex(t(( iti ! t hat out �z1( � Ill lig. 2a free c!rumg
insi( 1 � is (s(hltial lv �cio siild( time (.!rumg is

all hoiiim! to (ari)onic :mIIim\d!If1�d’ \Vhlicim is

P1(5(11) 111 thU huimmaim (mvtllrdnvte at a coil-
(elm) ia t i( Ill ( I I a I lout I 41) 1i �m (i)f 1cm 1 Cd’lls or

2 10 � c�m i ii II 11 ��at ( ‘I � 9 I . I ii t I me tvj a

J)(IiIim(Imt (It hig. 21m. insi!e !iumg is fiee,
simm(( i!Iumo ol thui (Y11( do 11(6 I)ihi(1l to

call)oIiiI anim\�(!r:ms(. �\.t. (�()liihih)1’ilhImI time iii-

trace! Imilam coi�meeimtl.ati(�)n iS that. I)Ie(!icted
l)V � (!ilullsid)ml (!0\VI1 timm (l(ctmo(hemml-

i(al glaliRlit. �Fla aI!i!ition ot Immet:lI)(Ilic ill-

hlji)ItOI� � 1() � \t iOI!O�tC(t�ttd I 01’ time cliimiina-

t 1011 ( it !] llIO�t fioum s:m line 1 1 III hi t i !(.) not.
I I mllumt�i 1(1 ‘ t I IN li� )t 1 k� � I 1te(t 1 Z( I I a ii ui( le in to

(lId !Ii! (dils (9 �

.\n adl!mtioml:mi l1(Imlmtmmmvol\ms thi �umi�um-

gat 1011 1)1 \ I artim ‘s 9 dat a on time passage

01 :Icl1 azolanuide 111)1) �td ((115 at diflerent

temimhi(1m1 tills II) till .\miiaimitms equation.

Wi (Ii stillst (jilt ut (lit rmninat iou of time en-

eigv ol a(tiVOtiOll. � I!. l�v t hat umiethmod

‘I) 1! \vmn.c fi liii if liii .\ liii .lijils (.i hat 011

:m� im�i i

/�. � 2.3 log

ii ii i i I ii .i.i ii )lisf ui . 2 i:mlorii s nlciile

(1(iZIi( ‘. I� iiiii /�‘ tic i’:iti constants at two

tlrnlilua hid’S, 111(1 7” tn I 7”’ arc the routes-

we have calculated time energy of activation

to be 13.7 kcal1mmlole, a value �vhmicim is well
w-itimimi time ram�ge of values to be expected

for siuimple cliffusiomi of a substance through

lil)i(! rnetliuin ((11(1 nmoue than twice the
ummaglmitumde of values d)i)tained for sub-

stances w’imicim are (litlusing tiiroumgh \vater
(24 ) , supportiimg �)���age tiirougim lipid

uather than through aqumeoums pores. Finally,

as d!iscuiSSe(l above, mates of Penetration of

t.imesdt organic sui)stanees are 1(lated! to their

lii)idl solui)ihities at. �)hvsi0lOgical � IT.

Tiit’se oi)servations are milOst siuimply and
cotisisteumtly explained iiV tile l)iol)Osal that

I)dul(�t u’atioim is tiit.’ reult of m!issolutioii of
the dOmilIT)ouuldls into t lie hipitl mmienmbm’ane

followed 1)1,7 passiVe diulumsion t.hmoimgim it.
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