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Abstract

The solubilities in isopropyl myristate (Sypy;) and pH 4.0 buffer (S,,) and the partition coefficients between IPM
and pH 4.0 buffer (K;pm.ao) have been measured for a series of 3-alkylcarbonyl-5-fluorouracil prodrugs (3-AC-5-FU).
The 3-AC-5-FU prodrugs were all 100 times more soluble in IPM and the first two members of the series were also
more soluble in pH 4.0 buffer than 5-FU. The abilities of the 3-AC-5-FU prodrugs to deliver total 5-FU species
through hairless mouse skin from IPM suspensions (J;) were also measured. The 3-propionyl derivative 3, which
exhibited the highest S, in the series, gave the highest J; value. The Sipy, Saq and molecular weights (mw) of the
3-AC-5-FU series correctly predicted the rank order and very closely (0.10 log units) predicted the absolute values for
log J; using the transformed Potts—Guy equation. Although the series of 3-AC-5-FU prodrugs was generally quite
effective at increasing J; (2—20 times), the best 3-AC-5-FU prodrug was not as effective as the best 1-alkylcarbonyl-5-
FU prodrug (1-AC-5-FU) at increasing J; and the ability of the 3-AC-5-FU prodrugs to increase the concentration
of total 5-FU species in the skin was 2—5 times less than the 1-AC-5-FU prodrugs. Thus, the 1-AC-5-FU prodrugs
remain as the best prodrugs with which to enhance the topical delivery of 5-FU. © 2001 Elsevier Science B.V. All
rights reserved.
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1. Introduction

Reports of attempts to transiently improve the
physicochemical properties of 5-fluorouracil (5-
FU, 1) and hence improve its topical, oral or
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rectal delivery are quite extensive in the prodrug
literature because of the potential for increasing
the breadth of its indicated uses (Sloan, 1992).
For example, improvement in its topical delivery
could allow it to be used for the treatment of
psoriasis under ambient conditions, whereas
present formulations require occlusion to be effec-
tive (Tsuji and Sugai, 1972). Generally, for highly
polar molecules such as 5-FU, which exhibit low
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lipid solubility, increased topical delivery can be
achieved by masking one of the polar functional
groups and hence increasing its lipid solubility.
However, it has also been shown for a ho-
mologous series of more lipophilic prodrugs, that
those members that exhibit the higher aqueous
solubilities in the series and not necessarily the
higher lipid solubilities are the members that de-
liver the highest flux (Sloan, 1992). Thus, aqueous
as well as lipid solubilities are important criteria
to use in identifying the best prodrug for improv-
ing topical delivery.

The suggestion that a balance of lipid and
aqueous solubility is necessary for compounds to
exhibit relatively high permeation through skin
was first made by Michaels et al. (1975) for non-
homologous, unrelated compounds and later by
Sloan et al. (1984) for prodrugs. Subsequently
Roberts and Sloan (1999) developed a transfor-
mation of the Potts—Guy equation (Potts and
Guy, 1992) which contained explicit parameters
for lipid (solubility in isopropyl myristate, Sipy)
and aqueous (solubility in pH 4.0 buffer, S,q)
solubility and was used to predict flux from lipid
vehicles. Fit of the Sppy, Saq and molecular
weight (mw) data from seven series of more
lipophilic prodrugs of polar parent drugs to the
transformed Potts—Guy equation showed a strong
dependence on S, (see below) as well as Sipy
and mw. Although the transformed Potts—Guy
equation was developed from in vitro data using
IPM as a vehicle and hairless mouse skin, Roberts
and Sloan (2001) have also shown that the mw,
lipid and aqueous solubility data for non-steroidal
anti-inflamatory drugs can also be fit to the trans-
formed Potts—Guy equation to predict their flux
from mineral oil through the skin of human vol-
unteers (Wenkers and Lippold, 1999). There is a
substantial dependence on aqueous as well as lipid
solubility for permeation in vivo through human
skin: 0.28 log S, from in vivo human skin data
versus 0.47 log S,o from in vitro hairless mouse
skin data for the log S, parameter.

Some time ago, Buur and Bundgaard (1984)
identified several members of the 3-alkylcarbonyl
series of derivatives of 5-FU (3-AC-5-FU) as ex-
hibiting greater lipid and aqueous solubilities than
5-FU and suggested that these properties made

them good prodrug candidates. Subsequently,
Buur and Bundgaard (1987) showed that 3-propi-
onyl-5-FU improved the rectal delivery and
bioavailability of 5-FU to 93%. Since then the
unique structure of 3-AC-5-FU derivatives has
been elucidated (Beall et al., 1993b) and their
improved syntheses, thermal and hydrolytic sta-
bilities have been reported (Beall et al., 1997).
Recently, the abilities of 1-alkylcarbonyl-5-FU (1-
AC-5-FU) prodrugs to enhance the topical deliv-
ery of 5-FU have also been reported (Beall and
Sloan, 1996). 1-Acetyl-5-FU in IPM was found to
increase the delivery of 5-FU 40-fold, which is the
best performance by a 5-FU prodrug to date. In
this paper the solubilities in lipid — isopropyl
myristate — (Sypy) and in pH 4.0 buffer (S,,) of
a series of 3-AC-5-FU prodrugs and their abilities
to delivery 5-FU through hairless mouse skin are
reported and compared with the performance of
the 1-AC-5-FU series.

2. Methods and materials

Melting points were determined with a
Meltemp capillary melting point apparatus and
are uncorrected. 'H NMR spectra were obtained
at 90 MHz on a Varian EM-390 spectrometer.
Ultraviolet (UV) spectra were obtained on a Shi-
madzu UV-265 spectrophotometer. The diffusion
cells were from Crown Glass, Somerville, NJ (sur-
face area 4.9 cm?, 20 ml receptor phase volume).
The diffusion cells were maintained at 32°C with
a Fisher circulating water bath model 25. TLC
analyses were run on Brinkman Polygram Sil
G/UV 254 plates. Isopropyl myristate (IPM) was
obtained from  Givaudan, Clifton, NJ.
Theophylline (Th) and 5-fluorouracil (5-FU) were
purchased from Sigma Chemical Co.; acid chlo-
rides and all other reagent chemicals were from
Aldrich Chemical Co.; all other solvents were
from Fisher. The female hairless mice (25-30 g,
12—-16 weeks old SKH-hr-1) were from Temple
University, Skin and Cancer Hospital. The 3-
alkylcarbonyl-5-FU prodrugs (2-5) were synthe-
sized as previously described (Beall et al., 1997)
and were identical with the literature prodrugs by
'"H NMR, TLC and mp.
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2.1. Solubilities and partition coefficients

Lipid solubilities for 2—5 were determined in
IPM (Sipp) according to a previously described
procedure (Beall et al., 1993a). Three suspensions
of each prodrug were stirred at 22 + 1°C for 48 h.
The suspensions were filtered through 0.45 um
nylon filters. The saturated solutions were diluted
with dry acetonitrile and quantitated by UV spec-
trophotometry using molar absorptivities deter-
mined in triplicate at 267 nm in acetonitrile (Beall
et al., 1997).

Partition coefficients (Kipy.4o) Were determined
using the saturated IPM solutions (n =3) from
the lipid solubility determinations (Beall et al.,
1993a). The saturated IPM solutions were parti-
tioned against 0.05 M acetate buffer (pH 4.0). The
two phases were shaken vigorously for 10 s then
allowed to separate for 60 s. In previous experi-
ments (Beall et al., 1993a) it had been shown that
there was no significant effect on Kipy.aq if the
two phases were shaken for 10,20 or 30 s.
Aliquots from the IPM layers were diluted with
dry acetonitrile and the UV absorbances were
determined. The K values were calculated as
follows:

KIPM:AQ = [Aa/(Ab - Aa)]VAQ/VIPM)

where A, and A4, were the absorbances from the
IPM layer before and after partitioning, respec-
tively, and Vo and Vipy were the volumes of the
buffer and IPM phases, respectively. For com-
pounds 2—5 volume ratios (IPM:AQ) were 1:1.

Estimated aqueous solubilities (S,o) were cal-
culated from Sppy and Kippag Values: Sxg=
Stpm/Kipamiag- Direct S,o were determined by
stirring suspensions of 2—5 in pH 4.0 acetate
buffer (0.05 M) at 22 & 1°C for 60 min (n =2-4).
The suspensions were filtered through 0.45 pm
nylon filters. The saturated solutions were diluted
with dry acetonitrile and quantitated by UV spec-
troscopy as above.

2.2. Diffusion cell experiments
The diffusion cell experiments were run accord-

ing to previously described procedures (Sloan et
al., 1986). Female hairless mice were sacrificed by

cervical dislocation. Their skins were removed by
blunt dissection and placed epidermal side up in
glass Franz diffusion cells with the dermal side in
contact with pH 7.1 phosphate buffer (0.05 M,
I=0.11 M, 32°C) containing 0.11% formaldehyde
(2.7 ml of 36% aqueous formaldehyde per liter) to
prevent microbial growth and to insure the in-
tegrity of the mouse skins during the course of the
experiment. [In control experiments to determine
the effect of time on the integrity of the mouse
skin, Th flux from propylene glycol (PG) applied
4 h after sacrifice was 6.1 +0.6 x 10=3 pmol
cm 2 h~!; 24 h after sacrifice was 8.3+ 1.9 x
103 umol cm~2 h—!; 48 h after sacrifice was
944+12x107% umol ecm~2 h~!; 120 h after
sacrifice was 10.0 +1.2 x 10~3 pymol cm =2 h—!
(Sloan et al., 1991)]. The skins were kept in con-
tact with the buffer for at least 48 h to condition
the skins and to allow UV absorbing materials to
leach from the skins; the receptor phases were
changed at least three times during this time to
facilitate the leaching process. The epidermal sides
of the skins were exposed to ambient conditions
and were untreated during the preapplication
period.

After the preapplication period, 0.5 ml aliquots
from suspensions of 2—5 in IPM were applied to
the epidermal sides of the skins (the IPM suspen-
sions were stirred at 22 + 1°C for 48 h prior to
application to ensure that saturation was at-
tained). Total concentrations of the IPM sus-
pensions ranged from 0.4-0.6 M which en-
sured that enough excess solid was present
to maintain saturation for the duration of the
application period (see below). Each prodrug-
vehicle combination was run in triplicate. The
donor phases were changed every 12 h and saved
for analysis by '"H NMR spectroscopy. Samples
were taken from the receptor phases at
4,8,12,21, 24,27, 30, 33, 36,45 and 48 h after
donor phase application. The receptor phases
were changed following removal of each sample
so that sink conditions were maintained. Samples
were analyzed by UV spectroscopy (¢=7.13 x 10°
1 mol~! at 266 nm) for total 5-FU species that
had diffused after allowing at least 72 h for
complete  prodrug  hydrolysis.  Cumulative
amounts of total 5-FU species in the receptor
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phase (umol) were plotted against time (h), and
the slopes of the linear, steady-state regions (usu-
ally from 27 to 36 h) were calculated using linear
regression. The slopes divided by 4.9 cm? (the
area of the donor surface) gave the steady-state
fluxes (J; in pmol cm ~2 h—!). Permeability coeffi-
cients (P,) were determined by dividing the values
of J; by the solubility of the corresponding pro-
drugs in IPM (Sipm)-

Following removal of the donor phases after
the 48 h application period, the epidermal sides of
the skins were washed three times with 5 ml
portions of methanol to remove all remnants of
prodrug and vehicle from the skin surfaces. This
was accomplished quickly ( <3 min) to minimize
contact time between the skins and methanol. The
receptor phases were changed again, and the der-
mal sides were again left exposed to the air for 24
h. After this leaching period, another sample was
taken from each cell and quantitated by UV
spectroscopy (¢=7.13 x 10* 1 mol~! at 266 nm)
to measure the skin accumulation of total 5-FU
species (Cs).

Second applications to the epidermal sides of
the skins were made after the leaching period with
a standard drug-vehicle suspension. Theophylline
in PG (0.4 M) was applied to assess the damage
to the skins from application of the initial pro-
drug—vehicle combinations. Samples were taken
at 1,2,3,5,7 and 9 h after the second applica-
tion. The samples were analyzed for theophylline
by UV spectroscopy (¢=1.02 x 10* 1 mol~! at
271 nm) and second application fluxes (J;) were
determined as described above.

In a separate n=1 diffusion cell experiment,
run as above, except that fresh donor phase was
applied every 24 h instead of every 12 h, HPLC
was used to determine intact prodrug content in
the receptor phase at each sampling time.
Aliquots were removed from the receptor phase
and chromatographed immediately. Total 5-FU
species that had diffused was measured as above.

2.3. Analysis
The '"H NMR spectra of the donor phases from

the applications of 2—5 were run in DMSO-d.
The C°-H for 5-FU appeared at 47.73 and the

CC-H for the 3-AC prodrugs appeared at 67.90 in
DMSO-d,. Since this area of each spectrum was
free from interference by IPM absorbances, the
two signals were easily quantified by integration.

The HPLC system used was previously de-
scribed (Beall et al., 1993b). The mobile phase
contained 18—50% methanol in 0.025 M acetate
buffer (pH = 5.0). Retention times (% methanol)
were as follows: 2= 6.1 min (18%), 3=11.2 min
(18%), 4=126.9 min (18%), 5=28.5 min (50%),
1-acetyloxymethyl-5-FU = 6.6 min (18%), 3-acety-
loxymethyl-5-FU = 8.3 min (18%).

Since authentic samples of the proposed 1- and
3-alkylcarbonyloxymethyl-5-FU  (1- and 3-
ACOM-5-FU) products from the hydrolysis of
the 3-alkylcarbonyl-5-FU (3-AC-5-FU) prodrugs
in the receptor phase containing formaldehyde
(Beall et al., 1993b, 1997) were not available
(except 1- and 3-acetyloxymethyl-5-FU), each of
the 3-AC-5-FU prodrugs (1.12-1.28 x 10 =% M)
was allowed to hydrolyze completely in pH 7.1
phosphate receptor phase buffer containing 0.11%
formaldehyde as control experiments. Values of
molar absorptivities (¢) for these hydrolysate mix-
tures were obtained and compared to the value of
¢ for 5-FU under the same conditions.

2.4. Solubility parameters

The calculated solubility parameters (J;) were
obtained using the method of Fedors (1974) as
illustrated by Martin et al. (1985) and Sloan et al.
(1986).
2.5. Statistical analysis

Statistical analyses were accomplished using

Student’s ¢-test. Unless otherwise indicated, statis-
tical significance is for P < 0.05.

3. Results and discussion
3.1. Solubilities and partition coefficients
The lipid solubilities (Sipp) of 2—-5 and their

solubilities in pH 4.0 acetate buffer (S,o) are
given in Table 1. The lipid solubilities of the
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3-AC-5-FU prodrugs are generally less than those
of the corresponding 1-AC-5-FU prodrugs (Beall
and Sloan, 1996). In particular, the l-acetyl and
I-propionyl-5-FU derivatives are five and 2.5
times more soluble in IPM than 2 and 3, respec-
tively. Only 4 is slightly more lipid soluble than
the corresponding 1-butyryl derivative. This is
unusual because the apparent mp of the 3-AC-5-
FU prodrugs are 10—-30°C lower than those of the
corresponding 1-AC-5-FU prodrugs. Although
AH; values were not obtained for these two series
of prodrugs, the higher mp yet higher lipid solu-
bilities of the 1-AC-5-FU series might suggest that
their AH; values must be lower. However, based
on the DSC analyses of the 3-AC-5-FU prodrugs
(Beall, et al., 1997), the observed mp are more
likely the temperatures at which the 3-AC-5-FU
prodrugs rearrange to the 1-AC-5-FU prodrugs
and are not true mp.

Although the S;py values increase as the alkyl
chain length increases up to 4, the Sipy; value for
5 decreases dramatically. It is not unusual for the
lipid solubility in a homologous series to begin to
decrease as the chain length increases above a
certain length (Sloan et al., 2000). However, it
usually occurs later in the series and not as
sharply.

It was possible to directly measure S, values
at pH 4.0. At pH 7.1 in the absence of formalde-
hyde the ¢#,,, values for 2 and 3 were only 200 and
300 min, respectively (Beall et al., 1997). This is

Table 1

5-6 times longer than the reported ¢#,,, values at
pH 7.4 for 2 and 3 of 43 and 50 min, respectively
(Buur and Bundgaard, 1984), but still not long
enough for 2—5 to be sufficiently stable that their
Saq values could be measured directly at pH 7.1.
The reason for the difference between the ¢,
values reported by the two groups is that Buur
and Bundgaard failed to recognize the existence of
a terminal phase in the hydrolyses of the 3-AC-5-
FU prodrugs (Beall et al., 1993b), which leads to
the longer ¢, values reported by Beall et al.
However, the shape of the pH versus rate profiles
for the 3-AC-5-FU prodrugs reported by Buur
and Bundgaard is accurate and shows a dramatic
drop (1.2 log units) in the rate of hydrolyses at
pH 4.0 compared to at pH 7.4. Thus, we can
estimate that the rate of hydrolysis at pH 4.0 is
about 2000 and 3000 min for 2 and 3, respec-
tively; and, during the time the solubilities were
being measured (60 min), less than 5% of the
prodrugs could have hydrolyzed to 5-FU.

The directly measured S, value for 2 is much
less than than reported by Buur and Bundgaard
(1984) for 2, while the value for 3 is only about
5% more — a reasonably good agreement. The
poor agreement on the S, for 2 may be due to
the fact that Buur and Bundgaard (1984) used an
ultrasonic water-bath for 30 min to solubilize the
3-AC-5-FU prodrugs before rotating their sam-
ples on a mechanical spindle for 1 h at 22°C and
subsequent HPLC analyses. It has previously been

Melting points (mp), solubilities in IPM (S;pys) and direct, estimated and literature solubilities in pH 4.0 acetate buffer (Sxq)

3-R(C-0)-5-FU, R= mp (°C)* Sipa™ Sag™ Sag" Sag™"
1, 5-FU 280-282 0.049 96 - 85

2, CH, 115-117 43 166 105 249
3, C,H, 102-103 14.0 198 135 190
4, C;H, 111-112 22,0 53 23 -

5, C,H, 110-111 9.2 5 5.5 -

2 From Beall et al., 1997.
b Units of mM.

¢ Standard deviations from the mean were within + 3% except for 4 which was =+ 10%.
d Standard deviations from the mean for the direct Saq were within + 8%.
¢ Standard deviations from the mean for the partition coefficients from which estimated S, were obtained were 5, 5, 13 and 8%,

respectively.
fFrom Buur and Bundgaard, 1984.
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Table 2

Log of partition coefficients between IPM and pH 4.0 acetate buffer (Kipp.ag), log solubility ratios (SRipam:.aq), associated

methylene 7 values and solubility parameters (J;) for the prodrugs

Compound Log Kippm.ao s log SRipam.aG n® o

1, 5-FU —3.24 15.0
2 —1.39 - —1.59 - 14.09
3 —0.97 0.42 —1.14 0.45 13.45
4 —0.01 0.96 —0.38 0.76 12.96
5 0.22 0.23 0.27 0.65 12.56

*n=(logK,,,,—log K,)/m, where n is the number of methylene units in the promoiety of one prodrug and m is the number of
additional methylene units in the promoiety of the prodrug with which it is compared.

® Substitute SR for K in footnote a.

¢ Units of (cal cm~3)"/2 calculated using the method of Fedors (1974) as illustrated by Martin et al. (1985), Sloan et al. (1986).

noted that the use of ultrasonic water baths can
lead to hot spots in solution and high solubility
values (Kerr et al., 1998). We believe that this is
the explanation here. However, the phenomenon
does not occur uniformly since the efficiency of
the ultrasonic water bath depends in part on
where the sample is placed in the bath. Thus, not
all values will be high.

The S, values estimated from Sipy/Kipm.ag
were generally much lower than the directly mea-
sured S,o values. This trend, although not as
exaggerated, has been noted previously for other,
more water soluble prodrugs which are suffi-
ciently stable that their aqueous solubilities can be
measured directly as well as estimated (Beall et
al., 1993a). However, these estimated values are
useful for comparing S, values for series of
prodrugs that exhibit different aqueous stabilities.
In a comparison of the 3-AC-5-FU prodrugs,
which are reasonably stable at pH 4.0, with the
1-AC-5-FU, which are not, estimated S,, must
be compared. Here, except for 1-acetyl-5-FU, the
3-AC-5-FU prodrugs are all significantly more
water soluble than the corresponding 1-AC-5-FU
prodrugs.

The partition coefficients between IPM and pH
4.0 buffer, from which the estimated S, values
were determined, are given in Table 2. Usually the
mean methylene 7 value calculated from the dif-
ferences in log Kjpym.aq for homologous series of
prodrugs is about 0.60 +0.05 (Beall and Sloan,
1996). Here the mean methylene 7 value is 0.54 +
0.38. The mean methylene 7 value calculated from

the solubility ratios (Table 2) is only marginally
better: 0.62 + 0.16. These results suggest that the
solubilities of the series are not well-behaved. The
reason for the poor behavior may be due to the
fact that the 3-acyl group is perpendicular to the
plane of the 5-FU ring (Beall et al., 1993b) only in
this series of 5-FU prodrugs. This could cause
non-uniform packing in the crystal lattices of
adjacent members of the series.

3.2. Diffusion cell experiments

The results from the diffusion cell experiments
(n=13) are given in Tables 3 and 4 and the Fig. 1.
IPM, a nonprotic solvent, was used as the vehicle
for the delivery of 5-FU by the 3-AC-5-FU pro-
drugs so that the results from these diffusion cell
experiments can be compared not only with those
from the 1-AC-5-FU prodrugs in particular but
also other series of prodrugs as well. The 1-AC-5-
FU prodrugs had to be evaluated using a non-
protic vehicle such as IPM because they are
hydrolytically unstable in protic solvents (Beall
and Sloan, 1996). Using IPM as the vehicle, only
intact 3-AC-5-FU prodrugs were observed in the
donor phases when the residues from the donor
suspensions were analyzed by 'H NMR
spectroscopy.

Also all of the other series of prodrugs of 5-FU,
and series of prodrugs of other parent drugs as
well, have been evaluated in diffusion cell experi-
ments which used 0.11% formaldehyde in the
receptor phase to prevent deterioration of the
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Table 3

Experimental rates of delivery of total 5-FU species by the prodrugs from IPM through hairless mouse skin (J;), predicted J; based
on Sipym, Saq and molecular weight, concentrations of total 5-FU species retained in the skin (Cs), dermal/transdermal (D/T)
delivery ratios, and the rates of delivery of theophylline from PG (J)) after removal of the prodrugs

Compound J, (+SD)? Predicted J#*° Cs (+SD)° D/T¢ Ji(+SD)?
1, 5-FU 0.24 (0.09) 0.34 3.7 (0.9) 0.131 12 (02)
2 44 (0.5) 275 16 (3) 0.031 1.6 (0.1)
3 5.2 (0.7) 5.4 15 (2) 0.024 1.8 (0.2)
4 22(0.3) 2.57 7.1 (1.6) 0.027 1.1 (0.1)
5 0.55 (0.07) 0.74 3.3 (L1) 0.051 1.1 (0.1)

@ Units of pmol cm~2 h—!.

® Predicted from Equation 3 in Roberts and Sloan, 1999, using estimated S 'Aq Vvalues.

¢ Units of pmol.

d Calculated from {Cg/[(4.9 cm?)(24 h)]}/J; to give a dimensionless ratio.

mouse skins with time caused by microbial
growth in the receptor phase (Sloan et al., 1991).
Again, since it was essential to be able to compare
results from these diffusion cell experiments where
the 3-AC-5-FU series of prodrugs have been eval-
uated with those from experiments evaluating
other series, 0.11% formaldehyde was used in the
receptor phase in these experiments. However,
during the evaluation of the 3-AC-5-FU pro-
drugs, an unexpected rearrangement and trapping
of the intermediate by the formaldehyde in the
receptor phase occurred which led to the forma-
tion of approximately equal amounts of 1- and
3-alkylcarbonyloxymethyl derivatives of 5-FU (1-
and 3-ACOM-5-FU) in addition to 5-FU (Beall et
al., 1993b, 1997). Only authentic samples of 1-
and 3-acetyloxymethy-5-FU were available to en-
able quantitation of their formation from the
corresponding 3-acetyl-5-FU, 2, in the receptor
phase. Thus, it was not possible to quantitate
each component in the receptor phase when sam-
ples were taken for analysis after the application
of 3,4, and 5 in IPM. Instead, each of the 3-AC-
5-FU prodrugs were allowed to hydrolyze in pH
7.1 phosphate buffer containing 0.11% formalde-
hyde until HPLC anaysis showed no 3-AC-5-FU
remained in the solution: only 5-FU and the
proposed 1- and 3-ACOM-5-FU. The measured
molar absorptivities (¢) of these hydrolysates in
control experiments (4 max at 266 mm) were 1.4,
0.6, 4.8 and 5.3% less than the molar absorptivity
of 5-FU (4 max at 266 mm) measured under the

same conditions. Since the molar absorptivities (&)
of the hydrolysates were so close to that of 5-FU,
and it was not possible to accurately measure how
much intact 2—-5 diffused into the receptor phase
intact, rearranged and hydrolyzed or formed 1-
and 3-ACOM-5-FU, the value of ¢ for 5-FU itself
was used to calculate the concentrations of total
5-FU species in the receptor phase. Use of the ¢
value for 5-FU in the calculation leads to less
than 5% underestimation of total 5-FU species in
the receptor phase.

All of the 3-AC-5-FU prodrugs were more ef-
fective than 5-FU at delivering total 5-FU species
through hairless mouse skin from IPM suspen-
sions. As observed for similar previously studied
series (Sloan, 1992), there was no direct relation-

Table 4

Log permeability coefficients (log P;) from log J;—log Sipm-
Experimental rates of delivery of total 5-FU species (J;) and
intact prodrug (Jp,,), percent of flux as intact prodrug at
steady-state and at 11 h and rates of delivery of theophylline
from PG (J) after removal of the prodrug in IPM for the
n =1 diffusion cell experiments

Compound log P J®  Jp,,® Y% Jp (11h)  JP

1, 5-FU 0.69

2 0.01 213 051 24 (19) 1.27
3 —043 378 1.87 49 (43) 1.28
4 —1.00 1.82 1.13 62 (52) 1.13
5 —-122 034 - - 0.81

a Units of cm h—1.

® Units of pmol cm—2h~!,



134 H.D. Beall, K.B. Sloan / International Journal of Pharmaceutics 217 (2001) 127-137

8004

2 6001 J/
o /
= ! %
=Y . ,l y
7 7/
] /
= 00+ /} /,
= ¢ Fo
I ’ /
) / ¢
% ] ’{ //{
) }' ,
ZOO' f/ é/
. ﬁ/’
//ﬁ /
] oy
e n ., -
L S ’—A-l—l-l"'i_i—_ i
10 20 30 40

TIME (H)

Fig. 1. A plot of the cumulative amount of total 5-FU species
diffused versus time from 5-FU (M), 3-acetyl-5-FU (OJ) and
3-propionyl-5-FU (@).

ship between the lipid solubilities (Sypp;) of the
prodrugs and their abilities to deliver total 5-FU
species through skin (J;). On the other hand, the
rank order of the pH 4.0 aqueous buffer solubili-
ties (Saq) for 2—5 is the same as the rank order of
J; for 2-5 which also had been observed for
previously studied series. 3 was the most water
soluble member of the series and it gave the
highest flux, however it gave only half the flux of
the best 1-AC-5-FU derivative: 1-acetyl-5-FU. As
a series the 3-AC-5-FU derivatives were compara-
ble to the 1-AC-5-FU series. J; for 2 and 5 were
less than J, for 1-acetyl- and 1-valeryl-5-FU, while
J; for 3 and 4 were greater than J; for 1-propionyl-
and 1-butyryl-5-FU. The lower S)pp; values for
the 3-AC-5-FU series are compensated by their
higher S, values (see below). The S, data for
5-FU does not fit the rank order relationship
found in the series because 5-FU contains a differ-
ent mixture of functional groups and is 100 times
less lipid soluble than the least lipid soluble mem-
ber of the series.

This qualitative relationship between S,q, Sipm
and J; has recently been put on a quantitative
basis using similar data from seven other series of

prodrugs and a transformation of the Potts—Guy
equation which accommodates J; values obtained
using lipid vehicles (Roberts and Sloan, 1999). In
order to determine if the experimental S,q, Sipm
and molecular weights (mw) for this series of
3-AC-5-FU prodrugs and 5-FU accurately pre-
dicted experimental J; data, values of predicted J,
were calculated from the transformed Potts—Guy
equation 3 in Roberts and Sloan (1999): log J =
—0.211+0.534  log Sipy +0.466  log Syq —
0.00364 mw. The predicted values for J; given in
Table 3 are reasonably accurate and correctly
predict the rank order of the abilities of the
members of the series to deliver total 5-FU species
through hairless mouse skin. The average error in
predicting log J; (or average Alog Jy,) is given by
(experimental log Jy; — predicted log Jy =
Alog Jy,). For the 3-AC-5-FU series the average
Alog Jyy was only 0.11 +£0.08 log units which is
less than the average Alog Jy, (0.126 log units) for
the members of the n =42 data base of the seven
series of prodrugs from which the parameter esti-
mates of the transformed Potts—Guy equation
were obtained. Thus, the data from the 3-AC-FU
series of prodrugs is homogeneous with that from
all of the other series of prodrugs for which
similar data is available.

Although all of the 3-AC-5-FU prodrugs were
more effective than 5-FU at causing accumulation
of total 5-FU species in the skin based on the Cgq
values in Table 3, they were not nearly as effective
as 5-FU itself based on the D/T delivery ratios
also listed in Table 3. The Cg values reflect how
much of total 5-FU species was in the skin when
the donor phases were removed while the D/T
delivery ratios normalize the Cg values for J;. D/T
delivery ratios less than that of 5-FU itself indi-
cate that the prodrugs were not effective in prefer-
entially increasing dermal delivery compared to
5-FU. Thus, the 3-AC-5-FU prodrugs increased
Cs but not as much as J; was increased. For
instance 3 increased J; by 20 times but only
increased Cg by four times. By comparison, three
members of the 1-AC-5-FU series of prodrugs
gave D/T delivery ratios comparable to that of
5-FU whereas the best 3-AC-5-FU prodrug gave
a D/T delivery ratio that was less than half of that
given by 5-FU. The reason for this difference has
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been discussed elsewhere in detail (Beall and
Sloan, 1996). Essentially the 1-AC-5-FU prodrugs
hydrolyze much faster than the 3-AC-5-FU pro-
drugs during their respective transits through the
skin. Since both series of prodrugs have been
designed to incorporate solubility properties that
will allow them to partition into and through the
skin better, the more stable series will deliver
more intact prodrug through the skin and less
5-FU in the skin.

The differences in delivery of total 5-FU species
by the members of the 3-AC-5-FU series of pro-
drugs does not appear to be due to significant
differences in damage to the skin caused by their
application in IPM. Application of a standard
solute/vehicle (theophylline/PG), after removal of
the prodrug/IPM donor phase and a 24 h leaching
period, gave the J; values listed in Table 3. In an
identical experiment the value for J; after the
application of ITPM alone was 1.2 pmol cm 2
h~'. Thus, using J; values as one measure of
damage, the damage caused by 2—5 was compara-
ble to the damage caused by IPM itself or 5-FU/
IPM. Normalization of J; values by dividing by
the respective J; values (data not shown) did not
lead to any changes in the rank order of perfor-
mance by the 3-AC-5-FU prodrugs or their rela-
tive superiority over 5-FU/IPM (15-fold for 3).

When the log permeability coefficients (log P;)
from Table 4 were plotted against the respective
calculated solubility parameters (¢;) for the 3-AC-
5-FU prodrugs from Table 2, a straight line (plot
not shown) was obtained with a slope (0.80, r =
0.99) which is similar to that obtained for the
1-AC-5-FU prodrugs (0.89, r=0.99). Thus, the
3-AC-5-FU series behaves in a manner that is
similar to the 1-AC-5-FU series. As the members
of the series become more lipophilic based on
decreasing ¢; values, they become less efficient at
delivering the parent drug from a lipoidal vehicle
(decreasing P; values).

In a separate experiment, the fluxes of intact
prodrugs 2,3 and 4 were measured by HPLC as
in Beall et al., 1994. The flux of 5 could not be
determined because of the overlap of a contami-
nation peak with that of 5. The flux of total 5-FU
species (J;), flux of intact prodrug (Jp,,) and flux
of theophylline from PG in a second application

(J;) for this separate experiment are given in Table
4. The rank order of the values for J; are the same
as in Table 2, but their absolute values are
48,73, 83 and 62% of those in Table 3 for 2, 3, 4
and 5, respectively. The latter result may be due
to the fact that fresh donor phases were applied
every 24 h in this n=1 experiment (Table 4),
while they were applied ever 12 h in the n=3
experiments (Table 3). The absolute values of J; in
Table 4 are not less than those in Table 3 because
of less damage since the values for J; are generally
higher in this separate experiment.

On one hand, the values for Jp,, are higher than
they should be in intact aniamls because of the
deterioration of the metabolic viability of the
mouse skins in the diffusion cells during the
course of the experiments. On the other hand, the
values for Jp.,, which constitute a considerable
portion of the fluxes of total 5-FU species, should
be considered as the minimum amount of intact
prodrug that had diffused under these conditions.
Even if the receptor phase was analyzed immedi-
ately after a sample was taken, a portion of the
intact prodrug that diffused into the receptor
phase had 3 h to hydrolyze. The ¢, of the
3-AC-5-FU prodrugs under these conditions are
sufficiently short (100 min for 2) to allow signifi-
cant amounts of the prodrugs in the receptor
phase to hydrolyze in the 3 h between samples. In
most cases, one cannot tell whether the 5-FU in
the receptor phase comes from hydrolysis of the
prodrug in the receptor phase or from hydrolysis
of the prodrug in the skin and diffusion of the
parent drug into the receptor. Because of the
unusual reaction of the 3-AC-5-FU prodrugs with
formaldehyde, the presence of significant amounts
of proposed 1- and 3-ACOM-5-FU derivatives in
the receptor phases from application of all of the
3-AC-5-FU prodrugs suggests that an undeter-
mined additional amount of intact 3-AC-5-FU
had diffused into the receptor phase intact, rear-
ranged and reacted with formaldehyde or hy-
drolyzed. The extent of that additional amount
cannot be estimated except for 2 because authen-
tic samples of the corresponding 1- and 3-ACOM-
5-FU were not available for 3, 4 and 5. However,
for example in the 11 h receptor phase sample
after the application of 2, in addition to 19% 2
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there was a little over 3% of 3-acetyloxymethyl-
5-FU and a little under 5% of l-acety-
loxymethyl-5-FU.  Since the reaction of
formaldehyde with the rearranged 3-acetyl-5-FU
is at best only 50% effective (Beall et al.,
1993b), we estimate that an additional 2 x (3 +
5%)=16% of intact 3-acetyl-5-FU may have
diffused into the receptor phase intact during
the 3 h period between samples. The trend in
increasingly larger amounts of intact prodrug
with increasing chain length of the 3-AC-5-FU
prodrugs is consistent with the increasingly
longer t,,, values in buffer and plasma with in-
creasing chain length reported by Buur and
Bundgaard (1984).

4. Conclusion

The 3-AC-5-FU prodrugs are all much more
lipid soluble and the first two members of the
series are also more water soluble than 5-FU.
The most water soluble member of the series, 3,
gives the greatest increase in flux: 20 times.
However, none of the 3-AC-5-FU prodrugs are
as effective as the best 1-AC-5-FU prodrug and
their greater stability leads to lower D/T deliv-
ery ratios which is generally not desired when
the final goal is to preferably treat local, as op-
posed to systemic disease states.
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