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a b s t r a c t

The maximum fluxes of a series of alkyloxycarbonyloxymethyl (AOCOM) ethers of acetaminophen (APAP)
through hairless mouse skin from isopropyl myristate, IPM (JMMIPM) were measured. The JMMIPM, solubili-
ties in IPM (SIPM), water (SAQ) and pH 4.0 buffer (S4.0) and molecular weights MW were then fitted to the
Roberts–Sloan (RS) equation: log JM = x + y log SLIPID + (1 − y) log SAQ − zMW. Only one of the prodrugs gave
an improvement in the flux obtained by APAP itself. The general lack of improvement in flux seems to
eywords:
rodrugs
iffusion cell experiments
oberts–Sloan equation

be due to the fact that there was no improvement in the SAQ values of the AOCOM derivatives compared
to APAP. When the n = 5 members of the AOCOM series were added to the n = 66 database of JMMIPM to
give n = 71 and fitted to the RS equation where SLIPID was SIPM, the following coefficients were obtained:
x = −0.562, y = 0.501, z = 0.00248, r2 = 0.923. These results demonstrate the importance of improving SAQ

eir so
from
ipid solubility
ater solubility

opical delivery

for prodrugs to improve th
which is derived directly

. Introduction

Alkylcarbonyloxymethyl (ACOM) or �-(alkylcarbonyloxy)alkyl
ACOA) derivatives have been frequently used as soft alkyl prodrugs
f a variety of functional groups in drug molecules. For instance,
COM derivatives of amides (Bundgaard and Nielsen, 1987), imides
Buur et al., 1985; Taylor and Sloan, 1998), thioamides (Sloan et
l., 1983; Waranis and Sloan, 1987, 1988), carboxylic acids (Jansen
nd Russell, 1965; Bundgaard et al., 1989), amines (Sloan and
och, 1983a) and phenols (Sloan and Koch, 1983b; Thomas and
loan, 2008b) have been reported. However there have been many
ewer reports of the use of the close relative of ACOM: alkyloxy-
arbonyloxymethyl (AOCOM) derivatives. There is a report of the
ynthesis of one AOCOM derivative of theophylline among several
COM derivatives designed to enhance the topical delivery of theo-
hylline, but it was never evaluated in a diffusion cell experiment
Sloan and Bodor, 1982). There is another report of the synthe-
is of several AOCOM derivatives of 5-fluorouracil (Buur et al.,
986) together with their solubilities and rates of hydrolysis but
o evaluation in a biological application. On the other hand, there
s at least one �-(alkyloxylcarbonyloxy)alkyl (AOCOA) derivative
f a carboxylic acid that is widely marketed—Cefpodoxine Proxetil
Beale, 2004). And there has been a recent report of the synthesis
f AOCOM derivatives of a phenol (Thomas and Sloan, 2007).

∗ Corresponding author. Tel.: +1 352 273 7745; fax: +1 352 392 9455.
E-mail address: sloan@cop.ufl.edu (K.B. Sloan).

378-5173/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijpharm.2008.12.020
lubilities in the skin and hence the flux of the parent drug. The RS equation,
Fick’s law, explains this dependence of flux on SAQ.

© 2008 Elsevier B.V. All rights reserved.

Drugs containing a phenolic group represent quite important
classes of drugs such as narcotic agonists and antagonists, estro-
gens and neurotransmitters, to name a few (Dhareshwar and
Stella, 2007). Because they are rapidly conjugated and inactivated
through the phenolic groups when given orally, they have been
the subject of numerous attempts to protect the phenolic group
with prodrugs. They are also ideal candidates for topical deliv-
ery since their therapeutic doses can be quite low. However, since
their physicochemical properties are often not conducive to effec-
tive topical delivery, prodrugs have been often used to try to
improve those physicochemical properties. For instance, a large
number of types of prodrugs of naltrexone have been synthe-
sized and evaluated in diffusion cell experiments to determine
which type was the most effective: alkylcarbonyl (AC, Stinchcomb
et al., 2002), alkyloxycarbonyl (AOC, Pillai et al., 2004) and alky-
laminocarbonyl (AAC, Valiveti et al., 2005). As part of a systematic
investigation of the effectiveness of different types of soft alkyl
derivatives of a model phenolic drug, acetaminophen (APAP),
at enhancing topical delivery, we have previously reported the
results from diffusion cell experiments where AOC (Wasdo and
Sloan, 2004) derivatives were compared with the results from
soft alkyl ACOM (Thomas and Sloan, 2008a) derivatives. Here we
report the results from the evaluation of AOCOM soft alkyl deriva-

tives of APAP (Fig. 1) and compare those with previous results.
We also report the results of incorporating this dataset into the
Roberts–Sloan database (n = 61, Wasdo and Sloan, 2004 plus the
ACOM dataset n = 5, Thomas and Sloan, 2008a,b) n = 66 to give an
n = 71 database.

http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:sloan@cop.ufl.edu
dx.doi.org/10.1016/j.ijpharm.2008.12.020
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acetonitrile (Table 1).
Partition coefficients were also determined in triplicate for each

prodrug by using the saturated IPM solutions obtained from the sol-
ubility determinations. Since solubility in pH 4.0 buffer (S4.0) as well
as SAQ is a parameter in the Roberts–Sloan, RS, database (Roberts

Table 1
Molar absorptivities (ε) of APAP 1 and prodrugs 2–6.

Compounda ε240 in ACNb,c ε240 in bufferb,d ε280 in bufferb,e

1 1.36f 1.01 ± 0.053 0.174 ± 0.020
2, C1 1.44 ± 0.023
3, C2 1.53 ± 0.041 1.11 ± 0.036 0.101 ± 0.014
4, C3 1.46 ± 0.056
5, C8 1.52 ± 0.048
6, C10 1.54 ± 0.0027

a C1, C2, etc. refer to the lengths of the alkyl chain in the promoiety.
b Units of 1 × 104 L mol−1.
c

Fig. 1. Structures o

. Materials and methods

.1. Materials

Melting points were determined on a Meltemp capillary melting
oint apparatus and are uncorrected. Ultraviolet (UV) spectra were
btained on a Shimadzu UV–2501 PC spectrophotometer. The verti-
al Franz diffusion cells (surface area 4.9 cm2, 20 mL receptor phase
olume, 15 mL donor phase volume) were purchased from Crown
lass (Somerville, NJ, USA). A Fisher (Pittsburgh, PA, USA) circulat-

ng water bath was used to maintain a constant temperature of 32 ◦C
n the receptor phase. Isopropyl myristate (IPM) was purchased
rom Givaudan (Clifton, NJ, USA). Theophylline (Th) was purchased
rom Sigma Chemical Co. (St. Louis, MO, USA); all other chemicals
ere purchased from Fisher. The synthesis and characterization of
OCOM APAP prodrugs is described elsewhere (Thomas and Sloan,
007). The female hairless mice (SKH-hr-1) were obtained from
harles River (Boston, MA, USA). All procedures involving the care
nd experimental treatment of animals were in agreement with the
IH “Principles of Laboratory Animal Care.”

.2. Physicochemical properties and analysis

The molar absorptivity of each prodrug at 240 nm (ε240) in ace-
onitrile (Table 1) was determined in triplicate by dissolving a
nown amount of prodrug in acetonitrile, and analyzing the dilute
olution by UV spectrophotometry (Thomas, 2006). For each pro-
rug, the solubility in isopropyl myristate, SIPM, was determined in

riplicate as previously described (Beall et al., 1993) by crushing a
ample of the prodrug into a fine powder. Excess powder was added
o a test tube containing 3 mL IPM. The test tube was then insu-
ated and the suspension was allowed to stir at room temperature
23 ± 1 ◦C) for 24 h on a magnetic stir plate. The suspension was fil-
P and its prodrugs.

tered through a 0.25 �m nylon syringe filter. A sample of the filtrate
was diluted with acetonitrile and analyzed by UV spectrophotom-
etry. The absorbance at 240 nm (A240) was used to calculate the
prodrug concentration in the IPM solution.

Solubilities in water, SAQ, were also determined in triplicate
using a protocol identical to the one described above, except that the
suspensions were only stirred for 1 h before filtering. This was done
in order to make direct comparisons between the present investi-
gation and previous studies (Wasdo and Sloan, 2004; Thomas and
Sloan, 2008a). In each case, a sample of the filtrate was diluted with
acetonitrile and analyzed by UV spectrophotometry using ε240 in
Molar absorptivities at 240 nm in acetonitrile (±S.D., n = 3).
d Molar absorptivities at 240 nm in pH 7.1 phosphate buffer with 0.11% formalde-

hyde (±S.D., n = 5).
e Molar absorptivities at 280 nm in pH 7.1 phosphate buffer with 0.11% formalde-

hyde (±S.D., n = 5).
f Taken from Wasdo and Sloan (2004).
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nd Sloan, 1999), acetate buffer (0.01 M, pH 4.0) was used as the
queous phase in the partition coefficient experiments: KIPM:4.0. In
his way, S4.0 could be estimated from SIPM/KIPM:4.0 as described pre-
iously (Beall et al., 1993) and the values included in the database.
hus, an aliquot of the saturated IPM solution was partitioned
gainst pH 4.0 buffer using the following volume ratios (V4.0/VIPM)
or compounds 2, 3 and 4: 0.7, 2.5, and 10, respectively. The two
hases were vigorously shaken for 10 s (Beall et al., 1993), and then
llowed to separate via centrifugation. An aliquot of the IPM layer
as removed, diluted with acetonitrile, and analyzed by UV spec-

rophotometry as described above. Using the previously measured
bsorbance at 240 nm for the saturated solution, the partition coef-
cient was calculated as follows:

IPM:4.0 =
[

Aa

Ab − Aa

]
V4.0

VIPM
(1)

here Ab and Aa are the respective absorbances before and after
artitioning, and V4.0 and VIPM are the respective volumes of
uffer and IPM in each phase. It was not possible to experimen-
ally determine partition coefficients for compounds 5 and 6 since
heir respective solubility ratios (SIPM/SAQ) were much too high.
herefore, in these cases KIPM:4.0 was estimated from the average
ethylene �K obtained for compounds 2–4 according to the fol-

owing relationship:

og Kn+m = (�K)(m) + log Kn (2)

here n is the number of methylene units in the promoiety of one
rodrug and m is the number of additional methylene units in the
romoiety with which it is compared.

Similarly the solubility ratio between IPM and AQ (SRIPM:AQ)
an be calculated for 2–5 and the average methylene �SR calcu-
ated from log SRn+m = (�SR)(m) + log SRn can be used to estimate
og SRIPM:AQ for 6. In this way SAQ for 6 can be estimated from
IPM/SRIPM:AQ values for 6.

UV spectrophotometry was also used to determine the amount
f 1 (APAP) and prodrug present in the receptor phase of the dif-
usion cell. Since all the prodrugs in this study were part of a
omologous series, it was assumed that satisfactory results would
btain for the entire series from the use of the molar absorptivity of
ne homolog. Thus, the molar absorptivities of compounds 3 and 1
ere determined in pH 7.1 phosphate buffer (0.05 M, I = 0.11 M) con-

aining 0.11% formaldehyde by first dissolving a known amount of
ither compound in acetonitrile (n = 5). An aliquot (1 mL) of the ace-
onitrile solution was removed, diluted with buffer, and analyzed
y UV spectrophotometry to obtain the molar absorptivities shown
n Table 1. Because there is considerable overlap between the UV
pectra of APAP and its AOCOM prodrugs 2–6, the relative concen-
rations of each were determined using the following approach. The
ifferences in absorption were found to be greatest at 240 nm and
t 280 nm. Therefore, considering the additive nature of absorption,
he absorbance at each wavelength (assuming constant cell length)
s:

240 = εP240 CP + εA240 CA (3)

280 = εP280 CP + εA280 CA (4)

here A is the absorbance at the respective wavelengths, ε is the
olar absorptivity of either the prodrug (P) or APAP (A) at the,

espective wavelengths, and C is the concentration of the respective

ompounds in the mixture. Solving the two simultaneous equations
ives the following solution for the prodrug concentration CP:

P = εA280 A240 − εA240 A280

εA280 εP240 − εA240 εP280

(5)
l of Pharmaceutics 371 (2009) 25–32 27

Once CP is known, it may be inserted into Eq. (3) to give the following
solution for the concentration of APAP (CA):

CA = A240 − εP240 CP

εA240

(6)

2.3. Diffusion cell experiments

The maximum flux of each prodrug was measured according
to a previously described procedure (Sloan et al., 1986) using skin
samples from three different mice. Prior to skin removal, the mice
were rendered unconscious by CO2, then sacrificed via cervical
dislocation. Skins were removed by blunt dissection and placed der-
mal side down 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/L) to inhibit microbial growth and maintain
the integrity of the skins (Sloan et al., 1991) throughout the exper-
iment. A rubber O-ring was placed on top of the skin to ensure a
tight seal, and the donor and receiver compartments were fastened
together with a metal clamp.

Prior to the application of the prodrug, the skins were kept in
contact with buffer for 48 h to allow any UV absorbing material
to leach out. During this time, the receptor phase was removed
and replaced with buffer 3 times in order to facilitate the leach-
ing process. Twenty-four hours before application of the prodrug,
a suspension (0.095–0.664 M, i.e. generally 10 × SIPM) of the pro-
drug in IPM was prepared and allowed to mix until it was needed
in the diffusion cell experiments. After the 48 h leaching period, an
aliquot (0.5 mL) of the prodrug suspension was added to the sur-
face of the skin (donor phase) as the first application. Samples of
the receptor phase were usually taken at 8, 19, 22, 25, 28, 31, 34, and
48 h and analyzed within 1 h by UV spectrophotometry as above to
determine the amounts of permeated APAP and prodrug. At each
sampling time, the entire receptor phase was replaced with fresh
buffer in order to maintain sink conditions.

After the 48 h of the first application period, the donor suspen-
sion was removed and the skins were washed three times with
methanol (3–5 mL) to remove any residual prodrug from the sur-
face of the skin. The skins were kept in contact with buffer for
an additional 24 h to allow all species containing APAP (i.e. APAP
and prodrug) to leach from the skin. Following this second leaching
period, the receptor phase was replaced with fresh buffer and an
aliquot (0.5 mL) of a standard drug/vehicle (theophylline/propylene
glycol, Th/PG, 200 mg/3 mL) was applied to the skin surface as the
second application. Samples of the receptor phase were taken at
1–4 h and analyzed by UV spectrophotometry. No absorption at
240 nm due to APAP or its prodrugs was observed which suggested
that 24 h was sufficient to leach all APAP and its prodrugs from
the skins before the second application. The concentration of theo-
phylline in the receptor phase was determined by measuring its
absorbance at 270 nm (ε = 10,200 L mol−1). At each sampling time,
the entire receptor phase was removed and replaced with fresh
buffer.

In each experiment, the flux was determined by plotting the
cumulative amount of species containing APAP (APAP plus prodrug)
or Th against time. Flux could then be calculated by dividing the
slope of the steady-state portion of the graph by the surface area of
the skin (4.9 cm2).

3. Results and discussion
3.1. Physicochemical properties

The solubilities in IPM (SIPM) and in water (SAQ) for prodrugs 2–6
are listed in Table 2. The relative standard deviations of the SIPM
and SAQ values were all ≤±5% except for the SAQ value for 5 which
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Table 2
Physicochemical properties of AOCOM, AOC (Wasdo and Sloan, 2004), and ACOM (Thomas and Sloan, 2008a) prodrugs of acetaminophen (APAP).

Compounda MW Mp (◦C)b SIPM
c SAQ

c S4.0
c,d KIPM:4.0

APAP, 1 151 167–170 1.9 100 – –

AOCOM 2, C1 239 104–106 7.93 ± 0.14 7.20 ± 0.14 8.39 0.946 ± 0.022
AOCOM 3, C2 253 83–85 20.7 ± 1.0 7.76 ± 0.41 7.51 2.76 ± 0.22
AOCOM 4, C3 267 68–69 45.8 ± 1.5 2.00 ± 0.09 4.97 9.21 ± 0.51
AOCOM 5, C8 337 64–65 66.4 ± 1.9 0.004 ± 0.0005 0.029 2720e

AOCOM 6, C10 365 54–56 130 ± 2.4 0.00056f 0.0062 26500e

AOC 7, C1 209 112–115 12.0 20.4 17.0 0.692
AOC 8, C2 223 120–122 9.33 3.80 4.47 2.09
AOC 9, C3 237 104–106 23.4 2.70 3.02 7.94
AOC 10, C4 251 118–120 13.8 0.43 0.447 31.6
AOC 11, C6 279 108–110 16.7 0.048 0.032 513

ACOM 12, C1 223 95–96 8.41 15.2 16.2 0.519
ACOM 13, C2 237 56–59 62.0 24.7 26.6 2.33
ACOM 14, C3 251 56–58 73.5 7.12 8.26 8.90
ACOM 15, C5 279 50–52 109 0.597 0.90 121
ACOM 16, C7 307 53–54 98.7 0.0637 0.048 2077e

a C1, C2, etc. refer to the length of the alkyl chain in the promoiety.
b Uncorrected.
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c Units of mM.
d Estimated from SIPM/KIPM:4.0.
e Extrapolated from previous KIPM:AQ in the series as described in the text.
f Estimated from SIPM/SRIPM:AQ (SR = solubility ratio).

as ±11%. As expected, all of the AOCOM prodrugs exhibited lower
elting points than APAP and were more soluble in IPM than APAP.

here was a steady increase in SIPM on going from the first to the last
ember of the series, with the last member of the series (6, C10)

xhibiting the greatest increase (68-fold) in SIPM over APAP. As seen
n the alkyloxycarbonyl (AOC, Wasdo and Sloan, 2004) and ACOM
Thomas and Sloan, 2008a) prodrugs of APAP, all of the AOCOM
erivatives were much less soluble in water than APAP. In fact, the
ost water-soluble member of this series, 3, exhibited only 0.08-

imes the SAQ of APAP. In general, the SAQ values decreased along
he series except for a slight increase in SAQ on going from C1 to
2. The present SAQ value for 3 (C2) is twice as high as the value
reviously reported by Seki et al. (1988). Although the reason for
his discrepancy is unclear, it must be noted that the SAQ value of
-ethyloxycarbonyloxyacetanilide, 8, measured by Seki et al. (1988)
SAQ = 2.15 mM, 25 ◦C, 0.01 M phosphate buffer, pH 7.0) is also about
ne-half the SAQ value measured by Wasdo and Sloan (2004) under
hese same conditions.

In order to incorporate the physicochemical property data for
–6 into the Roberts–Sloan, RS, database (Wasdo and Sloan, 2004),
H 4.0 buffer was used as the aqueous phase in partition coeffi-
ient determinations (KIPM:4.0). Partition coefficients obtained in
his manner were then used to estimate the solubilities of 2–6
n pH 4.0 buffer (S4.0, Table 2) from SIPM/KIPM:4.0. Partition coeffi-
ients between IPM and buffer could only be determined for the
rst three members of the series. The last two homologs, 5 and 6,
xhibited such low solubilities in water that the present method for
easuring partition coefficients was not useful.
However, the relative standard deviations for the KIPM:4.0 values

ere all ≤±8%. Also, although the two methylene �K for this series
0.46 and 0.52) calculated from a transposition of the terms in Eq.
2) were much lower than the average �K for the ACOM APAP series
�K = 0.60 ± 0.05), the average (0.49) was within the standard devi-
tion of the average �K for the AOC APAP series (�K = 0.55 ± 0.06,
asdo and Sloan, 2004). Since the KIPM:4.0 values obtained for the

rst three homologs were reasonable, the average �K value was

sed to calculate KIPM:4.0 for the last two members of the series
5 and 6) which was then used to estimate their S4.0 values. The
stimated solubility in pH 4.0 buffer was somewhat higher than
he experimentally determined SAQ in the case of 2 and somewhat
ower in the case of 3. For 4 and 5, the estimated values for S4.0 were
all much higher (2.5 and 5.5-times higher, respectively) than the
corresponding experimental values for SAQ. The use of these higher
estimated S4.0 values could ultimately lead to an overprediction of
JMMIPM from the RS equation (see below).

Since experimental log SAQ values for 4 and 5 were available, a
log SAQ value for 6 was estimated from the log of the solubility ratios
(log SR = log SIPM − log SAQ) of 2–5. The average of the differences in
log SR for 2–5 was 0.59. The log SR for 5 was 4.18 and the log SR for
6 was then estimated to be 5.36, and the value for 6 log SAQ was
calculated from 6 log SIPM(2.11) − 6 log SR(5.36) = −3.25. Thus the
log SAQ value estimated from log SR and log SIPM was much less than
the log S4.0 value of −2.21 estimated from log KIPM:4.0 and log SIPM.
Again, the use of the estimated S4.0 value instead of the estimated
SAQ for 6 could lead to an overprediction of JMMIPM from the RS
equation.

In order to facilitate comparisons between the AOCOM APAP
series and other APAP derivatives, the relevant physicochemical
property data of the 4-AOC APAP (Wasdo and Sloan, 2004) and
4-ACOM APAP series (Thomas and Sloan, 2008a) have also been
included in Table 2. If comparisons are made between members of
the same alkyl chain length (C1 to C3), the AOCOM series is generally
more soluble in IPM and less soluble in water than the AOC series.
For instance, C2 and C3 AOCOM are 2.2 and 2.0-times, respectively,
more soluble in IPM than the corresponding members of the AOC
series, while C1 and C3 AOC are 2.8 and 1.4-times, respectively, more
soluble in water than the corresponding members of the AOCOM
series. If similar comparisons are made between the AOCOM and
ACOM series, the C1 to C3 ACOM derivatives exhibit higher solubil-
ities in both water and IPM than the corresponding members of the
AOCOM series.

If the structural differences between the promoieties are taken
into account (Sloan and Wasdo, 2006), slightly different conclu-
sions are reached. Since the AOCOM derivatives contain a CH2O
linker between the phenoxy group of APAP and the carbonyl of the
prodrug, the alkyl chain in this series is extended two atoms far-
ther from APAP than members of the same alkyl chain length in the

AOC series. Therefore, rather than simply counting the number of
methylene units in the alkyl chain, it may be more appropriate to
include this two-atom unit in the total chain length when making
comparisons between homologs of approximately equal size. Using
this rationale, C1 and C2 AOCOM are 2.7 and 18-times, respectively,



Journa

m
s
o
t
m

t
C
s
C
C
o
l
r
o

3

b
e
1
t
m
o
i
q

t
I
F
e
c
m
p
e

T
E
t
d
f

C

A

A
A
A
A
A

A
A
A
A
A

A
A
A
A
A

C

J.D. Thomas, K.B. Sloan / International

ore soluble in water than the corresponding members of the AOC
eries (C3 and C4). The differences in SIPM are not as one-sided. In
ne case the AOC member (C3) is more soluble in IPM (compared
o C1 AOCOM), while in the other case the AOCOM member (C2) is

ore soluble (compared to C4 AOC).
This approach may also be used to compare the AOCOM deriva-

ives with the corresponding ACOM derivatives. In this case, C2 and
3 ACOM are 7.8 and 3.6-times more soluble in IPM than the corre-
ponding members of the AOCOM series (C1 and C2). In addition,
2 ACOM is 3.4-times more soluble in water than C1 AOCOM while
3 ACOM exhibits 92% of the solubility of C2 AOCOM in water. Based
n these results, it appears that substitution of oxygen for a methy-
ene unit in the carbonyl group of the prodrug (ACOM → AOCOM)
esults in a decrease in lipid solubility with little improvement in
r a decrease in water solubility.

.2. Diffusion cell experiments

Hairless mice have been used as the skin source because it has
een shown to be a reasonable model membrane for diffusion cell
xperiments in previous reports from our laboratory (Sloan et al.,
986; Thomas and Sloan, 2007) and others (Kai et al., 1990). In addi-
ion to giving more reproducible results than human skin, hairless

ouse skin is more sensitive to vehicle and potential solute effects
n permeability than human skin (Kai et al., 1990) or pig skin by
nference so that subtle differences in permeation are more easily
uantitated.

Results from the diffusion cell experiments for the delivery of
otal APAP containing species through hairless mouse skin from
PM by AOCOM APAP prodrugs, EXP JMMIPM, are listed in Table 3.
or most of the prodrugs, samples of the receptor phase were taken

very 3 h once steady-state flux was established. The exception was
ompound 6 in which samples only were taken every 12 h to allow
easurable amounts of permeant to accumulate in the receptor

hases. As a consequence, the flux value for 6 listed in Table 3 is an
stimate of JMMIPM based on the samples taken at 31 and 43 h.

able 3
xperimental maximum flux of total species containing APAP through hairless mouse s
hrough hairless mouse skin from propylene glycol (JJ) as the second application, percen
ifference between EXP log JMMIPM and log JMMIPM calculated by the n = 71 database coefficie
rom the skin after first application (CS) and the dermal to transdermal delivery ratio (D/T

ompounda EXP JMMIPM
b EXP log JMMIPM

b %

PAP, 1 0.51 −0.29

OCOM 2, C1 0.443 −0.35 ± −1.29 32
OCOM 3, C2 0.660 −0.18 ± −0.51 46
OCOM 4, C3 0.283 −0.55 ± −1.04 25
OCOM 5, C8 0.021 −1.67 ± −2.74 0
OCOM 6, C10 0.0074 −2.13 ± −3.74 0

OC 7, C1 1.00 0.00 64
OC 8, C2 0.174 −0.76 14
OC 9, C3 0.355 −0.45 25
OC 10, C4 0.098 −1.01 0
OC 11, C6 0.032 −1.49 0

COM 12, C1 0.730 −0.136 0
COM 13, C2 1.86 0.270 9
COM 14, C3 0.777 −0.109 0
COM 15, C5 0.344 −0.464 0
COM 16, C7 0.110 −0.957 0

ontrolf

a C1, C2, etc. refer to the length of the alkyl chain in the promoiety.
b Units of �mol cm−2 h−1.
c Calculated using Eq. (14) for n = 71 compounds.
d Units of �mol.
e Calculated from [CS/(4.9 cm2 24 h)]/JMMIPM = D/T ratio.
f From Sloan et al. (1986).
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Compounds 5 and 6 gave the lowest flux values. The limit
of detection (LOD) is the blank reading plus 3 times the S.D.
obtained for the blank (0 ± 0.002 absorbance units, Abs, for the Shi-
madzu UV-2501 PC) or 0.006 Abs. Since ε240 = 1.01 × 104 L mol−1

for APAP and the volume of each sample is 0.020 L, the LOD is
0.0119 �mol. For compound 5 the amount in a typical 3 h, sam-
ple that gave a flux of 0.021 �mol cm−2 h−1 is 0.309 �mol while for
compound 6 the amount in a typical 12 h sample that gave a flux of
0.0074 �mol cm−2 h−1 is 0.435 �mol. Thus, both 5 and 6 gave sam-
ple amounts well above the LOD. The limit of quantification (LOQ) is
the blank plus 10 times the S.D. so LOQ is 0.020 Abs or 0.0396 �mol
which is well below the sample amounts as well.

Also included in Table 3 are the diffusion cell results from the
AOC APAP (Wasdo and Sloan, 2004) and ACOM APAP (Thomas and
Sloan, 2008a) series. With the exception of 3 (±47%) and 4 (±32%),
the fluxes of 2–6 were all within the ±30% variation typically
observed (Wasdo and Sloan, 2004) in diffusion cell experiments
with hairless mice. As a whole, the AOCOM derivatives were not
very effective at increasing the transdermal delivery of APAP. In
the one case 3 where the flux of the prodrug was greater than
that of APAP, the improvement was only marginal (1.3-fold). If the
fluxes of members of the same alkyl chain length are compared,
the first three homologs of the AOCOM series (C1 to C3) performed
worse on average than the corresponding members of the ACOM
series: the corresponding ACOM gave 1.65, 2.81 and 2.75 times
the flux of the AOCOM. Compared to the AOC series the AOCOM
gave mixed results: The corresponding AOC gave 2.25, 0.26 and
1.27 times the flux of the AOCOM. If structural differences between
the promoieties are taken into account (as above for the solubil-
ity comparisons), the AOCOM series is more effective at delivering
APAP than the AOC series. The C1 and C2 members of the AOCOM

series gave 1.23 and 6.73 times the flux of the C3 and C4 members of
the AOC series. On the other hand the AOCOM series remained less
effective at delivering APAP than the ACOM series. The C2 and C3
members of the ACOM series gave 4.20 and 1.18 times, respectively,
the flux of the C1 and C2 members of the AOCOM series.

kin from IPM (EXP JMMIPM) as the first application, maximum flux of theophylline
t intact prodrug in receptor phase at 31 h (%), the absolute value of the individual
nts to RS (�CALC log JMMIPM), concentration of total species containing APAP leached
).

JJb �CALC log JMMIPM
b,c CS

d D/Te

0.74 0.492 2.74 0.046

0.88 0.077 2.83 0.054
1.12 0.094 3.03 0.039
1.12 0.305 4.53 0.14
1.03 0.014 1.57 0.63
0.71 0.100 0.83 0.95

1.12 0.074 5.45 0.046
0.64 0.455 1.08 0.053
1.14 0.226 2.84 0.068
0.85 0.221 1.91 0.17
0.76 0.103 1.79 0.47

0.93 0.088 2.67 0.031
0.94 0.188 13.1 0.060
0.78 0.317 5.56 0.061
0.86 0.207 3.55 0.088
0.69 0.028 2.72 0.21

1.02
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Fig. 2. Log SIPM (�), log S4.0 (©), log KIPM:4.0 (�), log EXP JMM

When the receptor phases from the application of 2–6 were ana-
yzed during steady-state flux conditions, various percentages of
ntact prodrug and APAP were found (Table 3). The entries are from
amples taken at 31 h and are representative of percentages of intact
rodrug observed at other times during steady-state. Although no
ffort was made to determine the half-lives of 2–6 in the recep-
or phase buffer, aqueous stability may be estimated based on the
ork of others. For example, Seki et al. (1988) found that 3 exhib-

ted a half-life of 200 h in pH 7.0 phosphate buffer (0.01 M) at 25 ◦C.
hus, under the present experimental conditions it is reasonable to
ssume that presence of APAP in the receptor phase is due to enzy-
atic hydrolysis of the prodrugs in the skin and is not the result

f chemical hydrolysis in the receptor phase since there was only
h between samples and each sample was analyzed within 1 h. In
eneral, the percent of intact prodrug decreased as the alkyl chain
ength increased. A similar trend was previously observed (Wasdo
nd Sloan, 2004) in the APAP series (Table 3) and in the literature
hich suggests that shorter chain length homologs are more sta-

le enzymatically but less stable chemically than the longer chain
omologs (Waranis and Sloan, 1987; Buur et al., 1985; Taylor and
loan, 1998).

Apparently, the fluxes of 2–6 are not artificially high due to dam-
ge sustained by the skin over the course of the first application or
he leaching periods (Sloan et al., 1986). The second application of
h/PG resulted in Th flux values (JJ) that were not significantly dif-
erent from those through skins treated with IPM alone (Table 3).
owever, it is important to recognize that IPM is a well-known
enetration enhancer which can increase flux 50-fold compared
o experiments where water was the vehicle (Sloan et al., 2003).
lthough the apparent flux values of 2–6 are likely inflated due to
sing IPM as a vehicle compared to water, this should not change
he rank order of flux within or between series nor does it affect the
alanced dependence of JMMIPM on SIPM and SAQ (Sloan et al., 2003).

In order to ascertain the relative impact of solubility in a lipid,
olubility in water, and partition coefficient on flux, the trends in
og SIPM, log S4.0, log KIPM:4.0, and log JMMIPM for APAP 1 and its pro-
rugs 2–6, 7–11 and 12–16 are graphically represented in Fig. 2.
he most consistent trend between the series is the steady increase
n log KIPM:4.0 with increasing alkyl chain length. This is in spite of
he fact that the log JMMIPM generally decreased along each series.
hus it is clear from the present results that log KIPM:4.0 is of lit-
le positive predictive value in determining the rank order of flux.
imilarly, there is no obvious relationship between log SIPM and flux
s log SIPM grows larger along the AOCOM series 2–6, but remains
elatively constant along the ACOM 12–16 and AOC 7–11 series. On

he other hand, the trends in log S4.0 generally mirror the trends in
ux as previously shown (Sloan et al., 2003; Sloan, 1989). Although
his dependence of flux on log SAQ (or log S4.0) is most apparent in
omologous series of compounds, such dependence has recently
een demonstrated for a large number of unrelated compounds
). Values for APAP 1, AOCOM 2–6, AOC 7–11, ACOM 12–16.

through human skin from water in vitro (JMHAQ, Juntunen et al.,
2008) and for a small set of nonsteroidal anti-inflammatory drugs
through human skin from mineral oil (MO) in vivo (JMHMO, Roberts
and Sloan, 2001) using the Roberts–Sloan, RS, model (Roberts and
Sloan, 1999).

The RS equation (Eq. (7)) is the only model for transdermal per-
meation to incorporate a dependence of maximum flux, JM, on SAQ.
RS is directly derived from Fick’s law (Eq. (8)). It is assumed that the
concentration of the permeant in the last layer of the membrane,
CMn, is negligible and the concentration of the permeant in the first
few layers of the membrane, CM1, can be calculated from the prod-
uct of the partition coefficient between the membrane, MEM, and
the vehicle, VEH (KMEM:VEH) and the concentration of the permeant
in the vehicle, CVEH (Eq. (9)). Since JM obtains when CVEH is the sol-
ubility in the vehicle, SVEH (saturated donor phase), CM1 becomes
the solubility in the first few layers of the membrane, SM1, and Eq.
(9) gives Eq. (10). Transformation of KMEM:VEH (Surber et al., 1990)
when the vehicle is a lipid, LIPID, gives Eq. (11) where (KLIPID:AQ)Yc
has been substituted for KMEM:AQ. Substitution of solubilities for K
gives Eq. (12). Substitution of log D0 − ˇMW for log D and Eq. (12)
for CM1 into Eq. (8), then collection of constants (log D0/L and log c)
gives Eq. (7) (Roberts and Sloan, 1999).

log JM = x + y log SLIPID + (1 − y)log SAQ − z MW (7)

J = D(CM1 − CMn)
L

(8)

CM1 = (KMEM:VEH)CVEH (9)

SM1 = (KMEM:VEH)SVEH (10)

KMEM:VEH = KMEM:LIPID = (KLIPID:AQ)Y c

KLIPID:AQ
(11)

log SM1 = y log KLIPID:AQ + log c − log KLIPID:AQ + log SLIPID

= y log SLIPID − y log SAQ + log c − log SLIPID

+ log SAQ + log SLIPID

= y log SLIPID + (1 − y)log SAQ + log c (12)

Previously, the ACOM APAP prodrugs (12–16) had been added to
the n = 61 database (Wasdo and Sloan, 2004) to give n = 66 and the
following fit of log JMMIPM, log SIPM, log S4.0 and MW to RS (Thomas
and Sloan, 2008a).

log JMMIPM = −0.545 + 0.511 log SIPM + 0.489 log SAQ
− 0.00253MW (13)

When the coefficients from Eq. (13) were used to predict
log JMMIPM for the AOCOM APAP prodrugs, the average of the abso-
lute differences between the experimental, EXP log JMMIPM, and
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redicted log JMMIPM, PRE log JMMIPM (which is �PRE log JMMIPM),
as 0.143 ± 0.106 log units when the log SAQ values were used and
.368 ± 0.252 log units when log S4.0 values were used (data not
hown). In both cases the �PRE log JMMIPM were greater than pre-
icted by Eq. (13) but by not nearly as great if log SAQ values were
sed: 1.39 versus 2.33 times. The main contributors to the over-
rediction were by 4–6 which gave much higher log S4.0 values
han log SAQ values (see above). The average of the absolute dif-
erences between EXP log JMMIPM and calculated log JMMIPM, CALC
og JMMIPM (which is �CALC log JMMIPM) for the n = 66 database was
.155 ± 0.118 log units, so �PRE log JMMIPM for the AOCOM APAP pro-
rugs is better than the average for the entire database when log SAQ
alues are used.

When the AOCOM APAP prodrugs were then added to the n = 66
atabase and a new fit of the new n = 71 database to RS was obtained,
he following new coefficients were obtained (r2 = 0.923):

og JMMIPM = −0.562 + 0.501 log SIPM + 0.499 log SAQ

− 0.00248MW (14)

Eq. (14) was then used to calculate log JMMIPM and
CALC log JMMIPM were obtained (Table 3). A plot of EXP log JMMIPM

ersus CALC log JMMIPM is given in Fig. 3. Using the fit to Eq. (14),
he �CALC log JMMIPM values for the AOCOM (using the SAQ values)
mproved to 0.118 ± 0.110 log units which is even lower than the
verage for the n = 71 database: 0.156 ± 0.117 log units.

In order to determine whether AOCOM prodrugs of phenols
ould be more effective at delivering the parent compound to the

kin (dermal delivery) or through the skin and into the systemic
irculation (transdermal delivery), the skins were left in contact
ith buffer for 24 h after removing the donor phase to allow APAP

nd prodrug to leach out. The amount of total species containing
PAP leached from the skin (CS) is shown in Table 3 and has been
sed as a measure of dermal (D) compared to transdermal (T) deliv-
ry based on EXP JMMIPM. Comparing the first three members of
he three series (AOCOM, AOC and ACOM prodrugs) in Table 3, the
OCOM are comparable to both the AOC and ACOM (except for the
S of ACOM C2, 14) in both CS and D/T values. When the first two
embers of the AOCOM series were compared with the members

f the AOC, 9 and 10, and ACOM, 13 and 14, series of comparable
olecular weight, the AOCOM prodrugs were again comparable to

he AOC and ACOM series in CS values (except for C2 ACOM) and
/T values (except for C4 AOC).
. Conclusions

The AOCOM derivatives of APAP did not improve the delivery of
otal species containing APAP compared to the previously reported
l of Pharmaceutics 371 (2009) 25–32 31

AOC and ACOM derivatives. When comparing members of each
series of about the same molecular weight, the ACOM (C2 and
C3) gave higher fluxes than the AOCOM (C1 and C2), while the
AOCOM gave higher fluxes than the AOC (C3 and C4). The trend
in fluxes followed almost exactly the trend in water solubility. The
more water-soluble derivative usually gave the higher flux value
in this comparison of AOC, ACOM and AOCOM prodrugs. Thus,
the paradigm that the more water-soluble members of a series of
more lipid soluble derivatives will give the higher flux (Sloan, 1989)
because maximum flux, JM, depends on SM1 and SM1 depends on
SLIPID and SAQ (Sloan et al., 2006) remains true; and the reason the
AOCOM did not perform better than the AOC and ACOM derivatives
is that there was no improvement in the water solubilities of the
AOCOM.

The calculation of the delivery of total species containing APAP
by the AOCOM prodrugs from the Roberts–Sloan model (Eq. (14))
gave the best fit of any of these three series of prodrugs of APAP with
a �CALC log JMMIPM of only 0.118 log units compared to 0.156 for the
entire n = 71 database. The CALC log JMMIPM also correctly predicted
the rank order of performance of the members of the series except
for C1 and C3. Eq. (14) calculated a much higher log JMMIPM than
the experimental value for C3: �CALC log JMMIPM = 0.31 log units. In
fact, that one discrepancy between EXP and CALC values is primar-
ily responsible for �CALC log JMMIPM being as high as it is for the
AOCOM APAP series.
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