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bstract

A database (n = 50) consisting of values of solubility in water, SAQ, solubility in octanol, SOCT, molecular weight, MW, and maximum flux based
n the delivery of total species containing a parent drug by its prodrugs through human skin in vitro from water has been integrated into the extended
lynn database (n = 114). In addition, data for two more recent contributions (n = 8) and one (n = 7) contribution that was overlooked for inclusion

n the extended Flynn database were added to the prodrug database, as well as the data for the parent drugs (n = 6), to give n = 71 and n = 185 for
he total integrated database. This integrated database was fit to five equations where the independent variable was SAQ, SOCT or MW alone or were
ombinations of SOCT and MW (Kasting–Smith–Cooper, KSC model) or SOCT, SAQ and MW (Roberts–Sloan, RS model). The RS equation gave
he best fit: log J = −2.506 + 0.538 log S + 0.462 log S − 0.00402MW, r2 = 0.839, S.D. = 0.423 and the residual (�log J ) was 0.474 log
MAQ OCT AQ MAQ

nits. Integration of a substantial number of prodrugs into the extended Flynn database did not change the dependence of JMAQ on a balance of SAQ

nd SOCT. No trend in the effect of the prodrug being more or less water soluble than its parent drug on over- or underpredicting flux (±�′log JMAQ)
y the RS model was found. Thus optimization of the SAQ of a prodrug in its design, as well as the design of new drugs, is indicated.

2007 Elsevier B.V. All rights reserved.
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. Introduction
It is clear for the delivery of total species containing a par-
nt drug by its prodrugs from their saturated solutions in the

Abbreviations: KSC, Kasting–Smith–Cooper equation; MACR,
agnusson–Anissimov–Cross–Roberts equation; RS, Roberts–Sloan equation;

OCT, solubility in octanol; MW, molecular weight; SAQ, solubility in water or
n water at different pH values as indicated by subscript; JMAQ, maximum flux
alues using water as the vehicle or water at different pH values as indicated
y subscript; �log JMAQ, residual or average absolute difference between
xperimental log JMAQ and calculated log JMAQ; �′log JMAQ, difference
etween experimental log JMAQ and calculated log JMAQ; FULL, full thickness
kin; EPI, heat separated epidermis; (n), over- or underprediction of log JMAQ

ot predicted by second hypothesis; (y), over- or underprediction of log JMAQ

redicted by second hypothesis.
∗ Corresponding author. Tel.: +1 352 273 7745; fax: +1 352 392 9455.
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ipid vehicle, isopropyl myristate (IPM), through hairless mouse
kin in vitro that the water solubility of the prodrugs, SAQ, is
n important predictor of delivery (Roberts and Sloan, 1999).
he database for the most recent analysis of the direct depen-
ence of maximum flux (JMIPM) on SIPM and SAQ, in addition
o an inverse dependence on molecular weight, MW, is n = 63
here the coefficients for the parameters in the Roberts–Sloan

RS, Eq. (1)) are x = −0.50; y = 0.517; z = 0.00266; r2 = 0.91;
he average absolute difference between experimental log JMIPM
nd calculated log JMIPM (�log JMIPM) is 0.16 log units (Sloan
nd Wasdo, 2007):

og JMIPM = x + y log SIPM + (1 − y) log SAQ − zMW (1)
In addition, it has been shown for a much smaller subset
n = 17) of the n = 63 prodrug database, that the delivery of
otal species containing the parent drug by its prodrugs from
heir saturated solutions in water through hairless mouse skin in

mailto:sloan@cop.ufl.edu
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Table 1
Esters of nalidixic acid (NAD)a

RCO2R1 compound MW log SAQ
b log KOCT:AQ log SOCT

b,c log JMAQ
d �′log JMAQ

d,e �′log JMAQ
d,f

RCO2 = NAD, R1 = H 232 −0.98 1.51 0.53 −2.49 – 1.111
RCO2 = NAD, R1 = ag 246 0.30 1.23 1.53 −2.01 0.114 (n) 0.523
RCO2 = NAD, R1 = bg,h 345 1.57 1.43 3.00 −3.27 – –
RCO2 = NAD, R1 = cg 304 0.51 1.21 1.72 −2.64 −0.341 (y) −0.069
RCO2 = NAD, R1 = dg 318 0.17 1.70 1.87 −2.51 −0.089 (y) 0.194
RCO2 = NAD, R1 = eg 332 0.057 2.20 2.26 −1.80 0.507 (n) 0.802
RCO2 = NAD, R1 = fg 332 −0.017 2.17 2.16 −2.19 0.208 (n) 0.500

0.252i 0.533i

a Bundgaard et al. (1989).
b Units of mM.
c Calculated from log KOCT:AQ + log SAQ.
d Units of �mol cm−2 h−1.
e Calculated from experimental log JMAQ − calculated log JMAQ from Eq. (1) and Table 14 (n = 50). See Section 5.1 for definitions of (n) and (y).
f Calculated from experimental log JMAQ − calculated log JMAQ from Eq. (1) and Table 14 (n = 185).
g (a) CH3; (b) CH2 (C O) N(C2H5)2; (c) CH2O (C O) CH3; (d) CH2O (C O) C2H5; (e) CH2O (C O) C3H7;

(f) CH2O (C O) CH(CH3)2.
h Deleted from final database since log KOCT:AQ is too high compared to its SRIPM:AQ and so is the SOCT calculated from log KOCT:AQ.
i �log JMAQ for prodrugs.

Table 2
Alkylcarbonyl esters of morphinea

MW log S7.0
b log KOCT:7.4 log SOCT

b,c log JM7.0
d �′log JM7.0

d,e �′log JM7.0
d,f

Morphine 285 0.80 −0.06 0.72 <−4.45 – –
3,6-Dipropionate 397 0.95 1.66 2.61 −2.06 0.099 (n) 0.199
3,6-Dihexanoate 481 −1.38 4.66 3.28 −2.22 0.922 (y) 1.093
3-Hexanoate 384 0.83 2.04 2.87 −1.05 0.909 (n) 1.072

0.643g 0.787g

a Drustrup et al. (1991).
b Units of mM.
c Calculated from log KOCT:7.4 + log S7.0.
d Units of �mol cm−2 h−1.
e Calculated from experimental log JM7.0 − calculated log JM7.0 from Eq. (1) and Table 14 (n = 50). See Section 5.1 for definitions of (n) and (y).
f Calculated from experimental log JM7.0 − calculated log JM7.0 from Eq. (1) and Table 14 (n = 185).
g �log JM7.0 for prodrugs.

Table 3
Alkylcarbonyloxyalkyl esters of naproxen (NAP)a

RCO2R1 compound MW log S7.4
b log KOCT:7.4 log SOCT

b,c log JM7.4
d �′log JM7.4

d,e �′log JM7.4
d,f

RCO2 = NAP, R1 = H 230 2.01 0.30 2.31 −2.18g – –
RCO2 = NAP, R1 = ah 316 −1.22 3.50 2.28 −3.36 −0.690 (n) −0.242
RCO2 = NAP, R1 = bh 330 −2.40 3.30 0.90 −3.66 0.399 (y) 0.797
RCO2 = NAP, R1 = ch 344 −3.40 2.80 −0.60 −4.70 0.759 (y) 1.082

0.616i 0.707i

a Rautio et al. (1998).
b Units of mM.
c Calculated from log KOCT:7.4 + log S7.4.
d Units of �mol cm−2 h−1.
e Calculated from experimental log JM7.4 − calculated log JM7.4 from Eq. (1) and Table 14 (n = 50). See Section 5.1 for definitions of (n) and (y).
f and T

(C O
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�

(

Calculated from experimental log JM7.4 − calculated log JM7.4 from Eq. (1)
g Value of −2.18 from Rautio et al. (2000a,b).
h (a) (CH2)2O (C O) CH3; (b) (CH2)3O (C O) CH3; (c) CH2O
i �log JM7.4 for prodrugs.
itro, JMAQ, also depends directly on their SIPM and SAQ, and
nversely on MW (x = −1.497; y = 0.66; z = 0.0047; r2 = 0.77;

log JMAQ = 0.19 log units) based on the fit of the data to Eq.
1) where JMIPM has been replaced by JMAQ (Sloan et al., 2003).
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able 14 (n = 185).

) C(CH3)3.
nterestingly, the rank order of maximum flux, JM, in each series
as the same regardless of whether the vehicle was IPM or AQ.
lso, there was no apparent effect of the composition of the total

pecies containing parent drug that had permeated on the rank
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Table 4
Aminoalkylcarbonyloxyalkyl esters of naproxen (NAP)a

RCO2R1 compound MW log S5.0
b log KOCT:5.0 log SOCT

b,c log JM5.0
d �′log JM5.0

d,e �′log JM5.0
d,f

RCO2 = NAP, R1 = H 230 −0.40 2.38 1.98 −2.75 – −0.195
RCO2 = NAP, R1 = ag 331 1.02 0.67 1.69 −2.40 −0.104 (y) 0.061
RCO2 = NAP, R1 = bg 387 −0.51 2.16 1.65 −2.80 0.433 (y) 0.605
RCO2 = NAP, R1 = cg 387 0.23 2.13 2.36 −2.29 0.219 (n) 0.388
RCO2 = NAP, R1 = dg 345 0.77 0.99 1.76 −2.82 −0.393 (y) −0.233
RCO2 = NAP, R1 = eg 415 0.03 2.72 2.75 −2.74 −0.228 (y) −0.071

0.275h 0.259h

a Rautio et al. (1999).
b Units of mM.
c Calculated from log KOCT:5.0 + log S5.0.
d Units of �mol cm−2 h−1.
e Calculated from experimental log JM5.0 − calculated log JM5.0 from Eq. (1) and Table 14 (n = 50). See Section 5.1 for definitions of (n) and (y).
f Calculated from experimental log JM5.0 − calculated log JM5.0 from Eq. (1) and Table 14 (n = 185).
g (a) (CH2)2O (C O) CH2 NH2; (b) (CH2)2O (C O) CH( NH2) CH2CH(CH3)2; (c) (CH2)2O (C O) CH( NH2) CH( CH3) CH2CH3;

(d) (CH2)3O (C O) CH2 NH2; (e) (CH2)4O (C O) CH( NH2) CH( CH3) CH2CH3.
h �log JM5.0 for prodrugs.

Table 5
Morpholinyl- and methylpiperazinylalkylcarbonyloxyalkyl esters of naproxen (NAP)a

RCO2R1 compound MW log S7.4
b log KOCT:7.4 log SOCT

b,c log JM7.4
d �′log JM7.4

d,e �′log JM7.4
d,f

RCO2 = NAP, R1 = H 230 2.00 0.30 2.30 −2.18 – 0.915
RCO2 = NAP, R1 = ag 401 −1.15 2.14 0.99 −3.15 0.834 (y) 0.967
RCO2 = NAP, R1 = bg 414 0.61 1.16 1.77 −1.61 1.309 (y) 1.326
RCO2 = NAP, R1 = cg 442 0.94 1.30 2.24 −2.14 0.539 (y) 0.503
RCO2 = NAP, R1 = dg 456 1.64h 3.04 4.68 −2.11 – –
RCO2 = NAP, R1 = eg 470 1.69 2.69 4.38 −1.88 −0.645 (n) −0.622

0.832i 0.867i

a Rautio et al. (2000a).
b Units of mM.
c Calculated from log KOCT:7.4 + log S7.4.
d Units of �mol cm−2 h−1.
e Calculated from experimental log JM7.4 − calculated log JM7.4 from Eq. (1) and Table 14 (n = 50). See Section 5.1 for definitions of (n) and (y).
f Calculated from experimental log JM7.4 − calculated log JM7.4 from Eq. (1) and Table 14 (n = 185).
g (a) (CH2)2O (C O) CH2 N(CH2CH2)2O; (b) (CH2)2O (C O) CH2 N(CH2CH2)2 NCH3; (c) (CH2)4O (C O) CH2 N(CH2CH2)2 NCH3;

(d) (CH2)4O (C O) (CH2)2 N(CH2CH2)2 NCH3; (e) (CH2)4O (C O) (CH2)3 N(CH2CH2)2 NCH3.
h Assumed a decimal point error: log S7.4 = 1.64 and not 2.64. However NAP, R1 = d was not used as part of the database in the analysis of fit to Eqs. (1)–(5).
i �log JM7.4 for prodrugs.

Table 6
Morpholinylalkyl and piperazinylalkyl esters of naproxen (NAP)a

RCO2R1 compound MW log S7.4
b log KOCT:7.4 log SOCT

b,c log JM7.4
d �′log JM7.4

d,e �′log JM7.4
d,f

RCO2 = NAP, R1 = H 230 2.01 0.3 2.31 −2.19 – −0.915
RCO2 = NAP, R1 = ag 371 −0.70 2.6 1.90 −2.82 0.231 (y) 0.474
RCO2 = NAP, R1 = bg 342 1.48 0.74 2.22 −2.29 −0.436 (n) −0.290
RCO2 = NAP, R1 = cg 356 1.51 2.29 3.80 −1.23 −0.291 (n) −0.041
RCO2 = NAP, R1 = dg 384 1.71 2.44 4.15 −1.56 −0.734 (n) −0.535
RCO2 = NAP, R1 = eg 412 −2.22 3.92 1.70 −3.40 0.613 (y) 0.877

0.461h 0.443h

a Rautio et al. (2000b).
b Units of mM.
c Calculated from log KOCT:7.4 + log S7.4.
d Units of �mol cm−2 h−1.
e Calculated from experimental log JM7.4 − calculated log JM7.4 from Eq. (1) and Table 14 (n = 50). See Section 5.1 for definitions of (n) and (y).
f Calculated from experimental log JM7.4 − calculated log JM7.4 from Eq. (1) and Table 14 (n = 185).
g (a) (CH2)4 N(CH2CH2)2O; (b) (CH2)2 N(CH2CH2)2 NH; (c) (CH2)2 N(CH2CH2)2 NCH3;

(d) (CH2)4 N(CH2CH2)2 NCH3; (e) (CH2)6 N(CH2CH2)2 NCH3.
h �log JM7.4 for prodrugs.
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Table 7
Alkylaminocarbonyloxymethyl esters of naproxen (NAP) and benzoic acid (BA)a

RCO2R1 compound MW log S5.0
b log KOCT:5.0 log SOCT

b,c log JM5.0
d �′log JM5.0

d,e �′log JM5.0
d,f

RCO2 = NAP, R1 = H 230 −0.34 2.38g 2.04 −2.80 – −0.307
RCO2 = NAP, R1 = ah 403 −2.70 3.35 0.65 −4.22 0.566 0.801
RCO2 = BA, R1 = H 122 1.59 1.34i 2.93j −1.29 – 0.604
RCO2 = BA, R1 = bh 295 0.11 2.26 2.37 −2.45 −0.476 −0.089
RCO2 = BA, R1 = ch 323 −0.78 3.02 2.24 −3.30 −0.706 −0.325
RCO2 = BA, R1 = dh 337 −1.47 3.63 2.16 −3.04 −0.076 −0.335

0.456k 0.410k

a Mendes et al. (2002).
b Units of mM.
c Calculated from log KOCT:5.0 + log S5.0.
d Units of �mol cm−2 h−1.
e Calculated from experimental log JM5.0 − calculated log JM5.0 from Eq. (1) and Table 14 (n = 50).
f Calculated from experimental log JM5.0 − calculated log JM5.0 from Eq. (1) and Table 14 (n = 185).
g Rautio et al. (1999).
h (a) CH2O (C O) N( CH3) CH2CO2C2H5; (b) CH2O (C O) NH CH( CH3) CO2C2H5; (c) CH2O (C O) NH CH[CH(CH3) 2] CO2C2H5;

(d) CH2O (C O) NH CH[CH2CH(CH3) 2] CO2C2H5.
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i Calculated from log SOCT − log S5.0.
j Yalkowsky et al. (1983).
k �log JM5.0 for prodrugs.

rder of flux for either JMIPM or JMAQ data bases: JM, solubil-
ty and MW data fit the RS model (Eq. (1)) well regardless of
hether the prodrug delivered mainly intact prodrug or mainly

he parent drug.
More recently, we have shown that the solubilities and MW

ata for the delivery of non-prodrugs from their saturated aque-
us solutions through human skin in vitro can also be fitted to
he RS Eq. (1) with excellent results based on two studies. The

rst study was based on an edited Flynn database (Majumdar
t al., 2007) where only those permeants in the original Flynn
1990) database for which SAQ values were known or could be

s
d
d

able 8
lycoside ester of flurbiprofen (FLB), ibuprofen (IBP), ketoprofen (KP) and naproxe

CO2R1 compound MW log S7.0
b log KOCT:7.0

CO2 = FLB, R1 = H 244 0.84 –g

CO2 = FLB, R1 = ah 406 0.40 1.92
CO2 = FLB, R1 = bh 406 0.45 1.56
CO2 = IBP, R1 = H 206 1.11 –g

CO2 = IBP, R1 = ah 368 1.09 1.57
CO2 = IBP, R1 = bh 368 0.90 1.79
CO2 = KP, R1 = H 254 1.14 –g

CO2 = KP, R1 = ah 416 1.09 0.98
CO2 = KP, R1 = bh 416 0.92 1.11
CO2 = NAP, R1 = H 230 1.91 –g

CO2 = NAP, R1 = ah 382 0.86 1.32
CO2 = NAP, R1 = bh 382 0.81 1.31

a Swart et al. (2005).
b Units of mM.
c Calculated from log KOCT:7.0 + log S7.0.
d Units of �mol cm−2 h−1.
e Calculated from experimental log JM7.0 − calculated log JM7.0 from Eq. (1) and T
f Calculated from experimental log JM7.0 − calculated log JM7.0 from Eq. (1) and T
g Experimental log KOCT:7.0 reported is about 2 log units different from log KOCT:7.0
h (a) Glucoside; (b) mannoside.
i �log JM7.4 for prodrugs.
stimated were included: n = 62. The second study was based on
n vitro diffusion cell experiments using human skin published
ince the Flynn database was published up to 2004, an extended
lynn database (Thomas et al., 2007), where only those non-
rodrug permeants for which SAQ values were known or could
e estimated were included: n = 52. In those databases the lipid
olubility parameter was solubility in octanol, SOCT, instead of
IPM and x = −2.574, y = 0.586, z = 0.00440, r2 = 0.887 and the

tandard deviation = 0.40 for the combined edited and extended
atabases (n = 114). However, neither the fit of this n = 114
atabase to the RS model nor the fit of other extended databases

n (NAP)a

log SOCT
b,c log JM7.0

d �′log JM7.0
d,e �′log JM7.0

d,f

–g −0.93 – –
2.32 −2.52 0.082 0.184
2.01 −2.92 −0.152 −0.081
–g −0.84 – –
2.66 −2.30 −0.408 −0.249
2.69 −2.10 −0.156 0.022
–g −1.45 – –
2.07 −3.08 −0.520 −0.524
2.03 −3.10 −0.449 −0.441
–g −1.75 – −
2.18 −3.45 −1.041 −0.959
2.12 −3.32 −0.848 −0.767

0.457i 0.403i

able 14 (n = 50).
able 14 (n = 185).

calculated by ACD/log P software version 4.56 so cannot estimate log SOCT.
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Table 9
Alkylamino acid amides of naproxen (NAP)a

RCO2R1 compound MW log SAQ
b log KOCT:AQ

c log SOCT
b,d log JMAQ

e �′log JMAQ
e,f �′log JMAQ

e,g

RCO2 = NAP, R1 = H 230 −0.84 3.00 2.16 −3.49 – –
RCO2 = NAP, R1 = ah 329 −0.64 3.17 2.53 −2.94 −0.566 −0.177
RCO2 = NAP, R1 = bh 343 −1.596 3.71 2.11 −3.62 0.537 −0.133
RCO2 = NAP, R1 = ch 357 −1.929 4.24 2.31 −3.59 0.419 −0.000

0.508i 0.103i

a Pignatello et al. (2005).
b Units of mM.
c C log P from ACD/log P 5.15 software version 4.56.
d Calculated from log SAQ + log KOCT:AQ.
e Units of �mol cm−2 h−1using Q22/12 h.
f Calculated from experimental log JMAQ − calculated log JMAQ from Eq. (1) and Table 14 (n = 50).

and T
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g Calculated from experimental log JMAQ − calculated log JMAQ from Eq. (1)
h (a) NHCH(CO2CH3) CH2CH3; (b) NHCH(CO2CH3) CH2CH2CH3;
i �log JMAQ for prodrugs.

ased on delivery through human skin in vitro to other model
quations was evaluated for the effect of including prodrugs
n the database. For instance, although the parabens have been
eported to hydrolyze during their permeation of rat skin (Bando
t al., 1997), the publication from which the dataset for the per-
eation of the parabens was obtained for the n = 114 database

id not mention the extent of hydrolysis of the parabens during
heir permeation of human skin (Dal Pozzo and Pastori, 1996). It
s possible that the process by which skin samples are obtained
y one lab is quite different than by another lab and esterase
ctivity is lost in one or the other lab.

In the rational design of new prodrugs to deliver their par-
nt drugs through human skin in vivo, it is reasonable to first

etermine the contributions of various physicochemical predic-
ors to the delivery of parent drugs by their prodrugs through
uman skin in vitro using a standard vehicle and use the result-

(
t
p

able 10
lkyl esters of aspirin (AS)a

CO2R1 compound MW log S4.5
b log KOCT:4.5 l

CO2 = AS, R1 = H 180 1.56 −0.85
CO2 = AS, R1 = ag 194 1.225 −0.25
CO2 = AS, R1 = bg 208 1.203 0.30
CO2 = AS, R1 = cg 222 0.858 0.86
CO2 = AS, R1 = dg 222 0.370 0.75
CO2 = AS, R1 = eg 236 −0.528 1.32
CO2 = AS, R1 = fg 236 −0.072 1.23
CO2 = AS, R1 = gg 236 0.508 1.09
CO2 = AS, R1 = hg 250 2.152 1.95 −
CO2 = AS, R1 = ig 250 −0.699 1.64
CO2 = AS, R1 = jg 250 −0.351 1.65

a Gerber et al. (2006).
b Units of mM.
c Calculated from log KOCT:4.5 + log S4.5.
d Units of �mol cm−2 h−1.
e Calculated from experimental log JM4.5 − calculated log JM4.5 from Eq. (1) and T
f Calculated from experimental log JM4.5 − calculated log JM4.5 from Eq. (1) and T
g (a) CH3; (b) C2H5; (c) C3H5; (d) CH(CH3)2; (e) C4H9; (f) CH(CH3)C
h �log JM4.5 for prodrugs.
able 14 (n = 185).
NHCH(CO2CH3) CH2CH2CH2CH3.

ng model to predict delivery in vivo. Since we have developed a
ubstantial database for the delivery of non-prodrugs from water
hrough human skin in vitro (Majumdar et al., 2007; Thomas et
l., 2007), and most published data for the delivery of parent
rugs by prodrugs through human skin in vitro is from water,
e have selected a database for the delivery of parent drugs
y prodrugs from saturated aqueous vehicles and analyzed its
t to various model equations. As in the previous analyses of

he edited and extended Flynn databases using Eq. (1), each
ndependent variable in Eq. (1) (Eqs. (3)–(5)) and the combi-
ation of MW and SOCT (Eq. (2)) has been fitted individually
o this prodrug database (Majumdar et al., 2007; Thomas et al.,
007). The effect of the composition of the diffusing species

intact prodrug and parent drug) based solely on the composi-
ion of species in the receptor phase, and their quite different
hysicochemical properties, has been evaluated based on the

og SOCT
b,c log JM4.5

d �′log JM4.5
d,e �′log JM4.5

d,f

0.71 −0.58 – 1.547
0.975 −1.285 0.512 0.910
1.503 −0.866 0.697 1.112
1.718 −2.065 −0.419 0.013
1.120 −1.975 0.228 0.650
0.792 −2.172 0.660 1.101
1.158 −2.145 0.288 0.720
1.598 −1.510 0.430 0.850
0.202 −3.921 0.229 0.693
0.94 −3.699 −0.808 −0.371
1.293 −2.866 −0.325 0.112

0.460h 0.734h

able 14 (n = 50).
able 14 (n = 185).

2H5; (g) C(CH3)3; (h) C5H11; (i) CH(CH3)C3H7; (j) CH(C2H5)2.
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Table 11
Mono-, di- and trihydroxybenzenesa

Compound MW log SAQ
b,c log KOCT:AQ

d,e log SOCT
b,d log JMAQ

f,g �′log JMAQ
f,h �log PMAQ

i

Phenol 94 2.42 1.48 3.90 0.39 0.058 −2.03
Catechol 110 2.38 0.88 3.26 −0.13 −0.035 −2.51
Resorcinol 110 2.56 0.76 3.32 −0.51 −0.531 −3.07
Hydroquinone 110 2.18 0.64 2.82 −0.77 −0.346 −2.95
Pyrogallol 126 2.84 0.29 3.13 −1.06 −1.044 −3.90
Benzenetriol 126 2.76 0.06 2.82 −0.05 0.170 −2.81
Phloroglucinol 126 2.45 0.06 2.51 −0.06 0.470 −2.51

0.379j –

a du Plessis et al. (2002).
b Units of mM.
c Calculated from log SOCT − log KOCT:AQ.
d du Plessis et al. (2001).
e Calculated from ACD software.
f Units of �mol cm−2 h−1.
g Calculated from log PMAQ + log SAQ.
h Calculated from experimental log JMAQ − calculated log JMAQ from Eq. (1) and Table 14 (n = 185).
i Units of cm h−1.
j �log JMAQ.

Table 12
N-Alkyl derivatives of carbamazepine (CAB)a

CAB-R compound MW log S7.4
b log KOCT:7.4 log SOCT

b,c log JM7.4
d �′log JM7.4

d,e

R = H 236 0.271 2.7 2.97 −1.856 −0.125
R = CH3 250 0.291 3.5 3.79 −0.295 0.042
R = C2H5 264 0.235 4.0 4.24 −1.497 −0.318
R = C2H4OH 280 0.445 2.8 3.25 −1.332 0.348

0.208f

a Fourie et al. (2004).
b Units of mM.
c Calculated from log KOCT:7.4 + log S7.4.
d Units of �mol cm−2 h−1.
e Calculated from experimental log JM7.4 − calculated log JM7.4 from Eq. (1) and Table 14 (n = 185).
f �log JM7.4.

Table 13
N-Alkyl derivatives of cyclizine (CYC)a

CYC-R compound MW log SAQ
b log KOCT:7.4 log SOCT

b,c log JM7.4
d,e �′log JM7.4

d,f log PM7.4
g

R = CH3 266 −0.157 3.11 2.95 −3.304 (−2.68) −1.246 −2.52
R = C2H5 280 0.308 3.64 3.95 −1.605 (−1.05) −0.241 −1.36
R = C3H7 294 −0.189 4.18 3.99 −3.070 (−2.55) −1.442 −2.36
R = C4H9 308 0.194 4.71 4.90 −2.642 (−2.10) −1.637 −2.30

1.141h

a Monene et al. (2005).
b Units of mM.
c Calculated from log KOCT:AQ + log SAQ.
d Units of �mol cm−2 h−1.
e Value in parenthesis calculated from log PM7.4 + log SAQ.
f Calculated from experimental log JM7.4 − calculated log JM7.4 from Eq. (1) and Table 14 (n = 185).
g −1

fi
o
a
p

Units of cm h .
h �log JM7.4.
t of each dataset to Eq. (1). In particular, the extent of over-
r underprediction of flux of total species has been determined
nd the consequences in support or contradiction of previous
ublished hypotheses on the effect of hydrolysis of prodrugs on

d
h
w
p

elivery of total species containing the parent drug (see below)
as been assessed. Then this prodrug database n = 50, together
ith data for 6 parent drugs and for 3 other datasets of non-
rodrugs (n = 15) was added on to the n = 114 database to give
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Table 14
Parameter coefficients, residuals (�log JMAQ) standard deviations (S.D.), r2 and F values for the fit of databases to equations (1)–(5)

Equation N x y z r2 �log JMAQ S.D. F-value

RS(1) 50 −1.639 0.626 0.00632 0.642 0.473 0.296 29.59
KSC(2) 50 −1.667 0.691 0.00666 0.457 0.467 0.397 19.78
MACR(3) 50 −1.900 – 0.00204 0.030 0.652 0.478 1.5
OCT(4) 50 −3.423 0.423 – 0.219 0.578 0.364 13.47
AQ(5) 50 −2.574 0.500 – 0.554 0.417 0.367 59.63

RS(1) 185 −2.506 0.538 0.00402 0.839 0.474 0.423 137.57
KSC(2) 185 −1.619 0.610 0.00699 0.750 0.607 0.486 272.82
MACR(3) 185 0.776 – 0.01012 0.580 0.788 0.628 252.82
OCT(4) 185 −4.374 0.945 – 0.542 0.838 0.632 216.19
AQ(5) 185 −2.439 0.819 – 0.608 0.771 0.589 283.47

RS(1) 114 −2.574 0.586 0.0044 0.887 0.446 0.399 139.03
KSC(2) 114 −2.090 0.727 0.0066 0.802 0.602 0.571 224.89
MACR(3) 114 1.118 – 0.0115 0.653 0.803 0.670 210.71
OCT(4) 114 −4.952 1.161 – 0.681 0.784 0.623 239.50
A –

( log SO
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Q(5) 114 −2.468 0.901

1) log JMAQ = x + y log SOCT + (1 − y) log SAQ − zMW; (2) log JMAQ = x + y
og JMAQ = x + y log SAQ.

he n = 185 database which has also been fitted to Eqs. (1)–(5)
Table 14).

. Methods

As in the selection of previous in vitro human skin based
atabases, no entries were excluded because of the degree of ion-
zation of the permeant at the pH of the applied phase, nor was
ny attempt made to estimate intrinsic (non-ionized) aqueous
olubilities to be fitted to the two Eqs. (1) and (5) contain-
ng log SAQ as an independent variable. Also no entries were
xcluded because the thickness of the skin used in the diffusion
ells were different from that of heat separated epidermis. How-
ver, only entries from contributions which gave SAQ, JMAQ and
OCT:AQ values or values which could be used to calculate SAQ,

MAQ and SOCT were included in this database. Alternatively,
olubility and KOCT:AQ values from other published sources were
sed if those values were consistent from source to source. Some
ntries from datasets designed as prodrugs permeated intact: no
arent drug was found in the receptor phase although they were
ound to have hydrolyzed in plasma. Those stable prodrugs have
een included in the prodrug database (n = 50). Data for the par-
nt drugs (n = 6) were not included in the n = 50 database, but
ere in the n = 185 database. Similarly, data for a previously
verlooked contribution (du Plessis et al., 2002; n = 7 entries)
nd for two contributions published since the collection of the
xtended Flynn database in 2004 (Fourie et al., 2004; Monene
t al., 2005; n = 8 entries) were included in the final n = 185
atabase.

For each prodrug dataset the average of the absolute values
or experimental log JMAQ − calculated log JMAQ (�log JMAQ)
as calculated for their fit to RS Eq. (1) using the n = 50 and
= 185 coefficients for the parameters. For each individual pro-

rug entry the value for experimental log JMAQ − calculated
og JMAQ (�′log JMAQ) was calculated for its fit to RS Eq. (1)
sing the n = 50 and n = 185 coefficients for the parameters. The
log JMAQ and �′log JMAQ values for each dataset and individ-

e
p
y
d

0.608 0.901 0.648 174.10

CT − zMW; (3) log JMAQ = x − zMW; (4) log JMAQ = x + y log SOCT; (5)

al prodrug entry, respectively, is presented in the corresponding
able for each dataset. The �′log JMAQ values are either positive
the prodrug delivered more total species containing the par-
nt drug than fit to Eq. (1) would predict – overperformed) or
egative (the prodrug delivered less total species containing the
arent drug than fit to Eq. (1) would predict – underperformed).
ubsequently, for those prodrug datasets (Tables 1–6, n = 25)
here hydrolysis was reported, the effect of prodrug hydroly-

is to parent drug during its permeation and consequently the
ffect of the different physicochemical properties presented by
rodrug and parent drug on over- and underprediction of flux
as assessed based on two hypotheses.
The first hypothesis is that there will be no substantial trend

n positive or negative �′log JMAQ values based on whether the
rodrug is more soluble in water and hydrolyzes to the parent
rug during permeation or is less soluble in water and hydrolyzes
o the parent drug during permeation. This hypothesis is based
n the design paradigm that it is only the solubility of the prodrug
n the first few layers of the membrane, which in turn is based
n contributions from both SAQ and SOCT of the prodrug, that
redicts flux, in addition to an inverse dependence on MW (Sloan
t al., 2006).

The second hypothesis is that if the prodrug is more soluble
n water than the parent drug and hydrolyzes partially to the par-
nt drug during permeation, it will give a negative �′log JMAQ:
t will underperform the flux predicted by Eq. (1) because the
ess water soluble parent drug will not permeate the viable epi-
ermis/dermis as well as the prodrug. Conversely, if the prodrug
s less soluble in water than the parent drug and hydrolyzes
artially to the parent drug during permeation it will give a pos-
tive �′log JMAQ: it will overperform the flux predicted by Eq.
1) because the more water soluble parent drug will permeate
he viable epidermis/dermis better than the prodrug (Ahmed

t al., 1996; Stinchcomb et al., 2002). The magnitude of the
ositive and negative values will depend on the degree of hydrol-
sis which cannot be determined with the data in hand for this
atabase. However, it is assumed that even partial hydrolysis of
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he prodrug should lead to an obvious trend. This hypothesis is
ased on a paradigm that flux of total species (prodrug and par-
nt drug) will depend not only on solubility in the first few layers
f the membrane (stratum corneum, SC) but also on solubility
n the viable epidermis/dermis as a rate limiting barrier to per-

eation. Since the SC and viable epidermis/dermis have such
ifferent solubilizing properties (lipid versus aqueous), the much
ifferent solubility properties of prodrug and parent drug and
he degree of hydrolysis will substantially affect flux. Data from
he last four series of prodrugs (Tables 7–10), which apparently
ermeated intact, were not included in this analysis.

All five Eqs. (Eqs. (1)–(5) that will be used) fit into the gen-
ral linear model framework so that linear regression was used
o fit the data to them. Model inferences were obtained by Proc
eg of SAS 9.0 version. The ordinary least squares estimates
f parameters x, y and z for the RS Eq. (1) were calculated
nder the restriction that the coefficient of the independent vari-
ble log SAQ was linearly restricted by the coefficient of the
ndependent variable log SOCT.

. Theoretical

The development of the Roberts–Sloan, RS model, Eq. (1) has
een presented elsewhere (Roberts and Sloan, 1999). The devel-
pment of the Kasting–Smith–Cooper, KSC model (Kasting
t al., 1987), and the modified KSC model Eq. (2) have been
resented elsewhere (Majumdar et al., 2007). The development
f the Magnusson–Anissimova–Cross–Roberts, MACR model,
as been presented elsewhere (Magnusson et al., 2004), and the
odel in its simplest form is given as Eq. (3). Eq. (4) and (5) are
erely the basis for fitting the independent variables, log SOCT

nd log SAQ, separately to the dependent variable, log JMAQ:

og JMAQ = x + y log SOCT − zMW (2)

og JMAQ = x − zMW (3)

og JMAQ = x + y log SOCT (4)

og JMAQ = x + y log SAQ (5)

. Database

The edited (n = 62) (Majumdar et al., 2007) and extended
atabases (n = 114) (Thomas et al., 2007) have been presented
reviously and will not be presented here. The first 10 tables con-
ain n = 50 prodrugs and n = 6 parent drugs which are not part of
he n = 50 prodrug database but are included in the n = 185 inte-
rated database. Tables 11–13 include new non-prodrug entries
ublished since 2004 and one contribution which had previously
een overlooked (du Plessis et al., 2002) because some solubil-
ty data was not published with the permeability coefficient data
rom which flux could be calculated.
.1. Nalidixic acid (NAD) esters, Table 1 (n = 5 prodrugs)

Full thickness human skin, which was frozen then thawed
nd from which subcutaneous fat had been removed, was

w
5
b
s

f Pharmaceutics 351 (2008) 92–103 99

sed as the membrane. The receptor phase was pH 7.2 iso-
onic phosphate buffer kept at 37 ◦C. The prodrugs “c–f”
ydrolyzed completely to the parent drug during permeation.
rodrug “a” was 35% hydrolyzed and prodrug “b” was 50%
ydrolyzed to nalidixic acid during permeation. All of the pro-
rugs were more soluble in water than the parent drug and all
xcept prodrugs “c” and “d” overperformed (Bundgaard et al.,
989).

.2. Alkylcarbonyl esters of morphine, Table 2 (n = 3
rodrugs)

Full thickness human skin, which was frozen then thawed
nd from which subcutaneous fat had been removed, was
sed as the membrane. The receptor phase was pH 7.2 iso-
onic phosphate buffer kept at 37 ◦C. Both the 3-hexanoate
nd the 3,6-dihexanoate hydrolyzed completely during perme-
tion while the 3,6-dipropionate was 50% hydrolyzed. The
,6-dipropionate and 3-hexanoate were both more soluble in
ater than the parent drug and they both overperformed.
he 3,6-dihexanoate was less soluble in pH 7.4 buffer

han morphine and it also overperformed (Drustrup et al.,
991).

.3. Alkylcarbonyloxyalkyl esters of naproxen (NAP),
able 3 (n = 3 prodrugs)

Heat separated epidermis was frozen and dried, then thawed
nd rehydrated immediately before it was used as the membrane.
he receptor phase was pH 7.4 isotonic phosphate buffer con-

aining 0.02% sodium azide as a preservative and kept at 37 ◦C.
rodrug “c” was completely hydrolyzed to NAP during per-
eation while prodrugs “a” and “b” permeated mainly (>50%)

s intact prodrug or the corresponding hydroxyalkyl ester of
AP. The half-lives of the prodrug esters in human serum was
5–137 min. Using the SOCT and S7.4 values for NAP in Table 3,
hich were from a different publication by the same authors

Rautio et al., 2000a,b), the prodrugs were all less soluble in pH
.4 buffer than NAP (also less soluble in OCT) and prodrugs
b” and “c” overperformed, while prodrug “a” underperformed
Rautio et al., 1998).

.4. Aminoalkylcarbonylalkyl esters of naproxen (NAP),
able 4 (n = 5 prodrugs)

Heat separated epidermis was frozen and dried, then thawed
nd rehydrated immediately before it was used as the membrane.
he receptor phase was 0.05 M isotonic phosphate buffer pH
.0 containing 0.02% sodium azide and kept at 37 ◦C. Although
he esters were designed as prodrugs and exhibited half-lives of
–19 min in 80% human serum, all five prodrugs permeated as
ixtures of NAP, intact prodrug and the corresponding hydrox-

alkyl ester of NAP. No indication of the extent of hydrolysis

as given. Most of the prodrugs (4/5) were more soluble in pH
.0 buffer than NAP, and prodrug “b” was only 25% less solu-
le than NAP. The prodrugs “a”, “d” and “e” were more water
oluble than NAP and underperformed while prodrug “c” was
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lso more soluble in pH 5.0 buffer but overperformed (Rautio et
l., 1999).

.5. Morpholinyl- and
ethylpiperazinylalkyicarbonyloxymethyl esters of
aproxen (NAP), Table 5 (n = 4 prodrugs)

Heat separated epidermis, which was frozen and dried then
hawed and rehydrated immediately before use, was used as the

embrane. The receptor phase was pH 7.4 isotonic phosphate
uffer that was kept at 37 ◦C. Although the esters were designed
s prodrugs and exhibited half-lives of 1–26 min in 80% human
erum, all four prodrugs permeated as mixtures of NAP, intact
rodrug and the intermediate hydroxyalkyl ester of NAP. No
xtent of hydrolysis to NAP in the mixture was given. Three
f the four prodrugs (“a”–“c”) overperformed. Prodrug “e” was
lso more soluble in water than NAP, hydrolyzed partially to
AP and underperformed (Rautio et al., 2000a).

.6. Morpholinyl- and piperazinylalkyl esters of naproxen
NAP), Table 6 (n = 5 prodrugs)

Heat separated epidermis, which was frozen and dried then
hawed and rehydrated immediately before use, was used as the

embrane. The receptor phase was pH 7.4 isotonic phosphate
uffer that was kept at 37 ◦C. Although the esters were designed
s prodrugs and exhibited half-lives of 0.4–77 min in 80% human
erum, all five of the prodrugs permeated as mixtures of NAP
nd intact prodrug. No indication of the extent of hydrolysis was
iven. All five prodrugs were less soluble in water than NAP and
hey all partially hydrolyze to NAP. Three of the five prodrugs
nderperformed (Rautio et al., 2000b).

.7. Alkylaminocarbonyloxymethyl esters of naproxen
NAP) and benzoic acid (BA), Table 7 (n = 4 prodrugs)

Heat separated epidermis, which was frozen and dried
hen thawed and rehydrated immediately before use, was
sed as the membrane. The receptor phase was pH 7.4 iso-
onic buffer and was kept at 37 ◦C. Although the esters
ere designed as prodrugs and they exhibited half-lives of
.5–22 min in 80% human plasma, they all permeated the skin
ntact. No assessment of the effect of water solubility and
ydrolysis of the prodrugs during permeation was possible
Mendes et al., 2002).

.8. Glycoside esters of flurbiprofen (FLB), ibuprofen
IBP), ketoprofen (KP) and naproxen (NAP), Table 8 (n = 8
rodrugs)

Heat separated epidermis, which had been frozen then thawed
efore it was heated at 60 ◦C for 1 min immediately before
se, was used as the membrane. The receptor phase was pH

.4 isotonic phosphate buffer and was kept at 37 ◦C. All the
rodrugs permeated intact and, since no hydrolysis data was
iven, it is not sure that the glycoside esters function as pro-
rugs. No assessment of the effect of water solubility and

l
l
e
c

f Pharmaceutics 351 (2008) 92–103

ydrolysis of the prodrugs during permeation was possible
Swart et al., 2005).

.9. Alkylamino acid amides of naproxen (NAP), Table 9
n = 3 prodrugs)

Heat separated epidermis, which had been dried than rehy-
rated immediately before use, was used as the membrane. The
eceptor phase was pH 7.4 phosphate buffer and was kept at
5 ◦C. Although the amides had been designed as prodrugs and
xhibited half-lives of 2.6–3.5 h in 80% human plasma, all the
rodrugs permeated intact (Pignatello et al., 2005).

.10. Alkyl esters of aspirin (AS), Table 10 (n = 10
rodrugs)

Heat separated epidermis, which was air dried then stored at
20 ◦C before being thawed within 6 months of its preparation,
as used as the membrane. The receptor phase was pH 7.4 iso-

onic TRIS buffer kept at 37 ◦C. All of the prodrugs permeated
ntact with no aspirin or salicylic acid observed in HPLC chro-

atograms of the receptor phase. However an extra, unidentified
eak was observed in the receptor phase of each prodrug (Gerber
t al., 2006).

.11. Mono-, di- and trihydroxybenzenes, Table 10 (n = 7)

Full thickness skin was frozen at −17 ◦C and thawed immedi-
tely before it was heated at 60 ◦C for 1 min to give the epidermis
sed as the membrane. The receptor phase was pH 7.4 phosphate
uffer and was kept at 37 ◦C (du Plessis et al., 2002).

.12. N-Alkyl derivatives of carbamazepine (CAB),
able 11 (n = 4)

Full thickness skin was frozen at −20 ◦C and thawed immedi-
tely before it was heated at 60 ◦C for 1 min to give the epidermis
sed as the membrane. The receptor phase was pH 7.4 phosphate
uffer and was kept at 37 ◦C (Fourie et al., 2004).

.13. N-Alkyl derivatives of cyclizine (CYC), Table 13
n = 4)

Heat separated epidermis was frozen at −20 ◦C then thawed
nd used immediately as the membrane. The full thickness skin
as heat separated within 1 month of receipt. The receptor phase
as pH 7.4 phosphate buffer and was kept at 37 ◦C (Monene et

l., 2005).
There is some inconsistency between the reported val-

es for JM7.4 and PM7.4. If the reported log PM7.4 values
re added to log SAQ, much larger values of log JM7.4 are
btained compared to the reported log JM7.4 values. These cal-
ulated log JM7.4 are given in parenthesis. If the calculated

og JM7.4 values are used to calculate �log JM7.4, a much
ower value (0.72 log units) for the dataset is obtained. How-
ver, the reported log JM7.4 values have been used in all these
alculations.
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dependence of flux on molecular weight alone in Eq. (3) for the
n = 50 database is also essentially nonexistent (r2 = 0.03). On
the other hand, the dependence on molecular weight in Eq. (2)
is about the same for the n = 50 and n = 185 database and there is
J. Juntunen et al. / International Jour

. Results and discussions

.1. The effect of hydrolysis of prodrugs during permeation
n predictions of flux

In each of Tables 1–6 where the prodrugs were identified as
aving at least partially hydrolyzed during their permeation, the
′log JMAQ and solubility in water (log SAQ, log S5.0, log S7.0 or

og S7.4) values are given. Based on the second hypothesis, if
he prodrug partially hydrolyzes and is more water soluble than
he parent drug, then the permeation of total species containing
he parent should be less than the value predicted by Eq. (1)
hich is based on the properties of only the prodrug: a negative
alue (−). Conversely, if the prodrug partially hydrolyzes to the
arent drug and is less water soluble than the parent drug, then
he permeation of total species containing the parent should be
reater than the value predicted by Eq. (1) which is based on the
roperties of only the prodrug: a positive value (+). A yes (y) or
o (n) assessment is noted after each �′log JMAQ value in each
ables 1–6 to show whether the second hypothesis (see above)
redicts under- or overperformance ((−) or (+), respectively) of
ach prodrug entry. When those (y) and (n) assessments were
otaled there were 14 (y) and 11 (n). In other words, there was
o apparent trend in the effect of hydrolysis on under- or over-
erformance based on the fit of the data to Eq. (1). There was
lso no apparent trend in the effect of hydrolysis on under- or
verperformance by members of the database based on the fit
f Eq. (1) and whether full thickness (FULL) or heat separated
pidermis (EPI) was used: FULL, 5 (n) and 3 (y); EPI, 6 (n) and
1 (y).

For each prodrug entry in Tables 1–6 the �′log JMAQ value
or the fit of the data to the n = 185 coefficients for Eq. (1) is also
iven. Although there is a shift to more positive �′log JMAQ
alues for the fit to the n = 185 coefficients than for the fit to the
= 50 coefficients, there is no change in whether �′log JMAQ is
positive or negative value for each entry except for Table 1,
1 = d; Table 4, R1 = a: in each case (y) became a (n). Thus, the
ssessment of whether the second hypothesis predicts under- or
verperformance by the prodrug is substantially unchanged for
he fit of the prodrug database to the n = 185 coefficient to Eq.
1): (y) = 12 and (n) = 13.

Obviously, whether the prodrug hydrolyzes during perme-
tion and is initially more or less water soluble than its parent
as no substantial effect on the trends in the fit of the n = 50
atabase to Eq. (1), regardless of which coefficients the data
s fitted to, if the first hypothesis obtains. Permeation of total
pecies containing the parent drug depends on the solubility of
he prodrug in the first few layers of the membrane to provide
he driving force for permeation according to Fick’s law. In turn,
olubility of the prodrug in those first few layers of the mem-
rane depends on a balance of lipid and aqueous solubilities of
he prodrug which mirrors the properties of lipid and aqueous
hases in those layers.
The results from the fit of the n = 50 prodrugs to Eq. (1) and
nalysis of the trend in the effect of hydrolysis of the n = 25 pro-
rugs within that n = 50 prodrugs on the delivery by the prodrugs
f total species containing the parent drug from water through
f Pharmaceutics 351 (2008) 92–103 101

uman skin in vitro gives the same conclusion as analysis of
he trend in the effect of hydrolysis of n = 60 prodrugs on the
elivery by the prodrugs of total species containing the parent
rug from isopropyl myristate (IPM) through hairless mouse
kin in vitro. The hairless mouse skin database (n = 63), which
ncluded three parent drugs, had been fitted to Eq. (1) to give
= −0.502, y = 0.517, z = 0.00266, �log JMAQ = 0.155 log units
nd r2 = 0.911 (Sloan and Wasdo, 2007). The �′log JMAQ values
ere not given, but when the (+) or (−) �′log JMAQ values for

he prodrugs (data not shown) were combined with whether the
rodrugs were more or less soluble than the parent drug, a total
f 35 (n) and 25 (y) values were obtained for whether the sec-
nd hypothesis correctly predicted the (+) or (−) �′log JMAQ
alues for the fit of the data to Eq. (1). Thus the effect of an
queous viable epidermis/dermis barrier to permeation, on deliv-
ry of total species containing the parent drug by its prodrug
oes not have a predictable effect on the trend in the difference
etween experimental flux and flux calculated from the coeffi-
ients derived from the fit of the data to Eq. (1). This lack of a
redictable effect obtains whether human or mouse skin is used
nd whether the vehicle is water or IPM.

.2. Comparison of the fit of the n = 50 with the fit of the
= 185 database to Eqs. (1)–(5)

The prodrugs that comprise the n = 50 database have a dif-
erent distribution of MW than the n = 185 database. The mean

W is 342 ± 71 for the n = 50 prodrug database and the mean
W is 272 ± 117 for the n = 185 integrated database. The his-

ograms for the two databases are shown in Figs. 1 and 2. Further,
ohnson et al. (1997) showed that the effect of molecular weight
n lateral diffusion coefficient was weak, if not nonexistent for
olutes larger than 300 Da. Thus, it is not surprising that the
Fig. 1. Molecular weight histogram, n = 50.
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Fig. 2. Molecular weight histogram, n = 185.

ctually a greater dependence on molecular weight in Eq. (1) for
he n = 50 database than the n = 185 database. Thus molecular
eight remains as an important consideration in the design of
rodrugs taken together with SOCT and SAQ or taken with SOCT
ut not alone.

It is also interesting that the dependence of flux on SOCT
lone is also weak for n = 50 in Eq. (4) (r2 = 0.219). On
he other hand, the dependence of flux on SOCT is some-
hat greater in the fit of the n = 50 database to Eqs. (1) and

2) than in the fit of the n = 185 database. It should also be
oted that the dependence of flux on SOCT in Eqs. (1), (2)
nd (4) is somewhat less in the fit of the n = 185 database
han in the fit of the n = 114 database to the same equation
. The result is that the dependence on SOCT decreases
nd the dependence on SAQ increases slightly upon adding
he higher molecular weight prodrug dataset, but not
ignificantly.

.3. The effect of skin thickness and ionization of the
ermeant

Similar results to those found in the analysis of the extended
lynn database (Thomas et al., 2007) were obtained here. Both of

he datasets using FULL give higher JMAQ values than predicted
y Eq. (1) while seven of the eleven datasets using EPI gave
ower JMAQ values than predicted by Eq. (1). Both trends were
he opposite of that expected based on the assumed increase in
he number of barriers to permeation in FULL versus EPI.

Ionization of the permeants in the database should have no
ffect on the delivery of total species containing the parent drug.
n the derivation of Eq. (1) (Sloan et al., 2006), the product of
KOCT:AQ)yc, where c is a constant, and SAQ used to calculate the
olubility in the membrane, SM is a constant because SM should

e a constant unless the pH of the aqueous vehicle causes a
hange in the solubilizing capacity of the skin. As SAQ goes up,
or instance as pH goes up with acidic permeants, KOCT:AQ goes
own and the product SOCT remains a constant (Ni et al., 2002).

A

G

ig. 3. Calculated vs. experimental flux using the Roberts–Sloan equa-
ion (n = 185). log JMAQ = −2.506 + 0.538 log SOCT + (1 − 0.538) log SAQ −
.0040-2MW.

. Conclusions

The integrated n = 185 database fitted to Eqs. (1)–(5) gives
oefficients to the independent variables that show the same
trong dependence on solubility in water (log SAQ, log S5.0,
og S7.0 or log S7.4) as had the n = 62 edited Flynn database
Majumdar et al., 2007) and n = 114 extended Flynn database
Thomas et al., 2007) as well as a strong dependence on
OCT and an inverse dependence on MW. The Roberts–Sloan,
S, Eq. (1) gave the best fit to the database (Fig. 3) and

he Kasting–Smith–Cooper, KSC Eq. (2) gave the next best
t, which was expected based on previous results. Differ-
nces between the experimental and calculated log JMAQ values
�log JMAQ) were comparable for the fits of Eqs. (3) and (4)
o the n = 114 database and the n = 185 database, however r2

ecrease substantially. On the other hand, the �log JMAQ values
or the fit of Eq. (5) to the n = 185 database decreased compared
o the �log JMAQ values for the fit of Eq. (5) to the n = 114
atabase, while r2 remained the same. Compared to the other
ndependent variables (log SOCT and MW), the dependence of
ux on SAQ has become somewhat larger, although not signif-

cantly, with the increased database comprised of higher MW
ntries.

The fact that prodrugs, that are more or less water soluble
han their parent drug, hydrolyze to their parent drugs with no
ignificant effect on trends in under- or overperformance of the
rodrugs based on their fit to Eq. (1) supports the hypothesis that
ermeation of all species containing the parent drugs depends
ubstantially only on the solubility of the prodrug in the first few
ayers of the skin. That solubility in those first few layers depends
n a balance of solubility in a lipid and in water, regardless of
he vehicle. Thus, in the design of new prodrugs or analogs of
xisting drugs, or the design of new drugs, consideration needs
o be given to optimize both lipid and water solubility while

inimizing molecular weight (Sloan et al., 2006).
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