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Abstract

A series of N-acetylproline esters (alkyl side chain length, 5-18) were synthesized and tested for potential skin
penetration enhancement activity using modified Franz diffusion cells and hairless mouse skin as the penetration
barrier. Benazepril and hydrocortisone were used as model drugs and were applied as saturated solutions in propylene
glycol. The enhancers were added at a concentration of 5% (w/v). Drug flux, permeability coefficient and
enhancement ratios for permeability coefficient were determined. Azone was used as the positive control. While all the
compounds tested increased the skin penetration of hydrocortisone, the 5- and 8- carbon esters had no significant
effect on the skin penetration of benazepril. The highest fluxes were obtained with 11, 12, and 18-carbon esters and
they were comparable to Azone. There was no significant difference between the fluxes obtained with 2 and 5% (w/v)
concentrations of the 12-carbon ester on hydrocortisone permeation. The 16-carbon ester, where ethanol was used as
a cosolvent, significantly increased the fluxes of both the drugs compared to the control. Differential scanning
calorimetric studies suggested that the enhancers may be acting on the lipids of the stratum corneum and their effect
was similar to that of Azone. The membrane/vehicle partition coefficient studies indicated an increase in benazepril
partition coefficient with enhancer treatment compared to the control. Maximum flux increase was obtained with the
11 and 12 carbon (alkyl chain length) esters for both benazepril and hydrocortisone. The 18- carbon ester which has
a cis-double bond in the alkyl side chain, also increased the flux significantly. © 1999 Elsevier Science B.V. All rights
reserved.
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(Franz et al., 1991). However, only few drugs are
sufficiently permeable across the skin to provide
the necessary blood concentrations to elicit the
desired clinical response. This is due to the excel-
lent barrier properties provided by the stratum
corneum, the outermost layer of the skin, which is
composed of keratin filled cells embedded in a
lipid matrix (Walters, 1989). For most drugs the
major route of skin penetration is believed to be
through the lipid matrix (intercellular route). For
increased penetration of any drug, the barrier
function of the stratum corneum must be de-
creased either by disrupting the highly ordered
structure of intercellular lipids or by interaction
with intracellular protein components (Ghosh and
Banga, 1993). This can be accomplished by using
chemical skin penetration enhancers. Many com-
pounds have been evaluated and shown to be
effective enhancers. Previously, the 5-carbon ester,
n-pentyl N-acetylprolinate (PNAP), was evalu-
ated in human cadaver skin using benzoic acid
(Harris et al., 1995), and in hairless mice skin
using hydrocortisone (Fincher et al., 1996) as the
model drugs. In this report, a number of other
N-acetylproline esters were synthesized and tested
as potential skin penetration enhancers using be-
nazepril and hydrocortisone as model drugs. Be-
nazepril is an ACE inhibitor indicated for the
treatment of hypertension. It has a high water
solubility and low oral bioavailability. Hydrocor-
tisone is a relatively more lipophilic drug with low
water solubility. The effect of N-acetylproline es-
ters on skin penetration of these two model drugs
was determined. Proline esters were used because
pyrrolidone derivatives are known to increase the
penetration of drugs through the skin (Sasaki et
al., 1991).

Differential scanning calorimetry (DSC) has
been widely used to investigate the effect of pene-
tration enhancers on the lipid and protein compo-
nents of stratum corneum (Van Duzee, 1975).
DSC thermograms of the stratum corneum
treated with fatty acids indicated that they af-
fected the lipid transition and did not affect the
protein transition (Francoeur et al., 1990). A sim-
ilar effect was observed with Azone and alkyl
sulfoxide (Goodmann and Barry, 1986). It was
concluded from these studies that these enhancers

acted by disrupting the lipid packing in the inter-
cellular bilayers of stratum corneum. In this
study, the effect of N-acetylprolinate esters on
hairless mouse stratum corneum was evaluated by
DSC studies.

Another approach to probe into the mechanism
of penetration enhancement is to measure the
solute partition coefficients by membrane vehicle
partitioning studies. In the present study, a slight
modification of the previously published study
was used (Raykar et al., 1988).

2. Materials and methods

2.1. Materials

Benazepril was a generous gift from Novartis
Pharmaceuticals, Suffern, NY. *H-hydrocortisone
was purchased from Dupont NEN, Boston, MA.
L-proline, p-toluenesulfonic acid hydrate, toluene,
acetic anhydride, ethyl acetate, 1-pentanol, 1-oc-
tanol, 1-decanol, 1-undecanol, 1-dodecanol, 1-
hexadecanol, and oleyl alcohol were purchased
from Aldrich Chemical Company, Milwaukee, WI
and were used without further purification. Hy-
drocortisone and all other chemicals were from
Sigma Chemicals, St. Louis, MO.

2.2. Instrumentation

A Lambda 4B, Perkin-Elmer 400 UV-spec-
trophotometer was used for the UV spectrophoto-
metric analysis. NMR and IR spectra were
obtained with Gemini-300BB spectrophotometer
and Perkin-Elmer 16 PC FT-IR spectrophotome-
ter, respectively. Elemental analysis was per-
formed by Atlantic Microlabs, Atlanta, GA. For
*H-hydrocortisone, the amount of radioactivity
permeated was monitored by Beckman LS 6500
liquid scintillation counter. Differential scanning
calorimetry thermograms were obtained with
Seiko DSC  220C  differential  scanning
calorimeter.
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2.3. Synthesis of N-acetylproline esters

The chemical structures of N-acetylproline and
its esters are shown in Fig. 1. The synthesis of
N-acetylproline and n-pentyl-N-acetylprolinate
(PNAP) were reported earlier (Harris et al., 1995).

n-Octyl-N-acetylprolinate (ONAP): N-acetyl-
proline (8.05 g, 0.051 mol), n-octanol (4.84 g,
0.037 mol), p-toluenesulfonic acid hydrate (0.97 g,
0.0051 mol), and toluene (100 ml) were placed in
a 250-ml round-bottomed flask fitted with Dean-
Stark trap, reflux condenser, and a magnetic stir-
rer. The reaction mixture was refluxed for
approximately 2 h, until no further separation of
water was observed. The volatile material was
then removed by distillation at atmospheric pres-
sure to give a yellow residue. The crude product
was purified by vacuum distillation which yielded
a colorless oil (7.61 g, 76%), bp 140-145°C/0.1
mmHg; 'H NMR (CDCL): & 0.8 (3H, t), 1.2
(12H, m), 1.8-2.2 (4H, m), 2.0 (3H, s), 3.5 (1H,
m), 3.6 (IH, m), 4.0 (2H, m), and 4.3, 4.4 (1H,
dd); IR (film): 2856.6 (CH stretching), 1746.7,
1659.2 cm —! (carbonyl).

n-Decyl-N-acetylprolinate (DNAP): N-acetyl-
proline (8.05 g, 0.051 mol), n-decanol (5.89 g,
0.037 mol), p-toluenesulfonic acid hydrate (0.97 g,
0.0051 mol), and toluene (100 ml) were placed in
a 250-ml round-bottomed flask fitted with Dean-
Stark trap, reflux condenser, and a magnetic stir-
rer. The reaction mixture was refluxed for
approximately 2 h, until no further separation of
water was observed. The volatile material was
then removed by distillation at atmospheric pres-

Compound R
PNAP -CsHy,
07 COOR ONAP -CgHy;
/N\ DNAP -CioHy
o CH, UNAP -CyiHys
DDNAP -CiaHos
N-acetylprolinate
HDNAP -Cietss
Oleyl-NAP -CgHss

Fig. 1. Chemical structures of N-acetylprolinate esters.

sure to give a yellow residue. The crude product
was purified by vacuum distillation which yielded
a colorless oil (7.92 g, 71.6%), bp 142-145°C/0.1
mmHg; 'H NMR (CDCly): § 0.8 (3H, t), 1.3
(16H, m), 1.8-2.2 (4H, m), 2.0 (3H, s), 3.5 (1H,
m), 3.6(1H, m), 4.0 (2H, m), and 4.3, 4.4 (1H, dd);
IR (film): 2856.6 (CH stretching), 1751.3, 1663.8
cm~! (carbonyl).

n-Undecyl-N-acetylprolinate  (UNAP):  N-
acetylproline (8.05 g, 0.051 mol), n-undecanol
(6.41 g, 0.037 mol), p-toluenesulfonic acid hydrate
(0.97 g, 0.0051 mol), and toluene (100 ml) were
placed in a 250-ml round-bottomed flask fitted
with Dean-Stark trap, reflux condenser, and a
magnetic stirrer. The reaction mixture was
refluxed for ~2 h, until no further separation of
water was observed. The volatile material was
then removed by distillation at atmospheric pres-
sure to give a yellow residue. The crude product
was purified by vacuum distillation which yielded
a colorless oil (9.27 g, 80%), bp 167-170°C/0.1
mmHg; 'H NMR (CDCly): § 0.8 (3H, t), 1.4
(18H, m), 1.8-2.2 (4H, m), 2.0 (3H, s), 3.5 (1H,
m), 3.6 (IH, m), 4.0 2H, m), and 4.3, 4.4 (1H,
dd); IR (film): 2854.0 (CH stretching), 1744.0,
1658.0 cm —! (carbonyl).

n-Dodecyl-N-acetylprolinate (DDNAP): N-
acetylproline (8.05 g, 0.051 mol), n-dodecanol
(6.93 g, 0.037 mol), p-toluenesulfonic acid hydrate
(0.97 g, 0.0051 mol), and toluene (100 ml) were
placed in a 250-ml round-bottomed flask fitted
with Dean-Stark trap, reflux condenser, and a
magnetic stirrer. The reaction mixture was
refluxed for =2 h, until no further separation of
water was observed. The volatile material was
then removed by distillation at atmospheric pres-
sure to give a yellow residue. The crude product
was purified by vaccum distillation which yielded
a colorless oil (8.60 g, 71%), bp 205-208°C/0.1
mmHg; 'H NMR (CDCL): & 0.8 (3H, t), 1.4
(20H, m), 1.8-2.2 (4H, m), 2.0 (3H, s), 3.5 (1H,
m), 3.6 (1H,m), 4.0 (2H, m), and 4.3, 4.4 (1H, dd);
IR (film): 2854.0 (CH stretching), 1744.0, 1658.0
cm~ ! (carbonyl).

n-Hexadecyl-N-acetylprolinate (HDNAP): N-
acetylproline (5.08 g, 0.032 mol), 1-hexadecanol
(7.74 g, 0.032 mol), p-toluenesulfonic acid hydrate
(0.3 g, 0.0016 mol), and toluene (100 ml) were



150 S.N. Tenjarla et al. / International Journal of Pharmaceutics 192 (1999) 147158

placed in a 250-ml round-bottomed flask fitted
with Dean-Stark trap, reflux condenser, and a
magnetic stirrer. The reaction mixture was
refluxed for =2 h, until no further separation of
water was observed. The mixture was allowed to
cool to room temperature and it was extracted
consecutively, with 50 ml of 10% aqueous sodium
bicarbonate and 50 ml of water. The organic layer
was then dried, filtered and evaporated to give
yellow oil. This oil was then placed on a short pad
of silica gel and eluted with ethyl acetate—hexane
(30:70) mixture to remove non-polar impurities.
The product was obtained by elution with 300 ml
of ethyl acetate followed by evaporation to give a
yellow oil, which solidified on standing at room
temperature (10.27 g, 84%), mp 45-47°C; 'H
NMR (CDCl,): 6 0.8 (3H, t), 1.4 (28H, m), 1.8-2.2
(4H, m), 2.0 (3H, s), 3.5 (1H, m), 3.6 (1H, m), 4.0
(2H, m), and 4.3, 4.4 (1H, dd); IR (film): 2854.0
(CH stretching), 1738.0, 1636.0 cm —! (carbonyl).

9-Octadecenyl-N-acetylprolinate  (oleyl-NAP):
N-acetylproline (8.05 g, 0.051 mol), oleyl alcohol
(9.98 g, 0.037 mol), p-toluenesulfonic acid hydrate
(0.97 g, 0.0051 mol), and toluene (100 ml) were
placed in a 250-ml round-bottomed flask fitted
with Dean-Stark trap, reflux condenser, and a
magnetic stirrer. The reaction mixture was
refluxed for ~ 2 h, until no further separation of
water was observed. The volatile material was
then removed by distillation at atmospheric pres-
sure to give a yellow residue. The crude product
was purified by vacuum distillation which yielded
a yellow oil (7.88 g, 52%), bp 192-196°C/0.1
mmHg; '"H NMR (CDCl;): § 0.8 (3H, t), 14
(24H, m), 1.8-2.2 (8H, m), 2.0 (3H, s), 3.5 (1H,
m), 3.6 (1H, m), 4.0 (2H, m), 4.3, 4.4 (1H, dd) and
5.3 (2H, m); IR (film): 2854.0 (CH stretching),
1744.0, 1654.0 (carbonyl), 3000 cm~! (olefinic-
CH).

2.4. Analytical methods

A sensitive HPLC assay was developed for the
analysis of benazepril in the skin diffusate sam-
ples. HPLC assay was performed using reversed
phase C-18 Spherisorb ODS2 column (4 x 250
mm), Alcott 738 Autosampler, LDC Analytical
ConstaMetric III pump, LDC Analytical Spec-

troMonitor 3100 equipped with UV detector, and
Hewlett Packard P3394A integrator. The mobile
phase used was 30% acetonitrile in phosphate
buffer (pH 5.4). The flow rate was 1.5 ml/min and
the effluent was monitored at 238 nm. The within
day and between day variations of the slopes of
the standard curves were determined. Tritiated
hydrocortisone content was determined by a
Beckman LS 6500 liquid scintillation counter.

2.5. Skin permeation experiments

Hairless mice (SKH:SR-1), 8-14 weeks old,
were purchased from Charles River Laboratories,
Wilmington, MA. The animals were euthanized
with carbon dioxide. A portion of the full thick-
ness abdominal skin was carefully excised. The
dermal side of the skin was carefully cleared of
any adhering subcutaneous tissues and blood ves-
sels. The skin was mounted on modified Franz
diffusion cells. 150 pl of saturated benazepril or
hydrocortisone solution in propylene glycol (with
or without 5% w/v of N-acetylproline ester) was
added to the top of the skin in the donor cham-
ber. In case of hydrocortisone, a known amount
of radioactivity (*H-hydrocortisone) was also
added to the test solution. The donor chamber
and the sample port were occluded with Parafilm.
Isotonic phosphate buffer (pH 7.4) was used as
the receptor medium (receptor volume 10 ml) and
the receptor chamber was maintained at 37 + 1°C.
200 pl of receptor samples were taken at 1, 3, 5, 7,
9,12, 15, 19, and 24 h and analyzed for benazepril
by the developed HPLC assay. Tritiated hydro-
cortisone was monitored in the samples with a
liquid scintillation counter and the total amount
of steroid was determined using the cold to hot
drug ratio. The removed sample was replaced
with an equal volume of the buffer solution to
maintain the contact between the buffer and the
skin. Analysis of each sample was corrected for
previously removed volume to represent cumula-
tive drug amount permeated for each sampling
time.

2.5.1. Data analysis
The cumulative amount of drug permeated
across the skin was plotted against time. The
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steady state flux (J) was calculated from the slope
of the linear region of the above plot. The lag
time (7)) was calculated by extrapolating the lin-
ear region of the curve to the X-axis. Permeability
coefficient (Kp) was calculated from the ratio of
flux to drug concentration in the donor chamber.
Enhancement ratios for Kp (ERKp) were calcu-
lated by dividing the Kp after enhancer treatment
with Kp for the control. All data were represented
as mean +S.D. One way analysis of variance
(ANOVA) was used to test for significance. The
Bonferroni test for comparison of means (post-
hoc test) was performed to compare the means
within different groups. A probability of p < 0.05
was considered statistically significant.

2.6. Differential scanning calorimetric (DSC)
studies

The effect of the N-acetylprolinate esters on
hairless mouse stratum corneum was studied with
a Seiko DSC 220C differential scanning calorime-
ter. The hairless mouse stratum corneum samples
(average 20 mg/sample) were treated with the
esters for 24 h. They were scanned at the rate of
5°C/min over 25 to 125°C temperature range and
thermograms were obtained. Azone was used as
the positive control. The changes in the en-
dotherms indicate how the enhancers modify
phase transitions within the stratum corneum.

2.7. Membrane [vehicle partition studies

The membrane—vehicle partition studies were
conducted with full thickness hairless mouse skin.
The measured values were corrected for the con-
tribution from viable epidermis—dermis, which is
~ 95 wt% of full thickness skin. This correction
was made assuming the partition coefficient of
unity for the whole thickness skin, and calculating
the partition coefficient for the stratum corneum
using the weight fraction of 0.05%. Known vol-
umes (2 ml) of aqueous solutions of benazepril in
pH 7.4 phosphate buffer were placed in screw-cap
glass vials and maintained at 37°C in a water bath
for equilibration. An aliquot from each vial was
analyzed by HPLC to obtain the initial concentra-
tion of benazepril (Capesore)) in the bathing solu-

tion. Control hairless mice skin samples were
treated with 200 pl of propylene glycol for 24 h.
After 24 h, they were gently blotted, accurately
weighed and placed in the vials with the drug
solution. The vials were capped and placed in a
water bath at 37°C with occasional gentle agita-
tion for 48 h. The hydrated skin samples were
then removed, blotted gently, and the solute con-
centrations (Ca,p.n) in the bathing solution were
measured by HPLC.

The membrane—vehicle partition coefficients
for the enhancer treated skin samples were also
determined in a similar fashion. UNAP and
PNAP were chosen for these studies. Azone was
used as the positive control. Hairless mice skin
samples were pretreated with 200 pl of 5% w/v of
PNAP, or 5% w/v of UNAP, or 3% w/v of Azone
in propylene glycol for 24 h. After 24 h, they were
gently blotted, accurately weighed and placed in
each vial. The vials were capped and placed in a
water bath at 37°C with occasional gentle agita-
tion for 48 h. The hydrated skin samples were
then removed, blotted gently, and the solute con-
centrations in the bathing solution were measured
by HPLC. The membrane—vehicle partition co-
efficient of the drug for the control and enhancer
treated skin was calculated using the following
equation:

membrane/vehicle partition coefficient

— [Ca(before) - Ca(after)]* Wax0.05
Ca(after)* Ws

where: Wa, weight of the aqueous phase (mg);
Ws, weight of the skin (mg).

3. Results and discussion

3.1. Characterization of N-acetylprolinate esters

The results of the elemental analysis of the
synthesized N-acetylprolinate esters are shown in
Table 1. The difference between the theoretical
and actually found values was less than 0.4%.
Their structures were further confirmed by FTIR
and NMR spectroscopic studies, as reported in
the methodology section.
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Table 1
Elemental analysis results of N-acetylproline esters

N-acetylprolinate es-
ter

Carbon (%) theoretical/actual

Hydrogen (%) theoretical/actual

Nitrogen (%) theoretical/actual

PNAP 63.41/63.51 9.31/9.41 6.16/6.08
ONAP 66.88/66.81 10.10/10.03 5.20/5.11
DNAP 68.65/68.46 10.50/10.41 4.71/4.69
UNAP 69.41/69.50 10.68/10.69 4.50/4.44
DDNAP 70.11/69.93 10.84/10.73 4.30/4.23
HDNAP 72.39/72.35 11.36/11.26 3.67/3.74
Oleyl-NAP 73.66/73.02 11.13/11.13 3.44/3.37

3.2. Analytical methods

Base line resolution for benazepril was attained
with a retention time of 5.5 min under the test
conditions. The within and between day coeffi-
cient variation of the slopes of the calibration
curves was < 4%. The counting efficiency for the
tritiated hydrocortisone was > 90% and there was
no quenching or chemi-luminescence due to the
diffusion medium.

3.3. Skin permeation studies

3.3.1. Benazepril

The skin permeation parameters for benazepril
were summarized in Table 2 and the permeation
profiles are shown in Figs. 2 and 3. The mean flux
of benazepril through control hairless mouse skin
was 10.9 pg/cm? h. There was no significant in-
crease in flux with PNAP and ONAP compared
to the control. However, there was a significant
increase in flux with all the other enhancers tested
compared to the control. There was no significant
difference in the lag time with the enhancer treat-
ment. An increase in flux was in good correlation
with an increase in Km and Kp values. However,
there were no significant differences in D/d* val-
ues with enhancers compared to the control. This
would be expected because D was dependent on
the lag time, 7, which was fairly constant. In our
calculations, the diffusion coefficient was calcu-
lated from lag time ‘7" {(D/d*>= 1/(6T)}. It must
be pointed out that the assumption made here
was that ‘7" is the diffusional lag time, which may
not be the case for the heterogeneous and multi-
layer skin membrane.

As HDNAP was not soluble in propylene gly-
col, 0.053% (v/v) of ethanol was used as a cosol-
vent to dissolve HDNAP. Hence a different
control was used for this group (with the same
amount of ethanol). The skin permeation parame-
ters were shown in Table 3. A significant increase
in flux, Kp, Km, and D values and a significant
decrease in lag time were observed with HDNAP
treatment compared to the control. There was a
6.1-fold increase in ER (Kp). The rank order for
Kp enhancement ratio was as follows: azone =
oleyl NAP=UNAP > DDNAP >HDNAP >
DNAP > ONAP = PNAP = control.

3.3.2. Hydrocortisone
The permeation parameters for hydrocortisone
were summarized in Table 4 and the permeation

1000+

800 —=— Control

—e— PNAP
—A— ONAP

600 —4— DNAP

400

Amount Permeated (microgram)

200

Time (hr)

Fig. 2. Effect of 5% w/v of PNAP, ONAP and DNAP on
benazepril permeation (mean + S.D.) through hairless mouse
skin (n=5).



Table 2

Skin permeation parameters of benazepril through hairless mouse skin®

Enhancer Flux (J) pg/cm? Lag time (7) h  Permeability coefficient (Kp) Partition coefficient (Km*d) Diffusion coefficient (D/d?) ER (Kp)
h cm/hx 1073 ecmx 1073 /hx1073

Control 109+ 1.8 84+1.2 3.0+0.5 1.6 +£0.3 20.0 +2.8 1.0

With 5% w/v of 12.6 +£0.8 9.1+4.7 3.5+0.2 25402 18.3+9.6 1.2
PNAP

With 5% w/v of 134+5.4 94+1.6 29+1.2 1.7+0.9 182+3.2 1.0
ONAP

With 5% w/v of  41.5% +15.1 10.54+0.7 13.6* +£4.9 8.7 +£3.7 159+1.0 4.5%
DNAP

With 5% w/v of 430.2*% +72.2 120+ 1.1 120.2* +20.2 86.0* +13.6 140+1.3 40.1*
UNAP

With 5% w/v of 217.3* + 68.2 10.8+1.2 71.1% £22.3 45.8% +13.5 156 +1.5 23.7%
DDNAP

With 5% w/v of 371.9% +134.8 8.1+22 121.7* + 44.1 56.4% +15.2 22.1+5.6 40.6*
oleyl-NAP

With 3% w/v of 500.6* + 89.0 11.0+2.0 203.0*% £ 36.1 131.9% +24.9 15.7+3.0 67.7%

Azone®

2 Data are presented as mean + S.D. for each group (n =5). Statistically significant (P <0.05) from the control group.
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Table 3

Effect of HDNAP on benazepril and hydrocortisone permeation through hairless mouse skin®

Benazepril Flux (J) pg/cm? Lag time (T) h  Permeability coefficient (Kp) Partition coefficient Diffusion coefficient ER (Kp)
h cm/h x 103 (Km*d) em x 1073 (D/d?) /hx 1073

Benazepril

Control (with ethanol) 82.8 +12.0 129+0.9 27.1+3.9 21.1+3.8 129+0.9 1.0

With 5% w/v of HDNAP+ 501.2° +119.6 6.7°+1.2 164.0° + 39.1 63.7°+7.6 25.5*+4.6 6.1°
0.053% v/v of ethanol

Hydrocortisone

Control (with ethanol) 3.6+1.8 5.7+2.1 33.1+17.3 13.34+1.0 348 +17.3 1.0

With 5% w/v of HDNAP + 50.3> + 8.7 2.0°+1.3 457.1°+79.2 54.1° 4+ 35.0 12825+ 71.2 13.8°

0.053% v/v of ethanol

2 Data are presented as mean + S.D. for each group (n = 6).
® Statistically significant (P <0.05) from the control group.
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Table 4

Effect of N-acetylprolinate esters on hydrocortisone permeation through hairless mouse skin*

Enhancer Flux (J) ug/cm® Lag time (T) h  Permeability coefficient (Kp) Partition coefficient (Km*d) Diffusion coefficient (D/d?) ER (Kp)
h cm/hx 1073 cmx 1073 /hx 103

Control 2.7+ 1.1 13.0+0.5 24.6 +5.8 19.4+49 12.1 +£0.5 1.0

With 5% w/v of 38.99+16.9 7.2440.7 354.04 +153.8 148.59 +55.3 2359425 14.44
PNAP®

With 5% w/v of 47.84+11.7 11.1+0.4 434.7% 4+ 106.3 290.39 +70.3 15.0+0.5 17.74
ONAP*

With 5% w/v of 49.3¢+11.6 4.94+0.7 448.1¢ + 105.1 128.1¢ + 16.0 34.64 +4.7 18.24
DNAP®

With 5% w/v of 82.79 +38.5 3494+ 1.6 751.99 + 349.6 129.9¢4 +22.1 59.244+27.5 30.64
UNAP*

With 5% w/v of 92.79+13.3 339409 843.09 + 120.9 164.1¢4 +34.4 53.49+12.6 34.34
DDNAP

With 5% w/v of 73.3¢+16.7 .19+ 04 644.49 +152.1 41.59414.9 179.04 + 74.7 27.14
oleyl-NAP

With 3% w/v of 59.69 +11.1 2.3440.7 541.99 +100.6 7144 +18.4 83.59+40.1 22.04

Azone®

4 Data are presented as mean + S.D. for each group.

®pn=6.

¢n=25; and n=7 for all other groups.
d Statistically significant (P <0.05) from the control group.
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Fig. 3. Effect of 5% w/v of UNAP, DDNAP, Oleyl-NAP and
3% w/v of Azone® on benazepril permeation (mean + S.D.)
through hairless mouse skin (7 = 5).

profiles were shown in Figs. 4 and 5. The mean
steroid flux from control hairless mouse skin was
2.7 ng/em? h. There was a significant increase in
flux with all the enhancers tested compared to the
control. This was in contrast with benazepril,
where PNAP and ONAP had no significant en-
hancing effect. Since hydrocortisone has a low
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Fig. 4. Effect of 5% w/v of PNAP (n=15), ONAP (n=>5), and
DNAP (n=06) on hydrocortisone permeation (mean + S.D.)
through hairless mouse skin.
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Fig. 5. Effect of 5% w/v of UNAP (n=35), DDNAP (n=17),
Oleyl-NAP (n=7) and 3% w/v of Azone® (n=7) on hydro-
cortisone permeation (mean + S.D.) through hairless mouse
skin.

intrinsic permeation rate, it is expected that even a
small change caused by enhancers would produce
a significant increase in hydrocortisone perme-
ation. On the other hand, benazepril has more
balanced partitioning properties and has a rela-
tively high intrinsic permeation rate. Hence, any
small effect caused by PNAP and ONAP might
not have contributed significantly to an increase
in benazepril permeation. The highest fluxes were
obtained with UNAP (82.7 pg/em®> h) and
DDNAP (92.7 pg/cm? h). The flux obtained with
the positive control, Azone, was 59.6 ug/cm? h. A
significant increase in Km, and Kp values was
observed with all the enhancers. A significant
increase in D values and a significant decrease in
lag time were also observed with all the enhancers
(except ONAP). The increase in flux with ONAP
appeared to be due to the increase in Km value
compared to the control.

As reported before, ethanol was used as a co-
solvent for HDNAP due to its limited solubility in
propylene glycol and the appropriate control was
used. The skin permeation parameters are shown
in Table 3. A significant increase in flux, Kp, Km,
and D values and a significant decrease in lag time
were observed with HDNAP treatment compared
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to the control. There was a 13.8-fold increase in
ER (Kp) of hydrocortisone for the enhancer
treated skin. The rank order for Kp enhancement
ratio is as follows: DDNAP = UNAP > oleyl-
NAP > azone > DNAP = ONAP = PNAP

= HDNAP > control.

3.3.3. Effect of enhancer concentration

A 2% w/v of DDNAP was also tested to study
the effect of enhancer concentration on hydrocor-
tisone permeation. The flux obtained with 2% w/v
of DDNAP was 93.8 +29.4 ug/cm? h. The corre-
sponding T, Kp, Km*d, D/d*, and ER-Kp values
were 7.8+ 1.1 h, 853.24+267.7 (x 10~°) cm/h,
409.5+172.2 (x1073) cm, 21.94+ 3.4 x (10~ %)/
h, and 34.7, respectively. There was no significant
difference in flux, Kp, and ER-Kp values obtained
with 2% and 5% w/v of enhancer concentrations.
This suggests that a 2% w/v of enhancer concen-
tration was sufficient to produce the observed
enhancement activity. However, a significant in-
crease in the lag time observed with 2% w/v
enhancer.

3.3.4. Carbon chain length versus enhancement
effect

A plot of ER-Kp versus carbon chain length
for benazepril and hydrocortisone were shown in
Figs. 6 and 7, respectively. All compounds were
effective as skin penetration enhancers for hydro-
cortisone. The highest fluxes were obtained with
alkyl chain length of 11-12 carbons for both hy-
drocortisone and benazepril. However, only com-
pounds with alkyl chain length of 10 or greater

5 8 10 11 12 16 18
Alkyl chain length

Fig. 6. Enhancement ratios (ER-Kp) versus alkyl chain length
of N-acetylprolinate esters on benazepril permeation through
hairless mouse skin.

ER (Kp)
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Fig. 7. Enhancement ratios for (ER-Kp) versus alkyl chain
length of N-acetylprolinate esters on hydrocortisone perme-
ation through hairless mouse skin.

were effective as enhancers for benazepril. The
pentyl and octyl esters did not show any penetra-
tion enhancement for benazepril. The compounds,
11-carbon ester (UNAP) and 12-carbon ester
(DDNAP), possess both hydrophilic and
lipophilic components similar to Azone which
might have contributed to increased penetration
through the skin similar to Azone. This is also in
agreement with the literature, where, for other
penetration enhancers like fatty acids and alco-
hols, maximum enhancement ratios were obtained
with alkyl chain length of 10-12 (Cooper et al.,
1985; Aungst et al., 1986). High enhancement
ratio for Kp was also observed with 18- carbon
ester (oleyl-NAP). This was attributed to the pres-
ence of a cis-double bond which introduces a kink
in the alkyl side chain. This can affect the mode of
packing of these enhancer molecules into the lipid
matrices of stratum corneum (Cooper, 1984).

3.4. Differential scanning calorimetric studies

In the control hairless mouse stratum corneum
sample, three transitions were identified. The tran-
sitions at 48.8 and 71.7°C were attributed to lipid
melting and the higher transition at 99.4°C was
assigned to protein denaturation. The effects of
UNAP, DDNAP, oleyl-NAP and Azone on these
three transitions were studied.

The UNAP pretreatment decreased the lower
lipid transition from 48.8 to 47.8°C and elimi-
nated the higher lipid transition at 71.7°C. When
the stratum corneum was treated with DDNAP,
oleyl-NAP, and Azone, both the lipid transitions
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at 48.8 and 71.7°C disappeared. From these ob-
servations, it may be concluded that DDNAP,
oleyl-NAP, and Azone appear to act in similar
manner by eliminating the lipid transitions. As
UNAP eliminated only one lipid transition and
decreased the other lipid transition, it may be
acting by a similar mechanism with a less signifi-
cant effect on stratum corneum lipids compared
to other enhancers. In general, it appears that the
enhancers had some effect on the lipid transitions
of the stratum corneum.

3.5. Membrane |vehicle partitioning studies

The control membrane/vehicle partition coeffi-
cient of benazepril in hairless mouse skin was
found to be 0.77 +0.25 The membrane/vehicle
partition coefficient for PNAP treated skin was
0.87 + 0.28 and there was no significant difference
between the partition coefficients of control and
PNAP treated skin. Significant differences in par-
tition coefficients were observed with UNAP
(1.6 £0.28) and Azone (2.46 +0.34) pre-treat-
ment compared to that of control. However, there
was no significant difference observed between
pretreatment with UNAP, and with Azone.

From these observations, it was concluded that
the UNAP and Azone significantly increased the
partition coefficient of benazepril and thereby in-
creased the drug partitioning into the skin. This
may be one of the reasons for the higher ER (Kp)
of benazepril with UNAP and Azone, in the skin
permeation studies. The fact that the PNAP pre-
treatment did not significantly increase the mem-
brane/vehicle partition coefficient, was in
agreement with its lower enhancement activity
compared to the other N-acetylprolinate esters. In
summary, novel skin penetration enhancers were
synthesized which showed penetration enhance-
ment for both hydrophilic and hydrophobic
drugs.
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