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ABSTRACT

Using chemical penetration enhancers (CPEs), transdermal drug delivery (TDD) offers an alternative route
for insulin administration, wherein the CPEs reversibly reduce the barrier resistance of the skin. However,
there is a lack of sufficient information concerning the effect of CPE chemical structure on insulin perme-
ation. To address this limitation, we examined the effect of CPE functional groups on the permeation of
insulin. A virtual design algorithm that incorporates quantitative structure—property relationship (QSPR)
models for predicting the CPE properties was used to identify 43 potential CPEs. This set of CPEs was pre-
screened using a resistance technique, and the 22 best CPEs were selected. Next, standard permeation
experiments in Franz cells were performed to quantify insulin permeation.

Our results indicate that specific functional groups are not directly responsible for enhanced insulin
permeation. Rather, permeation enhancement is produced by molecules that exhibit positive log Kow
values and possess at least one hydrogen donor or acceptor. Toluene was the only exception among the
22 potential CPEs considered. In addition, toxicity analyses of the 22 CPEs were performed. A total of
eight CPEs were both highly enhancing (permeability coefficient at least four times the control value)

and non-toxic, five of which are new discoveries.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Non-traditional methods for insulin delivery like insulin pumps,
inhalers and pens are gaining importance due to their obvi-
ous advantages over traditional delivery methods (Patni et al.,
2006). Another promising non-traditional alternative is the deliv-
ery of insulin through skin using transdermal patches. Transdermal
drug delivery (TDD) can minimize problems commonly associated
with traditional delivery methods such as, painful administration,
patient compliance, liver metabolism, and sustained and controlled
delivery (Chong and Fung, 1989). As such, TDD has gained wide
acceptance in many therapeutic applications for a wide variety of
drugs like nicotine (Nair et al., 1997) and estradiol (Goodman and
Barry, 1988).

However, delivery of protein molecules like insulin has proven
to be difficult due to the large molecular size (>3000Da) and
hydrophilic nature of these molecules to which the human skin
provides a very efficient transport barrier (Monteiro-Riviere, 1991,
1996). Several physical and chemical methods have been devel-
oped to improve the permeation of insulin through human skin
(Pillai and Panchagnula, 2003a; Rastogi and Singh, 2003; Pan et
al., 2002; Smith et al., 2003). By far, the most efficient method in
enhancing insulin permeation through skin is iontophoresis (Pillai
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and Panchagnula, 2003a); however, the economic viability and ease
of applicability of chemical approaches, such as the use of chemical
penetration enhancers (CPEs), makes them an attractive alterna-
tive.

Very few studies involving the use of CPEs for transdermal
insulin delivery exist in the literature (Rastogi and Singh, 2003;
Pillai et al., 2004). Further, in these limited studies, traditional CPEs
involving either fatty acids or fatty alcohols are employed in tan-
dem with iontophoresis. As such, CPEs in these applications are
not mixed in a solution along with insulin. Instead, the skin is pre-
treated with the CPE solution for about 2 h, and then washed off
before placing the insulin solution on the skin. This is inconve-
nient from the standpoint of the applicability of an insulin patch
designed for sustained TDD. More importantly, these CPEs are lim-
ited in their ability to increase the permeation of insulin through
the skin significantly and/or exhibit toxic effects to the skin. To
address these shortcomings, a large number of CPEs (43 CPEs) con-
taining different functional groups were selected to examine the
effect of CPE structural variation on insulin permeation. The CPEs
were not used for pre-treating the skin; rather, they were mixed
with the insulin solution and allowed to remain in contact with the
skin.

The 43 CPEs were identified with our virtual design algo-
rithm which combines genetic algorithms (GAs) and quantitative
structure—property relationship (QSPR) models for important CPE
properties (skin permeation, octanol-water partition coefficient,
melting point, aqueous solubility, and skin sensitization).
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Specifically, the development of the virtual design algo-
rithm included (a) integration of non-linear, theory-based
structure-property relationship (SPR) property models and genetic
algorithms (GAs) to develop a reliable virtual screening algorithm
for generation of potential CPEs and (b) validation of the virtual
screening predictions (using melatonin as an example drug and pig
skin as the model for human skin) by performing carefully designed
experiments for CPE toxicity and drug permeation in the presence
of potential CPEs identified as non-toxic.

Details concerning the algorithms and models can be
found elsewhere (Godavarthy et al., 2009). Based on func-
tional group attachments, this set of CPEs was classified
as: fatty acids, fatty ketones, fatty alcohols, fatty aldehy-
des, fatty amines, pyridines/pyrrolidones/pyrrolidinones, alka-
nes/alkenes/alkynes, halogenoalkanes/alkenes and other miscel-
laneous CPEs not belonging to any of the previous groups. Only
molecules that had positive logarithmic octanol-water partition
coefficient (log Kow ) values were selected because these molecules
are more likely to exhibit desired skin transport properties. As such,
only molecules that increase the permeation of drugs through the
“pull” mechanism proposed by Liron and Cohen (1984) and Kadir
et al. (1987) have been investigated. The permeation effect of this
mechanism results from the interaction of a suitable CPE with skin
which alters the dermal properties allowing increased permeation
of a drug of interest. Significant properties of the CPEs calculated
using ChemAxon (2007) software are tabulated in Table 1.

The traditional permeation experimental apparatus using Franz
diffusion cells provides a reliable in vitro technique for estimat-
ing the permeation of insulin through the skin; however, it is time
and labor-intensive. Therefore, a two-step approach for identify-
ing potential CPEs is employed. First, only those CPEs that decrease
the skin resistance beyond a threshold value were selected using
a resistance technique, which is justified based on our previous
experience and similar studies reported in the literature (Karande
etal., 2004, 2006; Rachakonda et al., 2008). Second, traditional per-
meation experiments were performed to calculate accurately the
permeability of insulin.

Another important issue associated with the use of CPEs
is their toxicity. In fact, toxicity is often the major limiting
factor in identifying potential CPEs (Karande et al., 2004). To
assess the suitability of the CPEs investigated in the present
study, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT)-formazan assay was employed to evaluate cell viability
in the presence of a CPE of interest, and this constituted a pre-
liminary screening mechanism to eliminate CPEs that were toxic
at the cellular level. Additionally, histology studies on the intact
porcine skin were performed to examine the effects of CPEs on
skin.

2. Materials and methods
2.1. Materials

All of the enhancers studied were obtained from Sigma-Aldrich
Chemical Company (St Louise, MO, USA), except for 1-methyl-2-
pyrrolidone, which was obtained from ConocoPhillips (Bartlesville,
OK, USA). Lispro, a short acting analog of human insulin, was pur-
chased from Eli Lilly Company (Indianapolis, IN, USA). Lispro was
selected because of its higher dermal absorption rate than normal
insulin, which makes it more suitable for transdermal delivery.
Henceforth, in the present work, insulin refers to the Lispro ana-
log. Ethanol USP was obtained from Aaper Alcohol and Chemical
Co. (Shelbyville, KY, USA). High performance liquid chromatogra-
phy (HPLC) grade acetonitrile was purchased from Fischer Scientific
(Atlanta, GA, USA).

2.2. Skin preparation

Fresh porcine abdominal skin was obtained from Ralphs Pack-
ing Co. (Perkins, OK, USA) and Bob McKinney & Sons (Cushing, OK,
USA). The skin was cleaned with cold running water to remove
dried blood and dirt, and hair was clipped using an electric clipper.
The adipose tissue and subcutaneous muscle layers were surgically
excised. The skin was then wrapped in aluminium foil and stored
at —20°C until needed. The skin was stored for a maximum of 4
weeks before being used for experimentation. Representative sam-
ples were assessed histologically to assess the quality of the skin
preparation, as described in Section 2.6.

2.3. Pre-screening of enhancers based on changes in skin
resistance

2.3.1. Preparation of solution

Phosphate buffered saline (PBS, pH-7.4, phosphate and sodium
chloride concentrations of 0.001 and 0.137 M, respectively) was
used to prepare CPE solutions on the day of the experiment. First,
0.5 mL of ethanol was mixed with 0.5 mL of PBS and the test CPEs
were added to each of these solutions to give a final CPE concen-
tration of 5% (w/v).

2.3.2. Experimentation

The enhancers were pre-screened based on their skin resistance
reduction, which was measured using a resistance chamber that
was built in-house. A schematic of the chamber and specific details
of this technique, including the current type, the current intensity
and the instrumentation are described elsewhere (Rachakonda et
al., 2008). Briefly, the resistance chamber consists of two half-inch
thick Teflon plates fixed to a Teflon Petri dish. Five holes with a
diameter of 0.79 cm were drilled into each Teflon plate. The holes
in the top plate serve as donor chambers, and the holes in the bot-
tom plate serve as receiver chambers, as in Franz diffusion cells.
Porcine skin was placed between the receiver and donor plates with
the stratum corneum facing the donor wells, and the two plates
were clamped together tightly. The Petri dish was filled with PBS
such that the receiver chambers were completely filled with PBS,
which was assured by checking the skin resistance; presence of air
pockets between the skin and the receiver chambers showed very
high resistance values since air has low conductivity. Resistance
readings were taken using a common electrode placed beneath the
receiver plate and the other placed sequentially into each donor
well, which were filled with just the CPE and no insulin.

All potential enhancers were tested at a concentration of 5%
(wt/v) in 1:1 PBS and ethanol solution with the receiver cham-
bers maintained at 37 & 1 °C. Resistance measurements were taken
every hour for up to 6 h and the CPE solution was in contact with
the skin for this entire period. Rachakonda et al. (2008) have shown
that the efficacy of a CPE can be established by measuring the drop
in the skin resistance during a 6-h contact period between the CPE
and the skin. Measurements beyond this time period contribute
no additional information regarding CPE efficacy. The resistance
reduction factor (RF), which is defined as the ratio of the initial
resistance value (R) at time O to the resistance value of the sample
obtained at time ¢ (6 h), was calculated as given by:

RF = —
R¢

(1)

2.4. Permeation experiments on the pre-screened enhancers

2.4.1. Preparation of solution
Phosphate buffer (PB, pH-7.4, monosodium phosphate mono-
hydrate and disodium phosphate heptahydrate concentrations of
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Table 1
Properties of the CPEs tested, where the parenthetical values are indicative of either donor or acceptor sites.
CPE Octanol-water partition coefficient (logK,w) MW (Da) Hydrogen donors (donor sites) Hydrogen acceptors (acceptor sites)
Acids
Octanoic acid 24 144.2 1(1) 2(3)
Decanoic acid 3.2 1723 1(1) 2(3)
Oleic acid 6.1 282.5 1(1) 2(3)
Lauric acid 4.0 200.3 1(1) 2(3)
Azelaic acid 1.6 188.2 2(2) 4(6)
Salicylic acid 1.9 138.1 2(2) 3(4)
tert-Butyl acetic acid 1.6 116.2 1(1) 2(3)
Ketones
Menthone 3.1 154.3 0(0) 1(2)
Acetophenone 14 120.2 0(0) 1(2)
4-Octanone 2.8 128.2 0(0) 1(2)
Pulegone 2.8 152.2 0(0) 1(2)
Cycloundecanone 168.8
3-Methyl-2-hexanone 24 114.2 0(0) 1(2)
2-Methyl cyclohexanone 2.1 112.2 0(0) 1(2)
2-Heptanone 2.2 114.2 0(0) 1(2)
Alcohols
cis-4-Hexen-1-ol 1.2 100.2 1(1) 1(1)
Nonanol 2.6 1443 1(1) 1(1)
Decanol 3.0 158.3 1(1) 1(1)
Aldehydes
Hexanal 1.2 100.2 0(0) 1(2)
Octanal 2.0 128.2 0(0) 1(2)
Salicaldehyde 2.1 1221 1(1) 2(3)
Amines
N,N-dimethylisopropylamine 0.9 87.2 1(1) 0(0)
Octylamine 22 129.2 1(2) 1(1)
Pyridines/pyrrolidones/pyrrolidinones
2,4,6-Collidine 1.5 121.2 0(0) 1(1)
1-Dodecyl-2-pyrrolidinone 4.0 2534 0(0) 1(2)
1-Methyl-2-pyrrolidone -04 99.1 0(0) 1(2)
2-Methyl-3-oxazolidinone -0.1 101.1 0(0) 2(3)
Alkanes/alkenes/alkynes
Nonane 5.6 128.2 0(0) 0(0)
Cyclopentane 2.0 70.1 0(0) 0(0)
1-Pentene 2.3 70.1 0(0) 0(0)
1-Pentyne 1.8 68.1 0(0) 0(0)
2-Methylbutane 24 721 0(0) 0(0)
Halogenoalkanes/alkenes
1-Bromopropane 1.8 123.0 0(0) 0(0)
1,2-Dichloropropane 2.0 113.0 0(0) 2(2)
2,3-Dichloro-1-propene 14 111.0 0(0) 2(2)
Other
Cetyltrimethyl ammonium bromide 1.5 364.4 0(0) 0(0)
2-Chlorotoluene 3.0 126.6 0(0) 1(1)
Toluene 2.5 92.1 0(0) 0(0)
Dimethyldisulfide 1.3 94.2 0(0) 2(2)
2-Sec-butylphenol 3.4 150.2 1(1) 1(1)
Methyl caproate 1.7 130.2 0(0) 1(2)
Ethyl 2-methylpentanoate 2.2 144.2 0(0) 1(2)
Ethylbutyrate 1.2 116.2 0(0) 1(2)

13.55 and 46.41 mM, respectively) was used as the receiver solu-
tion in the Franz permeation cells. Solutions of CPEs were prepared
on the day of the experiment by dissolving 0.6 mL volume of
ethanol with 0.4 mL of insulin solution. The final concentration of
insulin was approximately 40 IU/mL or 1.8 mg/mL. The test CPEs
were added to each of these solutions to give a final concentra-
tion of 5% (w/v). In general, the enhancement effect is dependent
on the concentration of the CPE in the donor solution, and if a
CPE was to be developed commercially, a range of concentration
for each CPE would require investigation. However, due to the
number of CPEs involved in this work, we have limited testing
to CPEs only at a 5% (w/v) concentration. The enhancement at
this concentration has been used widely in skin permeation liter-
ature as a reasonable indicator of the CPE’s efficacy (Kandimalla
et al., 1999; Andega et al, 2001; Kanikkannan and Singh,
2002).

2.4.2. Experimentation

All the permeation experiments were conducted using Franz dif-
fusion cells (Permegear Inc., Riegelsville, PA, USA). The capacities of
the donor and the receiver chambers were 1 and 5 mL, respectively.
The surface area available for diffusion was 0.64 cm?. The receiver
chamber temperature was maintained at 37 + 1 °Cusing a flow loop
consisting of a water bath reservoir (Isotemp 105, Fischer, Atlanta,
GA, USA) and a Masterflex L/S peristaltic pump (Fischer, Atlanta,
GA, USA).

The receiver chambers of the Franz diffusion cells were filled
with PB and stirred continuously using a magnetic stir bar. Abdom-
inal skin was thawed at room temperature for a minimum of 2 h
and was placed between the donor and receiver chambers with the
stratum corneum facing the donor chamber. Then, 1.0 mL solutions
containing insulin and CPE were placed inside the donor cham-
bers of Franz diffusion cells. The control samples contained 0.4 mL
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Fig. 1. Permeation profiles of insulin the presence of selected CPEs.

insulin and 0.6 mL ethanol solution. At different time intervals (3,
9, 12, 18, 24, 36 and 48 h), 0.1 mL samples were withdrawn from
the receiver chamber using a syringe. Fresh PB in 0.1 mL amounts
was replaced in the receiver chambers. The collected samples were
stored at 4 °C until further analysis.

2.4.3. HPLC analysis

The concentrations of insulin in the receiver chambers at differ-
ent time intervals were measured using a HPLC system (Dionex Co.,
Sunnyvale, CA, USA) containing a Waters Symmetry 300 column
(4.6 mm x 150 mm dimensions, 5 wm and 90 A packing). A 40:60
(v/v) mixture of acetonitrile and water was the mobile phase. Flow
rate was 1.0 mL/min and the eluent was monitored at 276 nm. Lin-
earity for HPLC analysis was observed in the concentration range
0f 0.01-12.51U/mL (R? > 0.99).

2.4.4. Permeability coefficient (K,) and enhancement factor (EF)
calculations

The following steady-state equation was used to calculate per-
meability of the skin:

Amount of drug permeated = Ay x Co x Kp x t (2)

where, A, is the exposure area of the skin sample (0.64 cm?), Cy is
the initial concentration in the donor chamber in mM, K} is the
permeability of the membrane and t is time in hours. The per-
meability is given in terms of the diffusion coefficient (Dy,), the
partition coefficient (Ky;), and the thickness of the skin sample (L):

DiKm

== (3)
In this study, the amount of drug permeated was calculated as
the total amount of drug permeated through skin during a time
period of 48 h. The lag times (L;) were calculated as the x-intercept
of the steady-state portion of the permeation profiles (cumulative
insulin permeated, IU/cm?) plotted against the time (h) profiles, as
shown in Fig. 1.

Kp

2.5. In vitro cytotoxicity analysis

Human foreskin fibroblasts (HFF-1, cell line) were purchased
from American Type Culture Collection (Walkersville, MD, USA) and
maintained in Dulbecco’s Modified Eagle Medium supplemented
with 4mM L-glutamine, 4.5g/L sodium bicarbonate, 0.1 mM
3-mercaptoethanol, 100U/mL penicillin-streptomycin, 2.5 g/mL
amphotericin, and 10% Fetal bovine serum (Invitrogen Corp., Carls-
bad, CA, USA). The cell cultures were maintained in 5% CO, at 37 °C
with medium changes every 48 h.

Cells in the exponential growth phase were detached using
0.05% trypsin - 10 uM ethylenediaminetetraacetic acid (EDTA)
(Invitrogen Corp., Carlsbad, CA, USA), centrifuged, and re-
suspended in fresh growth medium. Viable cells were counted in
a heamocytometer using trypan blue dye exclusion principle, and
approximately 25,000 viable cells were seeded into each well of
a 24-well plate in 0.5 mL growth medium and incubated for 24 h.
CPEs were dissolved in PBS with 1% dimethyl sulfoxide (DMSO).
The CPEs were tested at three different concentrations of 10, 1 and
0.1 mg/mL.

After 24h of exposure to the CPEs, morphological changes
were monitored using an inverted microscope (Nikon, TE2000U,
Melville, NY), and digital micrographs were captured from dif-
ferent locations on the well plate. Additionally, MTT assays were
performed for viability testing using a previously reported pro-
cedure (Mosmann, 1983). In brief, growth medium was replaced
with 0.5 mL of 2 mg/mL MTT (Sigma-Aldrich Chemical Company,
St. Louis, MO, USA) solution in PBS and incubated for 4-5h at 37 °C.
The MTT solution was discarded, the cells were washed with PBS
solution, and 0.2 mL DMSO was added to dissolve the formazan salt
crystals. The absorbance of the solution containing the solubilized
formazan was measured at 540 nm with readings at 620 nm serv-
ing as references. Fraction viabilities for each well were calculated
with respect to the control wells using the following equation:

Abs(540) — Abs(620)
(371 {Abs(540) — Abs(620) }

Fraction viability =

control) /Tl (4)

where, Abs(540) and Abs(620) indicate the absorbance values for
the well at 540 and 620 nm, respectively, n indicates the num-
ber of wells used as controls (replicates) and the subscript control
indicates the readings of the control wells.

2.6. Histology

Skin samples that were used for the permeation studies were
immediately removed from the Franz cells and fixed in 1.5%
buffered formalin. The samples were embedded in paraffin and 6-
m sections were cut using a microtome. Hemotoxylin and eosin
staining was performed and digital photomicrographs were taken
at representative regions using an inverted microscope (Nikon,
TE2000U, Melville, NY, USA).

Morphological changes in the skin (especially in epidermal lay-
ers) after the permeation experiments were observed visually and
classified on a scale of A-D; Class A - non-toxic (morphology of
the sample looks exactly similar to the control sample); Class B
- slightly toxic (morphology looks almost similar to the control
sample); Class C — toxic (morphology includes partial epidermal
degradation with nuclei bleeding into the dermal layers); Class D -
severely toxic (morphology includes severe epidermal degradation
with cell death).

2.7. Statistical analysis

All experiments were performed at least three times, and sin-
gle factor one-way analysis of the variance (ANOVA) was performed
with a 95% confidence interval on the cell fraction viability and drug
permeability data. This was done to determine if the differences
among these data at different experimental conditions are greater
than the errors due to random effects. A p-value less than 0.05
indicates a significant difference exists between the two groups
of data.
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Table 2

Reduction factors (RF) calculated for the enhancers. The data are the means and
standard deviations of a minimum of three repetitions. Enhancers marked with an
asterisk produced RF values greater than 10.

CPE RF=Ro/Rg
None (control) 2.6 £0.8
Acids
Octanoic acid* 46 + 8.1
Decanoic acid* 89 + 11.0
Oleic acid* 17 £ 2.6
Lauric acid* 50 + 7.5
Azelaic acid 1.2 £ 0.1
Salicylic acid 58 +£04
Tert-butyl acetic acid 5+23
Ketones
Menthone* 21+24
Acetophenone 14 + 0.1
4-Octanone* 17 £ 24
Pulegone* 39+79
Cycloundecanone* 53 +5.7
3-Methyl-2-hexanone 3.8+20
2-Methyl cyclohexanone 42+ 14
2-Heptanone 5.0 +£ 0.6
Alcohols
cis-4-Hexen-1-ol* 14+23
Nonanol* 41 + 3.8
Decanol* 31 +6.7
Aldehydes
Hexanal 21+04
Octanal* 28 +7.6
Salicaldehyde 4.8 + 0.1
Amines
N,N-dimethylisopropylamine* 60 + 8.0
Octylamine* 76 + 8.1
Pyridines/pyrrolidones/pyrrolidinones
2,4,6-Collidine* 10+ 1.0
1-Dodecyl-2-pyrrolidinone* 29+ 1.5
1-Methyl-2-pyrrolidone 7+23
2-Methyl-3-oxazolidinone 6+1.7
Alkanes/alkenes/alkynes
Nonane 42 +03
Cyclopentane 39+0.1
1-Pentene 7+26
1-Pentyne 35+03
2-Methylbutane 21+0.2
Halogenoalkanes/alkenes
1-Bromopropane 1.7 £ 04
1,2-Dichloropropane 33+08
2,3-Dichloro-1-propene* 12+24
Other
Cetyltrimethyl ammonium bromide* 19.4 £+ 0.1
2-Chlorotoluene* 53 +7.2
Toluene* 16 + 3.1
Dimethyldisulfide* 53 £ 9.0
2-Sec-butylphenol* 86 + 21.7
Methyl caproate 6.7 £0.7
Ethyl 2-methylpentanoate 3.0+ 0.8
Ethylbutyrate 2+10
3. Results

3.1. Pre-screening of the enhancers

Atotal of 43 enhancers were tested for reduction in porcine skin
resistance using the resistance technique. The calculated reduc-
tion factors of the candidate CPEs are tabulated in Table 2. Only
those enhancers that caused a reduction factor of 10 or greater were
marked as effective and selected for further analysis. These CPEs (a
total of 22) are marked with an asterisk, as shown in Table 2. Differ-
ent CPEs belonging to all the functional group classes except for the
“alkanes/alkenes/alkynes” group were represented in these 22 pre-
screened enhancers. No particular functional group contributed
dominantly to this list of pre-screened enhancers, and molecular
structures not satisfying the pre-screening criterion were repre-

Fig. 2. Variation of permeability with reduction factor on an averaged basis. The
horizontal dashed line indicates the control level. The solid line is the regression
line for the correlation between the permeability coefficient and reduction factor.

sented by all group classes.

3.2. Permeability of insulin in the presence of the pre-screened
enhancers

To evaluate the permeation of insulin in the presence of the
pre-screened enhancers, permeation experiments were performed
using the standard Franz diffusion cells. The cumulative amounts
of insulin permeated per square centimeter and the permeability
values (Kp ) are tabulated in Table 3. From the table, it is evident that
all the enhancers with a RF of at least 10 also increased cumulative
amount of insulin permeated by at least two times (EF>2). This
provides validation of our pre-screening procedure using the resis-
tance technique. No functional group exhibited significantly high
permeabilities when compared to other groups. Table 3 also lists
the lag times, L; for permeation in the presence of CPEs. All CPEs
except for lauric cid and toluene increased the lag time when com-
pared to the lag times obtained using the control (ethanol +insulin)
solution. The lag times in the presence of lauric acid are comparable
to the control value, while the lag times in the presence of toluene
were significantly lower than the control value.

The relationship between K, and RF values was explored;
however, initial results showed large deviations for two CPEs,
2,3-dichloro-1-propene and toluene, which were excluded from
further analysis. Subsequently, a correlation plot of averaged log K
and log RF values, where values were averaged at approximately
0.11og RF intervals, was plotted (Fig. 2) and the resulting R? was
found to be 0.79. A horizontal line in the figure indicates the K,
value for the control. As shown in the figure and Table 3, all the
pre-screened enhancers had K, values greater than that of con-
trol, indicating that the pre-screening resistance technique is able
to predict successfully the CPEs that might enhance permeation of
insulin.

3.3. Cytotoxicity of predicted CPEs

At the highest concentration of 10 mg/mL all the CPEs exhib-
ited toxicity (fractional viability less than 0.3; data not shown);
even though in the cases of 4-octanone and octaldehyde, the mor-
phology and the density of the cells was similar to that of control.
At the lowest concentration of 0.1 mg/mL all the enhancers except
for pulegone (fractional viability <0.3) were found to be non-toxic
(fractional viability was statistically similar to control, p>0.05;
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Table 3

Cumulative insulin permeated per square centimeter, permeability coefficient (K;) values and lag times (L;) of insulin in the presence of the CPEs. Values are means and

standard deviations of at least three repetitions.

CPE Insulin

Cumulative insulin permeated (IU/cm?)

Permeability K, (10> cm/h) Lag time L, (h)

None (control) 1.2+02
Acids

Octanoic acid 9+ 1.6

Decanoic acid 9427

Oleic acid 7+13

Lauric acid 12 + 4.2
Ketones

Menthone 5+1.2

4-Octanone 8+1.9

Pulegone 33+05

Cycloundecanone 10+ 1.0
Alcohols

cis-4-Hexen-1-ol 3.9+ 0.6

Nonanol 7+1.1

Decanol 8.8 +£0.5
Aldehydes

Octanal 10+ 1.1
Amines

N,N-dimethylisopropylamine 5+1.8

Octylamine 7+26
Pyridines/pyrrolidones/pyrrolidinones

2,4,6-Collidine 25+0.2

1-Dodecyl-2-pyrrolidinone 22 2 2
Halogenoalkanes/alkenes

2,3-Dichloro-1-propene 18 £ 1.1
Other

Cetyltrimethyl ammonium bromide 4.7 + 0.6

2-Chlorotoluene 14 + 42

Toluene 22 +53

Dimethyldisulfide 11+1.2

2-Sec-butylphenol 11+ 1.6

0.7 £ 0.1 6.3 £ 0.9
49+ 0.8 12 +£2.2

5+14 12+ 1.8
3.8+ 0.6 10+13

® 2= 22 5 25 27
24+0.7 9+ 26

4+10 8+ 3.0
1.7+03 10 + 2.1
5.0 + 04 12+ 24
24+ 0.5 12 £ 2.1
3.7+£05 9+1.2
46+ 0.3 7+19
5.0 £ 0.6 8 +3.0
2.8+ 0.9 10+ 1.8

4+13 10 £3.9
1.3 £ 0.1 10+ 13
1.1+ 0.1 9+ 1.2
10+13 10 £ 0.5
24+03 11+33

8+ 21 9+ 26
12 £ 5.0 3+16
58 +0.6 7+1.1
5.6 + 0.8 10 + 3.2

Table 4
Histological evaluation of potential CPEs at 5% (w/v) concentration.

CPE Grade CPE Grade
Menthone D Octanal A
Decanol B Cycloundecanone B
Oleic acid A cis-4-Hexen-1-ol A
4-Octanone B 2,4,6-Collidine A

data not shown). At the moderate concentration of 1 mg/mL, eight
enhancers were found to be non-toxic as shown in Fig. 3. The fig-
ure presents toxicity in terms of fractional viability with respect
to control after 24 h of cell exposure to CPEs, as assessed using
the MTT assay. Of the 22 CPEs examined, satisfactory viability
(fractional viability was statistically similar to control, p>0.05)
was indicated for eight CPEs: menthone, decanol, oleic acid, cis-
4-hexen-1-ol, 2,4,6-collidine, cycloundecanone, 4-octanone, and
octaldehyde. All other CPEs showed significant reduction in the
viability of cells (p <0.05). To understand the influence of CPEs on
cellular activity, morphology of fibroblasts was assessed after 24 h
of exposure to CPEs found to be non-toxic after MTT assays. The
micrographs of the cells (upper panels) are provided in Fig. 4 along
with the micrographs of the skin (lower panels) after exposure
to each CPE. These results show that the addition of these CPEs
did not alter cell morphology, indicating that the CPE had no toxic
effects.

3.4. Histology of skin exposed to CPEs

Micrographs of the porcine skin after exposure to CPEs are given
in the lower panels of Fig. 4. Table 4 shows the CPEs graded accord-
ing to their effect on the morphology of the skin, as mentioned in
Section 2.6. There was severe epidermal degradation with complete
cell death for skin exposed to menthone, indicating a high level of

toxicity (classified as D). Decanol was slightly toxic (classified as B)
to the skin cells as shrunken nuclei in the epidermal layers were
observed. Cycloundecanone was moderately toxic (classified as B)
with nuclei from the epidermis bleeding slightly into the dermis. In
contrast, oleic acid, 4-octanone, octanal, cis-4-hexen-1-ol and 2,4,6-
collidine were non-toxic (classified as A) as no significant change
in the morphology of the skin samples exposed to the respective
chemicals was observed.

4. Discussion

Traditional methods of identifying CPEs usually involve labo-
rious and time-intensive permeation measurements that reduce
significantly the experimental throughput. An alternative has been
proposed in the literature (Karande et al., 2004, 2006) that uses
the changes in electrical resistance to estimate the enhancement
effect of the CPEs. This method is more efficient in terms of cost
and time when compared to permeation experiments. Therefore
the resistance technique was employed in the present work to pre-
screen the initial list of 43 molecules. A total of these 22 enhancers
were examined further using the traditional permeation experi-
ments involving Franz diffusion cells and HPLC. The lag times in the
presence of most CPEs were found to be greater than the lag time
in the presence of control (ethanol +insulin) solution. This could be
due to the length of time involved in the stratum corneum perme-
ation by higher molecular weight CPEs when compared to the lower
molecular weight ethanol. Also, no relationship was found between
the resistance reduction profiles (not shown) and the calculated lag
times.

The resistance reduction factor and enhancement factor were
calculated for these 22 pre-screened enhancers, and the observed
correlation (RZ=0.79) between the enhancer RF and Ky values is
shown in Fig. 2. Variation in the correlation can be attributed to
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Fig. 3. Toxicity after 24 h of exposure to the CPEs. The non-toxic CPEs and toxic CPEs are colored in white and grey, respectively.

the limited number of data, the variable initial resistances of dif-
ferent skin samples, hair density on that particular skin sample
and other factors that lead to large uncertainties in the reduc-
tion of resistances (Nicander and Ollmar, 2000; Fujita et al., 2001;
Davies et al., 2004). Although, great care has been taken to limit
these uncertainties (including the use of select abdominal skin
samples that have a narrow range of initial resistance values),
variations due to other factors such as age, weight and previous
history of the animal usually associated with biological samples
could not be avoided. In addition, limiting the resistance experi-
ments to 6h to enhance the experimental throughput magnifies
these uncertainties. Therefore, the resistance technique should be
used as a “coarse” rapid method for identifying CPEs that alter
significantly the barrier properties of the skin. The exact level of
enhancement should be estimated from the traditional permeation
experiments.

The logKow values, molecular weights, number of hydrogen
donors and acceptors for all of the enhancers are tabulated in
Table 1. Of the 43 enhancers tested using resistance technique,
all except two enhancers had positive logKow values. However,
this alone is not a sufficient condition for a chemical to be an
enhancer, as is evident from the RF values for the chemicals in
the alkanes/alkenes/alkynes group, where a wide range of posi-

tive log Kow values does not translate to significant reduction in
skin resistance. Also, these CPEs have not shown any increase in
insulin permeation (data not shown). An important aspect of this
group of chemicals is their lack of hydrogen acceptors or donors
(Table 1), which indicates that these two properties are signif-
icant attributes of an effective insulin enhancer. Narishetty and
Panchagnula (2004a,b) have reported that oxygen atoms in the ter-
penes form hydrogen bonds with skin lipid bi-layers and lead to
stratum corneum structure modification. Therefore, it is reason-
able to expect that any CPE with hydrogen bonding capability will
have the ability to modify the stratum corneum structure. Further
studies need to be conducted to investigate the number of hydro-
gen bonding groups that would result in optimum enhancement.
However, we found two exceptions to this hydrogen bonding rule;
cetyltrimethyl ammoniumbromide and toluene, both of which
enhance the permeation of insulin significantly, but have no hydro-
gen donors or acceptors. The anomaly exhibited by cetyltrimethyl
ammonium bromide can be explained by the fact that it dissoci-
ates into an ionic form in aqueous solutions and therefore has some
electronegative effects, even though the structure lacks any hydro-
gen donors or acceptors. This still leaves the behavior of toluene
unexplained since electronegative regions in the structure are
absent.
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Fig. 4. Micrographs of the cells (upper panels) and the pig skin samples (lower panels) after exposure to the CPEs at a concentration of 5% (w/v).

Since toxicity is the major limitation of the applicability of the
CPEs, all 22 pre-screened enhancers were tested for their effects
on human fibroblasts at three concentrations of different orders
of magnitude (10, 1 and 0.1 mg/mL). At the moderate concen-

tration of 1 mg/mL, eight enhancers were found to be non-toxic.
In the presence of these non-toxic enhancers, the K, value for
insulin permeation was at least 4 times that of control. There-
fore, our search has resulted in eight CPEs (a) that were non-toxic
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from the preliminary cytotoxicity studies and (b) that enhance
insulin permeation, as deduced from the in vitro permeation
studies.

The cellular toxicity (in vitro) studies were conducted at 1% (w/v)
whereas the permeation studies and the histology studies were
performed at 5% (w/v). Using 1 mg/mL (or 1%, w/v) CPE for each
well of a 24-well plate, the average concentration of the CPE per cell
is approximately 4 x 10~ mg/mL. In the permeation experiments,
the average concentration of the CPE per skin cell is approximately
1.5 x 107> mg/mL, assuming porcine skin cell density to be equal
to that of human skin, which is approximately 6 million cells/cm?,
and that all of the CPE in the donor solution transports into the
viable epidermis. Since the amount of CPE transported into the
viable layers of the skin is less than the concentration of CPE in
the donor chamber due to the transport barrier presented by the
stratum corneum, the value presented above is a conservative esti-
mate for the actual CPE concentration in the epidermis. Therefore,
if the CPE was non-toxic at the concentration of 4 x 10~> mg/mL
per cell, then the CPE must be non-toxic in the permeation exper-
iments where the concentration is less than 1.5 x 10~> mg/mL per
cell. The in vitro toxicity results presented in the current work can
be safely extrapolated to assess the toxicity of the CPE to the skin
cells in the permeation experiments.

As discussed previously, the in vitro cellular level toxicity data
usually overestimates the effect of the CPE on the skin, due to the
lack of a proper stratum corneum that acts as the initial barrier
to the transport of molecules into the skin (Kojima et al., 1998).
Therefore, the cellular level data provides an approximation of
the toxicity of the CPE. While histological analysis is a more reli-
able toxicity model, this technique is time and labor-intensive and
therefore was used only to confirm the cytotoxicity results for
the eight non-toxic CPEs. The grading of the CPEs based on their
effect on porcine skin is tabulated in Table 4, from which it is evi-
dent that seven of the eight potential CPEs are non-toxic to the
intact skin; menthone was the exception that shows severe toxic-
ity; nevertheless, when menthone was tested on porcine skin at 1%
(w/v), it was non-toxic, indicating a concentration-dependent tox-
icity effect for this CPE in the concentration ranges that we tested
for.

Of the eight CPEs discovered in this study, menthone, decanol
and oleic acid have already been thoroughly investigated in the
literature for their effects on the enhancement of different drugs.
Specifically, pre-treatment of the porcine skin with menthone and
other terpenes has been used to enhance permeation of insulin
in conjunction with iontophoresis (Pillai and Panchagnula, 2003b).
Also, menthone has been used to enhance the permeation of weakly
hydrophobic drugs like melatonin (Rachakonda et al., 2008) and
some strongly hydrophobic drugs like tamoxifen (Zhao et al.,2001).
Similarly, decanol and oleic acid have been used as permeation
enhancers for a large variety of drugs like melatonin (Kandimalla
etal., 1999; Andega et al., 2001) and ketotifen (Kimura et al., 2007).
However, to our knowledge, they have not been used to enhance
insulin permeation through skin. The remaining five CPEs discov-
ered in this study have not been investigated for their enhancement
effects with any drug in the literature previously.

One final note on the validity of the results of this work is
in order. In the current work, all data has been generated using
in vitro methods. However, in vitro results are not a true indi-
cation of the bioavailability of the drug and the toxicity effects
of the CPE. Therefore, in vivo studies are required to confirm the
safety and applicability of the CPEs identified in this work. Fur-
ther, no interactions were assumed between the CPE and insulin
in the donor solution, based on the nearly constant elution time
observed for insulin during HPLC analysis; however, additional
studies need to be performed on potential CPEs to confirm this
assumption.

5. Conclusions

The current results lead to the conclusion that no specific CPE
functional groups are directly responsible for enhanced insulin
permeation. Rather, CPE permeation enhancement is produced by
molecules that exhibit positive log Kow values and possess at least
one hydrogen donor or acceptor, with the exception of toluene
among the 22 CPEs considered. As such, future CPE screening could
be narrowed down to include only molecules that meet these cri-
teria, thus reducing the computational and experimental burdens
involved in identifying new CPEs.

The current work also demonstrates the usefulness of an effi-
cient two-step approach for identifying CPEs, namely, the use of
the resistance technique as a rapid method to pre-screen the poten-
tial CPEs followed by the traditional permeation measurements to
quantify accurately the permeabilities. This approach was used to
screen an initial set of 43 potential CPEs to identify 22 likely CPEs,
which were then tested for their effect on insulin permeability.
Despite its high-throughput, the resistance technique remains a
coarse method for identifying potential CPEs and should not be the
primary determinant for estimating the increase in drug perme-
ability.

As also shown in the literature, toxicity of discovered CPEs was
the major limiting factor in applicability in the current work. Only
eight of the 22 potential CPEs that enhanced insulin permeability
were found to be non-toxic. Of these eight, three CPEs were inves-
tigated previously in the literature, and five CPEs have never been
investigated as enhancers.
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