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A B S T R A C T

Cocaine-use disorder is a major public health problem, yet there is no FDA approved treatment. The dis-
tinguished preclinical efficacy of 4-benzylpiperidine as substitute agonist for cocaine-use-disorder along with the
therapeutic benefits of transdermal delivery, make it an excellent candidate for transdermal delivery. The
purpose of this study was to investigate the in vitro transdermal delivery of 4-benzylpiperidine across derma-
tomed human skin. Mathematical models were used to calculate the theoretical and experimental drug percu-
taneous absorption. Gels were formulated with varying amount of gelling agent and subjected to rheological
analysis. Franz cells were used to investigate the in vitro permeation. Transdermal permeation of 4-benzylpi-
peridine from propylene glycol solution (1, 10, 20 and 50mg/mL) corresponded to 16%–31% delivery
(49.45 ± 11.60, 258.47 ± 48.50, 600.26 ± 74.18, 1945.20 ± 405.59 μg/cm2). The average cumulative
amount of drug delivered from gel formulation was 1824.90 ± 425.12 μg/cm2. Thixotropic test demonstrated
2% hydroxyl propyl cellulose based gel to have the highest structure recovery ratio. The calculated theoretical
permeability coefficient and theoretical flux value (32.637 μg/cm2/h) predicted high percutaneous absorption.
This was further validated by the experimentally determined permeability coefficients and flux values
(62.73 ± 12.14 μg/cm2/h), demonstrating proficient transdermal delivery of 4-benzylpiperidine.

1. Introduction

Cocaine-use disorder is a significant and insidious public health
problem, with 1.5 million Americans reporting current cocaine use in
2014 [14]. Despite evidence for sustained prevalence, clinical harm,
demand for treatment along with the decades of research, currently
there are no FDA-approved pharmacotherapies to treat cocaine-use
disorder [57–59]. Previous attempts to develop a medication for co-
caine-use disorder have focused largely on substitute agonist ap-
proaches. Substitute-agonist therapies mimic key aspects of the abused
drug to reduce craving and withdrawal and promote abstinence. The
goal of such agonist-based pharmacotherapies is to use a medication
that has similar pharmacological effects to that of the abused drug,
while providing slower onset over abused drug to reduce abuse liability,
and prolong the duration of action to promote compliance [12]. Re-
search over the last decade has suggested that this substitute agonist-
based strategy may be useful in treating cocaine-use disorders [15,47].

For other highly abused insidious drugs such as heroin, substitute
agonist therapy as a maintenance strategy has been successful for ad-
diction treatment [20,36]. FDA-approved substitute-agonist therapies

for substance-use disorders include methadone, buprenorphine, var-
enicline, and transdermal and buccal formulations of nicotine. It was
the relative success of these medications for treatment of substance-use
that stimulated initial research on potential of agonist medications to
treat cocaine dependence [32]. Strengths of this approach include the
clinical success of these agents, better compliance, reduced withdrawal
and craving, and excellent efficacy profiles in preclinical models.
Weaknesses include the risk of toxic drug interactions during relapse
and diversion for abuse. These weaknesses of conventional dosage
forms can be mitigated through transdermal formulation of the sub-
stitute agonist. Transdermal formulation provides slow and sustained
drug delivery. Slow drug onset can reduce abuse potential and long
duration of action can reduce the frequency of required treatment
leading to better compliance and reduce problematic neuroadaptations
to the severe oscillations in drug levels that often occur with drug
abuse. Further, transdermal formulation can be an abuse deterrent as it
is harder and more time consuming to extract the effects of the drug
over a pill or tablet [42].

Cocaine is a nonselective reuptake inhibitor of three monoamine
transporters: dopamine, serotonin and norepinephrine [24] and [43].
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The behavioral effects of cocaine associated with its abuse liability have
been attributed primarily to its actions at the dopamine transporter
(DAT) [44] which has been confirmed in rodent, nonhuman primate,
and human studies. Positive correlations between the in vitro potency of
cocaine analogs at DAT binding and their in vivo potency in producing
locomotor-stimulant effects in rodents [7] and [21] as well as cocaine-
like behavioral effects in squirrel monkeys [4,24,54] has been estab-
lished.

4-benzylpiperidine is a phenethylamine substrate-based dopamine/
norepinephrine (DA/NE) releaser. Although there are many targets for
cocaine-use disorder that have been identified, substitute agonists that
function as substrate-based DA/NE releasers have demonstrated pro-
mising efficacy in preclinical models and double-blind placebo con-
trolled clinical trials ([32]; [12]. Researchers have previously demon-
strated the efficacy of DA/NE selective substrate-based releasers
[2,3,34,35] to decrease cocaine vs. food choice in nonhuman primates.
This is a highly reproducible finding across DA/NE selective releasers,
with phenmetrazine, phendimetrazine, and 4-benzylpiperidine all
shown to be effective in cocaine vs. food choice during 7-day con-
tinuous treatment experiments [33]. 4-benzylpiperidine has shown to
be effective in preclinical models as a substitute agonist for cocaine-use
disorder but has a rapid onset of action, producing its peak effects
within 10min of administration, and a short duration of action of
10–30min. The value of an agonist medication lies in its ability to
target pharmacological receptors to produce effects for a long duration
of time with slower onset; thereby reducing cravings for cocaine con-
sumption while ensuring lower toxicity than produced by cocaine use.
Transdermal drug delivery sustains the duration of action of 4-benzyl-
piperidine and promotes the agonist properties just mentioned. The
small molecular weight (175), moderate lipophilicity (log P 2.924) and
low melting point (6–7 °C) of 4-benzylpiperidine make it an excellent
candidate for transdermal drug delivery [40]. Considering its dis-
tinguished preclinical efficacy in human-relevant animal models and
the therapeutic benefits of transdermal delivery of substitute agonists
for cocaine-use disorder, in the present study our aim was to investigate
the in vitro transdermal delivery of 4-benzylpiperidine over derma-
tomed human skin. The study was further extended to include the
formulation, rheological evaluation and transdermal delivery of a hy-
droxyl propyl cellulose based gel of 4-benzylpiperidine. This is the first
of its kind study that reports the transdermal delivery of 4-benzylpi-
peridine over dermatomed human skin.

2. Materials and methods

2.1. Materials

4-Benzylpiperidine (99% purity) was obtained from Sigma Aldrich
(St. Louis, MO, USA). Acetonitrile and Phosphate Buffered Saline (PBS)
were purchased from Fisher Scientific (NJ, USA). Hydroxy propyl cel-
lulose (HPC) (Klucel HF Pharm HPC) was procured from Ashland
(Covington, KY, USA). EpiDerm™ skin irritation kit (OECD TG 439) was
purchased from Mattek Corporation (Ashland, MA, U.S.A). De-ionized
water was used to prepare all solutions required in this study and for
HPLC analysis.

2.2. Methods

2.2.1. Permeability coefficient determination
Theoretical permeability coefficient was calculated using the Guy

Potts Eq. (1);

= − + ∗ − ∗Log Kp 2.7 1.7 log P 0.0061 MW (1)

Where Kp is the permeability coefficient, P is the octanol-water parti-
tion coefficient and MW is the molecular weight [39]. Theoretical
maximum drug flux (Jmax) across the skin was calculated from
Kp× saturation solubility (intrinsic solubility) of drug in water [31].

The experimental permeability coefficient was calculated by using
Eq. (2);

=Kp J/C X A (2)

Where J is the flux at steady state (mg/h), Kp is the permeability
coefficient (cm/h), C is the concentration in the donor (μg/cm3), and A
is the diffusion area (cm2) of the drug, which in our study was constant
(0.64 cm2). The steady state flux (J) was determined from the slope of
the linear portion of the average cumulative amount versus time plot.
The time required to reach steady state (lag time) was determined by
extrapolating the linear portion of permeation vs. the time curve to the
time axis [9,13].

2.2.2. Formulation of 4-benzylpiperidine gels
4-benzylpiperidine gels were formulated using three different con-

centrations (1.5%, 2%, 4%) of gelling agent (hydroxyl propyl cellulose).
4-benzylpiperidine was initially dissolved in propylene glycol (PG) and
then dissolved in water. Hydroxyl propyl cellulose powder was slowly
added to the vortex of agitated water containing drug in PG at room
temperature (< 35 °C). Addition of hydroxyl propyl cellulose powder
was slow enough to not form lumps but was completed before any
appreciable viscosity buildup was achieved in the solution. The rate of
agitation was then reduced, but continued until a gel consistency was
formed [18]. All gels contained 2 g of drug in 20 g of gel. The compo-
sition of the three gels is presented in Table 1.

2.2.3. Rheological assessment
The gels were subjected to rheological analysis using a rheometer

(Rheoplus/32 V3.62, Anton Paar Germany GmbH, Germany) to assess
the flow properties and structural stability to determine the gel com-
position with the optimal properties. This was achieved by performing
rotational and oscillatory tests of the gels at 32 °C using a parallel-plate
spindle (PP 25/S) with the diameter of 24.99mm and a gap of 100 μm
maintained between the plates. For all the tests, enough gel to cover the
lower plate was applied, and when the parallel plate spindle touches the
gel with zero gap the excess gel is wiped off. Between each gel assess-
ment, the plate was cleaned with 75% ethanol and wiped dry [41,52].

2.2.3.1. Flow curves. All the gels were subjected to shear at an
increasing rate of 0–100 s−1 and the viscosity versus the resulting
shear rate rheograms were plotted. The data obtained was then fit in to
the Herschel–Bulkley model: τ = τy + Kγn by the rheoplus software in
built in the rheometer. In the Herschel–Bulkley model, τ represents
shear stress (Pa), τy the yield stress (Pa), K the flow consistency index
(Pa.sn), γ the shear rate (0–100 s−1) and n the flow behavior index
[41]. The values of shear stress, yield stress, flow consistency index and
flow behavior index were recorded for all the gels.

2.2.3.2. Amplitude sweep. The gels were subjected to an increasing
strain of 1–100% at a constant angular frequency (10 rad/s). The
resulting storage modulus (G′) and loss modulus (G″) rheograms
versus the increasing strain (1–100%) were plotted on logarithmic
scale. The linear viscoelastic region (LVR) of the gels was recorded and
used to choose the strain value to be applied for the subsequent
frequency sweep and thixotropy oscillation tests.

Table 1
Compositions of 4-benzylpiperidine gels with varying amounts of hydroxyl
propyl cellulose (HPC).

Ingredients 1.5% HPC gel (g) 2% HPC gel (g) 4% HPC gel (g)

HPC 0.3 0.4 0.8
Water 5 5 5
Drug 2 2 2
PG 12.7 12.6 12.2
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2.2.3.3. Frequency sweep. The LVR obtained from the amplitude sweep
test was used to set the constant strain (1% for the 1% gel and 5% for
the 2% and 4% gels) for the gels in the frequency sweep test. Gels were
exposed to an increasing angular frequency of 0.1–100 rad/s at the
predetermined constant strain. Similar to the amplitude test curve, a
logarithmic rheogram of G′ and G″ were plotted against the increasing
frequency.

2.2.3.4. Thixotropy oscillation. Similar to frequency test, the LVR
obtained from the amplitude sweep test was used to set the constant
strain (1% for the 1% gel and 5% for the 2% and 4% gels) for the gels in
the oscillatory thixotropic test. Periodic changes in shear rate of 10 s−1

for 100 s followed by 3000 s−1 for 15 s followed by at 10 s−1 for 100 s
was applied on all the gels and the resulting structural recovery ratio
was recorded. The test evaluates the effect of high shear on the
structural breakdown and ability to rebuild upon structural
breakdown behavior of the gels.

2.2.4. Skin preparation
Dermatomed human skin obtained from New York Firefighters skin

bank (New York, USA) was stored at −80 °C. Prior to in vitro permea-
tion studies; dermatomed human skin was thawed in 10mM PBS so-
lution and cut into appropriately sized pieces. Skin used for all the
experiments in our study was from the same donor with thickness of
683.47 ± 80.31 μm.

2.2.5. Skin electrical resistance and thickness measurement
Skin integrity of all dermatomed human skin samples used was

measured prior in vitro permeation. Skin samples were clamped be-
tween a receptor compartment containing 5mL 10mM PBS and donor
compartment containing 500 μL of 10mM PBS of the vertical Franz
diffusion cell setup and allowed a 15min equilibration time.
Equilibration was followed by assessing skin impedance by dipping the
silver chloride electrode in the donor compartment and the silver
electrode in the receptor compartment and applying a 100mV voltage
at 20MHz and a load resistor (RL) was connected in series with skin
(VS). The resulting voltage was measured by a 33220A function/arbi-
trary waveform generator (V0) and read by a 34410A 61/2 digital
multimeter (Agilent Technologies, Newark Element 14, Palatine, IL,
USA). Skin resistance (RS) was calculated using Eq. (3);

= −RS V R /(V V )S L O S (3)

Where, RL and VO were set at 100 kΩ and 100mV, respectively [10].
Skin samples that had a resistance of 2 kΩ/cm2 or less were dis-

carded and replaced with new skin sample. Dermatomed human skin
(New York Fire Fighters, NY, USA) was tested for thickness using ma-
terial thickness gauge (0-1in/0–25mm, Electromatic Equipment Co.,
Inc. Cedarhurst, NY, USA).

2.2.6. In vitro permeation study
The transdermal permeation of 4-benzylpiperidine through human

dermatomed skin was studied using in vitro vertical static Franz diffu-
sion cells (PermeGear, Hellertown, PA, USA). Each Franz cell (n≥ 3)
comprised of a donor compartment into which the drug solution or gel
was added, a receiver compartment with 5mL of 10mM PBS (pH 7.4)
and human dermatomed skin of an effective surface area of 0.64 cm2

was clamped between the two compartments. The superficial layer of
the skin is exposed to the donor compartment while the dermal side of
the skin faces the receptor compartment. The donor compartments were
exposed to room temperature while the receiver compartments were
maintained at 37 ± 1 °C and continuously stirred to maintain sink
conditions. For testing the effect of concentration on permeation, a
donor concentration of 100 μL of 1000 μg/ml, 10000 μg/ml, 20000 μg/
ml, and 50000 μg/ml of 4-benzylpiperidine in PG were added in to
donor compartment and samples were drawn at regular intervals from
the receiver compartment over 24 h. In vitro permeation of 4-

benzylpiperidine from gel formulation was performed similarly by
adding 100mg (100000 μg)of the gel containing 10mg (10000 μg) of
drug into the donor compartment and samples were withdrawn at
regular intervals over 24 h. Amount of drug release from PG solution
and gel formulation and permeated through the skin into the receiver
compartment of the Franz cells was detected by Reverse Phase-High
Performance Liquid Chromatography (RP-HPLC).

2.2.7. Skin irritation studies
Skin irritation test was performed with in vitro EpiDerm 3D human

tissue model to predict the irritation potential of topically applied 4-
benzylpiperidine in PG solution and the 4-benzylpiperidine in-
corporated gel formulation. The test was performed over three con-
secutive days with day one being the same day as the test kit was re-
ceived. On day 1, the EpiDerm tissues in the kit were conditioned by
incubation to release transport-stress related compounds and debris
overnight. Post pre-incubation, tissues were topically exposed to 4-
benzylpiperidine in PG solution for 60min. Three tissue replicates were
used per test chemical and for the positive control and negative control.
The tissues were then thoroughly rinsed, blotted to remove the test
chemical, transferred to fresh medium and incubated for 18 h.
Incubation was followed by the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) assay. The assay was performed by
transferring the tissues to 96-well plate containing MTT medium with a
3-h incubation time. Post incubation, the blue formazan salt formed by
cellular mitochondria is extracted with isopropanol and the optical
density of the extracted formazan was determined using a spectro-
photometer at 570 nm. Similar protocol was followed to test the skin
irritation potential of 4-benzylpiperidine incorporated gel formulation.
Relative cell viability was calculated for each tissue as % of the mean of
the negative control. The skin irritation potential of 4-benzylpiperidine
in PG solution and 4-benzylpiperidine gel was predicted based on if the
remaining relative cell viability was below 50% [26]; [28].

2.2.8. Quantitative analysis and method validation
Quantitative analysis of 4-benzylpiperidine was carried out on

HPLC Waters 2695 Separation Module attached to a Waters 2996
photodiode array detector. A prodigy 5 u ODS (2) 150×4.60mm 5-μm
column was used at 25 °C. Samples (20 μL) was injected into the column
at flow rate of 1.0 mL/min using mobile phase of acetonitrile and
deionized water (0.05% v/v TFA) in gradient mode. Percentage of
acetonitrile increased from 10% to 80% from 0 to 8min, remained at
80% till 13min, then decreased to 10% at 13.01min and maintained at
10% until 15min. Drug detection wavelength was 259 nm while the
retention time was 5.5 min. The HPLC method was sensitive, accurate
and reliable (Linear range of 0.5–350 μg/mL, R2=0.999).

2.2.9. Data analysis
Data analysis was performed using Microsoft Excel 2016. Student's

t-test was used for statistical analysis and p value of less than 0.05 was
considered for significant difference between the test groups.

3. Results and discussion

3.1. Permeability coefficient

Permeability coefficient (Kp) is a measure of the transport of a
molecule from a vehicle across skin. Theoretical permeability coeffi-
cient is a parameter describing the intrinsic, concentration-in-
dependent, ability of a molecule to cross the stratum corneum barrier.
Permeability coefficient values of drug are increasingly important when
its dermal delivery has not been previously investigated. To the best of
our knowledge, percutaneous absorption studies or predictions for 4-
benzylpiperidine has not been reported and this study is the first of its
kind to report the same. Most mathematical models used to estimate
drugs permeability coefficients recognize the importance of the drug
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partitioning across skin lipids and the molecular size. The widely used
Guy Potts equation accounts for the physiochemical properties of the
drug such as log P and molecular weight. Since log P and molecular
weight of a drug are constant, the calculated Kp of the drug will also
remain constant unlike experimental Kp that varies with formulation
and concentration of the drug [22]. The theoretical permeability coef-
ficient of 4-benzylpiperidine calculated by Guy Potts equation using log
P and molecular weight values from literature (Table 2.) was 20.3×10
-3 cm/h. In this study, we used spartan and chemicalize software to
calculate log P, molecular weight. Spartan and chemcalize is a mole-
cular modelling and computational chemistry software. The molecular
weight of the drug generated by spartan and chemicalize was same as
the literature value but the log P values differed by 0.4. Using the same
Guy Potts equation but replacing literature values with the values ob-
tained by Spartan (Table 2.), the Kp was calculated as 10.1×10 -3 cm/
h. These calculated theoretical Kp values differ since the log P values
differ. Both the calculated theoretical Kp values are high and hence
predict high percutaneous absorption of the drug. This is not particu-
larly remarkable since the drug is moderately lipophilic with a smaller
molecular weight aids and these characteristics are considered ideal for
transdermal delivery. In percutaneous absorption studies the efficiency
of drug penetration of the drug is described by the permeability coef-
ficient Kp. The theoretical Kp value based on the physiochemical
properties of the drug gives an insight into its ability to passively
permeate stratum corneum and epidermis. The ability to predict per-
cutaneous penetration of a drug based on these physicochemical char-
acteristics would potentially enhance dermal drug development by
decreasing the need for excessive in vitro and in vivo animal and human
skin penetration studies [51].

While Guy Potts equation helps predict the percutaneous absorption
of a drug, from a therapeutic and toxicological perspective, the max-
imum flux of the drug (Jmax) is also of significance. It correlates di-
rectly with the maximum dose deliverable over a given period. The
maximum flux at which a chemical can cross a unit area of skin, is
theoretically achieved when it is maintained as a saturated solution on
the surface. The combination of the drug's skin permeability coefficient
and aqueous solubility of nonionic compounds will afford a straight-
forward method for assessing the percutaneous absorption potential of
new compounds in terms of the maximum flux. Hence, Jmax employs
the use of physiochemical properties of the drug and the intrinsic so-
lubility of drug in water to predict the drug's percutaneous absorption.
The predicted Jmax of 4-benzylpiperidine across the skin was calcu-
lated as 32.637 μg/cm2/h. Water solubility (3.12 mg/mL) and Kp
(10.4×10−3 cm/h) values were calculated using chemicalize
(MarvinSketch: version 6.2.2, ChemAxon, Hungary, Europe). When
skin permeation measurements are not available, this model can readily
provide initial estimates of maximum transdermal flux and thereby
predict the potential success of a drug for transdermal delivery.
Concurring with the calculated theoretical permeability coefficient of
the drug, the calculated maximum flux of the drug also indicates high
percutaneous absorption, validating the drug to be an excellent trans-
dermal candidate [31,39].

Early quantitative structure-activity relationship studies to predict
skin permeation of chemicals demonstrate a linear correlation between
hydrophobicity and permeability [45,49]. Patel and colleagues de-
monstrated the effects of hydrophobicity, molecular size and the hy-
drogen bonding capability of a molecule affect its ability to permeate
skin [38]. In addition, Lipinski's Rule of Five proposed by Chris Lipinski

to predict the permeability of molecule across skin also supports the
influence of hydrophobicity and molecular size on permeability [23].
Melting point of the permeant also plays an important role in de-
termining its percutaneous absorption. As log P increases, the aqueous
solubility decreases, and the lower the melting point, the higher the
solubility. It is observed that compounds which diffuse through the skin
most readily, are those having log P around 2 and a low melting point
[11]. 4-benzylpiperidine is a liquid at room temperature with a low
melting point of 6–7 °C (obtained from chemicalize). Compounds such
as nicotine and nitroglycerine like 4-benzylpiperidine are liquids at
room temperature, small molecular weight and lipophilic and have
demonstrated to be successful transdermal candidates with commer-
cially viability. As previously discussed, Guy and Potts's model and
maximum flux models affirm the influence of hydrophilicity of the drug
on its in vitro percutaneous absorption across excised human skin. All
these theories and models authenticate that the permeants that are best
absorbed through the skin are therefore small and moderately lipo-
philic. In our current investigation, 4-benzylpiperidine satisfies all the
ideal criterions of ideal transdermal candidate and hence predicted to
have high percutaneous absorption.

While theoretically calculated predictions are important and can
provide an initial screening basis for compounds, they cannot replace
experimental values [29]. Contrary to theoretical permeability
coefficients, experimental Kp's for a drug from different formulations
vary since it is dependent on the formulation and concentration of
the drug. An apparent limitation of theoretical maximum flux is that
the calculation is based on an aqueous formulation. The permeability
coefficient will, of course, change with the nature of the formulation
placed on the skin, as will the drug's solubility. From a theoretical
standpoint, a saturated solution in any solvent should result in the
same steady-state flux across the skin, because the chemical potential
of the drug in any saturated solution is maximal. However, in prac-
tice, such equivalence is not always observed, because many solvents
are themselves able to change the barrier properties of the skin and
lead to flux rates that do not conform to simple thermodynamic ar-
guments [17]. Therefore, it is important to calculate the experi-
mental permeability coefficient of the drug formulations. The
average Kp of the drug from 1000 μg/ml, 10000 μg/ml, 20000 μg/ml
and 50000 μg/ml drug in PG solution was experimentally calculated
as 3.0× 10−3 ± 0.9× 10−3 cm/h, 2.0× 10−3 ± 0.4× 10−3 cm/h,
2.0× 10−3 ± 0.4× 10−3 and 2.7× 10−3 ± 0.5× 10−3 cm/h re-
spectively. Drug from gel showed an experimental permeability
coefficient of 0.48× 10−3 ± 0.09× 10−3 cm/h. The experimental
values used to calculate the permeability coefficients are presented
in Table 3. The experimentally determined permeability coefficients
of the drug from PG solution were in a close range and the slight
variance is due the difference in donor concentrations. Experimental
Kp considers the concentration, vehicle and formulation aspects
making it more realistic. In our study, the theoretically calculated Kp
value of the drug was higher than the experimentally determined Kp
(s). Experimental Kp of the drug from gel formulation is lower than
that of the drug from PG solution and theoretical Kp. This observa-
tion is in line as gels provide a slower onset of action and sustained
release of the drug over solutions due to the cross linking of polymers
in gels.

3.2. Rheological evaluation results

The development of topical and transdermal pharmaceutical dosage
forms involves several desirable qualities that influence patient ac-
ceptability and clinical efficacy of the product. These include optimal
mechanical properties like ease of removal of product from the con-
tainer, ease of spreading on the skin, good bioadhesion to ensure re-
tention at the site of application, acceptable viscosity, drug release and
drug absorption. Moreover, products designed for topical or trans-
dermal use will be subjected to shearing forces (rubbing over skin and

Table 2
Log P and molecular weight values from literature, spartan and chemicalize.

Parameter Calculated spartan and chemicalize value Literature value

Log P 2.5 2.9
Molecular weight 175 175
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flexing processes of skin) that are oscillatory in nature. Therefore, it is
imperative to examine the effects of such oscillatory forces on the
product rheology, and hence, ultimately on the clinical performance of
the formulation [64].

The present investigation characterizes the mechanical, rheological
and adhesive properties of gels prepared from HPC by rheological
evaluation. Rotational and oscillatory rheometric evaluations are used
to quantify the mechanical and textural properties of the gels, and the
effect of oscillatory stresses similar to those experienced under phy-
siological conditions, on their structural properties. The choice of gel-
ling agent used in the present study for the formulation of gels was HPC.
Gels formulated with HPC as the gelling agent; do not require neu-
tralization with a base like in case of carbopol gels and can be for-
mulated without application of heat [52].

3.2.1. Flow curves
As shown in Fig. 1A, the increase in concentration of gelling agent

(HPC) from 1.5% to 2% and 4% resulted in an increase in viscosity of
the gel. Furthermore, viscosity of each gel decreased with an increase in

the shear rate applied. This test is essential to demonstrate the
spreadability of a gel upon application. Ideally the gel should have
adequate viscosity such that it can be smoothly applied and spread over
skin without sliding off the skin under minor gravitational force.
Therefore, it is imperative to choose the appropriate concentration of
gelling agent.

3.2.2. Amplitude sweep
Amplitude sweep provided information about the storage modulus

(G′) and loss modulus (G″) of gels under a range of strains applied. G′
was greater than G″ for all the gels indicating the gels have more of a
solid-like nature (Fig. 1B). Gels are semi-solid preparation hence these
results are supportive for gel formulation. Additionally, the gap be-
tween G′ and G″ curve increased with the increase in concentration of
gelling agent demonstrating the role of HPC content in determining the
solidity of the gel formulation. Furthermore, as shown in Fig. 1B, there
were cross section of G′ and G″ with this the study range of strain. The
cross section indicated the point that the gel structure broke down from
solid to liquid. The breaking point of gel structure was delayed from

Table 3
In vitro flux of 4-benzylpiperidine through cadaver human skin.

Formulation Concentration in donor (μg/
cm3)

Area
(cm2)

Steady state flux, J (μg/sq.cm/
h)

Average flux ± SD (μg/cm2/
h)

Average lag time ± SD
(hours)

1mg/mL (1000 μg/ml) (Drug in PG
solution)

100 0.64 2.3, 1.65, 2.52, 1.21 (n=4) 1.92 ± 0.6 1.44 ± 0.26

10mg/mL (10000 μg/ml) (Drug in
PG solution)

1000 0.64 14.71, 11.66, 9.45, 15.02
(n= 4)

12.71 ± 2.65 2.10 ± 2.17

20mg/mL (20000 μg/ml) (Drug in
PG solution)

2000 0.64 30.03, 24.76, 28.43, 19.15
(n= 4)

25.60 ± 4.83 3.55 ± 0.73

50mg/mL (50000 μg/ml) (Drug in
PG solution)

5000 0.64 90.35, 80.80, 65.24, 106.97
(n= 4)

85.84 ± 17.48 2.26 ± 2.07

2 g (20000 μg) in 20 g (ug) (Drug in
gel)

8300 0.64 62.27, 69.64, 39.65, 61.69,
71.51, 71.60 (n= 6)

62.73 ± 12.14 2.94 ± 0.56

Fig. 1. Comparative rheograms of varying concetrations of HPC (gelling agent) based 4-benzylpiperidine gels corresponding to the following rheological tests: (A)
Flow curves (B) Amplitude sweep (C) Frequency sweep (D) Thixotropy oscillation.
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1.5% to 2% and 4% gel to notify that the higher gel concentration, the
more stable the gel structure.

3.2.3. Frequency sweep
A cross over point (indicates the frequency at which the gel breaks)

between storage modulus and loss modulus at lower frequency of
0.6 rad/s was observed for 4% gel formulation in comparison to 2% and
1.5% gel formulation which showed a cross over point at 4 rad/s, in-
dicating 4% gel formulation is less stable. The storage modulus and loss
modulus for 2% gel formulation were higher than that of 1.5% gel
formulation indicating better structural stability of 2% gel formulation
as shown in Fig. 1C.

3.2.4. Thixotropy test
The gel formulations were subjected to variable shear rates for

different time intervals and the change in viscosity with respect to time
was recorded and represented as shown in the graph below. The highest
structure recovery ratio of 107.01% for 2% gel formulation was ob-
served in comaprison to 4% gel formulation that had a recovery ratio of
79.092% and 98.807% for 1.5% gel formulation. Therefore, 2% gel
formulation had better ability to rebuild its structure in comparison to
4% and 1.5% gel formulations (Fig. 1D).

3.3. HPLC method validation

The HPLC method was specific for 4-benzylpiperidine whose peak
was unaffected by the background noise as well as other interferences
on the chromatogram. The linearity of the method was studied to in-
vestigate the relationship between the drug concentration and the peak
area. The linearity study was conducted with a total of 15 calibration
standards: 0.1, 0.25, 0.5, 1, 2.5, 5, 10, 25, 50, 100, 150, 200, 250, 300,
350 μg/mL. The drug concentration (x) could be reliably predicted from
the peak area (y) by the following linear regression equation Eq. (4).

= + =xy 1485.6 2019.9 (R2 0.999) (4)

The method provided a good correlation between peak area and
drug concentration in the linear range of 0.1–350 μg/mL. The limit of
detection of the assay method was 0.30 μg/mL while the limit of
quantification was 0.90 μg/mL. The intra-day mean accuracy was
104.48% for 2.5 μg/mL, 101.43% for 25 μg/mL, and 100.18% for
250 μg/mL (n= 6) while the intra-day precision was 4.66% for 2.5 μg/
mL, 0.64% for 25 μg/mL, and 0.16% for 250 μg/mL (n=6). We also
studied the inter-day accuracy and precision of 4-benzylpiperidine
analysis and reported a similar trend―the higher the drug concentra-
tion, the lower the variability. The inter-day accuracy was reported:
102.03% for 2.5 μg/mL, 101.31% for 25 μg/mL, and 100.19% for
250 μg/mL (n= 12). Meanwhile, the inter-day precision was 5.02% for
2.5 μg/mL, 0.87% for 25 μg/mL, and 0.17% for 250 μg/mL (n=12).
This HPLC method was validated to be specific, accurate, and reliable
tool to measure the drug concentration in the collected samples.

3.4. In vitro permeation study

Transdermal permeation of 4-benzylpiperidine from PG solution
(1mg/mL, 10mg/mL, 20mg/mL and 50mg/mL) over 24 h through
human dermatomed skin was high (49.45 ± 11.60, 258.47 ± 48.50,
600.26 ± 74.18, 1945.20 ± 405.59 μg/cm2) amounting to 16%–31%
delivery as shown in Fig. 2A.

The excellent passive transdermal permeation of 4-benzylpiperidine
observed can be attributed to its ideal properties that aid in penetration
of the stratum corneum. The low molecular mass, optimal oil in water
partition coefficient, low melting point and high solubility of the drug
in the solvent (PG), all contribute to its transdermal permeation. The
calculated theoretical permeability coefficient and theoretical flux also
predicted high percutaneous absorption. This was further validated by
the experimentally determined permeability coefficients and steady

state flux values.
The average flux of the drug increased linearly with increase in

concentration as shown in Fig. 3A and the values are presented in
Table 2. Flux is the amount of drug that permeates per square cen-
timeter of skin (in vitro dermatomed human skin) per hour. The theo-
retical maximum flux calculated is calculated based on the drug's
aqueous solubility and since the drug has low aqueous solubility in
comparison to its solubility in PG, the predicted Jmax is lower than the
experimental flux with the maximum tested concentration. Based on
our results, the flux of the drug can be altered by changing the con-
centration of drug. Therefore, we can calculate the dose required to
treat cocaine dependence based on the flux required. Since there are no
approved treatments for cocaine-use disorders on the market and no
human trials on the use of 4-benzylpiperidine for treatment, the dose
required cannot be accurately estimated at this stage. Since 4-benzyl-
piperidine demonstrates good transdermal permeation and the flux is
linear, the required dose is attainable.

Thixotropic test demonstrated the 2% HPC based gel to have the
highest structure recovery ratio of 107.01% compared to 4% HPC based
gel formulation and 1.5% HPC based gel formulation that showed a
recovery ratio of 79.1% and 98.8% respectively. Hence the 2% HPC
based gel was found to have better structural stability and was used for
the in vitro permeation studies. Franz diffusion cells (n= 6) were used
to study the in vitro transdermal permeation of 4-benzylpiperidine from
a HPC based gel formulation and the permeation profile is as shown in
Fig. 2B. The average cumulative amount of drug delivered across
human dermatomed skin after 24 h was 1824.90 ± 425.12 μg/cm2,
and this corresponded to 18% delivery.

The average flux of the drug from the gel over time showed rapid
delivery within the first 2 h from 0.00 ± 0.00 (0 h) to 203.92 ± 62.46
(1 h) and 270.48 ± 55.53 μg/sq.cm/h (2 h) before a sudden decrease
at 4 h (110.13 ± 22.53 μg/sq. cm/h) and provided sustained release
until the end of the study (24 h). The value of the substitute agonist lies
in its ability to prolong its effects on the pharmacological receptors so
the need for the drug of dependence is reduced and since 4-benzylpi-
peridine in its preclinical models has shown to have a short duration of
action, our goal in the present study was to increase the value of agonist
treatment by prolonging the duration of action. Gels have the rheolo-
gical properties that will give the drug a long residence time at the site
of application and release the drug from the gels polymer matrix at a
controlled and sustained mode [56]. As demonstrated by the permea-
tion profile in Fig. 2B and flux profile in Fig. 3B, 4-benzylpiperidine in
gel formulation provides the much needed sustained release over 24 h.

In our study, we incorporated 4-benzylpiperidine into a HPC based
gel formulation. Gels are popular in dermatology because they are
transparent, easily water washable, greaseless, thixotropic, easily
spreadable, suitable for the incorporation of lipophilic compounds or
insoluble solids, and present good rheological properties to increase
residence time of gel on skin. Among the gelling agents extensively used
in the pharmaceutical industry are cellulose derivatives such as me-
thylcellulose (MC), carboxymethylcellulose (CMC), hydro-
xylpropylcellulose (HPC) and hydroxypropylmethylcellulose (HPMC).
The large availability, nontoxicity, and the low cost of cellulose deri-
vatives make them the first choice for the preparation of pharmaceu-
tical gels. Among these HPC is a water soluble cellulose derivative with
remarkable combination of properties: solubility in cold or hot polar
organic solvents forming a smooth, clear, colloidal solution; surface
activity; aqueous thickening and stabilizing properties [56].

3.5. Skin irritation study

For 4-benzylpiperidine in PG solution (1000 μg/mL), the relative
cell viability for each tissue as % mean of the negative control was
found to be 3.8 ± 0.50% as shown in Fig. 4A. According to the Epi-
Derm model test for skin irritation, if the remaining relative cell via-
bility is below 50% then the tested compound (4-benzylpiperidine in
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PG solution) is said to cause potential skin irritation. 4-benzylpiperidine
gel (final 2% gel) formulation demonstrated a relative cell viability of
11.7 ± 7.91% as shown in Fig. 4B. Hence the gel formulation of 4-
benzylpiperidine is also considered to cause potential irritation to skin.
In terms of relative cell viability, the gel formulation was found to be
less irritant over the drug in PG solution. Although both the formula-
tions tested were deemed as potential irritants, the results show that
decreasing drug concentration and flux can reduce skin irritation.

The EpiDermTM SIT in vitro model used in the current study was
developed and designed to predict skin irritation potential of test
compounds in the context of identification and classification of skin
irritation hazard according to the European Union classification system.
The test consists of a reconstructed human epidermis (RhE) and is based
on the topical exposure of the test chemical to RhE followed by mea-
surement of cell viability. Cell viability is quantitatively measured by
the spectroscopic detection of blue formazan salt. The blue salt is
formed by the dehydrogenase conversion of MTT [(3–4,5-dimethyl
thiazole 2-yl) 2,5-diphenyltetrazoliumbromide], present in cell mi-
tochondria. The percentage reduction of cell viability of tissues exposed
to the test chemicals in comparison to negative controls (treated with
water) is used to predict the skin irritation potential [30].

In the present study, the active ingredient: 4-benzylpiperidine may
be the main contributor to cause potential skin irritation. The excipients
involved in the transdermal formulation including water, PG and HPC

all have well known skin tolerability [63]. The material safety data
sheets (MSDS) of 4-benzylpiperidine suggest it causes inflammation of
the skin on contact in some persons and can accentuate any pre-existing
dermatitis condition. Additionally, the MSDS indicate the skin irritation
can be due to the pyridine or pyridine derivative aspects of the drug
structure [40]. Previous studies have shown dissociation constant (pKa)
of the drug can affect the physiological pH of the skin and lead to cu-
taneous irritation. Dissociation constants less than 4 or greater than 8
are known to be potentially irritant due to the changes caused in pH of
skin [1,5,6,25,50]. 4-benzylpiperidine has a pka of 10.35 (calculated by
chemicalize) and this can explain the changes caused on the skin that
lead to potential irritation. Nicotine has a pka of 8.5, nitroglycerine has
a pka of −5.6 and selegiline has a pka of 8.67 [40]. According to the
above discussion and their pka values, these drugs can cause potential
skin irritation and have reported to cause minor irritation, yet these
drugs are widely accepted on the market for transdermal delivery
without major reports of skin irritation [19,27,37,55].

Incorporating the potentially irritant drug into a gel formulation can
reduce the exposure of concentrated drug on directly on the skin
thereby minimizing irritation as seen in this study. The gel formulation
protects the skin against the direct contact of 4-benzylpiperidine,
making the formulation more practical and tolerable. Furthermore, it
has been reported that hydrogels reduce skin irritation by absorbing
moisture from the skin's surface [16]. Based on the results

Fig. 2. Graphical representation of the in vitro permeation profile of 4-benzylpiperidine across dermatomed human cadaver skin: (A) In vitro permeation of varying
concentrations of 4-benzylpiperidine from propylene solution (1mg/mL, 10mg/mL, 20mg/mL and 50mg/mL) (B) In vitro permeation of 4-benzylpiperidine from
2% HPC based gel.
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demonstrated by Wester et al., [8] and Schäfer-Korting et al., it can be
concluded that controlled-release systems like gels can reduce the po-
tential irritation induced by topically applied drugs [8,48,62]. Hence
based on our results though 4-benzylpiperidine was found to be a po-
tential skin irritant with the Epiderm model, further testing is required
to deem 4-benzylpiperidine determine the acceptability over skin.

4. Conclusion

Although cocaine dependence is a critical public health problem
with decades of research to find a suitable pharmacological interven-
tion, there are still no FDA-approved pharmacotherapies. Research has
suggested and demonstrated the efficacy of substitute agonist-based
strategies to treat cocaine-use disorders. 4-benzylpiperidine is one such
substitute agonist that has shown promise in the preclinical human-
relevant animal models but its short duration of action reduces its ef-
fectiveness as a substitute agonist. Consequently, the goal of our re-
search was to prolong the duration of action of 4-benzylpiperidine by
investigating the in vitro transdermal delivery across dermatomed
human skin. The research included the formulation, rheological eva-
luation and transdermal delivery of a hydroxyl propyl cellulose based
gel of 4-benzylpiperidine.

Theoretical and experimental permeability coefficient calculations

and the theoretical and experimental flux predictions suggested high
percutaneous absorption of 4-benzylpiperidine. Transdermal permea-
tion of varying concentrations of 4-benzylpiperidine from PG solution
corresponded to 16 %–31% delivery. Thixotropic test demonstrated the
2% HPC based gel to have the best structural stability and was used for
all in vitro permeation studies. 18% of 4-benzylpiperidine was delivered
from the gel formulation across dermatomed human skin over 24 h. The
excellent passive transdermal permeation of 4-benzylpiperidine de-
monstrated in our study was in concordance with the predicted per-
cutaneous absorption and can be attributed to its ideal physiochemical
properties that aid in penetration of the stratum corneum. 4-benzylpi-
peridine in propylene glycol and gel formulation was found to be po-
tentially irritant to skin.

In conclusion, our preliminary results are promising and demon-
strate the proficiency of transdermal route for the passive delivery of 4-
benzylpiperidine. Further clinical studies and skin irritation studies are
required to investigate transdermal delivery of therapeutically relevant
doses of 4-benzylpiperidine to treat cocaine-use disorders and to sub-
stantiate the tolerability of these doses over skin.
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