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Introduction: The current work aimed to formulate a novel chitosan-based finasteride nano-
system (FNS-NS) for skin delivery to optimize the drug availability in skin for a longer time and
enhance ex vivo performance of finasteride against androgenic alopecia.

Methods: Both undecorated and chitosan decorated FNS-NSs were synthesized by a high
energy emulsification technique. All the prepared nanosystems were further subjected to
physicochemical characterizations like pH, viscosity, encapsulation efficiency, surface mor-
phology and in vitro drug release behavior. The influence of the nanosystem on the drug
permeation and retention in rat skin was examined using Franz diffusion cell apparatus.
Results: The droplet size of developed nanosystems ranged from 41 to 864 nm with a low
polydispersity index. The zeta potential of the nanosystems was between -10 mV and +56
mV. This chitosan decorated nanosystem exhibited controlled drug release, ie about 78-97%
in 24 h. Among all the nanosystems, our chitosan decorated formulation (F5) had low drug
permeation (16.35 pg/cm?®) and higher drug retention (10.81 pg/cm?).

Conclusion: The abovementioned results demonstrate satisfactory in vitro drug release, skin
retention profiles and ex vivo performance with chitosan decorated FNS-NS (F5). This
optimized formulation could increase drug availability in skin and could become a promising
carrier for topical delivery to treat androgenic alopecia.

Keywords: finasteride, nanosystem, solubility, chitosan, permeation, retention, androgenic
alopecia

Introduction

Androgenic alopecia is a very common skin disorder affecting generally the male
population. This dermatological disease is characterized by a continuous reduction
of hairs from the scalp region.' An endogenous hormone called testosterone
produced by the adrenal gland seems to play a significant role in androgenic
alopecia. In human beings, an enzyme 5o reductase enzyme is mainly responsible
for the conversion of testosterone into dihydrotestosterone. Generally, two types of
5a reductase enzymes are found in the human tissues, ie type I and IL> Type I is
present in the skin and outer sheath of the hair follicles, whereas the type Il enzyme
was mostly evident in the prostate and seminal vesicle. The type II enzyme has
been described as the major cause of androgenic alopecia and was apparent in
dermal papillae and the outer sheath of the hair follicle root.?

Finasteride (FNS) is a 5a reductase inhibitor and belongs to a 4-aza 3-oxosteroid
compound. It was initially introduced for the management of benign prostatic
hyperplasia (5 mg/day) and later approved and marketed for androgenic alopecia
with a daily dose of 1 mg.*® Recently, researchers have established the role of
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finasteride in melanogenesis by inhibiting melanocortin-1
receptor (MCIR) in melanoma cells and melanocytes.®
FNS is a highly lipophilic compound’ and an analog of
like
dihydrotestosterone.®* The FNS exerts its action by inhi-

androgen steroidal hormones testosterone and
biting type II 5a reductase enzyme.'® The adverse events
reported with oral intake of FNS are sexual disorders such
as impotency, ejaculation disorder, erectile dysfunction
and mental impairment.'' Alongside, some minor side
effects reported are gynecomastia, lowering of tempera-
ture, fatigue and weight gain.'>'> FNS belongs to the
Biopharmaceutical Classification System (BCS) class II
drugs and has high permeability and poor aqueous
solubility.'* Because of the high molecular weight of
FNS,'? it is poorly penetrated through the stratum corneum
(SC) of the skin, which constitutes a lipid barrier, and thus
these inherent aspects do not allow permeation of FNS.
The skin, serving as the largest organ, protects the body
from the entry of various hazardous materials'® and has
three distinctive layers; the epidermis, dermis and hypo-
dermis. The top layer of the skin is comprised of the
stratum corneum which acts as a main physical barrier
for drug penetration and permeation through the skin.'”
In the past, several FNS topical delivery systems were
reported including polymersome, vesicular nanocarriers
(ethosome and liposome), liquid crystalline nanoparticles,
0.25% solution, polymeric nanoparticles, matrix system
and liposomal gel, etc.'® >

There is a growing interest in nanoemulsion based
drug delivery systems for lipophilic bioactive compo-
nents such as antimicrobial agents, anti-inflammatory
agents, vitamins and anti-cancerous agents. The intro-
duction of bioactive components into the emulsion
enhances their physical and chemical durability, pro-
vides functional properties and increases systemic bioa-
vailability and transdermal permeability which influence
the characteristics of their end-use in medicinal products
or cosmetics.?> However, to the best of our knowledge,
FNS chitosan decorated nanoemulsions also known as
nanosystems (NSs) for improved performance through
skin delivery have not been yet investigated. The NS
was chosen as a drug carrier since this system has been
commonly used to enhance the delivery of hydrophobic
drugs to the skin.*®

NSs are biphasic systems having submicron droplets
(1-1000 nm) stabilized by emulgents forming a single
phase.?” Several research groups and pharmaceutical com-
panies have become progressively interested in the design

and development of novel nanosystem formulations with
unique features, ie high colloidal stability, delayed release
pattern of the molecule with appropriate droplet size and
structure, improved permeation, better biocompatibility,
efficient entrapment efficiency along with cost effective-
ness and scalability features.”®*° Almost 40% of the drugs
have lower aqueous solubility and their solubility can be
enhanced with the development of NSs.*°

These unique characteristics make NSs an attractive
carrier for applications in various fields such as pharma-
ceuticals, cosmetics and food as well as in drug delivery
applications.®! Moreover, chitosan based drug nanocar-
riers have been extensively studied for their biomedical
use in many targeted sites like skin, brain, liver and
tumor cells.>*® These findings will open the platform
to formulate novel chitosan based NSs for enhanced skin
delivery of FNS. In the current study, we hypothesized to
establish an NS for effective delivery of FNS across the
skin.

However, some stability issues like creaming, floccula-
tion, sedimentation and Ostwald ripening occur due to the
presence of inappropriate amounts of surfactants in the
nanosystems.>’ Biopolymers like proteins and polysac-
charides (chitosan and alginate, etc.) are used for coating
of nanosystems. Chitosan has previously shown tremen-
dous potential to improve stability and surface character-
istics and prevent aggregation of droplets by maintaining
both steric repulsion and electrostatic interactions.’®
Chitosan is a non-toxic, biodegradable and biocompatible
polymer that has mucoadhesive properties and thus could
be used in many formulations for surface decoration of
nanoemulsions.”>>>*" The chitosan based drug carrier
increases the propensity of drug diffusion through the
layers of the peripheral skin. The effectiveness of the
penetration and retention of skin drugs has been reported

to be assisted by the
12041

chitosan based particulate
materia
The aim of the current study was to investigate the local
retention of the drug at the targeted site of the skin and its
release profiles from different formulations. Moreover, the
influence of chitosan on the drug retention in the skin, in vitro
and ex vivo drug release behavior was also investigated.

Materials and Methods

Materials

Finasteride was gifted by Ferozsons Laboratories,

Nowshera, Pakistan. Chitosan (low molecular weight),
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oleic acid, Tween 80 and Span 80 were purchased from
Sigma-Aldrich, USA. Male Sprague Dawley rats were
purchased from Peshawar University, Pakistan. All other
chemicals used were of analytical grade.

Solubility of Finasteride

To determine the FNS solubility in different oils, an excess
amount of the drug was added into a separate capped glass
vial containing 2 mL of oil (ie oleic acid, olive oil and
eucalyptus oil). The mixtures were vortex for 5 min and
placed in an isothermal shaking water incubator (WNB14;
Memmert GmbH+Co. KG, Germany) at 37 °C for 72 h to
maintain equilibrium. All the samples were centrifuged
(SCILOGEX, D3024) at 10,000 rpm for 10 min. Finally,
the amount of FNS was determined by UV/visible spectro-
photometer (UV-1800 240 V; Shimadzu Corporation, Japan)
at a wavelength (Ay,,) of 210 nm using a previously con-
structed calibration curve in acetate buffer solution (pH 5.5).

Preparation of Finasteride NSs

FNS-NSs were prepared by a high energy emulsification
technique as described by Bakshi et al, with minor
modifications.*” The NSs formulations are shown in
Table 1. Briefly, blank NS was prepared by gently mixing
oleic acid and Span 80 for 10 min with continuous stirring at
30 °C. Acetone was added to the above mixture and was
stirred for an additional 30 min. In the second step, an
aqueous phase was prepared by mixing Tween 80 with dis-
tilled water and the mixture was left stirring at 30 °C for 30
min. In the final step, the oily phase was incorporated into the
aqueous phase dropwise with continuous stirring for 45 min.
The resultant mixture was subjected to a high pressure homo-
genizer at 10,000 psi for 2 min. Drug-loaded NSs were
prepared by employing a similar procedure except the drug
was first dissolved in oleic acid with continuous stirring for
10 min.

Chitosan Decorated NSs

FNS-NSs (F2 to F5) were decorated with different con-
centrations of chitosan (0.125 to 1% w/w) to enhance skin
retention of the drug with reduced permeation. Briefly, 1%
acetic acid was used to dissolve the polymer. The resulting
pH of the formulation dropped from 5.1 to 3.42 (acidic)
and later was adjusted with 0.2 M sodium hydroxide
solution to meet the skin physiological pH. This polymeric
solution was mixed with Tween 80 in water by stirring at
30 °C for 30 min. The oil phase was prepared using the
same method as described for drug-loaded NSs. The rest
of the process was the same as used for undecorated NSs.

Entrapment Efficiency

A method reported by Loureiro Contente et al ** was
adopted with few modifications to determine the entrap-
ment efficiency (E.E). Briefly, | mL of each formulation
was taken in Eppendorf tubes and centrifuged for 30 min
at 10,000 rpm. The supernatant layer of the separated
formulation was diluted with 3 mL of ethanol. The sedi-
ment portion was subsequently dissolved into 3 mL of
ethanol. The drug was quantified by measuring absorbance
at 210 nm (A,x) using the UV/visible spectrophotometer
and the results were calculated from a previously con-
structed FNS calibration curve in ethanol. All the experi-
ments were carried out in triplicate. The % E.E was
calculated by the following equation:

Total drug — free drug

%E.E = * 100

1
Total drug M

Thermodynamic Stability
Although nanoemulsions are reported to be thermodyna-
mically/thermokinetically stable, dispersion stability stu-

dies are required under various circumstances.

Thermodynamic stability studies were done using three

different methods as given below.***

Table | Microstructure and Composition of Various Developed Formulations of Finasteride Nanosystems

Formulation Microstructure Composition (% wiw)

Drug Oleic Acid Span 80 Acetone Tween 80 Chitosan Water
FO (blank) Oil in water - 0.77 0.154 0.05 0.154 - 98.872
Fl Oil in water 0.05 0.77 0.154 0.05 0.154 - 98.822
F2 Oil in water 0.05 0.77 0.154 0.05 0.154 0.125 98.697
F3 Oil in water 0.05 0.77 0.154 0.05 0.154 0.25 98.572
F4 Oil in water 0.05 0.77 0.154 0.05 0.154 0.5 98.322
F5 Oil in water 0.05 0.77 0.154 0.05 0.154 | 97.822
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Cooling Thaw Cycle

In this method, a specific quantity of each formulation was
kept in a capped vial which was then placed in a refrig-
erator at —21 °C for 24 h. The visual characteristics of each
formulation were checked in triplicate after returning to

their original liquid state at room temperature.***

Centrifugation Test

NSs after passing through cool and thaw steps were sub-
jected to centrifugation. All the samples were centrifuged
at 10,000 rpm for 10 min to check any turbidity or phase

change.***

Heating and Cooling Thaw Cycle

Furthermore, upon completion of the centrifugation test,
all centrifuged samples were exposed to the heating and
cooling thaw cycle. For the cooling cycle, all samples
were placed at 4 °C in the refrigerator and for the heating
thaw cycle (at 45 °C) in an incubator for a period of 48 h.

Lastly, the physical stability of the FNS-NSs was

examined.***3
We have only introduced thermodynamically stable

preparations for further characterization and evaluation.

Characterization of NSs

All NSs were characterized in terms of their particle size,
polydispersity index (PDI), zeta potential, pH, specific
viscosity and morphology.

Particle Size, PDI and Zeta Potential

The droplet size and PDI of FNS-NSs were measured
using the photon correlation spectroscopy technique
(Zetasizer Nano ZS 90; Malvern instrument, UK) at 25
°C in a quartz cell.*® The samples were suitably diluted
(1:10) to avoid the multi-scattering phenomenon. The
zeta potentials of prepared NSs were also determined
using Zetasizer with a detection angle of 90°. The
experiment was conducted in triplicate and results
were averaged.

pH and Specific Viscosity Measurement

The pH and specific viscosity of all formulations were
measured with a digital pH meter and U-tube viscometer
as mentioned earlier.*”*®

Morphology

The morphological features of prepared NSs were evalu-
ated using a transmission electron microscopy (TEM;
Hitachi H-6000). Briefly, 3 puL of each formulation was
placed on the carbon-coated grid and left for 5 min. The

grid was then blotted with filter paper and stained with 2%
phosphotungstic acid. Afterward, the sample was observed
at 100 kV voltage and photographs were taken at different
resolutions.*

In vitro Drug Release Studies

Drug release from FNS-NSs was assessed through Franz
Diffusion Cell apparatus (PermeGear, USA) using an
artificial membrane, ie polytetrafluoroethylene (PTFE)
AG, Goettingen,
Germany) at 32 °C. A specific quantity of each formu-

(0.45 um pore size; Sartorius

lation was introduced in the donor compartment.
Similarly, the receptor chamber was filled with a speci-
fic amount of acetate buffer as a drug release medium.
Additionally, throughout the test, the sink condition was
maintained along with magnetic stirring at 150 rpm. To
evaluate the drug release behavior, aliquots (500 pL)
were withdrawn at specific time intervals (0, 0.5, 1, 2,
4, 8, 12, 16 and 24 h) and then compensated with 0.5
mL of fresh buffer medium kept at 32 °C. The samples
were analyzed to check the FNS released pattern using
the UV/visible spectrophotometer at 210 nm. The ana-
lysis was performed in triplicate to minimize any error

and the results were averaged.

Kinetic Models for Drug Release

To evaluate the kinetics of drug release from the FNS-NSs,
mathematical models such as zero order, first order,
Higuchi and Korsmeyer-—Peppas were employed to in
vitro drug release data.

Ex vivo Drug Permeation and Drug

Retention Studies

Animal Ethics Approval and Consent to Practice
The guidelines of the Food and Drug Administration
Authority (FDA, 2005) and the Science Association of
Laboratory Animals have been adopted under the permis-
sion notification number 823/QEC/GU in compliance with
the Ethical Review Committee, Gomal University, D. I.
Khan (Pakistan).

Skin Preparation

Sprague Dawley rats were kept in separate cages at room
temperature in the built-in animal house facility until
acclimatization. Standard pellet food and free access to
water were provided to rats and bedding was changed
regularly. For the ex vivo studies, rats were sacrificed by
the cervical dislocation method. The abdominal region of
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each rat was shaved with a sharp razor and washed with
normal saline (0.9% w/v NaCl) solution. Skin samples
were surgically removed with scissors and again washed
with normal saline and were wrapped in aluminum foil.
The samples were stored at —40 °C till further use.>”

Skin Permeation Studies
The Franz diffusion cell (FDC) was used to analyze the
permeation profile of FNS-NSs through rat skin. The recep-
tor compartment of the FDC was filled with 6.4 mL of 7.4
pH phosphate buffer solution. The skin sample (0.88 mm
thickness) was thawed for 1 h in the receptor medium for
pre-equilibration purposes at room temperature and then
mounted between the donor and acceptor chambers of the
FDC. After mounting, the skin was again left to equilibrate
for an additional 45 min. The skin was mounted between
donor and receptor chambers in such a way that the epider-
mis has direct contact with the drug (facing donor chamber)
and the dermis side was sunk in the buffer medium of the
receptor chamber. The temperature was kept constant at 37 °
C £ 0.5 to mimic the in vivo condition by a circulating
interlinked water jacket and allow stirring at the speed of
250 rpm. FNS-NSs (equivalent to 1 mg of FNS) were loaded
into the donor cell covered with aluminum foil. Aliquots of
500 pL were withdrawn from the acceptor chamber and
replaced with the same quantity of fresh buffer solution
into the sampling port of the receptor chamber sequentially
at predestined time intervals (up to 24 h). All samples were
analyzed in triplicate by high-pressure liquid chromatogra-
phy (HPLC).”!

The cumulative drug permeation through excised rat
membrane was calculated from the following equation:

_ CnxVr+ Y Cix Vs

On i

@)

where Qn is the cumulative amount of FNS permeated
via a unit area of the membrane (pg/cm?), Cn is the drug
concentration present in the acceptor compartment at a
different time of the nth sample, Ci is the initial concen-
tration in receiving fluid at the first sample, Vr and Vs are
volumes of the receptor chamber, ie 6.4 mL, and volume
of sample withdrawn (500 pL). Similarly, A is the area of
the diffusion cell (1.77 cm?).>?

Furthermore, flux is the amount of permeant crossing
the membrane into the circulatory system per unit time.
The flux (ug/cm?/h) was calculated from the slope of the
linear portion of the cumulative quantity of drug perme-
ated per unit area versus time plot.

Skin Retention Studies

After performing the permeation studies, skin samples
were removed from the FDC and washed with 7.4 pH
phosphate buffer solution to remove surface adhered
drug formulation. Moreover, washed skin samples were
dried with tissue paper and cut into small pieces with
the help of a surgical scissor. The small skin pieces
were placed into a specified quantity of methanolic
buffer 2:10 phosphate buffer).
Furthermore, the methanolic buffer solution medium

solution (methanol

containing skin samples was subjected to homogeniza-
tion in an Ultra-Turrax homogenizer (T45DX; IKA-
Werk, Germany) at 10,000 psi for 2 min. All samples
were filtered through a 0.45 pum syringe filter (Millipore)
and were analyzed using HPLC. All the experiments
were performed in triplicate.>

HPLC Analysis

Samples obtained from ex vivo studies were analyzed
using HPLC (Shimadzu, Japan), equipped with a pump
(SPD-20A) and UV-detector (LC-20AT) at an oven
temperature of 30 °C. The separation of all the samples
was done using a C18 column (Discovery®™, Cat#
504,971) having a specification of 250%4.6, 5 pm.
The mobile phase was filtered through a nylon filter
membrane (0.45 pum) and degassed over an ultrasoni-
cator for 10 min. The mobile phase constituted aceto-
nitrile and water in a ratio of 80:20 v/v. All samples
were analyzed at 210 nm through a UV detector and
the peaks were automatically recorded in the software.
The flow rate was 1 mL/min and the injection volume
was 20 pL. The retention time recorded for finasteride
was 2.5 min.

The method validation was performed for precision,
accuracy and specificity following international guidelines.
However, this method was specific because no interference
was observed between the skin and all subjected samples
of formulations. The accuracy and precision of the system
were 92% to 96%, respectively.

Statistical Analysis

Data were analyzed using GraphPad Prism version 8.0.1
(244) software. Results with the corresponding standard
deviation were expressed as a mean of at least three
experiments. Statistical data analysis was conducted by
employing one-way analysis of variance (ANOVA) and
the statistically significant difference was denoted by
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p<0.05. Where appropriate, Student’s z-test p<0.05 was
used.

Results and Discussion

Solubility Determination

The selection of the oil and surfactants used for the for-
mation of nanosystems was based on measurements of
solubility as shown in Figure 1. The solubility of finaster-
ide was determined in three different oils, ie oleic acid,
eucalyptus and olive oils, as well as in two surfactants, ie
Span 80 and Tween 80. The FNS was highly soluble in
oleic acid (50.41 £ 2.5 mg/mL) as compared to eucalyptus
(40.03 £ 4.4 mg/mL) and olive oil (38.55 + 2.5 mg/mL).
However, the solubility of FNS was significantly different
among oleic acid and olive oil (Student’s ¢-test: p=0.01) as
mentioned for other BCS class II drugs.>* Oleic acid
samples appeared clear homogeneous with no traces of
turbidity and phase separation. Whereas eucalyptus and
olive oil solutions with the drug were turbid in nature
with clear phase separation. Similarly, FNS has good solu-
bility in both surfactants and no significant difference was
observed, ie Tween 80 (37.06 + 2.56 mg/mL), Span 80 (43
+ 2.1 mg/mL) (Student’s ¢-test: p>0.05). It was reported in
previous studies that FNS showed more than 30 mg/mL
solubility in Tween 80.>

Formulation of NSs
A stable, translucent and milky blank NS (F0) was first
developed that was loaded with drug and further decorated

60

EA Oleicacid EA Oliveoill E Eucalyptus oil
OO Tween 80EZA Span 80

T 1

g 40 T
g i
Q l.l
E I:l
& 20 =

Figure | Solubility of finasteride in oils and emulgents. Experiments were carried
out in triplicate (n=3). Error bar shows standard deviation. Level of significance was
determined using Student’s t-test (p<0.05).

with chitosan (F1-F5; Table 1). Whereas FNS-NSs (F1-F5)
are translucent but are milky yellowish colored. Because of
the high disruptive forces generated in the abovementioned
method, the oil and aqueous phases of the NS were forced to
intersperse and substantially form a nanosized particulate
system. The oleic acid (fatty acid) was used as a penetration
enhancer which acts on the stratum corneum,>® causing
delipidization and dekeratinization of the phospholipid
membrane and enhanced penetration of the drug. The non-
ionic surfactants (Span 80 and Tween 80) were selected due
to their known safety and biocompatibility, which are less
affected by pH and changes in ionic strengths during pre-
paration of NSs.>” They helped to reduce the interfacial
tension between droplets and form a stable emulsion with
minimal skin irritancy.”® According to the protocol, oil/
water NSs were developed by the addition of the oil phase
into the water phase followed by high-pressure homogeni-
zation. Moreover, all the developed formulations were
stored at room temperature for 28 days in order to be used
for stability studies. There was no sign of sedimentation,
change in color and phase separation after daily visual
inspection up to the specified time. The rationale for select-
ing the topical nanosystem was to incorporate lipophilic and
hydrophilic constituents in a nanosystem. Interestingly,
FNS has a lipophilic nature, therefore, oil and the surfac-
tants help to make isotropic NS, which could enhance the
solubilization of molecules. Similarly, chitosan was used in
the surface coating of nanoparticles to improve their bio-
compatibility and targetability.’® Chitosan has a wide range
of applications in the drug delivery because of aqueous
medium solubility, cationic functionality and being a nat-
ural biodegradable polymer.®® Different concentrations of
low molecular weight chitosan were used for the encapsula-
tion of FNS-NSs. Chitosan interacts with biological fluids,
due to its mucoadhesive properties, and thereby increases
the retention of drug at the target site. Chitosan was found to
be helpful in the development of a sustained release drug
delivery system.®"*> Our developed NS formulations have
shown similar characteristics as mentioned in a previously
reported study, where chitosan coated naringenin depicted a

sustained release pattern.®®

Drug Entrapment Efficiency

FNS was effectively encapsulated in both chitosan deco-
rated and undecorated NSs. The average entrapment effi-
ciency of the undecorated NS (F1) was 69.44 + 2.2%
(n=3). Whereas, the FNS E.E tends to be higher with
decorated FNS-NSs, ie 73.89 + 0.51% (n=3) for F2,
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74.27 + 3.5% (n=3) for F3, 75.66 + 0.25% (n=3) for F4
and 77.2 + 3.64% (n=3) respectively for F5. The experi-
mental results revealed that chitosan improved the % E.E
of all developed FNS-NSs. It could be observed that the
surface of the NSs could be decorated with chitosan,
which prevented the leakage of drug from the nanocarrier.
These observations are in accordance with the previous
investigation, which demonstrated that by increasing the
concentration of chitosan the % E.E was also improved.**

Thermodynamic Stability Studies

A thermodynamically stable NS should not lose its stabi-
lity when subjected to various environmental stress condi-
tions. FNS-NSs were able to attain their stability in
different environmental conditions and there was no obser-
vable sign of turbidity, color change, phase separation,
creaming and particle aggregations. In sequence, centripe-
tal forces can facilitate phase separation due to variation in
densities of oil and water. All the developed NSs were able
to clear the centrifugation test, which indicates that the NS
was homogeneous and stable. The emulsifying agents used
in the formulations had a significant role in resisting phase
separation and sedimentation during centrifugation tests.
Furthermore, in the heating cycle, there was no sign of
phase separation as heating may cause the melting of
droplets that leads to phase separation. The above results
indicate that the prepared NSs have a symmetric and
organized structure and a thermodynamically stable sys-
tem. The outcomes were consistent with preceding reports
of a topical nanoemulsion gel of 5-fluorouracil.®®

Characterization of NSs

The droplet size of the topical nanosystem has a remark-
able role in drug absorption and bioavailability. The blank
nanosystem (F0O) had the smallest droplet size (18 nm,
Student’s #-test: p<0.05) and was statistically different
from other FNS-NSs that was ascribed to the relatively

higher quantity of water and absence of chitosan and drug.
Similarly, after drug loading in NS (F1) the drug either
adsorbed at the surface or was entrapped into the inner
core of the NS, which could have significantly increased in
the size of the droplet as compared to FO (Student’s #-test:
p=0.008). It had been hypothesized that apart from the
microstructure of the NSs, the drug could have also inter-
acted with excipients used in the formulation and the
resultant particle size was increased. Moreover, due to
the employment of chitosan in increasing concentration,
the droplet size FNS-NSs (F2-F5) were also significantly
increased (Student’s ¢-test: p<0.05), thus endorsing deposi-
tion of a thick coat of chitosan on the surface of FNS-NSs
as shown in Table 2. Substantially, our droplet size results
show a close resemblance with earlier studies that chitosan
decorated nanoemulsions had larger particle size as com-
pared to undecorated nanoemulsions.*>*®

The PDI is used as an index to determine particle
homogeneity. Formulations consisting of homogeneous
and uniformly distributed particles would give lower
PDI values as a measure of uniform particle distribution.
To avoid batch to batch variation, keeping the rate of
drug release steady and controllable is important to
attain a minimum PDI. As mentioned in Table 2, the
PDI values ranged from 0.329 + 0.02 to 0.278 = 0.07
for all NS compositions indicating a relatively small
distribution of particle size,®’ suitability of provided
conditions and quantities of ingredients to achieve a
monodispersed particle. Additionally, surface charge
values of both blank (FO) and undecorated FNS-NS
(F1) were in the range of —10.16 mV and —12.89 mV.
And chitosan decorated FNS-NSs bear high positive
surface charge with values in the range of +56.1 to
+61.65 mV. The cationic charge was probably due to
the presence of cationic polymer (chitosan) over the
surface of the NSs. The chitosan decoration of FNS-
NSs resulted in both an increase in droplet size and

Table 2 Physicochemical Characteristics of Finasteride Nanosystems

Formulation Droplet Size (hm) Size Distribution (PDI) Surface Charge (mV) pH Specific Viscosity
FO 18 £0.2 0.329 £ 0.02 —10.16 + 0.002 5.4 £ 0.06 0.002 £ 0.06
Fl 41.6 £ 04 0.480 + 0.009 —12.89 £ 0.226 5.1 £0.05 0.009 £ 0.0l
F2 242 + 842 0.316 + 0.05 56.35 + 0.63 5.5 £0.07 0.266 + 0.02
F3 344 + |1 41 0.269 + 0.006 59.50 £ 1.27 5.6 £ 0.03 0.723 £ 0.01
F4 512+ 44.54 0.338 + 0.03 61.65 + 1.48 5.4 £ 0.09 6.628 + 0.06
F5 864 + 82.23 0.278 + 0.07 56.10 + 0.00 5.5 £0.02 22.73 £ 0.02
All the experiments were done in triplicate (n=3). Level of significance was determined by employing Student’s t-test (p<0.05).
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higher zeta potential values which is an indicator of
better stability of dispersed particles due to stronger
intermolecular electrostatic repulsion among molecules.-
6869 The shift in zeta potential from negative to positive
charge suggests the surface decoration of the FNS-NSs
with chitosan. Chitosan with a higher degree of deace-
tylation results in higher zeta potential due to higher
load density of more deacetylated chitosan.”® In the
same way, interactions of both positive and negative
charged NSs to the skin are a complex process.
However, the skin tends to attract both the same as
well as opposite charge particles. Although, positive
surface charged particles interact more with the skin.-
772 The morphological analysis of all developed NSs is
given in Figure 2. The TEM images indicated the for-
mation of tiny, discrete monodispersed and spherical
shaped NSs. The TEM analysis also confirms our data
from dynamic light scattering, where incorporating dif-
ferent concentration of chitosan significantly increased
the structural size of NSs but overall morphological
features were not influenced by increasing chitosan

concentration.””

The pH values obtained from all developed NSs were
between 5.4 £ 0.06 and 5.5 £ 0.02 respectively. The sur-
face of the skin is protected by a hydrolipid film which is
slightly acidic that solubilizes the sebaceous gland secre-
tion and can also prevent water from evaporation, thereby
helping to keep the skin hydrated. The values obtained in
this assay were consistent with the pH guidelines for
topical formulations which should have a pH value of 5—
6, close to the pH of the stratum corneum and thus avoid
skin irritation.”*”> Additionally, FO and F1 were less vis-
cous (0.002 £+ 0.06 and 0.009 £ 0.01) as compared to other
FNS-NSs. The higher viscosity of F2 to F5 (0.266 + 0.02
to 22.73 + 0.02) was believed to be associated with the
presence of low molecular weight chitosan. So, the chit-
osan decorated FNS-NSs could be easily applied and
removed from the skin surface as compared to F1. The
pH and specific viscosity values are depicted in Table 2.

In vitro Release Studies
Overall, the developed finasteride NSs exhibited sustained
drug release patterns in simulated skin physiological con-

ditions. The in vitro drug release behavior from F1 to F5 is

Figure 2 TEM images of nanosystems. (I) Blank nanosystem (F0). (Il) Undecorated finasteride nanosystem (FNS-NS) (FI). (Il) 0.125% FNS-NS (F2). (IV) 0.25% FNS-NS (F3).

(V) 0.5% FNS-NS (F4). (VI) 1% FNS-NS (F5).
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Figure 3 In vitro release profile of finasteride nanosystems. Experiments were
performed in triplicate (n=3). Error bar shows standard deviation. Level of signifi-
cance was determined by one-way ANOVA (p<0.05).

shown in Figure 3. All chitosan decorated FNS-NSs exhib-
ited an extended-release pattern with no significant varia-
tion as compared to F1 (ANOVA, p=0.33; Table 4). The
F1 showed a burst release pattern because of its smaller
droplet size that provided a greater surface area for dis-
solution, therefore releasing the drug within 12 h. The F2
and F3 samples comprising 0.125% and 0.25% chitosan
showed a sustained release pattern irrespective of the
chitosan concentration in the formulations (97% and 93%
respectively in 24 h). But, due to the larger particle size
and high viscosity, both F4 and F5 chitosan-coated formu-
lations showed very slow release patterns and approxi-
mately 80% of FNS was released after the specified time.
However, chitosan decoration could influence the method
of drug release but drug release does not change. In addi-
tion, investigations had revealed that variations in the
concentration of chitosan (0.125% to 1%) could indeed

Table 3 Drug Release Kinetics

influence drug release behavior by making drug release in
a prolonged manner compared to the undecorated

64

formulation.”™ The same pattern of drug release was

observed in our chitosan decorated FNS-NSs.

Drug Release Kinetics

The findings obtained from the release analysis of our
developed formulations fitted to different kinetic models
of drug release are summarized in Table 3. The best model
for each formulation was chosen on the basis of a regres-
sion coefficient (R?) value close to 1. The first-order R?
value was higher than that of zero-order for all formula-
tions, indicating concentration-dependent release of the
drug. The R? value of the Higuchi model was higher
than 0.5, which suggests that the drug was released fol-
lowing the diffusion process while the Korsmeyer—Peppas
“N” value was higher than 0.5 for all formulations indicat-
ing a non-Fickian or anomalous mechanism.

Ex vivo Permeation and Drug Retention
Studies

The permeation studies were carried out for all formula-
tions (F1-F5) each comprising an equal amount of drug
(0.05% w/w), oil and surfactants. However, the formula-
tions from F2 to F5 were having different concentrations
of chitosan. The sustained release of FNS in the in vitro
drug release analysis facilitates the delayed release of FNS
into the skin layers. In addition, chitosan exhibits mucoad-
hesive properties that favor skin adhesive strength and
in the

Statistically, it was found that higher drug diffusion occurs

increase the time of drug residence skin.
from the undecorated formulation (F1) as compared to
other formulations (F2—F5) that have a lesser permeation
rate across rat skin (ANOVA, p=0.01). The results are
shown in Figure 4.

There was a maximum drug permeation from F1 (ie
45.18 pg/em?®) that associated with its anionic surface
charge and our findings were consistent with previous

Formulation | Zero Order (R? | First Order (R?) | Higuchi Model (R%) Korsmeyer-Peppas Mechanism of Drug Release
(R (N)

Fl 0.652 0.959 0.862 0.833 0.606 Non-Fickian diffusion

F2 0.836 0.964 0.978 0.961 0.699 Non-Fickian diffusion

F3 0.881 0.984 0.980 0.979 0.808 Non-Fickian diffusion

F4 0913 0.988 0.990 0.948 0.725 Non-Fickian diffusion

F5 0.909 0.968 0.974 0.968 0.731 Non-Fickian diffusion
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Figure 4 Ex vivo permeation of finasteride through rat skin. Experiments were

performed in triplicate (n=3). Error bar shows standard deviation. Level of signifi-
cance was determined by one-way ANOVA (p<0.05).

investigations which reported that anionic charge nanove-
sicles depicted a higher permeation rate by the accumula-
tion of drugs when interacted with skin than cationic
charge particles.”>’*"® This high permeability of F1 may
be due to low viscosity, smaller globular size and spherical
shape, and thus could be easily squeezed from the skin.
Small nanoparticles that establish close contact with the
skin provide a larger area for drug permeation and release
a high concentration of drugs. Hence, the drug from the F1
formulation easily penetrated the skin layers and experi-
mental analysis revealed that a smaller globular size nano-
particulate system exhibited a higher drug permeability
rate.””*® Moreover, flux was also higher in F1 as com-
pared to chitosan decorated formulations, as results are
described in Table 4. In addition, due to the external
water phase of the FNS-NSs, hydration of the stratum
corneum allows the corneum cells to swell, thereby mak-
ing the channels for drug passage wider, resulting in an

increased lipophilic drug diffusivity.*' Moreover, the pre-
sence of oleic acid can generate pores on corneocytes of
the uppermost skin layer, thus changing the resistance of
the stratum corneum towards hydrophobic drug diffusion.
Whereas the suitable amount of surfactants can alter SC
barrier functions by penetrating the drug from the epider-
mis to the dermis layer.®?

The extent of drug permeation from chitosan decorated
FNS-NSs follows descending order as compared to F1
after 24 h, as data ascribed in Table 4. It was noteworthy
that a decrease in the permeation and flux rate was inter-
linked with NS:s.
Furthermore, particle size and charge have a greater

chitosan concentration in the
impact on the permeation profile of the drug across the
skin. Although, the skin has negative surface charge and
thus attracts positive charge with more force as compared
to negative charged NS. But chitosan decorated formula-
tions (F2—F5) have low permeability and lower flux rate
than F1, which could be attributed to their larger particle
size and higher viscous nature that allows the drug per-
meation in a sustained manner through the skin membrane.
Recently, a study was conducted that supports our finding
that a larger particle size of NSs depicted lower drug
permeation.®

After 24 h of permeation studies, the drug skin reten-
tion was assessed by chromatographic technique, as
drugs need to reside in the skin for a longer duration to
elicit their therapeutic action when topically applied. The
results of drug skin retention were in descending order
F5>F4>F3>F2>F1 (Table 4). As compared to the F1
formulation, the chitosan decorated FNS-NSs (F2-F5)
were able to retain significantly higher finasteride frac-
tion in the skin (Student’s #-test: p<0.05) as shown in
Figure 5. The direct cause behind higher retention of
FNS-NSs can be attributed to chitosan in the optimized
formulations. This increase in FNS retention might be
due to the interaction between cationic charged chitosan

Table 4 Finasteride Nanosystem Patterns of Drug Release, Permeation, Flux and Drug Retention

Formulation | Cumulative Drug Release Cumulative Drug Permeation (pg/ Flux (ug/cm? | Average Drug Retention
(%) cm?) h) (%)

Fl 100 + 2.28 45.18 = 1.03 1.34 + 0.005 6.38 £ 0.18

F2 97.31 £2.03 31.70 + 2.01 0.89 £ 0.015 6.89 £ 0.32

F3 93.62 + 4.26 25.65 + 1.84 0.74 + 0.0l 8.17 £ 0.06

F4 86.08 * 3.49 2226 £ 1.06 0.70 + 0.02 845 + 1.04

F5 78.73 + 3.35 16.35 £ 1.25 0.59 + 0.026 10.81 + 0.37

Analyses were carried out in triplicate (n=3 * SD).
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Figure 5 Finasteride skin deposition profile. Experiments was performed in tripli-
cate (n=3). Error bar shows standard deviation. Level of significance was deter-
mined using Student’s t-test (p<0.05).

and the hydrophobic FNS moiety with anionic charged
lipid skin membrane.®® Based on these findings, it can be
inferred that F5 has a higher skin affinity. For this pur-
pose, chitosan can be used in topical formulations to hold
the formulation in both the epidermal and the dermal
layers of the skin. A higher fraction of the particulate
matter was identified from F5 as compared to other FNS-
NSs. These results could be helpful in the development of
a suitable formulation for the treatment of androgenic
alopecia. Moreover, when comparing the rate of drug
deposition of each formulation, it was envisaged that
the use of chitosan in the formulations employed exhib-
ited a higher accumulation of finasteride in the skin. Our
findings were consistent with other studies where, after
incorporation of chitosan, the drug showed a substantially
higher retention rate in the skin.'®

Conclusion

Our developed nanosystems that comprised the same
organic and inorganic materials, with and with or without
polymeric decoration, played a critical role in achieving
the delivery of FNS into or across the skin. In this study,
we successfully developed and characterized oil/water
FNS-NSs for skin delivery. In our findings, the permeation
of undecorated FNS-NS was higher as compared to chit-
osan decorated NSs. Moreover, the drug retention was
remarkably higher when the NSs were decorated with

chitosan. In conclusion, our formulation of 1% chitosan

(F5) depicted a better retention rate of the drug in skin as
compared to other formulations and thus was deemed a
promising vesicle for topical delivery in the possible treat-
ment of androgenic alopecia and could become a potential
alternative for oral intake of FNS, overcoming the related
unwanted harmful side effects.
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