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Abstract

Clonidine, an antihypertensive agent, undergoes extensive first-pass metabolism via the oral route. Transdermal delivery overcomes this limita-
tion, providing steady plasma levels, improved patient compliance, and reduced side effects. Its favorable physicochemical properties, including
low molecular weight (230.09 g/mol), moderate lipophilicity (Log P == 2), and low daily dose requirement, facilitate permeation through the stra-
tum corneum, with a reported transdermal flux of 0.0710 pg/mm?2 /hr. The objective of this study was to formulate and evaluate a sustained-
release transdermal patch of clonidine hydrochloride using the solvent casting method. Formulation development was carried out in three stages
guided by Central Composite Design. 13 dummy patches with varying HPMC and PEG 4000 concentrations optimized folding endurance, followed
by 8 API-containing patches with different enhancer combinations (DMSO, Tween 80, SLS, BZC) to identify the best formulation. The optimized
formulation exhibited uniform weight (0.4887 + 0.0086 g), consistent thickness (0.52 + 0.04 mm), adequate moisture content (13.94 * 0.77%), high
folding endurance (403.6 + 10.7), and a smooth, transparent surface. Drug assay and content uniformity were within acceptable limits (100.94%
and 92.39 £ 2.78%, respectively). In vitro permeation studies across goat skin revealed higher flux (0.105 pg/mm?2 /hr) and cumulative drug per-
meation (2.391%) compared to the control (0.036 pg/mm?2/hr, 0.761%). The release followed zero-order kinetics (R?> = 0.8187), confirming
controlled and sustained drug delivery from the optimized patch. The optimized transdermal patch shows superior drug release and permeation

compared to the control.
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1. Introduction

Transdermal Drug Delivery Systems (TDDS) provide a sustained
mode of drug administration with several advantages such as by-
passing first-pass metabolism, maintaining steady-state plasma
levels, reducing gastrointestinal side effects, lowering dosing fre-
quency, and improving patient compliance [1]. TDDS are designed
for application to intact, healthy skin with adequate blood flow, al-
lowing the drug to diffuse across the skin from a region of high to
low concentration and maintain constant plasma levels over an ex-
tended period [2]. Despite these advantages, the primary challenge
of TDDS lies in overcoming the skin barrier [3].

Clonidine, an antiadrenergic agent used for the management
of hypertension, acts by decreasing heart rate and dilating blood
vessels to enhance blood flow. Approved by the U.S. Food and
Drug Administration (FDA) for transdermal use since 1984, cloni-
dine offers benefits over oral therapy, such as reduced adverse
effects like dry mouth and drowsiness. Transdermal clonidine
has diverse therapeutic applications, including the management
of depression, mood disorders, smoking cessation, menopausal hot
flashes, and alcohol withdrawal syndromes. Although limitations
such as dermatitis and higher cost exist, its ability to maintain con-
stant plasma levels and improve compliance makes clonidine an
ideal candidate for transdermal delivery [4].

Effective drug delivery through the transdermal route is depen-
dent on the physicochemical properties of the drug and its abil-
ity to traverse the stratum corneum. Only a limited number of
drugs can penetrate this barrier; hence, properties such as molec-
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ular weight, lipophilicity (log P), concentration, and solubility play
critical roles in determining permeability [5].

The stratum corneum, approximately 10 pm thick, acts as the
major barrier to drug absorption. Drug permeation across the skin
occurs through intercellular, transcellular, and transappendageal
routes, which involve traversal through both hydrophilic and
lipophilic domains. Therefore, the use of chemical penetration en-
hancers (CPEs) in optimized concentrations is crucial to improve
permeation [6].

CPEs such as dimethyl sulfoxide (DMSO0), sodium lauryl sulfate
(SLS), benzalkonium chloride (BC), and Tween 80 are commonly
used to enhance skin permeability. An ideal enhancer should be
inert, non-toxic, chemically stable, non-irritating, and compatible
with formulation components; however, no single enhancer pos-
sesses all these qualities. DMSO, an aprotic solvent, modifies the
stratum corneum by converting a-keratin into 3-sheet structures
and altering lipid composition. Tween 80, a nonionic surfactant,
increases lipid fluidity by solubilizing intercellular lipids. SLS, an
anionic surfactant, interacts with keratin and lipids to enhance per-
meability, while BC, a cationic surfactant, interacts with negatively
charged sites in the stratum corneum to improve drug diffusion [7].

A typical TDDS formulation consists of a polymer matrix, drug,
permeation enhancer, adhesive, backing membrane, and release
liner. Polymers control drug release and may be natural (gelatin,
cellulose derivatives, natural rubber) or synthetic (polyvinyl alco-
hol, polyethylene, polypropylene). Adhesives ensure proper con-
tact with the skin without irritation or residue, while backing mem-
branes such as polyester film or ethylene-vinyl alcohol copolymer
(EVA) provide flexibility and protect the patch [8]. Drug candi-
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Table 1: Experimental design using CCD.

StdOrder RunOrder PtType Blocks HPMC (g)
6 1 -1 1 2.207107
3 2 1 1 1
10 3 1 1.5
11 4 1 1.5
2 5 1 1 2
7 6 -1 1 1.5
13 7 0 1 1.5
1 8 1 1 1
8 9 -1 1 1.5
4 10 1 1 2
5 11 -1 1 0.792893
12 12 1 1.5
9 13 1 1.5

dates suitable for transdermal systems usually have a molecular
weight below 1000 Da, low melting point, amphiphilic nature, high
potency, and low dose requirements [8].

Transdermal systems can be classified into single-layer
drug-in-adhesive, multi-layer drug-in-adhesive, drug reservoir-in-
adhesive, and drug matrix-in-adhesive types. Each type differs in
structure, release kinetics, and drug loading capacity [9].

TDDS patches can be prepared using various methods, includ-
ing the asymmetric TPX membrane method, circular Teflon mold
method, mercury substrate method, IPM membrane method, EVAC
membrane method, aluminum-backed adhesive film method, and
proliposome technique [10, 11].

2. Materials and methods

2.1. Chemicals and reagents

Clonidine hydrochloride was gifted by Magnus Pharma Pvt. Ltd.,
Nepal. Hydroxypropyl Methylcellulose (HPMC), Dimethyl Sulfox-
ide (DMSO0), Benzalkonium Chloride (BC), and Tween 80 were pur-
chased from HiMedian Laboratory Pvt. Ltd. Polyethylene Glycol
4000 (PEG 4000) was procured from SRL Chem, India. Sodium Lau-
ryl Sulfate (SLS) and methanol were purchased from Thermo Fisher
Scientific India Pvt. Ltd., while ethanol was obtained from RCP Dis-
tilleries, India. Laboratory-grade water was used throughout the
study. All chemicals and reagents were used as supplied without
further purification.

2.2. Design of experiment (DoE)

A two factors two level (22) Central composite design (CCD) was
done using Minitab 17 (Table 1). Hydroxypropyl methylcellulose
(HPMC, lab grade) and Polyethylene glycol (PEG 4000) were taken
as independent variables and thickness and folding endurance
were dependent variables for optimization.Optimized amount of
independent variables were determined using contor plot (Fig. 7).

DoE is done to optimize penetration enhancers (Dimethyl
sulphooxide, DMSO; Sodium Lauryl sulphate, SLS; Tween 80 and
Benzalkonium chloride,BZC separately using Minitab 17 for which
8 formulations were given (Table 3).The penetration enhancers
were optimized (Table 4).

2.3. Fabrication of patches

Solvent casting method was used to prepare the drug loaded
as well as placebo patches. Optimized concentrations of Hy-
droxypropyl Methylcellulose (HPMC) and Polyethylene Glycol

Table 2: Optimized quantity of independent variables for dummy patch
formulation.

HPMC (g)  PEG 4000(g)
1.7928 1

4000 (PEG 4000) (Table 2) were dispersed in a mixture of water
and ethanol (1:1 ) and homogenized to ensure complete hydra-
tion. Chemical penetration enhancers and clonidine hydrochlo-
ride were then added, and the mixture was homogenized to
achieve uniform dispersion. The resulting solution was carefully
poured into pre-cleaned glass molds and allowed to dry at room
temperature for 48 hours. After drying, patches of defined size
(~530.93 mm?) were cut, individually wrapped in aluminum foil,
and stored in a desiccator until further use.

2.4. Drug permeation and flux study

The in-vitro drug release study was done using a Franz Diffusion
Cell. Goat skin, with a thickness between 1.6 and 1.75 mm, was used
as the membrane. The fat layer from the skin was removed with
a surgical blade. The skin was then washed with distilled water,
packed, and kept in the refrigerator until it was needed. During
the test, the patch was placed on the top side of the skin (stratum
corneum), and the skin was fixed between the donor and recep-
tor compartments. Phosphate buffer with pH 7.4 was used in the
receptor compartment. The temperature was kept at 37 + 2°C, and
the solution was stirred at 100 RPM using a Teflon-coated magnetic
bead. At specific time intervals, 2 ml of liquid were taken out (at 0.5,
1, 1.5, 2 and 2.5 hour) and replaced with the same amount of fresh
buffer. The drug release was measured by checking the absorbance
of the samples at 224 nm using a UV spectrophotometer

2.5. Drug release

The in-vitro drug release study was carried out using a Franz Dif-
fusion Cell. The patch was placed between the donor and receptor
compartments. The temperature was maintained throughout the
experiment. At specific time intervals, 2ml liquid were withdrawn
and replaced with the same amount of fresh buffer. The amount
of drug released was measured by checking the absorbance of the
samples at 224 nm using a UV spectrophotometer.

2.6. Data treatment

Power law was used to describe the mechanism of drug release
from the patch [12]:

Ma/Mt = kt"

or, logMa /M, = logk + nlogt

Where M, and M« are cumulative amount of drug released at
time t and infinite time respectively, k represents constant incor-
porating structural and geometric characteristics of the device, n
is the release exponent, indicative of the mechanism of drug re-
lease. Order of reaction was determined by graphical method. The
equation for zero order of reaction is as follows:

Order of reaction was determined by graphical method. The
equation for zero order of

reaction is as follows:

AO - At = kot

Where Ay — A, is the amount of drug released at time t, ko rep-
resents rate constant, t is

time.

Mean of Ag — A; (n=3) was calculated and a graph of A9 — A
versus t was plotted for each batch. A trendline passing through
the origin was drawn to see whether it followed zero order of re-
lease or not was confirmed by the value of degree of correlation

(r?).
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Table 3: DoE of penetration enhancers optimization.

StdOrder RunOrder CenterPt Blocks DMSO(g) Tween(g) SLS(g) BZC(g)
6 1 1 1 1 0.25 1 0.25
7 2 1 1 0.25 1 1 0.25
3 3 1 1 0.25 1 0.25 1
2 4 1 1 1 0.25 0.25 1
5 5 1 1 0.25 0.25 1 1
8 6 1 1 1 1 1 1
4 7 1 1 1 1 0.25 0.25
1 8 1 1 0.25 0.25 0.25 0.25

Table 4: Optimized chemical penetration enhancers.

DMSO (g) Tween80(g) SLS(g) BZC(g)
0.25 0.25 0.25 0.25

Drug release in first order reaction was dependent on the con-
centration of drug and thus its equation is stated as follows:

LogC/Cy = 2.303kt

Where Cois initial concentration of drug, C represents concen-
tration remained at time t and k denotes rate constant.

Mean of LogC/Co (n = 3) was calculated and a graph of
LogC /Cy versus t was plotted for each batch. A trendline with
y-intercept was drawn and the obtained degree of correlation (r?
value) was used to confirm whether it followed first order release
or not.

As the patch was of homogenous matrix type, the observed re-
lease values were also fitted in the Higuchi equation:

Q = [D(24-C5)Cst]'/? Where Q represents amount of drug
released at time t per unit area of exposure, C is the solubility
of the drug in polymeric matrix, D denotes diffusion coefficient of
drug in the matrix and A is the amount of drug per unit volume.

Mean of Q value (n=3) was calculated and a graph of Q versus /2
was plotted. A trendline passing through the origin was drawn to
see whether it followed Higuchi equation or not was determined
by observing the 72 value of the graph and trendline.

The order of reaction followed by the particular formulation was
determined on the basis of the highest r* value among the graphs
obtained by fitting the data in 1st order, zero order and Higuchi
equations.

3. Results and discussions
3.1. Drug permeation and flux study

The in-vitro drug permeation study was carried out in triplicate,
and the results showed standard deviations below 2%, indicating
excellent reproducibility and experimental precision.

Among the tested formulations, the optimized patch (Patch 2)
exhibited the highest cumulative drug permeation of 2.391% af-
ter 2.5 hours, with a mean flux of 0.105 ug/mm? - hr (Table 5).
The other formulations, Patch 1 and Patch 3, showed slightly lower
cumulative permeation values of 1.896% and 2.324%, respectively,
confirming that variations in formulation composition influenced
drug diffusion rates through the skin (Table 5).

In contrast, the control formulation (Fcontrol), which lacked the
penetration enhancer system, demonstrated significantly lower
permeation, with a maximum cumulative drug release of 0.761%
and a flux of 0.036 yg/mm? - hr (Table 6). This marked difference
highlights the essential role of the enhancer system in improving
the drug’s skin permeability and overall transdermal flux.

Drug permeation profile

.——0—0———0‘"/.

—8—Patch1

—&— patch?

] 05 1 15 2 25 3
Time (hr)

% CUMULATIVE DRUG PERMEATED

Figure 1: Drug permeation profile optimized formulation and Fcontrol.

The comparative permeation profile (Fig. 1) illustrates that
the optimized patch maintained a consistently higher permeation
rate across all sampling intervals, suggesting a well-balanced poly-
mer-drug-enhancer interaction that facilitated controlled diffu-
sion through the stratum corneum.

3.2. Drug release

The in-vitro drug release study of the optimized transdermal
formulation was conducted to evaluate the release kinetics and
mechanism of drug diffusion through the polymeric matrix. The
optimized formulation demonstrated a cumulative drug release of
23.194% at 2.5 hours (Table 7), while the control formulation (F-
control) without enhancer exhibited a significantly lower cumula-
tive release of 8.418% at the same time point (Table 8). This re-
sult confirms that incorporation of penetration enhancers and op-
timized polymer composition effectively modulated the drug re-
lease rate, favoring a prolonged and controlled delivery pattern.

To elucidate the release mechanism, the data were fitted to var-
ious kinetic models including zero-order, first-order, Higuchi, Hix-
son-Crowell, and Korsmeyer-Peppas equations. The optimized for-
mulation showed the best fit to the zero-order model (R? = 0.8187),
suggesting that the release rate was nearly independent of drug
concentration and followed a sustained release behavior (Table 9).
This indicates a uniform drug release over time, which is desirable
for maintaining steady therapeutic levels during transdermal ad-
ministration.

Moderate correlations were observed with the Hixson-Crowell
(R? = 0.8106) and first-order (R? = 0.8065) models, suggesting that
minor surface erosion and concentration-dependent diffusion also
contributed to the release process (Table 9) .The lower correlation
coefficients for the Higuchi (R? = 0.7366) and Korsmeyer-Peppas
(R? = 0.7196) models indicate that while diffusion and polymer re-
laxation were involved, they were not the dominant mechanisms
(Table 9).

In contrast, the control formulation exhibited much higher cor-
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Table 5: Drug Permeation study, Foptimized.

% Cumulative drug permeation

Formulation Time (hour) Flux (ug/mm? * hr)
0.5 1 1.5 2 2.5
Patch 1 1.682 1.682 1.703 1.725 1.896 0.090
Patch 2 2.152 2.141 2.168 2195 2391 0.114
Patch 3 2.1471 2.155 2.187 2.187 2.324 0.110
Average of 3 patch 19938 1.992 2.0180 2.036 2.204 0.105
SDof 3 patch 0.2699  0.2691 0.272 0.269 0.268 0.013
Table 6: Drug Permeation study, Fcontrol.
% Cumulative drug permeation
Formulation Time (hour) Flux (ug/mm? * hr)
0.5 1 1.5 2 2.5
Feontrol (n=3) 0.591 0.599 0.616 0.677 0.761 0.036

Table 7: Drug release study, Foptimized.

% Cumulative drug release

Formulation Time (hour)

0.5 1 1.5 2 2.5
Patch 1 8378 8410 111 11.785 16.264
Patch 2 10.623  10.66  14.14 14,789  23.194
Patch 3 10.637 10.645 12.62 15.223 24.871
Average of 3 patch  9.879  9.906  12.62 13.932 21.443
SD 1.30 1.295 1.522  1.872  4.562

Table 8: Drug release study, Fcontrol.

% Cumulative drug release

Formulation Time (hour)
0.5 1 1.5 2 2.5
Fcontrol (n=3) 6.618 6.935 7.449 8.127 8.418

relation coefficients across all models (R? > 0.96), demonstrat-
ing a rapid and nearly linear release typical of immediate-release
systems (Table 9). The comparison between the optimized and
control formulations clearly indicates that the designed poly-
mer-enhancer matrix successfully slowed down the drug diffusion,
converting a fast release into a controlled zero-order release pro-
file. The overall drug release trend followed the order: Patch 2 >
Patch 3 > Patch 1 > F-control, as represented in the release profile
(Fig. 2 to Fig. 6).

Table 9: Kinetic modeling of drug release data for optimized formulation
and F-control.

Model R? (Formulation)  R?(F-Control)
Zero order 0.8187 0.9834
First order 0.8065 0.9834
Higuchi 0.7366 0.9617
Hixson-Crowell 0.8106 0.9833
Korsmeyer-peppas 0.7196 0.925

4. Conclusion

The optimized transdermal patch shows superior drug release
and permeation compared to the control. A cumulative drug
release of 23.19% and a flux of 0.105 ug/mm? - hr confirmed
the effectiveness of the selected polymer-enhancer combination
in sustaining drug diffusion through the skin. The release fol-
lowed zero-order kinetics (R* = 0.8187), indicating a controlled,
concentration-independent mechanism, while the control patch
showed faster, immediate-release behavior (R > 0.96). Overall,
the optimized formulation provided enhanced permeability and
sustained release, supporting its potential for effective transder-
mal drug delivery.
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