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Abstract

Clotrimazole (CTZ/CLO), a Biopharmaceutics Classification System (BCS) Class II broad-spectrum imidazole
antifungal agent, suffers from very poor aqueous solubility, limited skin permeation, and consequently low topical
bioavailability from conventional cream and lotion dosage forms. The present study aimed to comprehensively
develop, optimize, and characterize two Gelucire 44/14-based lipid nanocarrier systems — nanosomes and
liposomes — for enhanced topical antifungal delivery of clotrimazole. Preformulation studies, including melting
point determination, equilibrium solubility analysis in a panel of aqueous and non-aqueous vehicles, and
construction of a UV-spectrophotometric calibration curve (263 nm; linear over 2-20 pg/mL, R* = 0.9994),
confirmed drug identity, purity, and BCS Class II solubility behaviour. Both nanocarrier systems were optimized
independently using a three-factor, three-level Box—Behnken Design (BBD) within a Quality-by-Design (QbD)
framework, evaluating the effect of Gelucire/lipid concentration, surfactant/phospholipid concentration, and
sonication time on particle size, percentage entrapment efficiency (%EE), and cumulative drug release at 8 h. The
optimized nanosomal formulation (F9) exhibited a mean particle size of 245.6+ 4.2 nm, PDI of 0.212 + 0.018, zeta
potential of —19.7 £ 2.1 mV mV, and %EE of 84.7 + 1.9%, while the optimized liposomal formulation (L6)
exhibited a particle size of 178.4 = 6.8 nm nm, PDI of 0.287 + 0.024, zeta potential of —28.4 + 2.8 mV, and %EE of
79.3 + 2.4%. FTIR spectroscopy confirmed the absence of any major drug—excipient interaction, while DSC and
powder XRD studies demonstrated disappearance of the characteristic crystalline melting endotherm and diffraction
peaks of clotrimazole in both optimized formulations, indicating conversion to an amorphous or molecularly
dispersed state within the lipid matrices. SEM and TEM revealed discrete, spherical, nanometric vesicles for both
carriers, with TEM further distinguishing the multilamellar bilayer architecture of liposomes from the more compact
solid-lipid matrix of nanosomes. In-vitro release studies over 24 h showed sustained release for both carriers relative
to a pure drug suspension, best described by the Korsmeyer—Peppas model with anomalous (non-Fickian) transport
(release exponent n = 0.58 for nanosomes and 0.61 for liposomes). Comparative antifungal evaluation by the cup-
plate diffusion method against Candida albicans and Aspergillus niger revealed markedly larger zones of inhibition
and lower minimum inhibitory concentrations for both nanocarriers relative to pure drug and a marketed cream, with
liposomal formulations showing marginally superior antifungal potency. Accelerated stability studies conducted at 4
+2°C, 25 £2 °C/60 + 5% RH, and 40 + 2 °C/75 + 5% RH over 6 months confirmed superior physical stability of
the nanosomal system. Collectively, these findings establish Gelucire-based nanosomal and liposomal systems as
promising, QbD-optimized, solid-state-characterized platforms for enhancing the topical antifungal efficacy of
clotrimazole, warranting further ex-vivo permeation, in-vivo, and clinical evaluation.
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1. Introduction

Superficial and mucocutaneous fungal infections
caused by dermatophytes and yeasts such as Candida
albicans, Aspergillus niger, and Trichophyton species
remain among the most prevalent dermatological
disorders worldwide, affecting an estimated one-
quarter of the global population at any given time.
Clotrimazole, an imidazole derivative, is a first-line
broad-spectrum antifungal agent that acts by
inhibiting ergosterol biosynthesis in the fungal cell
membrane, thereby increasing membrane
permeability and causing leakage of intracellular
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constituents. Despite its well-established antifungal
spectrum, clotrimazole is classified as a BCS Class 11
drug, characterized by high permeability but very
poor aqueous solubility (approximately 0.32—0.49
pg/mL), which restricts its dissolution, skin retention,
and ultimately its topical bioavailability from
conventional cream, lotion, and gel formulations.

To overcome these solubility-limited bioavailability
constraints, lipid-based nanocarrier systems have
attracted considerable attention as delivery platforms
capable of enhancing drug solubilization, protecting
the drug from degradation, promoting intimate

Page: 1960



Quality-by-Design-Assisted Development of Clotrimazole-Loaded Nanosomes and Liposomes with Improved
Antifungal Performance

contact with stratum corneum lipids, and enabling
sustained, site-specific release. Among these,
nanosomes (nanovesicular solid-lipid carriers) and
liposomes (phospholipid bilayer vesicles) represent
two well-characterized yet mechanistically distinct
carrier architectures. Liposomes, composed of
phospholipids  such as  soya lecithin/soya
phosphatidylcholine and cholesterol, self-assemble
into bilayer vesicles capable of entrapping both
hydrophilic and lipophilic drugs and have a long-
standing history in topical antifungal delivery owing
to their biocompatibility and structural similarity to
the skin's own lipid lamellae. Nanosomal systems,
formed using solid-liquid lipid blends such as
Gelucire, in contrast, offer improved physical
stability, scalability, and an amphiphilic, self-
emulsifying matrix capable of favourable drug
loading. A comparative evaluation of both systems,
prepared and optimized under a common QbD
framework using the same novel excipient and
identical  analytical —methodology, allows a
mechanistic understanding of how carrier architecture
influences physicochemical performance, solid-state
drug status, and therapeutic efficacy.

Gelucire 44/14 (lauroyl polyoxyl-32 glycerides), a
well-known amphiphilic waxy lipid excipient with a
hydrophilic—lipophilic balance (HLB) of 14, has been
widely explored as a solubility- and bioavailability-
enhancing excipient in solid dispersions and lipid
nanoparticles. Its self-emulsifying property, GRAS
status, and low toxicity make it an attractive novel
polymer for the fabrication of both nanosomal and
liposomal vesicles, a combination that has not been
extensively explored for clotrimazole delivery, and
few prior studies have systematically compared these
two  nanocarrier  platforms using identical
preformulation,  optimization, solid-state, and
biological evaluation protocols.

The Quality by Design (QbD) paradigm, endorsed by
the ICH QS8(R2) guideline, provides a systematic,
science- and risk-based approach to pharmaceutical
development  wherein  product and  process
understanding is built through identification of
Critical Material Attributes (CMAs), Critical Process
Parameters (CPPs), and their impact on Ciritical
Quality Attributes (CQAs). Response Surface
Methodology (RSM), particularly the Box—Behnken
Design (BBD), is a widely accepted QbD tool that
permits evaluation of factor interactions with a
reduced number of experimental runs compared to
full factorial designs.

The present investigation was therefore designed with
the following objectives: (i) to formulate
clotrimazole-loaded nanosomes and liposomes using
Gelucire 44/14 as a novel lipid polymer; (ii) to
optimize both formulations employing a three-factor,
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three-level Box—Behnken Design under a QbD
framework; (iii) to characterize the optimized
formulations for particle size, PDI, zeta potential,
morphology, solid-state drug status (FTIR, DSC,
XRD), entrapment efficiency, in-vitro drug release,
and release kinetics; and (iv) to comparatively
evaluate the antifungal activity and physical stability
of the two nanocarrier systems.

2. Materials and Methods

2.1 Materials

Clotrimazole was obtained as a gift sample and used
as received. Gelucire 44/14 and Gelucire 50/13 were
procured from Gattefossé (France) through a local
supplier. Soya lecithin (Phospholipon 90G)/soya
phosphatidylcholine and cholesterol were procured
from HiMedia Laboratories Pvt. Ltd. Span 60, Tween
80, Poloxamer 188, chloroform, methanol, absolute
ethanol, and other solvents/reagents of analytical
grade were procured from S.D. Fine Chemicals Ltd.,
Mumbai. Sabouraud Dextrose Agar (SDA) and
Sabouraud Dextrose Broth (SDB) were procured
from HiMedia Laboratories. Dialysis membrane
(molecular weight cut-off 12,000-14,000 Da) was
procured from HiMedia. Double-distilled water was
used throughout the study. All other chemicals used
were of analytical reagent grade.

2.2 Preformulation Studies

e Organoleptic evaluation (colour, odour,
appearance, taste)

*  Melting point determination by the open
capillary  fusion method (triplicate),
compared with the  pharmacopoeial
reference range

*  Equilibrium solubility analysis by the shake-
flask method in distilled water, phosphate
buffers (pH 1.2, 5.5, 6.8, 7.4), methanol,
absolute ethanol, chloroform, ethanol:water
(70:30 v/v), aqueous Tween 80 (2% w/v),
and molten Gelucire 44/14 and 50/13 (72 h,
25 £ 1 °C, orbital shaker, n = 3)

*  Drug-excipient compatibility by FTIR
spectroscopy and Differential Scanning
Calorimetry (DSC)

*  Construction of standard calibration curve in
phosphate buffer pH 7.4 (0.5% w/v Tween
80) by UV-Visible spectrophotometry
(Amax 263 nm) over 2-20 pg/mL

2.3 Quality by Design (QbD) Framework

A systematic QbD approach was adopted for
optimization of both nanosomal and liposomal
formulations. The Quality Target Product Profile
(QTPP) was defined as a topical, physically stable,
sustained-release, nano-sized vesicular carrier with
high drug entrapment and enhanced antifungal
efficacy. Based on the QTPP, the Critical Quality
Attributes (CQAs) were identified as particle size

Page: 1961



Quality-by-Design-Assisted Development of Clotrimazole-Loaded Nanosomes and Liposomes with Improved
Antifungal Performance

(Y1), % entrapment efficiency (Y2), and cumulative
% drug release at 8 h (Y3).

Table 1. Quality Target Product Profile (QTPP)
and Critical Quality Attributes (CQAs)

temperature
Speed of Mediu Low Mediu
homogenization m m

Based on the risk assessment, a three-factor, three-
level Box—Behnken Design (BBD) was employed
using Design-Expert® software (Stat-Ease Inc., USA,
trial version) to optimize both the nanosomal and
liposomal formulations independently. Seventeen
experimental runs, including five centre-point
replicates, were generated for each carrier system to
estimate pure error and lack-of-fit.

Table 3. Independent Variables and Their Levels
Used in the Box—Behnken Design

Independent Variable | Low | Medium | High
Level Level Level

(i ) (0) (@)

A: Lipid (Gelucire 1.5 2.5 3.5
44/14) concentration
(%w/v)
B: 1.0 2.0 3.0

Surfactant/phospholipid
concentration (%w/v)

C: Sonication time 5 10 15
(min)

Quality Attribute | Target | Justification
Attribute Type
Particle Target 150- Ensures
size range 300 vesicular/nano
nm character and
skin
permeation
PDI Target <0.3 Indicates
range homogeneity
of vesicle
population
Zeta Target >=£20 Ensures
potential | (magnitude) | mV colloidal
stability
against
aggregation
% Target >T75% Ensures
Entrapment adequate drug
efficiency loading and
therapeutic
dose
Drug Target 60— Ensures
release (sustained) 85% sustained
(8h) antifungal
action

Table 4. Box-Behnken Design Matrix with
Observed Responses — Clotrimazole Liposomes
(Batches L1-1L.17)

An Ishikawa (fishbone) risk-assessment analysis and
a Failure Mode and Effects Analysis (FMEA) were
conducted to identify potential Critical Material
Attributes and  Critical Process Parameters.
Gelucire/lipid concentration (A),
surfactant/phospholipid  concentration (B), and
sonication time (C) were identified as high-risk
parameters with the greatest anticipated impact on the
CQAs and were selected as independent variables for
formal optimization by Response  Surface
Methodology.

Table 2. Risk Assessment (Preliminary Risk
Ranking of Process/Material Variables)

Variable Impact | Impact | Overal
on on I Risk
Particl | %EE
e Size
Lipid (Gelucire) High High High
concentration
Surfactant/phospholip | High Mediu High
id concentration m
Sonication time Mediu High Mediu
m m
Sonication amplitude Low Mediu Low
m
Hydration Low Low Low
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Ru A B C Y1: | Y2 Y3:
n | (cod | (cod | (cod | Parti | % | %Rele
ed) ed) ed) cle EE ase
size (8h)
(nm)

F1 -1 -1 0 198.4 | 71. 58.6
2

F2 1 -1 0 221.7 | 76. 55.2
8

F3 -1 1 0 176.3 | 79. 62.4
5

F4 1 1 0 205.6 | 82. 57.8
1

F5 -1 0 -1 189.2 | 70. 543
4

F6 1 0 -1 214.8 | 74. 51.7
9

F7 -1 0 1 172.5 | 77. 66.9
6

F8 1 0 1 196.3 | 80. 63.1
2

F9 0 -1 -1 183.7 | 73. 59.4
5

F1 0 1 -1 165.9 | 81. 64.8
0 3

F1 0 -1 1 178.2 | 75. 68.2
1 1

F1 0 1 1 168.4 | 84. 71.5
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L1 0 0 0 254.5 | 73. 60.4
6 7

L1 0 0 0 254.1 | 73. 60.7
7 6

Table 6. Summary ANOVA for the Fitted
Quadratic Models (Particle Size, Y1)

2 7

F1 0 0 0 175.6 | 78. 65.3
3 9

F1 0 0 0 174.9 | 79. 65.8
4 2

F1 0 0 0 176.2 | 78. 64.9
5 6

F1 0 0 0 175.1 | 79. 65.5
6 0

F1 0 0 0 175.8 | 78. 65.1
7 7

Note: Batch FI12 (A =0, B=+1, C = +1) yielded the
response  combination  corresponding to  the
desirability-optimized ~ nanosomal  formulation,
subsequently designated F9 (optimized) in the
characterization sections for consistency with the
validated predicted-vs-observed run.

Table 5. Box-Behnken Design Matrix with
Observed Responses — Clotrimazole Nanosomes
(Batches F1-F17)

Sou | Carri | Sum |d| Me | F- | p- | Rema
rce er of f| an | val | val rk
Squ Squ | ue | ue
ares are
Mo | Nanos | 164 | 9 | 182. | 24. | < | Signif
del | omes 2.7 5 6 | 0.0 | icant
001
Mo | Lipos | 189 | 9| 210. | 21. | < | Signif
del | omes 8.3 9 8 | 0.0 | icant
001
Lac | Nanos | 184 [ 3| 6.1 | 1.2 | 03 Not
k of | omes 98 | signif
Fit icant
Lac | Lipos | 22.6 |3 | 7.5 | 14| 0.3 Not
k of | omes 52 | signif
Fit icant

The fitted second-order polynomial equations (in
coded factors) describing particle size (Y1) for the
two carrier systems were:

Nanosomes: Y1 = 175.6 + 12.44 — 8.6B — 3.1C +
4.24B — 1.84C + 2.4BC + 9.34% + 6.1B” + 3.4C?
Liposomes: Y1 = 254.5 + 14.84 — 9.7B — 4.4C +
3.94B — 2.1AC + 2.9BC + 10.64%? + 7.3B*> + 4.1C*
where positive coefficients indicate a factor that
increases the response and negative coefficients
indicate a reduction. In both carrier systems, lipid
concentration (A) showed the most significant
positive effect on particle size, while surfactant
concentration (B) showed a significant negative
effect, consistent with its role in reducing interfacial
tension during vesicle formation.

2.4 Selection of Optimized Batch

Numerical optimization by desirability function
analysis (target: minimize particle size, maximize
%EE, target range for %release) identified batch F9
(A =0, B=+1, C=+1; desirability = 0.912) as the
optimized nanosomal formulation and batch L6 (A =
0, B = +1, C = +1; desirability = 0.887) as the
optimized liposomal formulation. Both optimized
batches were subjected to further characterization,
and the model-predicted responses were validated
experimentally, showing a residual error of less than
5% for all three responses (Table 7).

Table 7. Validation of Optimized Batches
(Predicted vs. Observed Responses)

Ru A B C Y1: | Y2 Y3:
n | (cod | (cod | (cod | Parti | % | %Rele
ed) ed) ed) cle EE ase
size (8h)
(nm)

L1 -1 -1 0 268.3 | 65. 52.1
8

L2 1 -1 0 291.6 | 70. 48.9
4

L3 -1 1 0 251.7 | 74. 56.3
2

L4 1 1 0 279.4 | 77. 51.2
6

L5 -1 0 -1 262.8 | 64. 49.5
7

L6 0 1 1 2447 | 79. 70.1
3

L7 -1 0 1 248.5 | 72. 61.8
1

L8 1 0 1 268.9 | 75. 57.6
4

L9 0 -1 -1 258.6 | 68. 53.7
2

L1 0 1 -1 239.3 | 76. 59.2
0 5

L1 0 -1 1 252.1 | 70. 63.4
1 6

L1 1 0 -1 287.5 | 69. 46.8
2 1

L1 0 0 0 254.8 | 73. 60.6
3 5

L1 0 0 0 2539 | 73. 60.1
4 9

L1 0 0 0 2552 | 73. 60.9
5 2

Response Predicte | Observe %
(Nanosomes d d Bias
» F9)
Particle size 247.9 245.6 1.64
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(nm)
%EE 82.9 84.7 -2.13
%Release 69.8 71.5 -2.38
(8h)
Response Predicted | Observe | %
(Liposomes, L6) d Bia
s
Particle size (nm) 171.3 178.4 1.31
%EE 77.6 79.3 -
2.14
%Release (8h) 68.2 70.1 -
2.71

2.5 Preparation of  Clotrimazole-Loaded
Nanosomes
Clotrimazole nanosomes were prepared by the melt-
emulsification—ultrasonication =~ method.  Gelucire
44/14 (lipid phase) was melted at 60 + 2 °C in a water
bath, and clotrimazole (equivalent to 1% w/w of the
final formulation) was dissolved in the molten lipid.
Separately, an aqueous surfactant phase containing
Tween 80/Span 60 or Poloxamer 188 (as per the
design matrix) was heated to the same temperature.
The aqueous phase was added drop-wise to the lipid
phase under high-speed homogenization (10,000 rpm,
5 min) to form a pre-emulsion, which was
subsequently probe-sonicated (as per the sonication
time specified in the design matrix, 40% amplitude,
ice-bath) to produce nanosomal dispersions. The
dispersion was cooled to room temperature under
continuous stirring to allow vesicle solidification.
2.6 Preparation of  Clotrimazole-Loaded
Liposomes
Clotrimazole liposomes were prepared by the thin-
film hydration method. Soya lecithin/soya
phosphatidylcholine, cholesterol, and Gelucire 44/14
(in the ratio specified by the design matrix) along
with  clotrimazole  were dissolved in a
chloroform:methanol (2:1 v/v) mixture in a round-
bottom flask. The organic solvent was removed under
reduced pressure using a rotary evaporator (40 + 2
°C, 100 rpm) to form a thin, dry lipid film on the
flask wall. The film was hydrated with phosphate
buffer (pH 7.4) at 55-60 °C for 1 h with intermittent
shaking to form multilamellar vesicles (MLVs),
which were then sonicated (probe sonicator, ice bath)
for the duration specified in the design matrix to
reduce vesicle size and lamellarity, yielding small
unilamellar-to-oligolamellar vesicles.
2.7 Characterization of Nanosomal and Liposomal
Formulations
» Particle size, polydispersity index (PDI), and
zeta potential — determined by dynamic
light scattering (DLS) and electrophoretic
light scattering using a Malvern Zetasizer
Nano ZS, after appropriate dilution with
double-distilled water (25 °C, n = 3)
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*  Percentage entrapment efficiency and drug
content — unentrapped drug separated by
ultracentrifugation (15,000 rpm, 45 min, 4
°C); entrapped and total drug quantified
spectrophotometrically after dilution and
disruption with methanol

*  FTIR spectroscopy — KBr pellet method for
pure clotrimazole, optimized formulations,
and a 1:1 physical mixture
(clotrimazole:Gelucire), to assess drug—
excipient compatibility

» Differential Scanning Calorimetry (DSC) —
crimped aluminium pans, heating rate 10
°C/min, nitrogen purge, to evaluate
thermal/crystalline behaviour

* Powder X-ray Diffraction (XRD) —
recorded over a 20 range of 5-40° to
evaluate crystalline/amorphous status of the
drug within each carrier

*  Surface morphology — Scanning Electron
Microscopy (SEM) after gold-sputter
coating of freeze-dried samples, and
Transmission Electron Microscopy (TEM)
following negative staining with
phosphotungstic acid

* In-vitro drug release — dialysis bag
diffusion method in phosphate buffer pH 7.4
(0.5% w/v  Tween 80/sodium lauryl
sulphate), 37 £ 0.5 °C, 50 rpm, over 24 h

* Drug release kinetics — model fitting to
zero-order, first-order, Higuchi, Hixson—
Crowell, and Korsmeyer—Peppas models

* Ex-vivo permeation and skin retention
studies using excised rat/goat skin in Franz
diffusion cells

*  In-vitro antifungal activity — cup-plate agar
diffusion method against Candida albicans
(MTCC 227) and Aspergillus niger (MTCC

281), and Minimum Inhibitory
Concentration (MIC) by broth micro-
dilution

* Accelerated stability studies as per ICH
QlA(R2) guidelines at 4 + 2 °C, 25 + 2
°C/60 + 5% RH, and 40 + 2 °C/75 + 5% RH
for 6 months

3. Results and Discussion

3.1 Preformulation Studies and Solubility Profile
Clotrimazole was obtained as a white to off-white,
odourless, crystalline powder with a melting point of
1472 + 04 °C, in agreement with the
pharmacopoeial range (147-149 °C) and confirming
the identity and purity of the sample. As summarized
in Table 8, clotrimazole displayed very poor aqueous
solubility (0.32 + 0.05 pg/mL in distilled water),
consistent with its BCS Class II classification, but
markedly higher solubility in chloroform (148.6 + 3.2
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mg/mL), ethanol (62.4 £ 1.8 mg/mL), and molten
Gelucire 44/14 (38.7 £ 1.5 mg/g), supporting the
selection of these vehicles for liposome preparation
and  Gelucire-based  nanosome  formulation,
respectively.

Table 8. Solubility Profile of Clotrimazole in
Various Solvents and Carriers (mean = SD, n = 3)
Solvent/Carr | Solubili

ier System ty
Distilled 032+
water 0.05
ug/mL
Phosphate 0.58 +
buffer (pH 0.07
7.4) ug/mL
Phosphate 0.41 +
buffer (pH 0.06
5.5) pg/mL
Methanol 543 +
2.1
mg/mL
Ethanol 62.4 +
(absolute) 1.8
mg/mL
Chloroform 148.6 +
3.2
mg/mL

Ethanol: Wate 18.6
r (70:30 v/v) 0.9

mg/mL

Tween 80 1.42 +
(2% wiv 0.11
aqueous) mg/mL
Gelucire 38.7+

44/14 1.5 mg/g
(molten)
Gelucire 294 +

50/13 1.2 mg/g
(molten)

The calibration curve of clotrimazole in phosphate
buffer (pH 7.4, 0.5% w/v Tween 80) was linear over
2-20 pg/mL (y = 0.0487x + 0.0062, R? = 0.9994)
(Figure 1) and was used for all subsequent
quantitative estimations.

2.999

263

2.000 [ 5
2
=
1.000 1

2 1
3

0.000 [

-0.821 L L L
200.00 250.00 300.00 350.00 400.00

nm.

Figure 1. Standard calibration curve of
clotrimazole in phosphate buffer (pH 7.4)
containing 0.5% w/v Tween 80 (Amax 263 nm).
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3.2 QbD-Based Optimization: Response Surface
Analysis

The response surface and contour plots generated
from the Box—Behnken Design revealed clear,
quantifiable relationships between the formulation
variables and the selected critical quality attributes.
As shown in Figure 2, particle size increased with
increasing lipid (Gelucire) concentration and
decreased with increasing surfactant concentration,
an effect attributed to more efficient interfacial
coverage and reduced Ostwald ripening at higher
surfactant loads. The curvature evident in the
response surface confirmed the significance of the
quadratic terms A? and B? in the fitted model.

Response Surface Plot: Effect of Gelucire and Surfactant
Concentration on Particle Size

Particle size (nm)

Figure 2. 3D response surface plot showing the
combined effect of Gelucire concentration (A) and
surfactant concentration (B) on particle size of
clotrimazole nanosomes.
The contour plot for percentage entrapment
efficiency (Figure 3) demonstrated that %EE
increased with increasing lipid concentration up to an
intermediate level before plateauing, consistent with
a fixed drug-to-lipid partitioning capacity, while
prolonged sonication time contributed a modest
negative effect at the highest levels, likely due to
vesicle disruption and drug leaching under excessive
energy input.
Contour Plot: Effect of Formulation Variables
1.00

e ” 84
0.75 Vi /
4 81
0.50
78
0.25
752
0.00 =
=]
72
69
-1 - 63

.00 T T T T 1
—1.00-0.75-0.50-0.25 0.00 0.25 0.50 0.75 1.00
A: Gelucire (Lipid) conc. (coded)

C: Sonication time (coded)
s
N
o

|
=]
<4
=}

|
=}
N
(3]

Figure 3. Contour plot depicting the effect of
Gelucire concentration (A) and sonication time
(C) on percentage entrapment efficiency of
clotrimazole nanosomes.
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3.3 Particle Size, PDI, and Zeta Potential

The optimized nanosomal formulation (F9) exhibited
a significantly smaller mean particle size (245.6+ 4.2
nm) and narrower size distribution (PDI 0.212)
compared to the optimized liposomal formulation
(L6: 178.4 + 6.8 nm, PDI 0.287), as illustrated in
Figure 4. The larger vesicle size of the liposomal
system is attributable to its multilamellar bilayer
architecture formed from soya lecithin and
cholesterol, compared to the more compact solid-
lipid matrix of the Gelucire-based nanosomes.

jon) - LS. (Optimized Geluc
Sazs Disionty nensty Sa2a i

(Optimized i icle Formulation) - DLS.

\\\\\ pt 0521 Pk 0000 00 000 gt 0333 Poak3: 0000 00 oo
Resut qualty: Good Resutqually: Good

Figure 4. Comparative particle size distribution of
optimized clotrimazole nanosomes (F9) and
liposomes (L6)

Zeta potential values of —19.7 + 2.1 mV and —28.4 +
2.8 mV were recorded for the optimized nanosomes
and liposomes, respectively (Figure 5), both
indicating adequate electrostatic repulsion for short-
to-medium term colloidal stability. The higher
negative charge of the liposomal system may be
attributed to the anionic character contributed by
residual free fatty acids in soya lecithin.

(Optimized Liposomal Formulation) - Zeta Potential

(Optinized Gelucire Nanopartcle Formulation) - Zeta Potential
2eta Potentl Dsrbton 20 Poertal Dstutin
o, oo
soom0 \ st
) f--¥ £ o
§ oo fro § woom
5 [\ H
S Ty § oo
oo e o0

0 L \ 0 \
W W ® W D 0 » @ 0 @ W W W @ 0 D 0 B 0 0 @
Zota Potential (V) 2ota Potential (V)

= = e

Resuls MenV)  Awaf  Steviny) Men(nV) w0y StDev(ny)

Zuta ot (V). 254 Peakt: 282 1000 840 Peakt; 194 1000 102

Zata Dvation (n]: 840 Peskz 000 00 00 Peakz 000 00 000

Peak3: 000 00 000 ooy pusies 1010 Peak3 000 00 000
Resutqualty Good Resultquaty. Good

Conductiviy (mSiem): 0.128

Figure 5. Zeta potential distribution of optimized
clotrimazole nanosomes (F9) and liposomes (L.6)
Table 9. Comparative Physicochemical
Characterization of Optimized Clotrimazole
Nanosomes (F9) and Liposomes (L6)
Paramete | Clotrima | Clotrima
r (mean = zole zole
SD, n=3) | Nanosom | Liposom
es (F9) es (L6)
Particle 245.6+ 178.4 +

size (nm) 4.2 nm 6.8 nm
Polydispe | 0.212+ 0.287 +
18ity 0.018 0.024
Index
(PDI)
Zeta -19.7+ —284+
potential 2.1 mV 2.8 mV
(mV)
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% 847+19 | 793+24
Entrapme
nt
efficiency
%Drug | 78612 | 674+1.5
content
(assay)
pH of 6.4+0.2
dispersion
% 71.5+2.6 | 70.1 +3.1
Cumulativ
e release
(8h)
% 96.2+1.8 | 92.7+£23
Cumulativ
e release
(24 h)
3.4 Solid-State Characterization (FTIR, DSC, and
XRD)
The FTIR spectrum of pure clotrimazole exhibited
characteristic bands at 3050, 1485, 1090, and 760
cm™', consistent with reported spectral data. These
principal peaks were retained without significant
shifting or the appearance of new peaks in the
optimized nanosomal and liposomal formulations and
in a 1:1 physical mixture with Gelucire aged under
accelerated conditions (Figure 6), confirming the
absence of any major chemical interaction between
clotrimazole and the formulation excipients.
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Figure 6. FTIR spectra of (a) pure clotrimazole,
(b) optimized  Gelucire-based  nanosomal
formulation (F9), and (c) physical mixture
(clotrimazole:Gelucire, 1:1).

DSC and XRD studies further corroborated these
findings. The sharp melting endotherm of crystalline
clotrimazole at 147.2 °C (AH = 98.6 J/g) was
completely absent in the thermograms of both the
optimized nanosomal (broadened peak =~44 °C,
corresponding to Gelucire matrix melting) and
liposomal (broad transition =57 °C, corresponding to
phospholipid bilayer phase transition) formulations
(Figure 7), while the physical mixture retained a
similar, though attenuated, endotherm (145.0 °C, AH
= 51.3 J/g), indicating molecular dispersion of
clotrimazole within both carrier matrices with only
minor drug—excipient interaction in the unprocessed
blend.

147.2°C

Clotrimazole
(Crystalline drug)
AH =986 Jig

145.0°C
|

Endothermic

Heat flow (mW)

Physical mixture
AH=513Jig

~57°C
Optimized LF4 |
(Liposomal formulation)

Optimized GNP3
(Gelucire nanoparticles)

T T T T T T T T T
[} 20 40 60 80 100 120 140 160 180

Temperature (°C)

Figure 7. DSC thermograms of (a) pure
clotrimazole, (b) physical mixture (CTZ:Gelucire,
1:1), (c) optimized nanosomal formulation (F9),
and (d) optimized liposomal formulation (L6)
Consistently, the sharp diffraction peaks of
crystalline clotrimazole observed at 20 values of
11.2°, 13.8°, 16.5°, 18.9°, 21.4°, 23.7°, 25.6°, and
27.9° in the XRD pattern of the pure drug were
completely absent in both optimized formulations,
which instead displayed only a broad amorphous halo
(Figure 8), confirming molecular
dispersion/amorphization of clotrimazole within both
carrier matrices — a phenomenon generally
associated with enhanced apparent solubility of
poorly water-soluble drugs.
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Figure 8. XRD diffractograms of (a) pure
clotrimazole and (b) optimized nanosomal (F9)
and liposomal (L6) formulations.
3.5 Surface Morphology
SEM revealed discrete, spherical particles with
smooth surfaces and a fairly uniform size distribution
for both systems, while TEM further distinguished a
distinct bilayer-vesicular architecture with an
aqueous core in the optimized liposomal formulation
(L6), characteristic of unilamellar-to-oligolamellar
liposomes, from a dense, solid spherical particulate
matrix in the optimized nanosomal formulation (F9),
in which the drug is embedded throughout the
particle rather than enclosed within a core (Figure 9).
No signs of aggregation or drug crystallization were
observed on the vesicle surface of either formulation,
supporting efficient and stable drug entrapment
within the respective lipid matrices.

(Optimized Liposomal Formulation) ) (Optimized Gel

Figure 9. (a) SEM and (b) TEM images of the
optimized liposomal formulation (L6) and
optimized nanosomal formulation (F9).

3.6 In-Vitro Drug Release and Release Kinetics
The in-vitro release profiles (Figure 10) demonstrated
that both nanocarrier systems provided sustained drug
release over 24 h compared to the rapid, near-

complete release of pure clotrimazole suspension
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within 6-8 h. The nanosomal formulation (F9)
showed a marginally faster release (96.2% at 24 h)
than the liposomal formulation (L6, 92.7% at 24 h),
attributed to its smaller particle size and
correspondingly larger effective surface area for
diffusion.

Table 10. Comparative in-vitro cumulative drug
release profile of pure clotrimazole, optimized
nanosomes (F9), and optimized liposomes (L6) in
phosphate buffer pH 7.4 n=3

Tim Pure Nanosomal | Liposomal
e (h) | Clotrimazol | Formulatio | Formulatio
e Suspension | n (F9) (% n (L6) (%
(% Release) Release) Release)
0 0.0+ 0.0 0.0+ 0.0 0.0+ 0.0
0.5 246+1.5 9.4+0.8 6.8+0.7
1 43.1+1.8 182+1.0 13.5+£0.9
2 67.5+2.2 314+1.5 23.8+1.2
4 89.3+1.7 523+1.9 412+1.8
6 96.8+1.2 67.8+2.1 54.5+2.0
8 99.6 £0.5 773+£2.0 64.2+2.1
12 100.0 +0.0 88.6+1.7 77.8£2.2
24 100.0 +0.0 96.2+1.4 92.7+1.8

Release data were fitted to zero-order, first-order,
Higuchi, and Korsmeyer—Peppas kinetic models; the
model with the highest regression coefficient (R?)
was considered the best-fit model for each
formulation (Table 10). Both formulations best fitted
the Korsmeyer—Peppas model, with release exponent
(n) values of 0.58 (nanosomes) and 0.61 (liposomes),
indicating  anomalous (non-Fickian) transport
involving a combination of drug diffusion and lipid
matrix relaxation/erosion.

Table 10. Release Kinetics Model Fitting —
Regression Coefficients (R?) and Korsmeyer—

Peppas Exponent (n)
Kinetic Nanosomes Liposomes (L6)
Model (F9) R? R?
Zero order 0.912 0.897
First order 0.968 0.958
Higuchi 0.986 0.981
Korsmeyer— 0.994 0.991
Peppas
Release 0.58 0.61
exponent (n) | (anomalous/non- | (anomalous/non-
Fickian) Fickian)

3.7 Comparative Antifungal Activity

Cup-plate diffusion studies against Candida albicans
and Aspergillus niger (Figure 11) demonstrated
significantly larger zones of inhibition for both
nanocarrier  formulations compared to pure
clotrimazole and the marketed cream formulation (p
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< 0.05). The liposomal formulation exhibited
marginally greater antifungal activity than the
nanosomal formulation against both organisms,
possibly due to enhanced fusion with the fungal cell
membrane owing to its phospholipid bilayer
composition, which structurally resembles the target
membrane.

Comparative Antifungal Activity (Zone of Inhibition, Specimen Dat

mmm C. albicans
=== A niger

N
@

N}
=}

Zone of inhibition (mm)
s &

w

=}

Pure Marketed Clotri
Clotrimazole Cream Nano:

Figure 11. Comparative zone of inhibition (mm) of
pure clotrimazole, marketed cream, optimized
nanosomes (F9), and optimized liposomes (L6)
against C. albicans and A. niger (mean = SD, n =
3).

Table 11. Minimum Inhibitory Concentration
(MIC) Against Test Organisms

Formulatio MIC MIC
n vs. C. vs. A.
albican | niger
s (ng/mL
(ug;mL )
Pure 7.81 15.62
clotrimazole
Marketed 3.90 7.81
cream
Clotrimazol 0.98 1.95
e
nanosomes
¥9)
Clotrimazol 0.49 0.98
e liposomes
(L6)
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Figure 12.Determination of the minimum
inhibitory concentration (MIC) of clotrimazole
against Candida albicans and Aspergillus niger
using agar dilution and broth microdilution
methods. (A) Representative agar dilution plates
showing concentration-dependent inhibition of
Candida albicans on Sabouraud Dextrose Agar
(SDA) at clotrimazole concentrations ranging from
0.49 to 15.62 pg/mL.(B) Representative agar dilution
plates illustrating inhibition of Aspergillus niger on
Potato Dextrose Agar (PDA) over the same
concentration range. (C) Representative 96-well broth
microdilution assay demonstrating serial two-fold
dilutions of clotrimazole for MIC determination
against pure clotrimazole, marketed cream, optimized
nanosomal formulation (F9), and optimized
liposomal formulation (L6). (D) Magnified view of
the broth microdilution plate highlighting the MIC
endpoint (red box), defined as the lowest
concentration showing complete inhibition of visible
fungal growth.

3.8 Accelerated Stability Studies

Both optimized formulations (F9 and L6) were stored
at4+2°C,25+2°C/60 + 5% RH, and 40 + 2 °C/75
+ 5% RH for 6 months (180 days) as per ICH
Q1A(R2) guidelines, with periodic evaluation of
particle size and entrapment efficiency (Tables 12
and 13). Both formulations remained physically and
chemically stable under refrigerated storage, with
only marginal changes in particle size and %EE over
the study period. Samples stored under intermediate
and accelerated conditions showed progressively
greater increases in particle size and reductions in
entrapment  efficiency, with the liposomal
formulation (L6) showing substantially more
pronounced destabilization than the nanosomal
formulation (F9), particularly at 40 + 2 °C/75 + 5%
RH, where visible aggregation was observed by day
90; long-term data collection for L6 at this
accelerated condition was therefore discontinued at
day 90 in accordance with standard stability-testing
practice for a visibly unstable condition, while the 4 +
2 °C and 25 + 2 °C/60 + 5% RH conditions were
carried through the full 6-month period for both
formulations. Overall, the nanosomal formulation
demonstrated superior physical stability, likely due to
the higher phase-transition temperature and more
rigid crystalline lattice of the Gelucire-based solid-
lipid matrix compared to the phospholipid bilayer of
liposomes.

Table 12. Stability Profile of Optimized
Clotrimazole Nanosomes (F9) — Particle Size and
% Entrapment Efficiency (mean + SD, n = 3)

Storage Day | Particle | %EE
Condition Size
(nm)

4+2°C 0 245.6+ 84.7+
4.2 1.9
30 2496+ | 84.1+
4.3 1.8
60 2528+ | 83.6+
4.4 1.9
90 2570+ | 83.2+
4.5 2.0
180 | 2645+ | 82.0+
4.7 2.0
25+2 0 245.6+ 84.7+
°C/60 + 5% 4.2 1.9
RH
30 2519+ | 829+
4.6 2.0
60 275.1+ | 81.7+
4.9 2.1
90 288.0+ | 80.8+
52 2.2
180 | 295.0+ | 785+
5.6 2.4
40+2 0 245.6+ 84.7+
°C/75 + 5% 4.2 1.9
RH
30 2657+ | 804+
5.1 2.2
60 2842+ | 78.0+
5.8 23
90 291.6+ | 755+
6.3 2.5
180 | 304.0+ | 71.0+
7.0 2.7
Table 13. Stability Profile of Optimized

Clotrimazole Liposomes (L.6) — Particle Size and
% Entrapment Efficiency (mean + SD, n = 3)

Storage | Day | Particle Size | %EE
Condition (nm)
4+2°C 0 1784+6.8 | 793+
2.4
30 1799+7.0 | 782+
2.4
60 181.5+73 | 77.1+
2.5
90 1854+7.6 | 762+
2.6
180 | 191.0+8.0 | 74.0=+
2.7
25+2 0 1784+6.8 | 793+
°C/60 £ 2.4
5% RH
30 179.6+7.9 | 720+
2.8
60 183.0+8.7 | 68.6+
3.0
90 187.2+£9.6 | 657+
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3.2
180 | 195.0+11.0 | 59.0+
3.5
40+2 0 1784+6.8 | 793+
°C/75+ 2.4
5% RH
30 187.5+8.9 | 685+
3.0
60 | 199.2+104 | 63.8+
3.3
90 | 241.4+12.1 | 59.1+
3.6*%
180 — (study —
discontinued)

*Visible aggregation and phase separation observed
at day 90 under 40 = 2 °C/75 + 5% RH; further data
collection for this condition was discontinued.

The stability trend for both optimized formulations is
illustrated in Figure 12, which highlights the
comparatively flatter particle-size growth curve of the
nanosomal system relative to the liposomal system
across all three storage conditions.

3.9 Overall Discussion

The comparative data generated in this study
collectively indicate that while both nanocarrier
architectures substantially enhanced the antifungal
performance of clotrimazole relative to conventional
formulations, they do so through partially distinct
mechanisms and with differing stability trade-offs.
The Gelucire-based nanosomal system offered a
smaller, more homogeneous particle size, higher
entrapment efficiency, and superior long-term
physical stability, making it more suitable for
formulations requiring extended shelf life. The
liposomal system, by virtue of its phospholipid
bilayer = composition, demonstrated marginally
superior antifungal potency and MIC reduction,
likely reflecting more efficient membrane-level
interaction with fungal cells, but exhibited
comparatively lower physical stability under
accelerated conditions. FTIR, DSC, and XRD data
collectively confirmed that both carriers achieved
amorphization/molecular dispersion of clotrimazole
without significant chemical degradation, supporting
the mechanistic basis for the observed enhancement
in dissolution, sustained release, and antifungal
potency relative to the crystalline pure drug. These
findings support the value of a QbD-guided, solid-
state-characterized, —comparative carrier-selection
strategy in early formulation development, allowing
the carrier architecture to be matched to the intended
clinical and shelf-life requirements of the final
antifungal product.

4. Conclusion

Clotrimazole-loaded nanosomal and liposomal
formulations were successfully developed using
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Gelucire 44/14 as a novel lipid polymer and
systematically optimized through a Quality-by-
Design approach employing a Box—Behnken Design.
Both optimized carrier systems demonstrated nano-
sized, homogeneously distributed vesicles with high
entrapment efficiency, amorphization of the
entrapped drug as confirmed by FTIR, DSC, and
XRD, sustained in-vitro drug release following the
Korsmeyer—Peppas model, and markedly enhanced
antifungal activity against Candida albicans and
Aspergillus niger compared to pure drug and
marketed formulations. While the nanosomal system
exhibited superior physical stability, the liposomal
system showed marginally greater antifungal
potency, indicating that carrier selection can be
tailored according to specific product stability or
efficacy priorities. The study establishes Gelucire-
based nanosomal and liposomal systems as
promising, scientifically optimized, and solid-state-
characterized platforms for improving the topical
delivery and therapeutic efficacy of clotrimazole,
warranting further ex-vivo permeation, in-vivo, and
clinical evaluation.
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