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A poly-d-decalactone (PDL) based nanoemulgel for
topical delivery of ketoconazole and eugenol
against Candida albicans
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This study aimed to investigate the potential of poly-3-decalactone (PDL) and a block copolymer (methoxy-
poly(ethylene glycol)-b-poly-d-decalactone (MPEG-b-PDL)) in the topical delivery of ketoconazole (KTZ)
and eugenol (EUG) against Candida albicans. The nanoemulsion (NE) was studied for its significant
factors and was optimized using the design of experiments (DOE) methodologies. A simple robust
nanoprecipitation method was employed to successfully produce a nanoemulsion (KTZ-EUG-NE). The
spherical globules exhibited rough surfaces, explaining the adsorption of mPEG-b-PDL onto PDL. The
sustained drug release effects were governed by the amorphous nature of PDL. KTZ-EUG-NE was
further used to develop a 1% w/v Carbopol-940-based nanoemulgel (KTZ-EUG-NE gel). The optimal
rheological and spreadability properties of the developed nanoemulgel explain the ease of topical
applications. Ex vivo permeation and retention studies confirmed the accumulation of KTZ-EUG-NE at
different layers of the skin when applied topically. The cytotoxicity of the developed NE in human
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Accepted 13th July 2024 keratinocyte (HaCaT) cells demonstrated the utility of this newly explored nanocarrier in reducing the
cell toxicity of KTZ. The higher antifungal activities of KTZ-EUG-NE at 19.23-fold lower concentrations

DO 10.1039/d4na00176a for planktonic growth and 4-fold lower concentrations for biofilm formation than coarse drugs explain
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1. Introduction

Globally, the frequency of fungal infections is increasing
continuously, and more than thirty-five million people are
currently affected by superficial fungal infections." Among such,
infections caused by the Candida species, especially Candida
albicans, human fungal pathogens account for more of the re-
ported worldwide deaths by fungi. It occurs at the superficial
layer of the nails, skin, and hair (superficial mycosis) and can
also spread to inner tissues.? Various drugs (azoles, amphoter-
icin B, allylamines, and echinocandins) have been employed for
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the effectiveness of the developed NE.

the treatment of Candida albicans. However, repeated use of
such medicines leads to the development of resistance to single
antifungal agents. Combination therapy is required to produce
additive or synergistic effects at lower concentrations that can
restrict the development of drug resistance against Candida
albicans.®* Ketoconazole (KTZ) is a broad-spectrum imidazole
drug with antifungal activity. Poor water solubility limits the
antifungal potential of such drug, necessitating the use of drug
carriers that can efficiently enhance the therapeutic potential of
such agent.* The existing conventional topical KTZ formula-
tions are creams, gels, and lotions. However, all such formula-
tions either have less skin penetration (creams and gels) or less
contact time with the targeted area (lotions). Advanced
nanotechnology-driven KTZ formulations, including nano-
structured lipid carriers (NLCs), solid lipid nanoparticles
(SLNs), poly(lactic-co-glycolic acid nanoparticles (PLGA NPs),
and nanocomplexes, have been explored by researchers.”® KTZ
has also been studied for combination approaches employing
oils to produce nanoemulsions and microemulsion-based
nanoemulgels.>*® Eugenol (EUG), a phenolic aromatic oil
belonging to the allylbenzene class, has been reported to have
antifungal properties. The development of formulations con-
taining such essential oils as bioactive agents has been
restricted owing to their volatile nature, instability, and low

© 2024 The Author(s). Published by the Royal Society of Chemistry
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bioavailability."*> The benefits of eugenol as a therapeutic
agent have been studied through cubosomal and
nanoemulsion-based approaches.™'* Using KTZ and EUG as
therapeutic agents can result in synergistic or potentiating
effects. However, an effective drug nanocarrier is required to
address the challenges of combining KTZ and eugenol for
effective antifungal therapeutic applications.

Extensive research has been conducted on nanogel systems
containing nanoemulsions (NEs). Nanoemulsions are isotropic
and kinetically stable systems, in which the oil phases are
stabilized by thin layers of emulsifying agents.'>'® The
advancement in NEs has led to the development of polymeric
nanoemulsions prepared from a polymer (PDL) as the viscous
oil and a block copolymer (mPEG-b-PDL) as the surfactant. NEs
prepared from such a viscous oily polymer exhibit physical
stability and no sign of Ostwald ripening, as discussed in
1720 polymers and copolymers have been

21-23

various literature.
explored as drug carriers (micelles and nanoemulsions).
This study reports the first topical application of a nano-
emulgel bearing a PDL-based nanoemulsion. Although the
carrier system has been well studied to encapsulate hydrophobic
moieties, mostly one drug, this study aims to incorporate dual
drugs, i.e., KTZ and EUG. The lipophilic and amorphous forms of
PDL may enhance drug permeation through the skin and
retention in the dermis or epidermis regions, thus providing an
effective antifungal effect.>* The present investigation involves
the quality by design (QbD)-driven development of a polymeric
nanoemulsion using KTZ and EUG. The nanoemulgel was
prepared and evaluated for topical antifungal applications by
employing ex vivo skin permeation and retention studies. Finally,
the in vitro antifungal activities were studied to define the effec-
tiveness of the novel copolymer NE in topical applications.

2. Materials and methods

Materials

PDL and mPEG-b-PDL were synthesized according to the
procedure reported by Bansal et al. at Abo Akademi Univer-
sity.'®** Eugenol and dialysis membranes were purchased from
Sigma-Aldrich Inc. (St. Louis, MO, U.S.A). KTZ, Carbopol-940,
and Poloxamer-407 were purchased from Yarrow Chem Pvt.
Ltd. (Maharashtra, India). Acetone, acetonitrile, and methanol
were purchased from Merck Life Sciences Pvt. Ltd. (Mahara-
shtra, India). All the materials used in the study had the highest
purity grade >95%.

Methodology

Preparation of the KTZ-EUG-NE. The preparation of the
polymeric NE involves the nanoprecipitation method, followed by
probe sonication. An oil-in-water (O/W) NE was prepared using
PDL as a viscous oil, mPEG-b-PDL as surfactant-1, and Poloxamer
407 (P-407) as surfactant-2. In brief, a two-phase system was
prepared, i.e., the oil phase was prepared by employing KTZ, EUG,
PDL, and mPEG-b-PDL in an acetone (oil phase), and P-407 was
dissolved in water (aqueous phase). The NE was prepared through
a two-stage process: first, dropwise addition of the oil phase to the
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aqueous phase with continuous stirring at 1000 rpm for 2 h. Next,
a high-energy process, i.e., probe sonication (Sonics Vibra Cell,
Sonics & Materials Inc., Newton, USA), was used to generate
uniform nano-sized droplets. The conditions used for sonication
were a time of 15 min, 35% amplitude, controlled temperature,
and a frequency of 05 s ON and 02 s OFF. A blank NE was also
prepared using the same method but without the addition of
drugs.™

Optimization of KTZ-EUG-NE. The QbD approach was used
to develop the KTZ-EUG-NE. The quality target product profile
(QTPP) defines the detailed description of drug product attri-
butes that validate the necessary quality in terms of safety and
efficacy. It aids in finding product critical quality attributes
(CQAs) that conform to patient needs. Product and process
development QTPPs were used to identify the CQAs. Accept-
ability ranges or limits can be established by CQAs to ensure the
quality of the final product.

Optimization of KTZ-EUG-NE using the design of experi-
ments (DOE). To determine the impact of critical material attri-
butes (CMAs) and critical process parameters (CPPs)
(independent variables) on the CQAs (dependent variables) of
topical KTZ-EUG-NE, the initial risk assessment and different
CMAs and CPPs were selected based on previously reported
literature and preliminary trial batches. The concentrations (mg)
of the drug and surfactant were selected as CMAs, and the soni-
cation amplitude (%) was selected as the CPP. These parameters
were further evaluated by the classical design of experiments
(DOE) technique using central composite design (CCD) to develop
size-controlled reproducibility with the PDI, zeta potential, and
optimum drug content.”**” The design was selected on the basis
of summary fit values (P-value and adjusted R* values). A lack-of-fit
test was used to evaluate the model's relevance, and a model with
a non-significant variance difference over pure error variance was
acceptable. The 3D response surface methodology (RSM) was
represented by utilizing factors vs. response co-relations. It is also
helpful for researching how different process factors interact.
Three critical factors were selected with their two levels (—1 and +1
as low and high) to evaluate the effects of independent variables
[ie., surfactant concentration (4), drug concentration (B), and
amplitude (C)] on each dependent variable as responses, ie.,
globule size (Y;), polydispersity index (Y,), zeta potential (Y3), and
drug content (Y,), as shown in Table 1.%*3°

Table 1 Independent variables and dependent variables as responses
in the central composite design

Independent variables as factors ~ Dependent variables as responses

Altered

levels
Critical factors Low High Response Name Units

-1 +1 Y; Globule size nm
A: Surfactant (mg) 10 20 Y, PDI Value
B: Drug (mg) 5 15 Y; Zeta potential mV
C: Amplitude (%) 30 40 Y, Drug content %
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Characterization of KTZ-EUG-NE

Droplet size, polydispersity index (PDI) and zeta potential. A
Malvern Zetasizer (Nano ZS Malvern Analytical Ltd., UK) was
used to determine the globule size, uniformity, and zeta
potential of KTZ-EUG-NE. Briefly, the samples were diluted 10
times using Milli-Q water to acquire kilo counts per second
(keps) in the range of 200-500.%*

Attenuated total reflectance (ATR) study. ATR (Bruker Alpha
2, USA) spectroscopy was employed to determine the interac-
tions between excipients and drugs used in the NE. The change
in the peaks in the ATR spectra denotes the interaction of the
excipients used to prepare the formulations. The KTZ, EUG,
PDL, mPEG-b-PDL, P-407, blank NE, and KTZ-EUG-NE samples
weighing 3-5 mg were considered for the ATR study.*

Transmission electron microscopy (TEM). TEM (JEM 2100
JEOL Ltd., Tokyo, Japan) was used to determine the morphology
and globule size of the KTZ-EUG-NE. The sample was appro-
priately diluted, placed on a copper grid, and dried at room
temperature. Further, the sample grid was placed in the TEM,
and analysis was carried out at an energy of 120 kV for intervals
of 120 s.*

Atomic force microscopy (AFM). The surface roughness of the
polymeric NE was measured using AFM (Asylum Research MFP-3D-
BIO). The diluted KTZ-EUG-NE sample was spin-coated on a 2 cm®
glass slide and dried at 40 °C in a vacuum oven. The sample was
placed under a microscope, and different images were taken.'®

Total drug content

The amount of KTZ and EUG in the NE was determined by
employing the direct method of drug determination. Briefly,
1 mL of KTZ-EUG-NE was dissolved in 4 mL of methanol under
probe sonication to break each globule. The sample was
centrifuged, and the supernatant was filtered, diluted, and
analyzed using the developed RP-HPLC method. The detection
of KTZ and EUG was carried out using acetonitrile, methanol,
and phosphate buffer (pH 5.5) as the mobile phase (50 : 30 :20)
and a Phenomenex Luna (C18, 5 pm, 240 X 4 mm) column as
the stationary phase. The mobile phase was run at a flow rate of
1 mL min~' and injection volumes were taken as 10 pL for
quantifying each sample.>*

In vitro drug release study. The dialysis bag approach was
used to examine the in vitro drug release of KTZ-EUG-NE. The
cellulose dialysis membrane (12 000 Da MWCO) was activated
in EDTA solution before the release study. Briefly, a 1 mL
sample (a coarse suspension of KTZ-EUG and KTZ-EUG-NE)
was placed in a dialysis bag (DB) clipped at both ends. The DB
was placed in an acceptor compartment (AC) that consisted of
physiologically relevant media (phosphate buffer at pH 5.5 with
10% methanol). The process parameters employed were a speed
of 100 rpm and a temperature of 37 £ 0.5 °C. At regular intervals
of time (0.25, 0.5, 1, 2, 4, 8, 12, and 24 h), aliquots of 1 mL were
withdrawn and replaced with the same media to maintain the
sink conditions. To determine the amount of drug, all samples
were filtered through 0.22 um syringe filters and analyzed using
the developed HPLC method.** The experiment was performed
in triplicate, and the data are presented as mean =+ SD.
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Release kinetics study. It is important to understand the
underlying mechanism of drug release from polymeric NE. The
in vitro drug release data was fitted to several release kinetic
models, including zero-order, first-order, Higuchi, and Kors-
meyer-Peppas. Higher regression coefficients (R*) and lower
Akaike Information Criteria (AIC) were used to select the
models.*>*

Preparation and characterization of KTZ-EUG-NE-Gel

Preparation of KTZ-EUG-NE-Gel. The preparation of KTZ-
EUG-NE-Gel involves the addition of Carbopol 940 to the KTZ-
EUG-NE. Briefly, Carbopol 940 (1-2% w/v) was added to the
KTZ-EUG-NE with continuous stirring for 2 h. The pH of KTZ-
EUG-NE-Gel was adjusted to 6.5 by employing triethanol-
amine.*® The coarse KTZ-EUG-Gel was prepared using the same
method; however, a coarse dispersion of KTZ-EUG was used
instead of the NE.

Evaluation of the gel

Physical examination and pH of the gel. The prepared KTZ-
EUG-NE-Gel was visually examined for its color, appearance,
and consistency. A calibrated digital pH meter (M/s Mettler
Toledo, USA) was used to determine the pH of KTZ-EUG-NE-
Gel. Briefly, 1 g of gel was dispersed in Milli-Q water to examine
the pH using a washed electrode. The pH was determined
thrice, and the values are represented as mean + SD.*

Determination of the total drug content. The drug content of
KTZ-EUG-NE-Gel was examined by adding 500 mg of gel to
30 mL of methanol. The mixture was sonicated for 15 min to
disrupt the globule completely. Centrifugation was performed
at 12000 rpm for 30 min. The sample was further filtered,
diluted, and examined for total drug content. The experiment
was performed in triplicate, and the data were reported as mean
+ SD.*°

Rheological study. The viscosity of the prepared 1% w/v
Carbopol KTZ-EUG-NE-Gel was determined using a rheometer
(MCR 102, Anton Parr, Germany). A parallel plate geometry with
a diameter gap of 0.20 mm was used in this study. The sample
was placed between parallel plates, and a 0.1-100 s~ * shear rate
was induced for 10 s frequency to check the rheological
behavior. Finally, a graph was plotted between shear stress and
shear strain.*>*!

Determination of spreadability. The prepared 1% w/v Car-
bopol KTZ-EUG-NE-Gel was evaluated using a texture analyzer
(TA-XT Plus, Japan). The compression test mode was used with
a pre-test speed of 1.00 mm s~ ', a test speed of 3.00 mm s~ *, and
a post-test speed of 10.00 mm s '. A force of 100.0 g was
employed to produce a strain of 10%. The sample was placed in
the receiver compartment and recorded for firmness and
adhesiveness.**

Ex vivo skin permeation studies

The ex vivo permeation and skin retention studies were per-
formed on fresh pig ear skin, and the detailed methodology is
mentioned in the ESI (Sections 1.2 and 1.3).1

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Cell cytotoxicity study. The biosafety of coarse KTZ-EUG,
blank NE, and KTZ-EUG-NE was assessed in human keratino-
cyte (HaCaT) cells using the MTT assay. HaCaT cells were
seeded in 96 well plates with a density of 5 x 10> cells per well.
The cells were then treated with different concentrations (0.1,
0.5,1, 5,10, and 20 ug mL ") of coarse KTZ-EUG, blank NE, and
KTZ-EUG-NE and further incubated for 24 h at 37 °C. A 10 pL
MTT solution (5 mg mL ") was added to each well and incu-
bated for 3 h at 37 °C. After that, 100 uL of DMSO was added to
dissolve the formazan crystals, and the cells were analysed at
570 nm using a microplate reader (Synergy H1, BioTek).*

In vitro antifungal activities. The strain C. albicans ATCC
90028 was procured from the Institute of Microbial Technology,
Chandigarh, India. The strain was maintained on yeast extract,
peptone, and dextrose agar plates and stored at 4 °C. A single
isolated colony of C. albicans was inoculated in YPD broth and
incubated for 24 h at 30 °C. The disk diffusion assay (DDA), the
effect of the formulations on planktonic growth, yeast to hyphal
morphogenesis, and C. albicans film formation were studied* and
the detailed methodology is mentioned in the ESI (Section 1.5).}

Irritation study by HET-CAM assay. The toxicity of blank NE
and KTZ-EUG-NE was assessed using the hen's egg test-
chorioallantoic membrane (HET-CAM) assay. The experiment
was conducted in a laminar airflow hood using sterilized
equipment. Freshly fertile eggs were obtained from the Central
Hatchery Center in Kolhapur, India, and were incubated at 37 °C
and 60% humidity for five days. After incubation, the eggs' outer
surface was treated using 70% isopropyl alcohol to open the
broader end, and the inner vitelline membrane was extracted,
revealing the CAM. The exposed CAM was investigated using
0.9% NaCl as a negative control and 300 pL of 0.1 M NaOH as
a positive control to determine the hemorrhage and coagulation.
To investigate the irritant effect, the CAM was treated using 10 ng
mL ™" of blank NE and KTZ-EUG-NE. The opened portion of the
eggs was sealed, and the eggs were further incubated for 24 h.
The CAM was investigated for signs of irritation (hemorrhage and
coagulation), and images were taken."

Statistical data

Most experiments were performed in triplicate, and the result-
ing data are presented as mean =+ standard deviation (SD). The
analysis of binary data was conducted using Design Expert
(Version 13), DD solver, and Graph Pad Prism 9.1.0 (GraphPad
software, USA). A P-value < 0.05 was considered significant in
the whole experiment.

3. Results and discussion

Synthesis and characterization of polymers

The synthesis and purification of PDL and mPEG-b-PDL were
confirmed by "H NMR (ESI Fig. S1t), and the results were in
accordance with previously reported values.”” According to
NMR, the molecular weight of the homopolymer was calculated
to be 5.2 K using proton integrals at 4.9, 5.1, and 7.3 ppm.
Similarly, the molecular weight of the copolymer was calculated
to be 8.7 K using proton integrals at 0.9, 3.4 and 4.9 ppm.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Experimental design for developing KTZ-EUG-NE

The CQA and CMA governing the quality target product profile
are depicted in Fig. 1. The CQAs considered in the study were
taken on the basis of the literature and initial trials. The
concentrations of drugs and surfactant were selected as CMAs,
whereas the sonication amplitude was selected as the CPP to
generate a polymeric NE using the nano-precipitation method.
The QTPP ensures the safety, efficacy, and applicability of the
finished product. ESI Table S1f explains the main QTPP
parameters used to generate the polymeric NE.

DOE for the optimization of KTZ-EUG-NE

The CCD design was used to optimize KTZ-EUG-NE by
employing twenty runs (Table 2). Variations in the globule size
(nm), polydispersity index (PDI), zeta potential (mV), and %
drug content were examined by response surface methodology
that explains the correlations among each factor in the design
of the polymeric NE. All data were statistically analyzed and the
best-fit model was determined for the independent variables of
the polymeric NE.**** After 20 successful runs, all responses (Y7,
Y, Y3, and Y,) exhibited a quadratic model with significant p
values and higher R* values. The values of lack of fit (P > 0.05),
predicted R?, and adequate precision were found to be in good
agreement, demonstrating that the models are reliable and can
be used to navigate the design space.

The ANOVA table was obtained for each response, explaining
the important and significant factors that must be considered
during the development of KTZ-EUG-NE. Each response was
explained for its correlation with independent factors using
coded equations. The average globule size of KTZ-EUG-NE was
found to be in the range of 60.31 £ 0.04 to 233.1 &+ 0.43 nm. The
significant factors obtained were B, C, BC, A%, B>, and C?, as
given in ESI Table S2.7 The coded equations obtained for each
response explained the correlations among these factor to
generate the desired responses.

Y, (globule size) = 66.16 + 6.284 — 16.19B + 26.71C
+14.604B + 11.854C — 27.63BC
+27.674% + 35.64B% + 23.24C* (1)

The positive sign in the equations (eqn (1)-(4)) denotes
a direct correlation between the response and the factors;
however, the negative sign indicates an indirect or negative
correlation. Significant terms were considered according to the
coded equation to justify the correlation. An inverse correlation
was found between the globule size (Y;) and amplitude (B)
owing to the presence of sonic waves for the reduction of
globule size (eqn (1)). However, the concentration of drugs
showed a positive correlation with globule size, governing the
nanoprecipitation of free drug when taken at higher concen-
trations. The increase in globule size was also governed by the
square effect of 4, B, and C, as shown in Table S2.1 The corre-
lation was represented by employing 3D surface plots for the
globule size as a response. As shown in Fig. 2(Ia), a lower
concentration of the drug decreases the globule size because of
the solubility differences in the drugs. The increase in

Nanoscale Adv., 2024, 6, 5322-5336 | 5325
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surfactant concentration decreases the globule size, as can be
visualized in Fig. 2(Ib), which also explains the negative corre-
lation between the globule size and amplitude of sonication.

The average polydispersity index (PDI) of KTZ-EUG-NE after
twenty runs was found to be in the range of 0.15 & 0.03 to 0.537
=+ 0.23. The significant factors examined by ANOVA were B, C,
AC, A%, B*, and C?, as given in ESI Table S3.1 The coded equation
generated to study the correlation between PDI responses and
factors is given below (eqn (2))

Y5 (PDI) = 0.1796 + 0.00364 — 0.0338B + 0.0769C + 0.00644B
—0.03464C + 0.0186BC + 0.04504> + 0.0290B°
+0.0762C* (2)

According to the equation, an increase in the sonication
amplitude decreases the PDI value, producing uniform glob-
ules. However, a positive correlation was observed between the
additive effect of amplitude (B*) and PDI (Y,) values owing to

Table 2 Central composite design (CCD) based experimental trials

Ishikawa fish-bone diagram to showcase the potential cause-and-effect of polymeric nanoemulsion.

coalescence resulting from the decreased globule size. The
concentration of KTZ and EUG was found to be another
significant factor that directly correlated with an increase in the
PDI. The increase in the PDI value was also governed by an
increase in the concentration of surfactant, as depicted in the
equation and 3D response plots of Fig. 2(IIa) and (IIb).

The average zeta potential (ZP) of KTZ-EUG-NE was found to
be in the range of —9.78 to 1.48 mV. For ZP, the response
significant terms considered were A, C, and B>, as given in ESI
Table S4.7

Y3 (zeta potential) = —3.22 + 2.394 + 0.7814B — 0.9516C
+ 0.33304B + 0.41054C — 0.6332BC
+0.63864% — 1.27B* + 0.5792C* (3)

An inverse correlation was found between the zeta potential
(Y3) and surfactant-2 (4) owing to the amphiphilic nature that
was responsible for the neutralization of the zeta potential

Surfactant Amplitude Drug (C) Globule size Zeta potential Drug content

Run (4) (mg) (B) (%) (mg) (nm) (1,) PDI (1)) (¥,) (mV) (¥,) (%)
1 15 35 10 69.07 0.2 —3.59 83.99
2 15 35 10 77.05 0.2 —2.3 86.69
3 20 40 5 157.7 0.25 1.48 74.41
4 20 30 15 233.1 0.4 -1.11 91.03
5 10 40 5 129 0.15 —-3.3 69.73
6 15 35 10 62.19 0.16 —3.5 86.3
7 15 35 1.5 80.98 0.24 —0.766 59.68
8 15 35 10 68 0.18 —2.85 85.35
9 23.4 35 10 137 0.3 1.04 87.04
10 15 26.5 10 194 0.28 —-9.78 76.37
11 15 35 10 62 0.16 —4.2 83.47
12 6.5 35 10 142 0.3 —-4.9 77.83
13 15 43.4 10 130.1 0.23 —-4.9 88.53
14 10 40 15 102.2 0.4 —8.25 88.48
15 20 40 15 179 0.35 —0.361 90.01
16 20 30 5 102 0.363 —0.335 70.23
17 15 35 18.4 173 0.537 —3.43 92.03
18 15 35 10 60.31 0.18 —2.72 84.67
19 10 30 15 215.4 0.464 —6.2 84.3
20 10 30 5 131 0.3 —5.25 64.29
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Fig.2 3D representation of each response with its crucial factor. (la) Globule size (Y;) vs. surfactant concentration (A) and drug concentration (C)
and (Ib) globule size (Y7) vs. surfactant concentration (A) and sonication amplitude (B). (lla) PDI (Y>) vs. surfactant concentration (A) and sonication
amplitude (B) and (Ilb) PDI (Y>) vs. surfactant concentration (A) and drug concentration (C). (Illa) Zeta potential (Y3) vs. surfactant concentration (A)
and sonication amplitude (B) and (llib) zeta potential (Ys) vs. surfactant concentration (A) and drug concentration (C). (IVa) Drug content (Y,) vs.
surfactant concentration (A) and sonication amplitude (B) and (IVb) drug content (Y,) vs. surfactant concentration (A) and drug concentration (C).

(eqn (3)). The equation also explained the negative correlation
between the zeta potential and the concentration of the drugs
employed in the study. The correlation was visualized using 3D
response surface plots, as shown in the plots of Fig. 2(IIla) and
(I1Ib).

© 2024 The Author(s). Published by the Royal Society of Chemistry

The average KTZ content from KTZ-EUG-NE was found to be
in the range of 59.68 £ 0.56% to 92.03 + 0.37%. The factors that
significantly affected the KTZ content of KTZ-EUG-NE were
found to be 4, B, C, and C?, as shown in ESI Table S5.F According
to eqn (4), an increase in the surfactant and drug concentration
increases the drug content of the NE owing to an increase in the
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solubility of KTZ in the presence of surfactant. The higher
amplitude also increases the drug content of the NE because of
the high energy-driven entrapment of KTZ in the polymeric NE.
The correlation of each factor can be visualized using the 3D
surface plots in Fig. 2(IVa) and (IVb).

Y4 (% drug content) = 85.11 + 2.524 + 2.43B+ 9.49C — 0.80754B
—0.29504C — 0.8075BC — 1.124>
— 1.12B* — 3.45C* (4)

Optimization of KTZ-EUG-NE

Statistical optimization was conducted by employing the desir-
ability function (D). To achieve the QTPP for the polymeric NE,
optimization was carried out using solutions from a design expert.
The formulations were prepared according to the optimized
protocol (CPP), and responses were recorded (CQA). The predicted
values for each response Y;-Y, were recorded and compared with
experimental values to further calculate the prediction error
percentage, which was found to be <20% (Table 3).

. experimental value — predicted value
Predicted error = P P

predicted value

Physicochemical characterization of KTZ-EUG-NE

Droplet size, polydispersity index, and zeta potential (ZP).
The globule size of the optimized KTZ-EUG-NE was found to be
68.91 £ 3.4 nm, as determined by the dynamic light scattering
principle using a Zetasizer. The globule size distribution also
showed a narrow polydispersity index of 0.191 £ 0.05, as shown
in Fig. 3(A1). The zeta potential of the optimized formulation
was found to be —3.40 £ 0.19 mV, explaining that the stability of
the NE was charge independent, as shown in Fig. 3(A2). This
was the steric hindrance produced due to the coating of mPEG-
b-PDL, which provides stability to the NE.

Attenuated total reflectance (ATR) study. The ATR study
depicted the interaction among pure KTZ, EUG, PDL, mPEG-b-
PDL, and P-407 used in the development of blank NE and KTZ-
EUG-NE, as shown in ESI Fig. S2.1 KTZ showed a characteristic
peak at 1647.26 cm ™' for C=0 stretching, 1031.95 cm™ " for the
stretching of the aliphatic ether group (C-0O), 1244.13 cm ™" for
the stretching of the cyclic ether (C-0), 1510 cm ™" for aromatic
asymmetric stretching (C=C), 1584 cm ' for aromatic
symmetric stretching (C=C), and 3119 cm ' for (=C-H
stretching). EUG showed characteristic peaks at 3521 cm ™" (OH
stretching), 1365 cm™ " (isopropyl group) and 1516 cm ™" (C=C),

Table 3 Predicted error for KTZ-EUG-NE
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which was similar to a previously reported study.*® The polymer
(PDL) had characteristic peaks at 2928.10 cm™' (C-H) and
1166.71 cm™ " (C-0). Peaks at 2877.01 cm ™' (C-H stretching),
1729.65 cm ™' (C=0), and 1102.11 cm ™' (aliphatic O-CH,-CH,)
were observed for mPEG-b-PDL. P-407 had characteristic peaks
at 2882.18 cm™ ' (C-H) and 1353.30 cm™ ' (CH-CH3). In the case
of blank NE, some distinctive peaks of the excipients were
observed at 1108.22 cm ™', 1730.74 cm™ ' (C=0), 2876.66 cm ™"
(C-H stretching), and 1342.18 cm ™' (CH-CHj), except for those
of the drug and oil. The spectrum of KTZ-EUG-NE showed
similar peaks to the blank spectrum; however, the peak at
1520 cm ™' may be governed by the presence of the aromatic
asymmetric stretching (C=C) of KTZ or EUG. The observed
findings may illustrate the entrapment of KTZ and EUZ inside
the polymeric PDL."

Transmission electron microscopy (TEM) and atomic force
microscopy (AFM). The TEM images depicted the morphology
of the prepared KTZ-EUG-NE (Fig. 3(B1) and (B2)). The NE
possessed nanosized spherical shaped globules. The spherical
shape aids the NE in squeezing from the pores of the skin,
thereby promoting maximum skin permeability to achieve
topical applications. The topography of KTZ-EUG-NE is
depicted in Fig. 3(C1) and (C2). The 2D and 3D plots from the
AFM analysis showed the rough surface of the polymeric NE.
The adsorption of mPEG-b-PDL on the PDL might result in
a rough surface.

Total drug content and in vitro drug release study of KTZ-
EUG-NE. After successful optimization, the average KTZ and
EUG contents in KTZ-EUG-NE were found to be 84.33 £ 0.25%
and 85.95 £ 0.05%, respectively. The coarse KTZ-EUG disper-
sion and KTZ-EUG-NE were evaluated for in vitro drug release
and analyzed for the cumulative amount of KTZ and EUG
released from the NE within 24 h, as shown in Fig. 4(A). KTZ is
a poorly water-soluble drug showing only 16.09 + 4.78% release
from the coarse KTZ-EUG dispersion. However, the release
performance of KTZ from KTZ-EUG-NE showed a drastic
change with 72.65 & 2.06% release at 24 h owing to the increase
in aqueous solubility. In the case of EUG, 49.89 =+ 2.38% release
was observed from the coarse KTZ-EUG dispersion in contrast
to 59.28 + 2.23% from KTZ-EUG-NE (after 24 h). As explained
by Pyrhonen et al.,, nanoemulsions prepared using PDL and
mPEG-b-PDL are known to enhance the solubility of hydro-
phobic drugs.*

The cumulative percentage of drug release data was fitted
into different release kinetic models, viz., zero-order, first-order,
Higuchi, and Korsmeyer-Peppas. The best-fit model was
determined on the basis of a higher regression coefficient (R?)

Experimental Predicted Predicted error
A:B:C Response variables value value (%)
Surfactant (4), 15 mg Globule size (Y;) 68.91 66.15 4.17
Amplitude (B), 35% PDI (Y,) 0.191 0.17 12.35
Drug (C), 10 mg Zeta potential (Y3) —-3.36 -3.2 5.1
% drug content (Y,) 84.33 85.10 3.1
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Fig. 3
Topography of KTZ-EUG—-NE confirmed through AFM.

and lower AIC values. The data for KTZ and EUG release from
KTZ-EUG-NE were best fitted to the Korsmeyer-Peppas model
with the highest R* values of 0.965 and 0.964, respectively.
Moreover, the Korsmeyer-Peppas model showed the lowest AIC
values of 45.12 and 39.15 for KTZ and EUG, respectively, as
depicted in ESI Table S6.f The release exponent values were
found to be in the range of 0.45-0.89, explaining that the NE
follows anomalous (non-Fickian) diffusion of drug release.

Characterization of KTZ-EUG-NE-Gel

The NE-loaded gel was evaluated for physical properties (color,
texture, pH, and homogeneity). NE-Gel prepared using a 1% w/v
Carbopol concentration possessed a whitish appearance with

© 2024 The Author(s). Published by the Royal Society of Chemistry
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greater homogeneity and no indications of grittiness or lumps
(ESI Fig. S31). However, NE-Gel prepared using a 2% w/v Car-
bopol concentration showed a clumsy appearance and was thus
excluded from further evaluation. The prepared NE-Gel
possessed a pH value of 6.2 + 0.04, which is essential for
avoiding irritation and ease of topical application against
fungal infection.”® The content of KTZ and EUG in 1% w/v
Carbopol KTZ-EUG-NE-Gel was found to be 81.32 + 0.23%
and 83.24 + 0.95%, respectively. The observed concentration of
drugs explained the uniformity of the NE-loaded gel.
Spreadability study. The firmness and work of shear deter-
mined for the sample were found to be 534.67 + 65.2 g and
399.37 + 53.2 g s, respectively (ESI Fig. S4t). The observed
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Fig. 4 (A) In vitro drug release study of KTZ and EUG from the coarse

KTZ-EUG dispersion and KTZ-EUG-NE, (B) ex vivo skin permeation study
of KTZ and EUG from coarse KTZ-EUG-Gel and KTZ-EUG-NE-Gel, and
ex vivo skin retention study illustrating (C) KTZ retained from coarse KTZ—-
EUG—-Gel and KTZ-EUG-NE-Gel and (D) EUG retained from coarse
KTZ-EUG-Gel and KTZ-EUG-NE-Gel in the stratum corneum, viable
epidermis, and dermis region of the skin (*** represents p < 0.001).

values adequately explained the hydrogel's optimum spread-
ability, as Kumar et al. explained.*

Rheological study. Rheology is the study of resistance to the
flow of liquid and establishes a correlation between shear stress
and shear rate. ESI Fig. S5B} explains the deformation of the
hydrogel when the applied shear rate from 0.09 (s~*) to 100 (s )
linearly produces shear stress. The generated shear stress

5330 | Nanoscale Adv., 2024, 6, 5322-5336
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decreases the viscosity of KTZ-EUG-NE-Gel owing to the
deformation of the gelling matrix (ESI Fig. S5At). The shear
thinning mechanism of KTZ-EUG-NE-Gel was governed by the
loss of interaction among the Carbopol chains. The viscosity of
the optimized 1% w/v Carbopol 940 containing KTZ-EUG-Gel
was found to be 10942 £ 11.92 mPa s, which depicted the
viscous nature of the prepared gel.

Ex vivo skin permeation and retention studies

The skin permeability of KITZ-EUG-NE was assessed using an ex
vivo permeation study (Fig. 4(B)). The amount of KTZ permeated
through the 3.14 cm? area of the skin was found to be 18.44 +
2.97 pg and 71.28 + 1.54 ng from coarse KTZ-EUG-Gel and
KTZ-EUG-NE-Gel, respectively. A 5-fold higher transdermal
flux (Jss) accounted for KTZ-EUG-NE-Gel (1.819 ug h™* cm?)
compared to coarse KTZ-Gel (0.371 pg h™* cm™2) might be due
to the nanosize range and lipophilic nature of the PDL, which
helps in drug penetration. The values of the permeability coef-
ficient (K,) for KTZ-EUG-NE-Gel and coarse KTZ-EUG-Gel
were found to be 0.047 x 107> h™" em™ and 0.4 x 107
h™' em ™2, respectively.

In addition, the lipophilic nature of EUG helps to attain
greater permeation, as reported in various articles.* The study
depicted Jgs values for EUG permeated from coarse KTZ-EUG-
Gel and KTZ-EUG-NE-Gel as 1.41 pg h™" em™? and 3.22 pg
h™" em 2, respectively, suggesting a 2-fold higher permeation.
The K, values for coarse KTZ-EUG-Gel and KTZ-EUG-NE-Gel
were determined to be 0.23 x 107> h™' ecm 2 and 0.5 x 10 >
h™" em™?, respectively.

After 12 h of application on the skin, KTZ-EUG-NE-Gel was
evaluated for ex vivo retention on the superficial layer of the skin
(the stratum corneum and the viable epidermis or dermis)
(Fig. 4(C) and (D)). The poorly water-soluble KTZ when loaded in
the polymeric NE exhibited 1.59 times higher retention at the
stratum corneum and 4.03 times higher retention in the viable
epidermis and dermis layers in contrast to coarse KTZ-EUG-
Gel. However, EUG, owing to its lipophilic nature, restricts the
retention in the superficial layer when applied in the form of
coarse KTZ-EUG-Gel. It was the polymeric NE that retained
a greater amount (2.93-fold) of EUG when compared with coarse
KTZ-EUG-Gel in the viable epidermis or dermis. The findings
from the study explain that the presence of the drug in the
upper layers of the skin could provide a better treatment of
superficial mycoses (Candida albicans).

The Candida albicans infection mainly occurs in the top layer
of the skin, i.e., the epidermis, as reported in various studies.*®
After the successful completion of an ex vivo permeation study,
higher fluorescence was observed in the epidermis after 12 h, as
shown in ESI Fig. S6.1 The layer is generally lipophilic in nature,
and owing to the lipophilic character of PDL, lipid depots may
form that can retain the drug for a longer time. In contrast to
the brightfield view, the fluorescent view depicted the presence
of FITC in the epidermis region. However, a tiny fraction of
fluorescence was observed in the dermis region of the skin,
which may be due to the hydrophilic properties of the dermis
layer.** The amorphous characteristics of the PDL may govern

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the permeation of FITC into the dermis layer; thus, a lower
fraction was detected.

Cell cytotoxicity study. The cell viability of coarse KTZ-EUG,
blank NE, and KTZ-EUG-NEKTZ-EUG-NE was determined in
HaCaT cells in a concentration range of 0.1-20 pg mL™". A
higher (>70%) viability of HaCaT cells was reported to be non-
cytotoxic,” and thus coarse KTZ-EUG (up to 1 ug mL™ "), blank
NE (up to 20 pg mL '), and KTZ-EUG-NE (up to 10 pug mL™")
may be considered non-cytotoxic (Fig. 5). KTZ-EUG-NE was
found to be safer for HaCaT cells with only 28.65 + 11.52%
cytotoxicity at 10 pg mL~'. In contrast, coarse KTZ-EUG
exhibited higher cytotoxicity (46.55 + 4.30%) at a similar
concentration. The lower cytotoxicity of KIZ-EUG-NE may be
due to drug encapsulation in the nanoemulsion, which resulted
in minimum cellular damage.*” This study revealed that the
polymeric nanoemulsion (blank NE and KTZ-EUG-NE) was
safer than coarse KTZ-EUG, indicating the potential of PDL and
mPEG-b-PDL for topical skin applications.

Antifungal activities. The blank NE showed no sign of a zone
of inhibition, as shown in Fig. 6(A1). However, KTZ-EUG-NE
and coarse KTZ-EUG dispersions exhibited significant zones for
inhibition owing to the antifungal activities of KTZ and EUG at
different concentrations. 2-2.5 mm (Fig. 6(A2)) and 3-3.5 mm
(Fig. 6(A3)) zones of inhibition were observed for the coarse
KTZ-EUG dispersion and KTZ-EUG-NE, respectively. The
higher inhibition of KTZ-EUG-NE may be attributed to the
lipophilic nature of the PDL and nanosize range, which enhance
the solubility and permeation of tested drugs.**

Planktonic growth. The effect of KTZ-EUG-NE on the
planktonic growth of C. albicans was investigated using the C.
albicans ATCC 90028 strain. As shown in Fig. 6(D), the plank-
tonic growth of C. albicans was found to be inhibited in
a concentration-dependent manner, where 19.23 times lower
MIC;, was observed for KTZ-EUG-NE (0.156 ug mL™') than for
coarse KTZ-EUG dispersion (3 pg mL™"). The higher activity of
NEs may be attributed to their nanosize range, which enhances
the solubility and permeation of tested drugs.* The amorphous
and lipophilic nature of PDL may also be governed to produce

Percentage of viable cells

Control 0.1 0.5 1

5
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such an effect by an increase in the permeation of antifungal
drugs, as explained by Bansal et al.**

Formulation interfering with yeast to hyphal form conver-
sion in C. albicans. The filamentous morphology can be
observed in C. albicans when germ tubes from yeast and mold-
like growth of branching hyphae arise. Such yeast-hyphal
conversion is a virulence factor present in C. albicans. These
morphological forms play essential roles in disease progres-
sion, invasion, adhesion, and host tissue damage. Targeting
these morphological transitions in C. albicans could improve
the treatment efficiency.* The coarse KTZ-EUG dispersion and
KTZ-EUG-NE inhibit the development of hyphae formation.
Inhibition in transition was observed at 0.62 pg mL ™" and 0.156
pg mL™" concentrations of coarse KTZ-EUG dispersion and
KTZ-EUG-NE, respectively. The blank NE was found to be
inactive in inhibiting yeast to hyphal conversion. Fig. 6(B)
demonstrates the contrasting effect of KTZ-EUG-NE and coarse
KTZ-EUG dispersion on yeast to hyphal formation conversion.
The blue arrows in Fig. 6(B1) depict yeast to hyphal (Y-H)
formation (control group). However, at 0.31 ug mL ™' concen-
tration, no inhibition (Y-H) was observed when treated with the
KTZ-EUG dispersion. Treatment with KTZ-EUG-NE at the same
concentration of 0.31 pg mL™ " inhibited Y-H formation, as only
yeast cells were observed in Fig. 6(B3).

Effect of the formulation on Candida albicans biofilm
formation. Biofilm formation is a virulence factor that provides
a protective mechanism against antifungal drugs and host
immune defenses. The coarse KTZ-EUG dispersion and KTZ-
EUG-NE inhibited the development of the biofilm in a concen-
tration-dependent manner (Fig. 6(E)). However, KIZ-EUG-NE
exhibited higher activities at lower concentrations (4 times)
than the coarse KTZ-EUG dispersion. In contrast to the control
and coarse KTZ-EUG dispersion treated groups at 0.31 ug mL ",
only yeast and some hyphal growth was observed, confirming
the Candida albicans biofilm formation activity of KTZ-EUG-
NE. Anti-biofilm activities were confirmed through inverted
microscopy and XXT metabolic assay.>**

Irritation study by HET-CAM assay. The HET-CAM assay has
been widely used as an irritant model for ocular studies. The

B Coarse KTZ-EUG
El Blank NE

BN KTZ-EUG-NE
=

Control

10 20

Concentration (ng/mL)

Fig. 5 Cytotoxicity profile of coarse KTZ—EUG, blank NE, and KTZ-EUG-NE towards HaCaT cells at 0.1-20 ug mL™* concentrations.
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Fig. 6 Invitro antifungal activities of the coarse KTZ-EUG dispersion and KTZ-EUG-NE illustrating (A1-A3) the zone of inhibition, (B1-B3) yeast
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assay has also found its role as an irritant model to investigate
the irritation effect of topical formulations as reported in
various studies.****** The same was used to investigate the
irritant properties of blank NE and KTZ-EUG-NE. The positive
control after treatment with 0.1 M NaOH depicted the presence
of hemorrhage. However, the negative control, blank NE, and
KTZ-EUG-NE resulted in increased normal vascular density, as

5332 | Nanoscale Adv, 2024, 6, 5322-5336

shown in ESI Fig. S8.7 The findings depicted the blank NE and
KTZ-EUG-NE as safer, with no significant sign of hemorrhage
or coagulation as observed in the positive control. The non-
irritant effect from the HET-CAM assay strengthens the safety
profile of KTZ-EUG-NE as observed using the HaCaT cell
cytotoxicity study.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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4. Conclusion

Every year, approximately 150 million people are infected with
Candida albicans. The drug combination of KTZ and EUG was
successfully investigated using a newly explored polymeric NE.
Renewable PDL and mPEG-b-PDL based NEs were produced
using a central composite design through Design Expert®
(version 13) software. The concentration of surfactant, drugs,
and sonication amplitude were found to be crucial factors in the
development of KTZ-EUG-NE. The QbD-driven development of
the NE results in globule size < 100 nm, PDI < 0.3, and a total
drug content for KTZ and EUZ of 80-85%. The rough-surfaced
spherical NE was governed by the adsorption of mPEG-b-PDL
on the globule, as confirmed by AFM and TEM analysis. The in
vitro drug release study results depicted an initial fast release,
followed by a sustained release effect with a non-Fickian
diffusion-release model for KTZ and EUG. A 1% w/v gel was
successfully developed and evaluated for physical characteris-
tics, pH, and drug content. The optimal spreadability and
viscosity of the KTZ-EUG-NE-based nanoemulgel explained the
ease of topical application. The higher retention of KTZ and
EUG from KTZ-EUG-NE onto the skin, mainly in the epidermis
layer, concluded the localization of drugs to facilitate antifungal
activity at the disease site. KTZ-EUG-NE was found to be
effective in inhibiting planktonic growth and yeast to hyphal
morphogenesis at significantly lower concentrations than the
coarse KTZ-EUG dispersion. The inhibition of biofilm forma-
tion by KTZ-EUG-NE explains the importance of developing
KTZ-EUG-NE. Moreover, the in vitro cell line and irritation
studies depicted the safety and non-irritant nature of PDL and
mPEG-b-PDL-based NEs for topical applications. The overall
findings showed the potential of KTZ and EUG based polymeric
nanoemulsions for topical delivery of antifungal agents. Further
preclinical studies on dermatophytosis animal models are
required to evaluate the antifungal efficacy that will strengthen
the role of such biocompatible PDL and mPEG-b-PDL-based
NEs.
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