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Abstract

The study focused to evaluate and investigate optimized (using QbD) and novel ketoconazole (KTZ)-loaded solid lipid
nanoparticles (KTZ-SLNs; 2% w/v KTZ) for enhanced permeation across skin. KTZ-SLNs were evaluated for size, distribu-
tion, zeta potential (ZP), percent entrapment efficiency (%EE), drug release, morphology (HRTEM and FESEM), thermal
behaviour (DSC), spectroscopic (FTIR), and solid-state/diffraction characterization (X-ray diffraction, XRD). Moreover,
ex vivo permeation and drug deposition into rat skin were conducted using Franz diffusion cell. The same was confirmed
using human dermatome skin and fluorescence, confocal Raman, and vibrational ATR-FTIR microscopic methods. An
in vivo dermatokinetics study was performed in rats to assess the extent of KTZ permeation into the skin. Stability including
accelerated and photostability studies were conducted at different temperatures (2-8, 30, and 40 °C) for 12 months. The
spherical, optimized KTZ-SLN formulation (KOF1) showed particle size of 293 nm and high EE of 88.5%. Results of FTIR,
DSC, and XRD confirmed formation of KTZ-SLNs and their amorphous nature due to presence of KTZ in a dissolved state
in the lipid matrix. In vitro release was slow and sustained whereas ex vivo permeation parameters were significantly high in
KTZ-SLNs as compared to free drug suspension (KTZ-SUS) and marketed product (Nizral®; 2% KTZ w/v). Drug retention
was 10- and five-fold higher than KTZ-SUS and marketed product, respectively. In vivo dermatokinetics parameters improved
significantly with SLN formulation (410-900% enhanced). Confocal Raman spectroscopy experiment showed that KTZ-SLNs
could penetrate beyond the human stratum corneum into viable epidermis. Fluorescent microscopy also indicated improved
penetration of KTZ-SLNs. KTZ-SLNs were photostable and showed long-term stability over 12 months under set conditions.
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Introduction

Superficial and deep cutaneous fungal infections are com-
mon worldwide and constitute one-fourth of common skin
infections caused by dermatophytes [1]. The dermatophytes
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tend to invade the keratinized tissue of stratum corneum
(SC) and cause dermal seborrheic dermatitis followed by
severe psychological, social, and financial consequences
for patients [1, 2]. Most fungal infections survive in the
lower epidermal (stratum basale layer) [2], superficial
region, and the vellus hairs [3, 4]. Most fungal cells have
specialized efflux system resulting in frequent drug resist-
ance [5]. Sub-optimal concentration at the site of infection,
poor compliance to therapy, and poor delivery modalities,
and active efflux system result in frequent recurrence,
chronic infections, and serious drug resistance develop-
ment. Dermatophyte-mediated intracellular infections are
critical to treat due to long-term therapy and patient non-
compliance using conventional dosage form [6]. These
sites are poorly accessible to the conventional formulations
resulting in challenged therapeutic efficacy.
Ketoconazole (KTZ) is a broad-spectrum, antifungal
agent clinically recommended to control cutaneous fungal
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infections (candidiasis, tinea, and related skin fungal infec-
tions). The drug has a potential to control cutaneous super-
ficial (Candida and Malassezia), localized, and secondary
infections such as androgenic alopecia, leishmaniasis, and
yeast-induced blepharitis [6]. Pharmaceutically, KTZ is a
lipophilic drug (log P=4.74), with poor aqueous solubility
(0.04 mg/mL) and light sensitivity, and it is challenging to
formulate it into an efficient topical product with promis-
ing therapeutic efficacy across the SC barrier [7]. KTZ is
associated with several undesirable effects (nausea, vomit-
ing, gastrointestinal disturbance, and hepatotoxicity) after
oral administration [8]. Likewise, conventional creams are
associated with limited drug access to the target site, side
effects (swelling, irritation/redness, itching, and contact der-
matitis), and poor therapeutic efficacy to control deeper skin
infections [9]. Improved permeability/availability at sites of
infection including vellus hair and viable epidermis and
dermis coupled with a slow-controlled release which can
manage side effects is thus desired for KTZ. All of this can
be addressed using nanocarrier systems for delivering KTZ.

To manage these issues, KTZ has been formulated in var-
ious novel nanocarriers like transethosomes [9], ethosomes
[10], nanoemulgel [11], biocompatible water-cosolvent
binary mixtures [12], lipidic nanocarriers (solid lipid nan-
oparticles as SLNs and nanostructured lipid carriers as
NLCs) [13], and liposomes [14]. However, these reports
achieved limited drug loading and inefficient permeation
across rat skin. Drug loading is defined as the amount of
drug present per unit of the matrix (lipid in the case of
SLNs). Furthermore, in spite of substantial data on in vitro
or antifungal activity of KTZ or its nanoformulations, most
studies do not document any significant in vivo pharma-
cokinetic data establishing superiority of the product.
Moreover, retained organic solvents in the final product of
several of these reported approaches challenge the safety
of topical formulations. Considering these contexts, we
sequentially conducted in vitro release, ex vivo permea-
tion, in vivo dermatokinetic and skin penetration studies
on KTZ-SLNs to offer a complete proof of concept for the
treatment of fungal infections surviving even in the deeper
dermal sites of skin. This is a first report describing derma-
tokinetics of optimized (using QbD) SLNs of KTZ prepared
using a high-pressure homogenization (HPH) method with-
out employing any toxic solvent. Moreover, ex vivo data
(extent of permeation and drug retention) in rat skin is cor-
roborated with spectroscopic (confocal Raman and ATR-
FTIR imaging) and fluorescence probe labelled studies in
human dermatome skin. Use of vibrational spectroscopic
and fluorescence microscopic methods to explore penetra-
tion of a SLN formulation in skin described here is also
unique to this study and a less explored, though a reliable
approach [15, 16]. Rat skin is though considered as a good
surrogate for human skin, but we thought it appropriate to
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confirm permeation in human skin following promising
results with rat skin. Earlier, we have established improved
antifungal efficacy (MIC), cellular uptake (both into dermal
fibroblasts and Candida cells), and multitier in vitro and
in vivo safety of KTZ-SLNs described herein [17].

Thus, the present study was designed comprehensively
to rationalize improved efficacy of SLNs ferrying KTZ.
SLN formulation is highly suitable for lipophilic actives
like KTZ and is expected to result in remarkable clinical
benefits over conventional dosage forms via (a) alleviated
permeation following application; (b) nanoscale particles are
retained in the form of a depot in the follicles and vellus hair
[18] for slow and sustained delivery in the region to manage
relapse; (c) lipid-based nanocarriers exhibit augmented cel-
lular internalization within fibroblasts (seat of infection) and
fungal strains, as already established for presently reported
KTZ-SLNs [17]; (d) substantial and constant exposure of
the fungal load to KTZ laden SLNs due to controlled release
effect; (e) latter will also ensure lesser or no side effects; (f)
resulting in improved therapeutic efficacy with high patient
compliance [12, 13, 19-21].

SLNs are a well explored system to improve solubility and
therapeutic efficacy of several potential antifungal agents. We
have earlier reported improved ocular delivery for KTZ-SLNs
with a drug loading of 8% w/v whereas Souto et al. report a
drug loading in the range of 5.1-7.4% w/w [13, 20]. Similarly,
most of the previously published work reports~1% (w/v) or
less concentration of KTZ in the SLN dispersion [21]. In the
present study, we ventured to develop a (i) 2% w/v KTZ formu-
lation to match the strength of marketed product (Nizral® 2%
w/v; Jenssen Pharmaceuticals), (ii) with a higher drug loading
of 20% w/w with respect to the lipid matrix (as indicated above
it is a theoretical value obtained from drug to the lipid ratio
employed in the SLN composition), which will (iii) penetrate
the SC and reach deeper epidermal and dermal regions (iv) and
release KTZ over sufficient period and in enough quantity to
manage infection and related issues of relapse and resistance.
We have earlier established a significant reduction of 4-83
times in MIC of KTZ upon incorporation into SLNs against
an array of fungal strains including two resistant strains [17].
The enhanced effect was attributed to facilitated permeation
of KTZ across the fungal cell walls, its accumulation to the
toxic level in the fungal cell and increased cellular interaction
after loading into SLNs [22]. Thus, the presently described
and explored KTZ-SLN formulation optimized using design
of experiment (DoE/QbD) for high drug loading and entrap-
ment efficiency coupled with suitably small size is associated
with controlled release, economic cost, and feasibility for scale
up for large-scale production. The adopted HPH method of
preparing KTZ-SLN formulation is scalable and the formula-
tion has obvious benefits of increased drug solubility in lipid
matrix, biocompatibility, drug protection (stability and pho-
tostability), optimized drug loading, and optimized process
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variables [23]. It may also be noted that KTZ-SLN composi-
tions described herein are novel and patented [24].

In this study, we optimized KTZ-loaded SLN formula-
tion using experimental design tool and characterized it for
in vitro parameters (particle size, size distribution, shape,
zeta potential, solid-state properties, and in vitro drug
release). Moreover, the optimized formulation was studied
for ex vivo (rat skin and human dermatome skin) and in vivo
pharmacokinetic performance in rat model. Long-term sta-
bility study at different temperatures and photo-stability
ensured the success of the product over a period of 1 year.

Materials

Ketoconazole (KTZ > 99.5% pure, AR grade) was procured
from a local pharmaceutical industry (Velite Pharmaceuti-
cals, Ludhiana, Punjab, India). Phospholipon 90G (P 90G)
and Compritol 888 ATO (CATO) were obtained as gift
samples from Lipoid (Germany) and Gattefosse (France),
respectively. Polyethylene glycol 400 (as cosolvent) and
tween 80 (as surfactant) were procured from CDH, Mum-
bai (India). Millipore water was used as aqueous solvent
wherever required in the study. Fluorescence dye (fluores-
cein sodium) was purchased from Sigma-Aldrich (Mumbai,
India). All chemicals were of analytical grade.

Methods
Preliminary screening studies

Several batches of blank formulations were prepared to
screen excipients such as solid lipid (Compritol® 888
ATO), surfactant (tween 80), cosolvent (polyethylene gly-
col 600) (PEG 600), and stabilizer (Phospholipon 90 G) (P
90G). Taguchi design was applied for factors and levels.
Several variables (run cycles, speed, and stirring time) of
high-pressure homogenization (HPH) technique were opti-
mized to get stable SLNs (overnight benchtop stability).

Formulation method to load KTZ in solid lipid
nanoparticles (KTZ-SLNs)

A preliminary study was carried out to select excipients and
their levels (low and high). Based on benchtop stable product,
the higher and the lower levels of factors were decided to feed
as input parameters in experimental design software (Design
Expert). The lipid organic phase was composed of CATO,
PEG-600, and KTZ (fixed amount) which was heated to melt
at 75 °C. Similarly, the aqueous phase contained tween 80
and P90G previously set at the same temperature. The aque-
ous phase was stirred at high speed (1000 rpm) using a stirrer
(WiseTis, HG-15D, Daihan, Korea). The hot organic phase
was slowly added to the aqueous phase under constant stirring

to result in a coarse emulsion. The prepared coarse emulsion
was passed through a high-pressure homogenizer (HPH)
(EmulsiFlex-C3, Avestin, Canada), at 1000 bar pressure for
7 cycles. The formed o/w emulsion was cooled to room tem-
perature to achieve KTZ-loaded SLNs (2% w/v). Thus, several
batches of formulations were formulated as dictated in
experimental design (central composite design). In the case of
fluorescein sodium dye—probed SLNs (FL-SLNs), the same
procedure was adopted except that the dye was dissolved in
aqueous phase. Free fluorescein was removed from the system
by dialysis against water for 1h prior to application.

Optimization process

Experimental protocol was designed to evaluate the critical
factors and their significant levels to get the most robust formu-
lation with optimal content of lipid (CATO) and tween 80 (sur-
factant). A central composite design (CCD) with a=1.414 was
run in the Design Expert® (version 8.0.1 Stat-Ease Inc. USA).
CATO (X;) and tween 80 (X,) were selected as independent
variables (factors). Similarly, mean particle size (Y,), %EE
(Y5), and total drug content (¥3) were responses (dependent
variables). In optimization process, total 13 runs were experi-
mented at 5 levels (—a,—1, 0,+1,4+a). A general polynomial
mathematical quadratic equation was generated to quantify
and establish a correlation between the independent (X) and
dependent variables (Y):

Y = By + B X, + B, X, + B X, X, + BX, + BsX,°

where Y is dependent variable with two coefficients (#; and
p,) of factors (X, and X,). 3, is an intercept. f; is a coef-
ficient of interaction between factors X; and X,, whereas f,
and f; are the coefficients of quadratic terms “X,” and “X,”,
respectively. Positive and negative signs indicate synergistic
and antagonistic effect of factors on the response, respec-
tively. ANOVA (analysis of variance) provides parameters
(F, p, and 7* values) to validate the model applied for opti-
mization process using the experimental design.

Characterization of KTZ-loaded SLN formulations

Measurement of particle size, polydispersity index,
and zeta potential

Particle size, size distribution, and surface charge are criti-
cal factors to control in vitro and in vivo performance of any
product. Particle size and PDI were measured using a pho-
ton correlation spectroscopy (PCS) technique which is based
on the principle of light diffraction phenomenon. The sam-
ple was previously diluted with water (50-fold) for analysis
(Beckman Coulter, Delsa™ Nano C, USA). Zeta potential of
KTZ-SLNs dispersion was measured without sample dilution
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(Beckman Coulter, Delsa™ Nano C zetasizer, USA) at 25 °C
and the electric field strength of 23.2 V/cm. Experiments
were replicated for mean and standard deviation (n=3).

Drug assay/total drug content (%TDC) and entrapment
efficiency (%EE)

Formulation (1 g) was dissolved in chloroform:methanol
mixture (2:1). The mixture of organic solvents was able to
dissolve and disrupt solid lipid of tailored KTZ-SLNs. The
mixture was filtered and the content of KTZ was quantified
using a validated HPLC method. %EE was determined by
dialyzing KTZ-SLN dispersion (1 mL) in a semi-permeable
dialysis membrane (12 K Dalton molecular weight cut-offs,
HiMedia, Laboratories, Pvt., Mumbai, India) immersed in
50 mL ethanol and stirred magnetically. After 1h, KTZ-
SLNs were removed from the bag, disrupted with suitable
quantity of chloroform:methanol mixture (2:1), and the
amount of drug was determined by HPLC. The dialysate was
decided based on the assumption that the entire quantity of
unentrapped drug can dissolve in a suitable quantity (50 mL)
in an appropriate time (< 1h) to accurately determine the
amount of unentrapped drug. The experiment was replicated
for mean and standard deviation values (n=23).

Drug present in the formulation

Total drug content(% w/w) = x 100

Total content of formulation
%EE was calculated using the following formula:

Initial drug content — Free drug content

%EE(% w/w) = x 100

Initial drug content

Desirability function

The desirability parameter was used to identify and evaluate
the optimized formulation by experimental design. Math-
ematically, this is a numerical function parameter to identify
possible interaction between factors. Moreover, it depends
upon the set conditions of optimization process such as goal
and importance given to each dependent and independent
variable. The value of desirability function varies from zero
to unity. Zero indicates the model is not fit and out of opti-
mization whereas the value approaching unity indicates the
best fit of the model applied for optimization. The signifi-
cant terms (p <0.05) were chosen for final equations. The
model was considered to be the best fit when the actual cor-
relation coefficient (7)) value was close to the adjusted cor-
relation coefficient (adjusted ). Selected formulations of
KTZ-SLNs were prepared from the design space and used as
checkpoints to assess the prognostic behaviour of the devel-
oped mathematical model.
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Preparation of KTZ suspension (KTZ-SUS)

KTZ suspension (KTZ-SUS) was prepared by the method
described before with slight modification [20]. An accurately
weighed amount of KTZ was dispersed in water containing
1% wiv of tween 80 as surfactant and sodium salt of carboxy
methyl cellulose (0.1%w/v) as suspending agent. The drug
was rigorously stirred for 60 min in the aqueous phase to
obtain a stable suspension with optimal consistency. Final
strength of the suspension was equivalent to commercial
product (2%w/v). This product was used in the further stud-
ies as control.

Lyophilization of KTZ-SLNs

Water must be removed from the aqueous KTZ-SLN disper-
sion to form a dry and free-flowing powder for Fourier trans-
form infrared spectroscopy (FTIR) and powder X-ray dif-
fraction (PXRD) studies. The formulations (KTZ-SLNs and
blank SLNs) were lyophilized in a freeze dryer (Freeze-dryer
Alpha 1-2 LD plus, Martin Christ, Germany) without any
other additive or cryoprotectant. PEG 600 present in the for-
mulation acts as a suitable cryoprotectant. The KTZ-SLNs
and blank SLNs were frozen keeping the sample overnight
in the freezer, 1 day before the start of the process, vacuum
was applied, and the frozen samples were subjected to dry-
ing phase for 12h to get the lyophilized KTZ-SLN product.

Thermal behaviour of the formulations

The thermal behaviour (fusion temperature and fusion
enthalpy) of pure KTZ and optimized KTZ-SLN formu-
lation (KOF1) were assessed using a differential scanning
calorimeter (DSC). A weighed amount (2 mg) of the lipid,
KTZ, PEG 600, P 90G, KTZ-SLNs, or blank SLNs, respec-
tively, were placed in an aluminium pan and heated at a fixed
heating rate (10 °C/min) until 300 °C using DSC (821e Met-
tler Toledo, Switzerland). The generated thermograms were
analysed and marked for the values of any significant shift
or disappearance/appearance of new peaks. The calorimeter
was calibrated by pure indium (melting point) for nitrogen
flow and heating rate. Nitrogen gas was used at a purging
rate of 50 mL/min.

Fourier transform infrared (FTIR)

Free pristine KTZ, lyophilized KOF1 and blank SLNs were
subjected to FTIR analysis. The FTIR spectrometer (Agi-
lent Technologies 630 Cary) was run for the sample using a
disc method. A small amount of the sample was physically
mixed with KBr followed by disc formation. The disc was
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processed for characteristic peaks using Micro Lab software.
The samples were scanned over the range of 4000-400 cm™".

Powder X-ray diffraction (XRD) study

Crystalline materials exhibit characteristic peaks in an XRD
graph. The nature of lyophilized KOF1 and blank SLNs was
thus assessed using XRD (XPERT-PRO, PAN analytical,
Netherlands) and compared with pristine KTZ. The test sam-
ple was exposed to CuKa radiation (45 kV, 40 mA) with
scanning angle ranging between 5 and 50°. The values of
20 and scanning step time were 0.017° and 25s, respectively.

Surface morphology analysis

Surface morphology of prepared KTZ-SLNs (KOF1) was
examined by high-resolution transmission electron micros-
copy (HR-TEM) and field emission scanning electron
microscopy (FE-SEM). Prior to observation under HR-TEM
and FE-SEM, KOF1 were diluted (50 X) with distilled water.
The procedure for FE-SEM included placing the KTZ-SLN
dispersion on Nucleopore Track-Etch membrane and dry-
ing at room temperature. Dried membrane was attached to
the silicon wafer using double-sided carbon tape followed
by sputter coating with gold and observing under FE-SEM
(FE-SEM SU8000, Hitachi, Japan). For HR-TEM, KTZ-
SLNs were stained with 0.2% w/v of phosphotungstic acid
in phosphate buffer at pH 6.8, for 5 min. Then, the excess
phosphotungstic acid was removed using filter paper. The
stained sample was spread over carbon-coated copper grid
and was observed under HR-TEM (H-7500, Hitachi, Japan)
at a voltage of 200 kV, for morphology (shape and size).

HPLC method

KTZ was quantified using a validated HPLC (high-per-
formance liquid chromatography) method suitably modi-
fied from the reported method [25]. A standard plot and
the drug analysis were carried out using HPLC Waters,
Empower 2, software (USA) equipped with a reverse phase
C,g column (150 mm x46 mm, Su particle size) at ambient
temperature (operational temperature, 25+ 1 °C). The drug
was eluted using a mobile phase composed of acetonitrile,
and phosphate buffer pH 4.5 in the ratio of 48:52 (v/v). The
mobile phase was freshly prepared, filtered (using a mem-
brane filter), and bath-sonicated to avoid entrapped air and
suspended particles (if present). The sample (20 uL) was
injected and analysed at a flow rate of 1 mL/min over total
run time of 10 min. The drug was assayed at 230 nm using a
PDA detector and the column temperature was maintained
at 45 °C. A stock solution of KTZ was prepared in metha-
nol and then a standard concentration range (0.2-20 pg/
mL) was prepared to construct a calibration plot between

concentrations versus area under the curves at a regression
coefficient (+%) of 0.999. The analysis was replicated to get
mean and standard deviation (n=3).

Release behaviour and mechanism

In vitro release pattern of KOF1 was studied using a dialysis
membrane (12 K Dalton molecular weight cut-offs, HiMe-
dia, Laboratories, Pvt., Mumbai, India) as per reported
method [26, 27]. A fixed volume (1 mL) of KOF1 and KTZ-
SUS containing 20 mg of KTZ was loaded in the dialysis
membrane (HiMedia, Laboratories, Pvt., Mumbai, India;
molecular weight cut-off of 12 KDa; semi permeable mem-
brane). The dialysis membrane was soaked in water for 12h
before experiment. The dialysis membrane containing sam-
ple was suspended in a release medium (phosphate buffer
solution, pH 7.4). Sink condition was maintained using
dimethyl sulfoxide (DMSO; 5% v/v). Sampling (2 mL) was
carried out at various time points (1, 2, 4, 8, 12, 16, 24, 48,
and 72h). The withdrawn volume was replaced with fresh
release medium (equal volume) at each time point. The with-
drawn sample was filtered and analysed using the validated
HPLC method at 4, of 230 nm. Analysis was replicated
for mean and standard deviation (n=26). Finally, various
mathematical models were applied to investigate release
mechanism (zero-order, first-order release, Higuchi model
and Korsmeyer-Peppas model).

Ex vivo performance across rat skin
Drug permeation studies

Permeation potential and drug deposition were carried out
using Franz diffusion cells as per reported method [28].
KOF1 was compared against KTZ-SUS and marketed
product (Nizral® 2% w/v; Jenssen Pharmaceuticals). For
this, rat skin (abdominal) was freed of hair using a digit
trimmer without making any surgical cuts or injury. The
excised and trimmed skin was placed between two cham-
bers of Franz diffusion cell such that the outer stratum
corneum side faces the donor compartment on which the
formulation is mounted and the inner dermal skin layer is
towards the receptor medium (PBS, pH 7.4). The receptor
chamber was filled with release medium (30 mL) and set
at 32+ 1 °C under constant stirring using a Teflon-coated
magnetic bead [29]. The test sample (0.5 mL containing10
mg KTZ) was placed over exposed skin (available surface
area of 2.1 cm?). Three treatment samples (KOF1, KTZ-
SUS, and KTZ-MKT) were studied separately under similar
experimental conditions. The donor chamber was properly
covered with paraffin film to avoid loss of solvent or dryness
of the sample. The sampling was performed at different time
points (0.3, 1, 2, 4, 6, 8, 12, 24, 48, and 72h) followed by
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replacing equivalent volume of withdrawn sample with fresh
release medium. Notably, DMSO (5% w/v) was added to the
receptor medium to maintain sink condition. The withdrawn
sample was filtered using a membrane filter (0.2 um). The
permeated amount of the drug across the skin was estimated
using HPLC. Several permeation parameters (cumulative
amount of drug permeation, permeation flux, and enhance-
ment ratio) were calculated [30]. After completion of per-
meation study, the skin samples were removed and washed
with running water for drug deposition (retention) study. The
experiment was replicated for mean and standard deviation
values (n=06).

Skin retention studies

This study is an extension of the skin permeation study.
After completion of the permeation study, the skin was
washed with running water to remove adhering treatment
sample. Then, the skin was sliced into small pieces using a
surgical scissor and placed in a solution containing metha-
nol and chloroform (2:1 ratio) [31]. The drug deposited or
retained in the skin was extracted over 12h under constant
stirring at room temperature. The sample was filtered and
centrifuged (9000 rpm) for 15 min to get the clear superna-
tant. The obtained supernatant was analysed for the amount
of the drug retained in the skin, using HPLC. The study was
repeated for mean and standard values (n=06).

Bioanalytical method

A 10% homogenate of rat skin was prepared in cold 150 mM
KCl solution and centrifuged at 9000 rpm for 10 min. To
300 pl skin supernatant samples in an Eppendorf tube,
700 pl of chloroform:methanol (2:1) was added. The sam-
ple was vortexed for 8§ min and centrifuged at 15,000 rpm
for 10 min to remove precipitated proteins. The supernatant
was transferred to a labelled tube, evaporated to dryness,
and reconstituted with 400 pl mobile phase comprising ace-
tonitrile and 25 mM phosphate buffer pH 4.5 in the ratio of
48:52 (v/v). Resulting solution was filtered through a 0.2-
pm syringe filter and injected in HPLC for analysis. Skin
samples were prepared by spiking with 100 pL each of the
appropriate working dilution of KTZ to result in concentra-
tions lying within 0.2 to 20 pg/mL. The recovery of KTZ
from skin samples was 70-76%.The analysis was replicated
to get mean and standard deviation (n=3).

Dermatokinetics: an in vivo study
The animal study was carried out in Wistar albino rats
weighing about 250-300 g of both sexes. They were issued

from Institutional Animal House UIPS (University Institute
of Pharmaceutical Sciences) (Approved as regd. No.45/GO/
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ReBiBt/S/99/CPCSEA). All of the animals were housed in
a conditioned room with free access of food and water as
per guideline. Animals were randomly selected and grouped
(n=06 per group) as per treatment schedule. The body sur-
face of rats was properly inspected for any possible injury
and abnormality. The dorsal surface was used to locate a site
of application by making three areas (3 cm?) free of hairs.
Each group received all three formulations at labelled loca-
tion on the dorsal site. After 24h of shaving, formulations
(KTZ-SLNs, KTZ-SUS, and KTZ-MKT) were applied with
equivalent concentration and dose strength. Rat was ethically
sacrificed at varied time points (2, 6, 12, 24, 48, and 72h) for
dermatokinetic study. Three skin samples were excised from
the applied site and washed with water to remove adhered
content. Then, the skin samples were sliced into small pieces
to extract the drug content by dispersing in a mixture of
chloroform and methanol (2:1). The mixture was homog-
enized after 8 h and filtered. The filtrate was centrifuged
to get a supernatant. The supernatant was used to estimate
the extracted amount of the drug by HPLC method. The
data obtained was fitted into one compartment open model.
For dermatokinetics profile, the drug concentration versus
time profile is presented as a graph using a PK solver (ver-
sion 1.1). Several dermatokinetics parameters such as area
under the curve (AUCO0-72 and AUC,,_,), the maximum
drug concentration reached in the skin layer (C,,,), and
the time required to attain C,,, as T,,,, were assessed. The
experiment was replicated for mean and standard deviation
values (n=6).

Fluorescence microscopy study

This was conducted to visualize the tailored SLNs labelled
with a fluorescent probe, using dermatome human skin.
Approximately 30 pL of 2% aqueous solution of fluorescein
taken as control or corresponding FL-SLNs was applied top-
ically to the surface of skin. At 2h and 24h after treatment,
skin sections were cut and fixed. Fluorescein was excited
at 470 nm and the fluorescent emission was detected at
515 nm. Several representative images of the treated skin
were visualized using fluorescent microscopy (IX71 Olym-
pus Inverted Microscope, Olympus, Tokyo, Japan) with a
10 X magnification.

Vibrational spectroscopic imaging techniques
in human skin

Skin treatment procedure
Flash-frozen human skin with thickness 4cm? (T-SKN-

FF2CM) purchased from a licensed supplier (ZenBiolnc,
USA) was used for this study. All of the skin samples used
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in this study were from the same donor. 2.5 cm X 2.5 cm
piece of skin was cut and cleaned. Formulations (KTZ-
SLNs and KTZ-SUS) were applied topically on the skin
surface in excess. Product was massaged on the skin using
a glass rod and allowed to sit for 5 min. Skin was placed on
a Franz diffusion cell for 3 and 24h at 32 °C. After 3 and
24h, the excess product on the skin surface was gently blot-
ted with a wet Kimwipe. To evaluate product penetration
inside the skin, sample preparations were used. Transverse
skin sections (8 um) were obtained using cryo-microtome
and scanned by ATR-FTIR imaging to visualize product
penetration inside the different skin layers. Skin cross-sec-
tions (8 um) were cut using a cryostat. These cross-sections
were scanned by ATR-FTIR imaging to evaluate product
penetration inside the epidermis. ATR-FTIR images of the
cross-sections were recorded with a Spotlight 400 System
(PerkinElmer Instruments, Shelton, CT, USA), consisting
of a FTIR spectrometer with a mercury-cadmium-telluride
(MCT) focal plane array detector. Images were collected
in reflective mode at a spectral resolution of 4 cm™' and
4 scans accumulations in the mid-infrared (MIR) region
between 4000 and 750 cm™! with a spatial resolution of
6.25 % 6.25 pm at room temperature (24 °C). The ATR imag-
ing accessory used a germanium crystal placed directly in
contact with the skin samples. All the data were processed
(baseline correction, generation of spectroscopic param-
eters) using GRAMS/AI (Thermo Fisher Scientific) or ISys
software from Spectral Dimensions (Olney, MD).

Confocal Raman spectroscopy imaging

Skin was also scanned by confocal Raman spectroscopy to
evaluate product penetration inside the stratum corneum and
beyond in the epidermis. Human skin was treated for 24h
at 34 °C. After incubation, skin was placed in a home-built
brass cell. Confocal Raman images were acquired with a
WITec Alpha-3000R plus confocal Raman microscope
(Ulm, Germany) equipped with a 532-nm laser. XZ images
were taken for each sample. The XZ depth image was typi-
cally 50 30um? covering SC and upper viable epidermis
(VE) region with 4-um steps and a 20-s exposure time.

Stability studies
Photostability

It was conducted for KTZ-SLNs and KTZ-SUS as per ICH
guidelines Q1B [32]. The freshly prepared samples were
packed in amber-coloured and clear glass vials, labelled, and
recorded for further process. Each batch was exposed to illu-
mination light of 1.2 million lux h and an integrated near UV
energy (200 W h/m?) for 10 days in a photostability chamber

(Binder Gmbh, Germany). All experiments were repeated
for mean and standard deviations (n=6).

Long and accelerated stability

A long-term accelerated stability of the developed formula-
tions (KTZ-SLNs) was conducted as per ICH Q1A guide-
lines [33]. A constant amount of each formulation was trans-
ferred to fresh and clean amber-coloured glass container.
Three batches for each formulations were prepared, packed,
and labelled as per experimental schedule 4 °C (2-8 °C), 30
(2 °C)/65% (+5%) RH and 40 (2 °C)/75% (£ 5%) RH).
The samples were withdrawn at 0, 30, 90, 180, and 360 days,
and evaluated for particle size, %EE, and the drug assay/
content (%). All experiments were repeated for mean and
standard deviations (n=06).

Results and discussion
Preparation of formulation and pre-optimization

Initially, several trial formulations were prepared using the
investigated lipid (CATO as lipid), surfactant (tween 80), co-
surfactant (PEG600), and stabilizer (P90G) as per Taguchi
design (Table 1). Moreover, the design was used to select
factors and levels (Table 1). Several trial formulations were
prepared by varying run cycles, speed, and time for homog-
enization using HPH as shown in Table 1.

The formulation exhibiting overnight benchtop stabil-
ity was selected for identifying lower and higher levels of
each factor for Design Expert (central composite design)
(Table 2).We selected X; (CATO as lipid) and X, (tween 80)
as independent factors at three levels as shown in Table 2.
The set responses were Y}, Y,, and Y; for particle size (nm),
%EE, and the drug content (%), respectively. This tool is
reliable to obtain the most robust formulation with optimum
content of the solid lipid and surfactant under set desired
goals. Moreover, the software was used to identify the poten-
tial factors affecting dependent variables (Y,-Y;) and pos-
sible interaction between factors (X; and X,). The central
composite design (CCD) suggested thirteen formulations
under given set of constraints and goal. The suitability of
the model was assessed by analysis of variance (ANOVA).
The statistical parameters (p, F, and r* values) were carefully
examined for the model to be fit. All responses (Y¥,—Y3) fol-
lowed quadratic model and the generated polynomial equa-
tions are presented in Table 2. The negative and positive
signs associated with each term represent antagonistic and
synergistic influence of individual factor on the investigated
responses, respectively.

Particle size (Y;) of SLNs dispersion is a significant
parameter for efficient in vitro and in vivo experiments. The
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Table 1 Taguchi design

. -1 (+1)
variables
Code factor Levels Response

A Lipid (%) 8.0 10.0  Particle size (nm)
B Tween 80 (%) 3.0 7.0  Entrapment efficiency (%)
C PEG600 (%) 2.0 6.0
D Phospholipon 90 G (%) 0.1 0.3
E Stirring speed (rpm) 8000 10000
F Stirring time (min) 8 10
G Homogenization Cycle 5 7
Std Run A B C D E G
5 1 80 3.0 6.0 0.3 8000 8 5
1 2 80 3.0 2.0 0.3 10000 10 7
7 3 80 70 2.0 0.1 8000 10 5
4 4 100 7.0 2.0 0.3 8000 5
3 5 80 70 2.0 0.1 10000 7
6 6 10.0 3.0 6.0 0.1 10000 8 5
8 7 10.0 7.0 6.0 0.3 10000 10 7
2 8 10.0 3.0 2.0 0.1 8000 10 7

nanoscaled safeguard circumvents direct interaction of KTZ
with efflux proteins thus ensuring its entry into the fungal
cells. Furthermore, lower particle size reduces the tendency
of coalescence which leads to increase in stability and shelf
life of KTZ-SLN formulation. The polynomial equation for
Y, is given in Table 2 where negative signs of coefficients
associated with both factors X; and X, indicate that these
factors need to be reduced to get desired response. The 3-
and 2-dimensional contour plots for Y,—-Y; are illustrated in
Fig. 1. The result showed that Y, increases with increase in X
(CATO) which may be due to higher content of lipid (Fig. 1A
and B). Therefore, it should be reduced to an optimal level.
In contrast, Y, was at first found to decrease with decrease
in tween 80 content while it increased on further reduction
in X,. Thus, both X, and X, need to be optimized to get the
most robust SLNs. The lower value of p (0.0006) and high
F (21.97) value confirmed the best fit of the model adopted
for analysis of Y. Moreover, the adjusted correlation coef-
ficient (%) was close to the observed value which suggested
good fit of the model. The optimum particle size (minimum)
was due to relatively higher concentration of surfactant (7%
w/v) and optimal lipid content 10% w/v. However, with fur-
ther increase in concentrations of both the factors, there was
increase in particle size due to micelle formation. Hence, it
may be concluded that to obtain optimized formulation, the
optimum levels of X, and X, are required. For Y,, the positive
signs of X; and X, associated with first and second terms of
the quadratic equation (Table 2) suggested that the concentra-
tions of X; and X, should be at high level for the optimized
product. Thus, the effect of the concentration of lipid and
tween 80 is directly proportional to Y,. These two were found

@ Springer

to be considerable factors to use in optimal concentration.
The result is exhibited in Fig. 1C and D (response surface and
2-D contour plots) where Y, was found to increase linearly on
increasing the content of X; which may be due to increased
solubility of lipophilic KTZ in lipid. Compritol®888 ATO is
a complex lipid composed of mixtures of mono-, di-, and tri-
glycerides which form less perfect crystals, and accord space
to accommodate drug molecules [34].

Furthermore, Y, was found to increase with increasing
content of tween 80 (X,). Statistical analysis suggested that
the model was the best fit for this response as evidenced
with high value of F (19.68), low p value (0.0008), and the
closeness of r* between adjusted (0.9842) and predicted
(r*=0.9766) values. The generated quadratic equation is
presented in Table 2 with associated coefficients in each
term. The total drug content is a significant parameter for
assessing stability and shelf life of the formulation. It was
expected that the drug content (¥5) should increase with
increase in X; and X, due to drug solubility in lipid- and
surfactant-based improved emulsification. The drug content
was the highest when both the factors (X, and X,) were at
axial point (X;:+1 and X,:+ 1) (Fig. 1E and F). The math-
ematical relationship of Y to factors is represented by the
quadratic equation obtained and presented in Table 2. When
the lipid and tween 80 concentrations were at optimum point
(X,=10% w/v g and X, =7% w/v), total drug content of KTZ
loaded in SLNs (KTZ-SLN4) as in Table 2 showed maxi-
mal value of 96.2%. The model was significant (p =0.0009)
and fit as evidenced with the correlation coefficient (regular
»=0.9878) and adjusted 7% (0.9791).
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Y; (%)
96.25
95.00
1.30

Y, (%)
88.5
84.0
5.08

Y, (nm)
293
289
1.36

2615.98 — 354.27X, — 416.84X,— 17.16X,X, + 32.34X,2 + 52.26X,2

Y,=—173.36+51.95X, + 14.64X, — 1.42X,X, — 2.85X,* +0.43X,?
134.38 —19.35X, —7.91X, — 1.23X,X, + 1.78X,2 +0.19X,>

Optimized KOF1

Observed
value
Predicted
value

% Bias

Y,
¥,

Optimization and validation parameter

Based on statistical parameters for the responses Y,-Y;, the
most robust formulation was obtained with optimum con-
tent of X; and higher content of X, to achieve the set goal.
The predicted and observed values were closely related as
evidenced with correlation coefficient value (R? > 0.90)
all explored responses (Y,—Y3) (Fig. 2A-C). There were no
observed interaction for Y, and Y, (Fig. 2D and E). How-
ever, the response Y; exhibited a slight interaction between
factors (Fig. 2F). The value of overall desirability function
was obtained as 0.907 close to unity. Thus, the used model
was the best fit under given set of experimental conditions
and importance to each factor and response. The most opti-
mized formulation obtained was KOF1 with the highest
desirability function parameter as compared to other sug-
gested formulations (Fig. 3).

Post-optimization studies: evaluation parameters
of KTZ-SLNs (KOF1)

Particle size, PDI, zeta potential, EE, and drug assay/TDC

The finally optimized formulation KOF1 was comprised
of X, (10% w/v) and X, (7% w/v) with maximum desir-
ability value. The results of particle size (Y;), PDI, and
zeta potential were found as 293 +6 nm, 0.258 +0.07,
and —22.92 + 2.4 mV, respectively, for KOF1 (Table 2).
Moreover, the results of %EE (Y,) and % drug assay/total
drug content (Y;) were found to be as 88.5+1.5% and
96.25 +0.85% for KOF1, respectively. Notably, the con-
centration of KTZ in final formulation of SLNs was 0.2%
w/v in our previous report published for ocular delivery
[20]. The present study was intended for topical delivery
of KTZ to control fungal infections caused by the resistant
and sensitive strains residing into the deeper epidermal
tissue. Therefore, higher strength (2% w/v) was formulated
and evaluated for in vitro, ex vivo, and in vivo performance
as compared to marketed and prepared suspension. The
predicted values of particle size, %EE, and % drug con-
tent were 289.0 nm, 84%, and 95%, respectively, for KOF1
suggesting good agreement of the model fit due to close-
ness of the predicted values to the observed values. In the
case of dye-loaded SLNs (FL-SLNSs), the particle size was
298 +2 nm and PDI was 0.218 +0.03. Furthermore, lyophi-
lized powder of KTZ-SLNs was reconstituted with 10 mL
of water and evaluated for particle size analysis. Obtained
particle size was 307 +3 nm and PDI was 0.267 + 0.06.
Thus, there was not much change in particle size and size
distribution when probed with the dye and on reconstitu-
tion after lyophilization.
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Fig. 1 Three-dimensional response surface and 2-dimensionl contour plots showing the influence of Compritol ATO 888 (lipid) and tween 80
(surfactant) on particle size (Y;) (A-B), %EE (Y,) (C-D), and % total drug content (¥3) (E-F)

Differential scanning calorimetry (DSC) form solid lipid nanoparticles may change the crystalline

behaviour as well as the polymorphic form of the lipid.
Melting (heating) of lipid and recrystallization (cool-  As illustrated in Fig. 4A and B, the characteristic sharp
ing) of hot lipidic emulsion after passing through HPH to ~ endothermic peaks were obtained for lipid and the drug at
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Fig.2 Predicted and observed values of responses Y,—Y; (A—C) and interaction curves (D-F)
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Fig. 3 Desirability function 2 g
parameter for the optimized Desirability
KTZ-SLNs (KOF1) Lipid 1
Tween 80 1
Particle size %
975
Entrapment efficiency 0.891
Total drug content 0.823
Combined 0.907

75.6 °C (486.9 J/g) and 153.7 °C (269.5 J/g), respectively.
In literature, the melting points of the Compritol 888 ATO
(lipid) and KTZ are indicated as 71.7 °C and 151.22 °C,
respectively, and are in close agreement with the presently
obtained values [35]. DSC for KTZ does not exhibit any
degradation endothermic peak at or around 75 °C, which
was the temperature at which SLNs were prepared, thus
confirming that ketoconazole was stable during SLN prepa-
ration. Chemically, the used solid lipid is glycerol esters of
behenic acid (C,,) containing behenic acid as major constit-
uent (>85%). Moreover, the lipid is amphiphilic (HLB ~2)
in nature due to the presence of partial acylglycerol. It is
noteworthy that the lipid has low peroxide value (6 meq O,
Kg™!) suggesting high chemical stability [35]. Therefore,
this lipid was selected to load chemically challenged KTZ
for improved solubility and chemical stability. KTZ-SLNs
(KOF1) however showed broad and multiple endothermic
peaks that shift to 89.39 °C and a significantly lowered
heat flow of 92.26 J/g, which indicates the incorporation of
KTZ into the lipid matrix (Fig. 4C). Lower enthalpy value
for KTZ-SLNs (KOF1) with respect to both the free KTZ
and the lipid indicates solubilized KTZ in the lipid matrix
having more imperfections in the crystal lattice which can
accommodate more drug content in their crystal lattice [36].
Both blank and KTZ-SLNs (KOF1) showed multiple peaks
(Fig. 4C and D). DSC of polyethylene glycol 600 (PEG
600) and Phospholipon 90 G (P 90G) also indicate sev-
eral endothermic peaks (Fig. 4E and F). Peaks correspond-
ing to Compritol 888 ATO (CATO) exhibited at 74.65 °C
(486.9 J/g) (Fig. 4B) shifted to 78.59 °C in KOF1, but it
was associated with a lower enthalpy of 370.2 J/g indicating

1 I |
1.000

shift towards amorphousness. This is expected of the SLN
lipid matrix incorporating KTZ and also PEG 600 [20]. Par-
tial shift of peak corresponding to CATO to higher tempera-
ture could be due to merging with the shoulder exhibited by
PEG 600 at 78.43 °C, considering that the latter is present at
a significant concentration of 6% w/v in KTZ-SLNs. KTZ-
SLNs did not exhibit any peak corresponding to 153.73 °C
as exhibited by pure KTZ. However, there was a peak at
104.52 °C which is partly attributed to a shoulder exhibited
at 117.74 °C by P 90 G and a peak exhibited by PEG 600
at 95.28 °C. Both PEG 600 and P 90G form a layer around
the lipid matrix of SLNs [20] as also indicated in HR-TEM
of KTZ-SLNs [17]. Similarly peak is also observable at
111.04 °C for blank SLNs (Fig. 4D) and is associated with
a high enthalpy of 2370 J/g versus 942.8 J/g for KTZ-SLNs.
Presence of KTZ in the outer surfactant (PEG 600 and P
90G) layer of KTZ-SLNs as described previously [17] may
attribute to the lower enthalpy. The same is apparent from
the release data (Fig. 7A).

Fourier transform infrared spectroscopy (FTIR)

The result of FTIR study is portrayed in Fig. SA wherein
pure KTZ, KOF1, and blank SLNs exhibited characteristic
peaks. Notably, pure KTZ showed prominent stretching
peaks at 1510 cm™! for unsaturated hydrocarbon (C=C),
1646 cm™! for carbonyl group, 1036 cm™' for aliphatic
ether, 1245 cm™! for cyclic ether, and 817 cm™~! for halo-
gen attached with carbon (C-Cl). These values were in
agreement with reported stretching [37]. A major peak

@ Springer
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Fig.4 DSC thermograms of (A) pure KTZ, (B) pure lipid, (C) KTZ-SLNs, (D) blank SLNs, (E) P90 G, and (F) PEG600

retained at 2923 cm™! and 2047 cm™! in blank SLNs and
KOF1 is due to stretching vibration of C-H group pre-
sent in lipid excipient. Moreover, remarkable band from

@ Springer

1711 to 1742 cm™" corresponds to carbonyl group (C = O)
and from 1578 to 1609 cm™' corresponding to unsatu-
rated carbon (C=C) is associated with the lipid excipients
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of formulation [38]. In KOFI, few characteristic peaks (14,898-1553 cm™!), and other excipients were retained
of the drug (2962-2836 cm™! assigned for C-H stretch-  with slight variation in intensities. Few peaks of the drug
ing, 1652 cm™! for C =0 stretching vibration), lipid  (for C-N and C—Cl) overlapped with the lipid [39].
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Fig.5 Evaluation of KOF1, blank formulation, and pure KTZ: (A) FTIR spectra and (B) powder X-ray diffraction study
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Powder X-ray diffraction (PXRD)

This was carried out to identify the solid-state characteristic
behaviour of the pure KTZ and developed formulation. The
technique was helpful to identify crystallinity and amor-
phous nature of the drug and KTZ-SLNs, respectively, as
shown in Fig. 5B. The lyophilized KTZ-SLNs and blank
formulation were found to be amorphous as compared to
pure KTZ. This confirmed that the KTZ-loaded SLN for-
mulation was relatively soluble as compared to pure drug.
KTZ exhibited remarkable peaks with 20 values of 7.2, 17.4,
19.8,22.2, and 24.9. These suggested the crystalline nature
of the drug and were found to be complying with a previ-
ous report [40]. Blank formulation revealed an amorphous
nature due to blend of lipid with surfactant and stabilizer.
The lack of characteristic peaks of the drug in KOF1 may be
due to solubilized form of KTZ amalgamated completely in
lipid matrix or molecularly dispersed or amorphous state of
KTZ [21]. Moreover, this suggested the least unentrapped
drug outside the lipid core.

Surface morphology analysis

FE-SEM and HR-TEM are two advanced and sophisticated
technologies to visualize morphological behaviour of nano-
medicine or nanocarrier at varied resolution and magnifi-
cation. The shape and size of the particle are important
aspects to assess in vivo performance of nanomedicine. The
representative images of FE-SEM and HR-TEM are pre-
sented in Fig. 6A and B. The high magnification (10,000 X)
HR-TEM image illustrated that the lipid core was enclosed
with a hydrophilic firm layer of the surfactant. Acquisition
of perfectly spherical shape was attributed to the mixture
of surfactant-mediated effective covering around the SLNs
surface during homogenization. The size of SLNs observed
by HR-TEM was relatively lower than the value obtained in
DLS. This variation is associated with several factors such
as instrumental error of TEM (relative adsorption of smaller

Fig.6 KTZ-SLNs (KOF1)
under FE-SEM at 5000 % (A)
and HR-TEM at 10,000 x (B)

@ Springer

size particle by the grid) and the collapsed SLNs after water
evaporation during drying process [41]. It is apparently
observed that the optimized KTZ-SLNs (KOF1) were homoge-
neously dispersed, discrete, and spherical. In general, spheri-
cal particles are relatively stable and suitable for improved
permeation across skin. Moreover, spherical particles are
considered to sustain their shape upon storage while disc
shaped or discoid particles tend to aggregate which lead to
gelation upon storage [42, 43].

In vitro drug release

KTZ is highly crystalline in nature and poorly soluble in water
(0.04 mg/mL) or buffer. In vitro release behaviour of the drug
suspension and KTZ-SLNs (KOF1) was determined in PBS
(pH 7.4) containing 5% v/v DMSO (to maintain sink condition).
It is observed that the drug was poorly released (38%) across the
dialysis membrane from the drug suspension over a period of
2h and then no release was observed due to poor solubility of
the drug. However, the optimized SLN formulation exhibited an
initial burst release within 2h due to free drug and subsequent
extended release (99.84%) within 72h (Fig. 7A). KTZ release
from SLNs was exponential in first 2h followed by sustained
release over 72h which may be attributed to solid lipid matrix
amalgamated with the drug. However, 13% of the total loaded
drug was released within 2h and these values closely corre-
spond to the free/unentrapped drug present in the KTZ-SLN
formulation. Free/unentrapped KTZ was not removed from the
SLN dispersion. Though KTZ is insoluble in water or aqueous
system resulting in limited permeation across stratum corneum,
however, in presently developed KTZ-SLNG, the free drug was
present in the solubilized form and did not separate or crystal-
lize out of the system. It is contested that this free drug can
act as a (i) loading dose for immediate onset of action, and (i1)
also contributes to ensure high entrapment. Further it helps to
maintain the thermodynamic equilibrium favouring release of
KTZ from within SLNs as the free KTZ is absorbed into skin
(in this experiment released into dialyzing fluid).
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Different kinetic models were applied to understand the
release mechanism of KTZ from the lipid matrix. In the first
12h, KTZ followed non-Fickian release as evidenced from
the low “n” value (0.82) for the best fit (+>=0.9948) Kors-
meyer Peppas model. From 24 to 72h, zero-order release
model was the best fit model (#>=0.9961) for KTZ-SLNs
suggesting slow and controlled release from the lipid matrix.
This diffusion-controlled release was predicted to occur from
porous matrices [44]. The release of drug from a matrix can
be predicted based on the various drug release models.

Ex vivo skin permeation and retention studies

The drug permeation profiles of formulations (KTZ-SLNs,
KTZ SUS, and KTZ-MKT) are illustrated in Fig. 7B. The
cumulative amount of the drug permeated (flux) across
rat skin at the end of 72h was 6643.58 +210.2 pg/cm?,
2924.66 +90.6 ug/cm?, and 1134.14 + 11.3 pg/cm? for

A
KTZ-SUS
KTZ-SLNs
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80

40

Cum. Amount released (%)

12 24 36 48

KTZ-SLNs, KTZ-MKT, and KTZ-SUS, respectively (Fig. 7B;
Table 3). Higher permeation of KTZ-SLNs is attributed to
the adhesive and occlusive nature of SLNs which improve
hydration and thus permeation of the skin [45]. Most stud-
ies with such controlled systems are conducted for similar
long periods [46] as even though the application may not
remain on the skin for this period but the SLNs that perme-
ate will keep releasing the drug over prolonged periods as
evidenced from the in vitro data (Fig. 7A). The same can
be observed from the retention data at 72h (Fig. 7C). The
transdermal flux was the highest at 24h for KTZ-SLN for-
mulation (134.40+4.2 ug/cm?/h) as compared to KTZ-SUS
(23.80+ 1.8 pg/cm*h) and KTZ-MKT (48.31+2.7 ug/cm?/h),
respectively. This improvement is attributed to the structural
arrangement of SLN excipients viz. presence of co-surfactant
(PEG 600) layer on SLN surface. It being a hydrophilic mol-
ecule is incorporated into the polar head group of the skin
lipid bilayer resulting in greater penetration via o-keratin and
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Fig.7 (A) In vitro drug release of KTZ and KTZ-SLNs after 72h
(n=6). (B) Ex vivo drug permeation study across rat skin illustrat-
ing amount of drug permeated from KTZ-SLNs (KOF1), KTZ-SUS,
and KTZ-MKT when applied on rat skin placed between a donor
and receiver chamber of the Franz diffusion cell (n=6 for each treat-

ment). (C) Amount of drug retained per cm? into the rat skin after
an ex vivo permeation study of KTZ-SLNs (KOF1), KTZ-SUS, and
KTZ-MKT (n=6). (D) Skin concentration-time profile of KTZ-
SLNs (KOF1), KTZ-MKT, and KTZ-SUS following topical applica-
tion to rat skin (n=06)
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other conformational changes in multilamellar lipid bilayer
of the SC [43, 44]. SLNSs are reported to form a depot in the
follicular dermis area [47] from where the encapsulated drug
is released due to ff to a or f' transition of the lipid [35]. Sig-
nificant and prolonged KTZ release will thus manage the high
fungal load usually found in the deeper skin layers and respon-
sible for relapse [3]. The amount of KTZ present in rat skin at
the end of permeation study was also determined (Fig. 7C).
As discussed above, it is very important that antifungal drugs
reach and stay in deeper layers of skin at optimal concentra-
tion, for effective management of fungal infections. The drug
retention from KTZ-SLNs was 1383.14 +90.3 ug/cm* which
was 460 and 410% higher than KTZ-SUS (303.81 +48.3 pg/
cm?) and KTZ-MKT (336.31 +54.4 ug/cm?), respectively
(Fig. 7C). The augmented permeation and drug deposition in
the skin is achieved through a combination of physiological
and physicochemical mechanisms such as lipid-lipid interac-
tion of skin lipid and SLNSs, surfactant-mediated skin lipid
extraction for improved permeation, follicular deposition of
SLNs for transport to the lower epidermal area, and reduced
transepidermal water loss through occlusion achieved on skin
surface by SLN application [48, 49].

However, the lower dermal area is highly vascularized and
there is a chance of systemic dug transport which is a concern
with KTZ due to its hepatotoxic nature. To check if there is
any transdermal flux of KTZ applied as KTZ-SLNs, an in vivo
study was conducted. KTZ-SLNs were applied on dorsal skin
of rats (n=3) after removing hair. The blood was withdrawn
from retro-orbital plexus, 72h post application, and was ana-
lysed for KTZ, after centrifugation to separate plasma. How-
ever, no KTZ was detected in plasma (LLOD: 0.2 pg/mL).
This confirms that all KTZ is released and retained in the skin
for local action. The flux observed in ex vivo experiments is
due to (i) presence of 5% DMSO in receptor media which acts
as a penetration enhancer, (ii) large dialysis fluid volume of
30 mL, and (iii) continuous stirring of receptor medium, and
all of these factors do not exist in real-time clinical situation.

Dermatokinetic studies

The concentration time profile (Fig. 7D) and dermatoki-
netic parameters of formulations (KTZ-SLNs, KTZ-SUS,

and KTZ-MKT) after topical administration were investi-
gated in rat skin (Table 4). The analytical and bioanalytical
method of analysis of KTZ was validated as per USFDA
guidelines and showed high accuracy (92.2-96.8%) and
precision (1.9-2.9%). Figure 8 shows chromatogram of
untreated/blank skin homogenate and following its spiking
with KTZ (Fig. 8B), establishing that there was no matrix
interference of skin constituents with KTZ peak which was
sharp and clear. A recovery of 70-76% was obtained for
the spiked skin samples of the standard plot. It was clearly
observed that dermatokinetic parameters such as C,,
(7.1-fold), AUC,,_,, (9.0-fold), and AUMC,_,, (10.6-fold)
were significantly (p <0.001) improved for KTZ-SLNs
as compared to KTZ-SUS. Similarly, these parameters
for KTZ-SLNs were remarkably increased several times
(Cpax (4.1 times), AUC,_,, (4.6 times), and AUMC,,_, (5.6
times)) as compared to commercial KTZ-MKT. Concen-
tration (C,,,,) of KTZ in the skin was significant at 24h
(225.19+9.5 pg/mL) and up to 72h (46.32 pg/mL). This
indicated prolonged and sustained release of KTZ-SLNs
in the skin layers as compared to KTZ-SUS (3.8 pg/mL)
and KTZ-MKT (4.4 pg/mL) at 72h. Figure 7D presents
skin concentration—time profiles of the KOF1, KTZ-SUS,
and KTZ-MKT after topical application on rat skin. It is
obvious that KTZ-SLNs improved skin concentration of
KTZ when tailored in SLNs as compared to drug suspen-
sion and commercial product. The result suggests that the
proposed nanoparticles were capable to deliver the drug up
to and beyond the viable epidermis which can be suitable
for topical fungal infection control. The small particle size
of SLN in the nanometre size range causes adherence [28]
to the stratum corneum (SC) followed by increased KTZ
penetration into viable layer of skin to control fungal cells
by lipid-lipid internalization, maximized drug availabil-
ity around fungal cells, and surfactant-mediated cell wall
extraction for detrimental effect [SO]. The formed film pre-
vents water evaporation from skin resulting in substantial
hydration for augmented penetration of KTZ-SLNs through
the stratum corneum [28, 51].

In order to confirm if the topically applied KTZ-SLNs can
pass across the skin into systemic circulation, plasma was ana-
lysed. No detectable amount of KTZ was present, indicating

Table 3 Comparison of various formulations of ketoconazole in terms of total amount permeated, percentage permeation, steady-state flux (Jg),

and apparent permeability coefficient (P,

) obtained during ex vivo permeation studies using rat skin (mean+SD, n=6)

Formulation Cumulative drug permeated in J at 24h (ug/h/cm?) J 72h (ug/h/em?) Py
72h (ng) (cm/s)
KTZ-SUS 1134.01 +13.84 23.80+1.8 7.83+1.3 2.82
KTZ-MKT 2924.61 +32.56% 48.31+2.7* 20.21+1.6" 7.29
KTZ-SLNs 6643.67+309.16" 134.40+4.2" 45.90+2.3" 16.52

“Indicates a difference between KTZ-SLNs and other groups (KTZ-SUS and KTZ-MKT); p <0.05

#Indicates a difference between KTZ-MKT and KTZ-SUS; p <0.05
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Table4 In vivo dermatokinetic o 1yuation C, . (ng/mL) T, () AUC,.,, (ng h/mL) AUMC,,__, (ng h¥

parameters of KTZ-SLNs, mL)

KTZ-MKT, and KTZ-SUS

following topical application to KTZ-SUS 31.71£3.5 24 1105.33+118.7 42,149.12+1601.7

rat skin (mean +SD, n=6) KTZ-MKT 55.0043.5" 24 2146.22+176.5" 80,288.69 +4301.6"
KTZ-SLNs 225.19+9.5% 24 9901.77 +429.6* 448,892.14 +2918.9*

#Indicates a difference between KTZ-SLNs and other groups; p <0.001
“Indicates a difference between KTZ-MKT and KTZ-SUS; p<0.001

that KTZ, if any, was present at concentration below lower limit
of detection (LLOD) of 0.2 ug/mL. It may be prudent to corre-
late mitigated systemic toxicity and drug related side effects of
KTZ as compared to its oral or parenteral administration [52].

The achieved high permeation potential of KTZ-SLNs
is attributed to a combination of mechanisms functioning
together, such as (a) surfactant- and lipid-mediated cellular
internalization of the KTZ through skin lamellar lipid, (b)
increased surface area maximized drug availability around
fungal cells, (c) reduced particle size caused ease in permea-
tion across microscopic physiological pores, (d) lipid-based
bioadhesion and subsequent thin film formation protected
dehydration of skin, and (e) slow and controlled access of
the drug to the targeted epidermal area provided regular
exposure of fungal strains with the drug.

Fluorescence microscopy study

To support the ex vivo permeation and drug deposition
findings, this study was planned to visualize the dye-loaded
SLNs (FL-SLNs) applied on human dermatomed skin for
2 and 24h under fluorescent microscopy. An aqueous solu-
tion of the dye served as control and was applied on the
same skin. The fluorescent images are shown in Fig. 9.
From Fig. 9A and B, the fluorescence was only detected
at the skin surface in the fluorescein solution group after
cultivation for 2h and 24h. Fluorescence displayed only lit-
tle penetration from external epidermis layer after 2h treat-
ment (Fig. 9C) with fluorescein-loaded in SLNs. After 24h
of treatment, FL-SLN treatment group showed appreciable
fluorescence deeper inside the viable epidermis (Fig. 9D).
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Fig.8 HPLC chromatograms of (A) blank skin homogenate and (B) KTZ in skin homogenate
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SLNs are reported to permeate the skin where they are found
to accumulate resulting in a depot, and subsequent release of
KTZ from SLNs present in skin/hair follicles will provide
an effective, sustained treatment of fungal infection [41, 47].

Vibrational spectroscopy imaging of human skin
ATR-FTIR imaging on skin cross-section

Human skin cross-sections were recorded by ATR-FTIR
imaging spectroscopy. Figure 10 shows visible images of a
skin cross-section and the associated hyperspectral image.
The method allowed us to investigate and visualize the pen-
etration of KTZ-loaded KTZ-SLNs and other SLN compo-
nents in the integral epidermis.

The FTIR Imaging System recorded hyperspectral
images (Fig. 11) which provide maps showing the co-
localization of specific molecular components (KTZ or
SLN components). These images were generated with false
colours where the red represents the highest values and the
blue the lowest values for each parameter investigated. The
ratio between 816 cm~! and Amide I band area was used
to follow the penetration of KTZ while the ratio between
945 cm™! and Amide I band area was used to follow the
penetration of SLN components. Indeed, the band around
816 cm™! is specific of the KTZ while the band around
945 cm™! is specific of the SLN components. There is no

Fig.9 Fluorescent images of
skin tissue. (A) FL-Sol 2h, (B)
FL-Sol 24h, (C) FL-SLNs 2h,
(D) FL-SLNs 24h

|

\

Epidermis $\

@ Springer

overlapping with the skin contribution in this area (Sup-
plementary Fig. 1). The typical FTIR spectra recorded on
KTZ-SLNs and on untreated human skin, shown in this
figure, were used to define the IR markers for the KTZ and
for the SLNs. The ratios used to investigate the penetration
of KTZ and SLNs were applied to the three skin groups:
untreated, treated 3 and 24h with KTZ-SLNs and the data
shown in Fig. 11 (FTIR results) and Fig. 12 below (Raman
results) present, in our opinion, clear results regarding the
penetration of KTZ inside human skin samples as well as
the penetration of the SLNs. As expected, using these ratios
no KTZ neither SLN penetration can be observed in the
untreated human skin samples in both FTIR and Raman
experiments. Hyperspectral images in Figs. 10 and 11 show
clearly that KTZ and SLNs penetrated inside the human
skin, and the deepest penetration was reached after 24h of
treatment. This is a first report where such spectral studies
are used to describe penetration of any SLN formulation
into human skin.

The SLN penetration will allow the release of KTZ inside
the human skin samples when they will exhibit polymorphic
transition from S to ' a more stable crystalline form [35].
The ATR-FTIR images in the Supplementary Fig. 2 show
clearly that SLNs penetrated inside the human skin, and the
maximum penetration was reached after 24h of treatment.
After 24h, the SLNs had penetrated up to the deepest part
of the epidermis.

Dermis

Epidermis

Epidermis
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Fig. 10 (A) Visible image of
skin cross-section showing the A
epidermis and dermis region.
(B) Hyperspectral FTIR images
superimposed on the visible
image indicating the whole
epidermis was scanned

Confocal Raman spectroscopy imaging

The FTIR data were confirmed by confocal Raman spectros-
copy. The confocal Raman images in Fig. 12 clearly show
that SLNs penetrated the stratum corneum in the first 2h and
reached the viable epidermis after 24h. There was a nice
co-localization of the KTZ and the SLNs inside the human
skin samples. Indeed, like the SLNs the KTZ penetrated the

Untreated

24h

(974-912)/Amide I area ratio

Fig. 11 (A) Visible images of skin cross-sections (stratum corneum
on the top) (B) ATR-FTIR image of KTZ-SLN penetration into the
skin, obtained from the ratio between 945 cm™! and Amide I peak
area (representative of SLN components) and (C) ATR-FTIR image

ATR-FTIR image

All the epidermis is scanned

EpidermisI

Dermis

ATR-FTIR image

All the epidermis is scanned

stratum corneum in the first 2h and reached the deeper part
of the epidermis after 24h.

Long-term stability
Nanoparticles are associated with instability due to physi-

cal and chemical factors such as particulate aggregation, size
variation, and drug content under varied temperature and

(830-800)/Amide I area ratio

of KTZ-SLN penetration into the skin, obtained from the ratio of the
peak areas at 816 cm™! to Amide I (representative of KTZ) peak area.
Highest to lowest concentration of each component is displayed by
the colour scale from red (highest) to blue (lowest) as shown
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Untreated

KTZ-SLNs

KTZ-SUS

Fig. 12 Confocal Raman images showing that SLNs have penetrated
inside human skin treated with (A) KTZ-SLNs and (B) KTZ-SUS
for 2h and 24h. Highest to lowest concentration of each component

humidity. Therefore, it is an essential parameter to estimate
shelf life of a product or success of the product to comply
regulatory condition before approval or marketing. Particle
size (PS), % EE, and the drug content were estimated over
different temperature, humidity, and time period as shown in
Fig. 13. The PS of KTZ-SLN stored at 4 °C+1.0 °C (2-8°C),
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is displayed by the colour scale from red (highest) to blue (lowest/no
component) as shown

30°C+2 °C/65+5% RH, and 40 °C +2 °C/75+5%RH ranged
as 236.8+16.7-565.2+20.5 nm, 336.8+16.7-658.7 +98.5,
and 336.8+16.7-1346.98 + 133.1 respectively. Particle
growth was slower at 4+ 1.0 °C than when stored at higher
temperatures. Kinetic energy of the system increases at higher
temperatures, yielding aggregates (and hence increase in size)
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Fig. 13 Effect of different temperatures on particle size (A), %EE (B), and % total drug content (C) in long-term stability studies. Effect of UV
light on KTZ-SLNs (KOF1) and KTZ-SUS in amber-coloured glass (D) and transparent glass (E)
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due to higher frequency of collisions between particles [53,
54]. Microviscosity (the friction experienced by particles) is a
temperature-dependent factor and decreases with an increase
in temperature leading to particle destabilization and pos-
sibly agglomeration [55]. The %EE of KTZ-SLNs stored at
4°C+1.0 °C (2-80 C), 30 °C£2 °C/65% RH ranged between
87.5+£3.2-81.2+0.7% and 87.5+3.2-73.5+1.9% respectively.
The corresponding drug assay (%TDC) for KTZ-SLNs ranged
between 94.9 + 1.7 and 87.90+0.6% and between 94.9+1.7
and 80.5+0.8%, respectively. The %EE and %TDC of KTZ-
SLNs stored at 40 °C +2 °C/75% RH +5% RH ranged between
87.5+3.2-19.3+1.1% and 94.9+1.7-24.92 +1.7% respec-
tively. The chromatograms of stability did not show any inter-
ference of degradation products. Further peak purity values were
from 99.67 to 99.86 for all stability samples and the same RT of
KTZ in all samples confirmed that degradation products did not
interfere with the KTZ peak (results not shown). High tempera-
tures (40+2 °C/75 +£5% RH) facilitate transformation of lipid
into various metastable polymorphic states which results in drug
expulsion and leaching. A transformation of SLN from f' to
form resulting in drug expulsion is indicated by significantly
decreased EE [56]. The investigated drug is also associated with
light-mediated instability. Interestingly, the total drug content
(%TDC) was found to be reduced under UV light (p <0.05;
Fig. 13D and E) in drug suspension at the end of 10 days. In
contrast, % TDC remained substantially high in SLNs at the end
of 10 days. KTZ-SUS showed a significant (p <0.001) reduction
in %TDC (remaining drug as 66.4%) when stored in the trans-
parent glass vial as compared to amber glass (remaining drug
content as 30.3%). This was also inspected for visual exami-
nation. The drug content stored in transparent glass turned to
slightly pink colour upon storage (suspension) whereas KTZ-
SLNs retained their white colour. This may be prudent to cor-
relate with high protective nature of Compritol possessing low
peroxide value as mentioned before [13].

Conclusions

KTZ is a potential established antifungal drug with limited
aqueous solubility and poor topical efficacy in conventional
dosage form. Commercial cream available is also challenged
for limited clinical efficacy on topical application to control
resistant and recurrence cases. In literature, various topical
and transdermal formulations have been reported for improved
efficacy based on overestimated data of in vitro findings.
Therefore, we addressed solid lipid nanoparticle with opti-
mum level of Compritol and tween 80 to achieve desired size,
%EE, and %TDC. Ex vivo permeation and drug deposition
findings were further supported with fluorescence microscopy
study using dermatome human skin model after topical appli-
cation. It was important to investigate and assess in a human
skin model for mechanistic and tangible degree of permeation

across the crystalline barrier (stratum corneum). Moreover,
in vivo dermatokinetics data assured that the SLN was capable
to carry the drug to the deeper layer of the epidermal region
in substantial concentration with limited transport to systemic
circulation. Vibrational imaging spectroscopy techniques was
used as proof of concept and KTZ-SLNs were confirmed to
penetrate up to the viable epidermis human skin. Finally,
long-term stability and photostability data indicated protec-
tive benefits of Compritol used in the formulation. Thus, the
Compritol-based SLN was a promising carrier for improved
permeation, drug deposition, penetration, dermatokinetics
parameters, and increased stability over long period.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s13346-021-01058-6.
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