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A B S T R A C T

The administration of conventional dosage forms of itraconazole (ITZ) for cutaneous candidiasis treatment is
limited by its poor aqueous solubility and the deep location of Candida albicans (CA) in this disease. In the
present work, we developed a nanocrystal (NC) form of ITZ, which was incorporated into dissolving micro-
needles (MNs) to facilitate skin delivery of ITZ into the infection site. The NCs were prepared by media milling
with an ultra-small-scale device using Pluronic®F127 as a stabiliser. The antifungal activity of ITZ was enhanced
by NC formulations (MIC value of 2.5 μg/ml), compared to a coarse dispersion of ITZ (MIC value of> 2560 μg/
ml). The formulation of ITZ into NCs increased dissolution rate by 3-fold. Furthermore, the dissolving MNs
containing ITZ-NCs exhibited better dermatokinetic profiles, compared to needle-free patches and conventional
creams containing ITZ-NCs. Importantly, the antifungal activity in an ex vivo candidiasis infection model ex-
hibited that the CA viability declined by up to 100% after 48 h of administration. These studies have verified the
concept that the incorporation of ITZ-NCs into dissolving MNs can offer an effective approach for cutaneous
candidiasis treatment.

1. Introduction

The skin is the principal protective barrier of the human body.
However, it is suspectible to various diseases, with fungal infections
being a significant health problem globally [1]. It is estimated that
around 1 billion infections occur every year, with Candida spp. being
the most prevalent group of pathogens [2]. In particular, Candida al-
bicans (CA) is responsible for approximately 70% of all Candida spp
associated skin infections [3]. Furthermore, CA is reported to be able to
invade the stratum corneum, resulting in systemic and occasionally,
fatal infection [4]. In invasive fungal infections, CA is able to penetrate
into the deeper layers of the skin, causing cutaneous human candidiasis,
which is defined by dicrete ulcers that are mainly comprised of poly-
morphonuclear leukocytes [5].

The treatment for severe cutaneous candidiasis continues to be a
significant challenge and is limited to a few types of drugs, mainly
azoles derivates. However, their use in clinical applications is normally
restricted because of toxicity issues [6,7]. Itraconazole (ITZ) is one of
the triazole antifungals generally applied against a wide spectrum of

fungal infections, including those induced by CA [8,9]. In comparison
with other common antifungal drugs, ITZ has fewer nephrotoxic effects
[10,11]. Importantly, ITZ exhibits better antifungal action and less drug
resistance than other azole antifungal drugs, including ketoconazole,
voriconazole and fluconazole [11]. Clinically, ITZ is given orally at
doses between 200 mg and 400 mg daily to treat cutaneous candidiasis
[8,12,13]. Importantly, oral administration of ITZ, yielding systemic
exposure, has been associated with significant side effects, including
cholestatic and hepatocellular damage [8,11]. In an attempt to reduce
hepatotoxicity, ITZ could be delivered to the main infection site of
cutaneous candidiasis which is the skin tissue [14]. However, the for-
mulation of ITZ into topical dosage forms is limited by its high lipo-
philicity and extremely poor aqueous solubility (1 ng/ mL), therefore,
causing the rare availability of ITZ topical dosage forms in the market
[15]. Accordingly, a new approach to effective delivery of ITZ to the
skin tissue is urgently required.

The formulation of nanocrystals (NCs) has become the strategy of
preference for poorly soluble drugs with more than 20 products already
approved in the market [16]. By definition, NCs are nanoparticles
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composed of up to 90% drug without any matrix material, and are
usually surrounded by a stabiliser layer [17]. The key features of na-
nocrystals are an increased saturation solubility and dissolution rate,
both related to their enlarged specific surface [18]. All these facts, to-
gether with a relative ease of production and scalability, make NCs a
promising strategy to incorporate hydrophobic drugs into various do-
sage forms [19]. Several drugs have been successfully developed into
NCs-based approaches, including miconazole nitrate [20], azelaic acid
[21], clarithromycin [22] and beclomethasone [23], showing that the
formulation of such drugs into NCs could potentially increase their
solubilities, providing a new strategy for hydrophobic drugs. However,
even though the antimicrobial efficacy of nanoparticle delivery systems
has been widely explored, the delivery of this system directly to the
cutaneous candidiasis infection site in the skin has not been broadly
studied. Therefore, a new delivery approach for antifungal drugs which
can deliver the drug directly to the infection site is an interesting target
to be explored.

Dissolving microneedles (MNs) are minimally invasive devices, by-
passing the major skin barrier and, therefore, resulting in high locali-
sation of drugs in the skin [24]. When this device is applied to the
surface of the skin, it creates aqueous conduits with a number of small
pores through which the drugs or the drug nanoparticles can reach the
deeper layers of the skin [24,25]. Importantly, the use of MNs possesses
several benefits, including painless delivery, the ability to achieve rapid
delivery of drugs and compliant administration for the patient [26]. In
addition, self-dissolvable nature of polymers used in the MN prepara-
tions provide other benefits, including the fact that such MNs do not
generate biohazardous waste [27]. Specifically, several NC formula-
tions have been incorporated into dissolving MNs to deliver drugs to the
different layers of the skin, including curcumin [28], albendazole
sulfoxide [24], rilpivirine [29] and cholecalciferol [30]. Therefore,
taking into consideration the benefits of this delivery approach, the
combination of NCs and dissolving MNs containing ITZ could be a
beneficial option for treatment of cutaneous candidiasis, as this com-
bination could potentially enhance both solubility and penetrability of
ITZ.

In the present work, we specifically report for the first time the
combination delivery system of ITZ-NCs and dissolving MNs for po-
tential enhanced treatment of cutaneous candidiasis. The NCs were
formulated and optimised using media milling using the ultra-small-
scale device. The particle size, polydispersity index, shape and anti-
fungal activity were also performed. Afterwards, the NCs were in-
corporated into dissolving MNs. Furthermore, ex vivo dermatokinetic
studies were carried out in normal porcine skin to investigate the ability
of this system to deliver ITZ intradermally. Lastly, the penetrability and
the antifungal activity of the novel formulation were evaluated in ex
vivo candidiasis infection models. The main outcomes of these proof of
concept works could potentially provide a new insight to solve the
problem in the cutaneous candidiasis treatment.

2. Materials and methods

2.1. Materials

Itraconazole (purity, ≥98%) of analytical grade was purchased
from Tokyo Chemical Industry (Tokyo, Japan). Poly(vinyl alcohol)
(PVA) (31–50 kDa), PVA (9–10 kDa) and Tween®80 were purchased
from Sigma-Aldrich (Dorset, UK). Pluronic® F127 (P127) was obtained
from BASF SE (Ludwigshafen, Germany). Poly(vinylpyrrolidone) PVP
(58 kDa) was provided by Ashland (Kidderminster, UK). Ultrapure
water was obtained from a water purification system (Elga PURELAB
DV 25, Veolia Water Systems, Dublin, Ireland). Yttria stabilized zirconia
beads of 0.5 mm diameter were purchased from Chemco Advance
Material (Suzhou, China). All other reagents were of analytical grade
and purchased from standard commercial suppliers.

2.2. Fabrication of ITZ-NCs

ITZ-NCs were prepared by media milling using the ultra-small-scale
device described previously [31], with modifications. Briefly, 0.2 g of
ITZ and 10 mL of 0.5, 1 and 2% v/w of Tween 80®, P127 or PVA were
placed in a 12 mL glass vial. To create movement in the system, two
magnetic bars of (12 × 6 mm) and 8 g of zirconia beads were added.
Then, the system was closed with a hermetic lid, fixed to an IKA RCT
Basic Magnetic Stirrer (IKA, Staufen, Germany), and agitated at
1000 rpm for 24 h. During this period (1 h, 2 h, 3 h, 4 h, 6 h, 8 h, 10 h,
12 h and 24 h), samples were withdrawn for particle size determina-
tions. Afterwards, the obtained slurry was filtered through a mesh 200
sieve to separate the magnetic bars and zirconia beads from the nano-
suspensions. Prior to dissolving MN preparations, the NCs were washed
using distilled water by three cycles centrifugation at 14,000 rpm
(Sigma® 1–14 micro-centrifuge, SciQuip Ltd., Shropshire, UK) for
30 min, forming washed NCs pellets.

2.3. Characterisation of ITZ-NCs

Particle size distribution and polydispersity index were determined
by dynamic light scattering (DLS) using a NanoBrook Omni® analyser
(Brookhaven, New York, USA). To this purpose, 5 µL of nanosuspension
was manually dispersed in 4 mL of water and placed into plastic dis-
posable cells. The equilibration time was set at 3 min and determina-
tions were made at 25 °C. Results were expressed as mean values ±
standard deviation (mean ± SD, n = 3). In scanning electron mi-
croscopy (SEM) experiments, coarse ITZ or a droplet of ITZ nanosus-
pension (heated at 37 °C to dryness) were deposited onto adhesive
carbon tape, and observed in a TM3030 microscope (Hitachi, Krefeld,
Germany). Additionally, a Fourier transform infrared (FTIR) spectro-
meter (Accutrac FT/IR-4100™ Series, Perkin Elmer, USA) was utilised
to investigate the possibility of ITZ to chemically interact with the
compounds used in the formulation. Differential scanning calorimetry
(DSC) measurement and X-ray powder diffraction of ITZ, ITZ-NCs and
physical mixture (PM) of the optimised formulation were conducted
using a differential scanning calorimeter (DSC 2920, TA Instruments,
Surrey, UK) and an X-ray diffractometer (Rigaku Corporation, Kent,
England), respectively.

2.4. In vitro release studies

The in vitro release studies of ITZ and ITZ-NCs were performed using
a dialysis method [32]. ITZ (10 mg) and an amount of ITZ-NCs corre-
sponding to 10 mg of ITZ were dispersed into the Spectra-Por®,
12,000–14,000 MWCO dialysis membrane (Spectrum Medical In-
dustries, Los Angeles, CA, USA). The dissolution was performed at 37 °C
and 100 rpm in 100 mL of PBS (pH 7.4) and 1% w/v of Tween 80.
Aliquots of 1 mL were taken at predetermined time intervals and re-
placed with an equal volume of fresh release medium. To determine the
amount of ITZ released from NCs, the samples were then analysed using
HPLC after appropriate dilutions.

2.5. Drug release kinetic using mathematical modelling

Common mathematic models were applied to the percentage of drug
released, as follows [27]:

= +Q Q K tZero order: t 0 0 (5)

= +lnQ lnQ KFirst order: t 0 1 (6)

=Q K tHiguchi: t H (7)

− =Q K nKorsmeyer Peppas: t t (8)

− − =Q Q K tHixson Crowell: t s0
1/3

1
3 (9)

A.D. Permana, et al. European Journal of Pharmaceutics and Biopharmaceutics 154 (2020) 50–61

51



Where Qt (%) is the percentage of drug released at time t, Q0 is the
initial value of Q ,t t is the time, n is the diffusion release exponent, K0,
K1, KH , Kt and Ks are the release coefficients corresponding to relevant
kinetic models. DDSolver was utilised to calculate the model para-
meters.

2.6. In vitro antifungal activities

2.6.1. Culture of Candida Albicans (CA)
CA NCYC 610 (stock of Microbiology Laboratory, School of

Pharmacy, Queen’s University Belfast, UK) was maintained at 4 °C. The
fungi were cultivated in Saboaraud Dextrose Broth (SDB), at 37 °C and
100 rpm for 24 before antifungal activity studies. The collection of the
fungal pellets was carried out by centrifugation at 3000 rpm for 30 min.
The attained pellet was re-dispersed in fresh SDB. Following this, op-
tical density of the fungal dispersions was set in order to obtain an
equivalent to 1.5 × 107 CFU/mL at 550 nm.

2.6.2. Determination of minimum inhibitory concentration and minimum
fungicidal concentration

A microtiter broth dilution method in 96-well bottom-plates was
applied in determination of the minimal inhibitory concentrations
(MIC) and minimal fungicidal concentrations (MFC) of ITZ in water
(suspension form), ITZ in DMSO (solution form) and ITZ-NCs, according
to the protocol of the Clinical and Laboratory Standards Institute [33].
In brief, 100 µL fungal suspension (1.5 × 107 CFU/mL) in SDB was
mixed with 100 µL of various concentrations of ITZ in water, ITZ in
DMSO and ITZ-NC, resulting in 7.5 × 106 CFU/mL of fungal. The mi-
croplates were incubated for 24 h at 37 °C. Finally, the MIC was de-
termined by observing the lowest concentration of ITZ in water, ITZ in
DMSO and ITZ-NC at which no obvious growth of the fungus following
incubation. For determination of MFC, 20 µL of dilutions from the MIC
wells and the other wells with the concentration above the MIC were
cultivated onto Saboaraud Dextrose Agar (SDA) plates and incubated
for 24 h at 37 °C. Subsequently, the fungal colonies on the plates were
counted. The MFC was defined as the lowest concentration that eradi-
cated 99.9% of the fungal growth [34].

2.6.3. Time kill assay
The determination of time-killing kinetics of ITZ and ITZ-NCs

against CA was carried out as per the method described previously [35],
with slight modifications. Briefly, concentrations equivalent to MIC,
2 × MICs and 4 × MICs of ITZ and ITZ-NC were prepared, and these
dilutions were mixed with the fungal dispersions, forming 7.5 × 106

CFU/mL of CA. The fungal cultures were then cultivated at 37 °C for
24 h. Afterwards, 20 µL of the medium cultures were taken at 0, 2, 4, 6,
8, 12, 18 and 24 h and inoculated into SDA plates aseptically. Finally,
the SDA plates were cultivated for 24 h at 37 °C and the viable colony
forming units (CFU) of CA were counted. The procedure was performed
three times and a curve of the log CFU/mL against time-kill was cre-
ated.

2.7. Fabrication of two-layered dissolving MNs

Two-layered dissolving MNs of ITZ-NCs were prepared using sili-
cone moulds with needle density of 16 × 16, pyramidal needles;
850 μm height [600 µm pyramidal tip, 250 µm base column] and
300 μmwidth at base and 300 μm interspacing (Fig. 1). The MNs matrix
were prepared from an aqueous blend consisting of 15% w/w of PVA
(31–50 kDa) and 25% w/w of PVP (58 kDa). In this study, five different
formulations as the first layer of MNs were prepared, consisting of 10%
w/w of washed pellets of ITZ-NC and 90% w/w of MN matrix polymer
(formulation code 1 in each formulation); 20% w/w of washed pellets of
ITZ-NC and 80% w/w of MN matrix polymer (formulation code 2 in
each formulation); 30% w/w of washed pellets of ITZ-NC and 70% w/w
of MN matrix polymer (formulation code 3 in each formulation); 40%

w/w of washed pellets of ITZ-NC and 60% w/w of MN matrix polymer
(formulation code 4 in each formulation); and 50% w/w of washed
pellets of ITZ-NC and 50% w/w of MN matrix polymer (formulation
code 5 in each formulation). In brief, the first layer was poured onto the
moulds and placed in a positive pressure chamber and a pressure of
5 bar was applied for 2 mins. Afterwards, the excess of the formulation
on the top of the moulds was removed with a spatula. A silicone ring
with external diameter of 23 mm, internal diameter of 18 mm, thick-
ness of 3 mm was connected to the MN moulds using an aqueous blend
of PVA (9–10 kDa) 40% w/w as a glue. The formulations were then
dried at room temperature for 6 h. Following this, 850 μL of the second
layer, composed of mixture of an aqueous blend of PVP (90 kDa) 30%
w/w and glycerol 1.5% w/w was poured inside the ring. Afterwards,
the moulds were centrifuged for 15 min at 3500 rpm for 15 min. Fi-
nally, the MNs were dried at room temperature for 24 h and at 37 °C for
12 h. The MN morphologies were visually observed using a Leica EZ4D
light microscope (Leica Microscope, Milton Keynes, UK) and scanning
electron microscope (SEM) TM3030 (Hitachi, Krefeld, Germany).

2.8. Evaluation of mechanical and insertion properties of dissolving MNs

A TA-TX2 Texture Analyser (Stable Microsystems, Haslmere, UK)
was employed to evaluate the mechanical properties of dissolving MNs,
as reported in a previous study [36]. Additionally, the ability of MNs to
penetrate Parafilm®M as a validated skin-simulant artificial membrane
was also studied using a method reported previously [37]. The pene-
tration depth of MNs following insertion into Parafilm® M and full-
thickness neonatal porcine skin (obtained from less than 24 post-
mortem of stillborn piglet) was also determined using an optical co-
herence tomography (OCT) microscope (Michelson Diagnostics Ltd.,
Kent, UK), as reported previously [24,29,36]. To visualise needle in-
sertion and depth of penetration, ImageJ® (National Institute of Health,
Bethesda, MD, USA) software was utilised.

2.9. Calculation of drug content localised to in the needles

In an attempt to calculate the amount of ITZ in MN needles, the
needles were separated carefully from the baseplate using a scalpel and
dissolved in 5 mL chloroform. The mixture was sonicated in a bath
sonicator for 1 h. The mixture was centrifuged for 15 min at
14,000 rpm. The quantity of ITZ in the supernatant was measured by
HPLC.

2.10. Redispersion of ITZ-NCs from MN formulations

The MNs containing ITZ-NCs were dispersed in the distilled water.
Following this, the characteristics of NC, namely particle size and PDI
were determined using DLS. The results obtained were compared to the
initial characteristics of NC.

2.11. Dissolution studies

In order to evaluate the dissolution time of MNs the in situ in the
excised full-thickness neonatal porcine skin, the MN arrays were in-
serted into the skin section using manual pressure [26]. To ensure the
MNs stayed in the same place, a cylindrical stainless-steel weight (5.0 g)
was placed on the top of the MNs. MN were detached from the skin at a
different interval times and the morphology of MNs was observed using
the Leica EZ4 D stereo microscope.

2.12. Ex vivo dermatokinetic studies

Ex vivo dermatokinetic studies of MNs containing ITZ-NC were
carried out in excised full-thickness porcine skin, as per a method re-
ported in our previous studies [24,27]. Briefly, using cyanoacrylate
glue, the skin was first joined to the donor section of the Franz cell
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diffusion cells. The MNs were inserted into the skin using manual force
for 30 s, and the donor section was attached to the receiver chamber
containing PBS (pH 7.4) and 1% w/v of Tween 80 to ensure the
maintenance of sink conditions. Afterwards, the cylindrical stainless-
steel weight (5 g) was located on top of the MNs. To avoid the eva-
poration of the medium, the sampling arm and the donor compartment
were sealed using Parafilm®M. The temperature of the receiver
chamber was kept at 37 ± 1 °C. The chamber was stirred at 600 rpm.
At various interval time points, the MNs were detached, and the skin
was rinsed thrice with distilled water to remove any excess formulation.
Afterwards, a biopsy punch (5 mm diameter) (Stiefel, Middlesex, UK)
was utilised to obtain skin sections. The skin sections were heated for
2–3 min in a water bath at 60 °C. The epidermis sections were further
detached from the dermis sections using tweezers. To extract ITZ from
the skin samples, 1 mL chloroform was added into samples and
homogenised at 50 Hz using Tissue Lyser LT for 10 min (Qiagen, Ltd.,
Manchester, UK). The amount of ITZ in the supernatant was determined
using HPLC. To analyse the dermatokinetic profiles, PKSolver (China
Pharmaceutical University, Nanjing, China) [38] was utilised with one-
compartment open model after the construction of a curve consisting of
drug concentration versus time. Several dermatokinetic parameters
were observed, namely the maximum drug concentration (Cmax), the
time of maximum concentration (tmax), the drug concentration time
curve from time zero (t = 0) to the last experimental time point
(t = 72 h) (AUC), the mean half-life (t1/2) and the mean residence time
(MRT). As a comparison, needle-free patches and conventional cream
containing ITZ-NC were made and the dermatokinetic studies were also
performed for them.

In order to evaluate drug distribution and deposition in the different
layers of skin, samples were taken after 1 h, dermis tmax from the der-
matokinetic study and 72 h. Afterwards, the skin samples were quick-
frozen in liquid nitrogen. The frozen samples were sectioned into 50 μm
thickness using a Leica CM1900 Cryostat (Leica Microsystems,
Nussloch, Germany) and four consecutive sections were put into a mi-
crotube. This step was repeated until the entire skin was sectioned.
Then, 500 μL of chloroform was added to the skin sections. To dissolve
the drug, the sample was vortexed for 30 min. Finally, the sample was
centrifuged at 14,000g, 15 min and the supernatant were collected and
analysed using HPLC method.

2.13. Antifungal activity in an ex vivo fungal infection model in porcine skin

Antifungal activity in an ex vivo fungal infection model in porcine
skin

2.13.1. Preparation of fungal infection model on porcine skin
The skins were disinfected by immersing in 70% ethanol for 1 h. The

skin was allowed to dry in a biosafety cabinet for 20 min prior to the
experiment [26]. Briefly, 50 μL of the fungal suspensions of 1.5 × 107

CFU/mL was injected intradermally into the sterilised skin. The skin
pieces were aseptically placed on SDA plates. The plates were cultivated

at 37 °C with the skin were aseptically moved to fresh SDA plates every
day for 7 days.

2.13.2. Antifungal activity in ex vivo fungal infection model on porcine skin
Antifungal activity in the ex vivo fungal infection model in porcine

skin was carried out using similar apparatus to the dermatokinetic
studies. In this study, instead of the using normal full-thickness porcine
skin, the skin infection model was placed in the Franz diffusion cells.
After 12 h, 24 h, 48 h and 72 h of the application of MNs, the skin
samples were collected, and 1.5 mL sterile water were added to the skin
in microtubes. The mixture was then homogenised at 50 Hz using a
Tissue Lyser LT (Qiagen, Ltd, Manchester, UK) for 15 min. Afterwards,
20 µL homogenised samples were inoculated into SDA plates and were
incubated for 24 h at 37 °C. Additionally, as a comparison, needle-free
patches and conventional cream containing ITZ-NC were also applied to
the infected skin and the same technique was carried out. The numbers
of viable CFU were finally counted. Infected skin without any treat-
ments was utilised as a positive control.

2.14. Instrumentation and chromatographic condition for analytical
method

The concentrations of ITZ in each study were determined by HPLC
(Agilent Technologies 1220 Infinity UK Ltd, Stockport, UK). The ana-
lyses were performed using a Phenomenex® Luna C18 (ODS1) column
(150 mm × 4.6 mm i.d. with 5 μm particle size) with the flow rate of
1 mL/min. A mixture of acetonitrile and 25 mM ammonium acetate
buffer (65:35 v/v) pH 5 was used as the mobile phase and the analyses
were performed using a UV detector at 270 nm. The volume of injection
was 50 μL and the analyses were performed at ambient temperature.
This method was validated following the guidelines of the International
Committee on Harmonisation (ICH) 2005.

2.15. Statistical analysis

All results were reported as means ± standard deviation (SD).
GraphPad Prism® version 6 (GraphPad Software, San Diego, California,
USA) was utilised to statistically analyse the results. To compare two
cohorts, an unpaired t-test was utilised. To compare several cohorts, the
Kruskal-Wallis test with post-hoc Dunn's test was utilised. p value <
0.05 denoted a significant difference.

3. Results and discussion

3.1. Fabrication and characterisations of ITZ-NCs

Before the incorporation of ITZ in the MN formulations, it was
transformed into NCs by media milling using an ultra-small-scale ap-
proach. As observed in Fig. 2.1, Tween® 80 when used at concentrations
of 0.5, 1 and 2% generated particle sizes in the nanometer range only
after 10 h. Furthermore, after 24 h the particle sizes were

Fig. 1. Schematic of dissolving MNs preparation.
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782 ± 86 nm, 598 ± 65 nm and 573 ± 69 nm for 0.5, 1 and 2%,
respectively. Nevertheless, the obtained PDI values were > 0.3 in all
cases, indicating the presence of multiple particle size populations,
which could lead to Ostwald ripening and, thus, to physical instability
[39]. However, it is important to note that the instability of nanosus-
pensions caused by Ostwald ripening only occurs in the liquid state
where drug NCs are suspended and can be avoided by solvent removal
and conversion into a solid dosage form [40]. Therefore, the in-
corporation of NCs into dissolving MNs, which possess only minimal
levels of free water once dried, could be beneficial to obtaining stable
NC formulations. When PVA was used as stabiliser, the media milling
experiment produced NCs with a similar comminution trend and final
PDI values greater than 0.4 as observed in Fig. 2.2. In this case, the final
particle sizes at different PVA concentrations were 0.5%,
983 ± 108 nm; 1%, 632 ± 69 nm and 2% 463 ± 56 nm. When
nanosuspensions were prepared with P127 (Fig. 2.3), the nanometer
range was achieved at 6 h and the final particle sizes after 24 h were
499 ± 55 nm, 320 ± 35 nm and 324 ± 36 nm for P127 con-
centrations of 0.5, 1 and 2% respectively. However, the milling time of
8 h with 1% P127 resulted particle sizes of 352 ± 38 nm with PDI of
0.37 ± 0.03. Analysed statistically, the results obtained after 8 h
milling time with 1% P127 were not significantly different (p > 0.05)
when compared to 2% P127 and to further milling time. Furthermore,
P127 allowed obtaining the lowest PDI values, which corresponded
with monodisperse and narrowly distributed particle sizes. Poloxamers
have been previously described as effective stabilisers in nanosuspen-
sions of highly hydrophobic drugs. This is related to their ability to
efficiently orientate their hydrophobic moieties to the NC surfaces,
while exposing their hydrophilic regions to the aqueous solvent [41].
With these results in consideration, and aiming at minimizing the

processing time and amount of stabiliser, the formulation corre-
sponding to P127 1% w/v and a milling time of 6 h was selected for the
further studies.

Fig. 3.1 and 3.2 show the SEM images of pure ITZ and ITZ-NCs,
respectively. The NC sizes found in this experiment were similar than
those observed in DLS analysis (~300 nm). Fig. 3.3 shows the FTIR
spectra of ITZ, PM and ITZ-NCs. The spectra clearly confirmed that
there were no interactions between ITZ and excipient used to prepare
the NCs. The strong signal observed at 1697 cm−1 can be attributed to
imine group C]N stretch (1690–1650 cm−1) and to NeC]O stretch
(1680–1630 cm−1). The next stretch found at 1509 cm−1 can be at-
tributed to C]C, characteristic from aromatic ring (1600–1475 cm−1).
The peak at 1217 cm−1 was due to CeN stretching (1350–1000 cm−1).
Additionally, the stretch observed at 1184 cm−1 can be attributed to
CeO functional group (1300–1000 cm−1) and 823 cm−1 stretching
refer to para aromatic ring-substituted (870–800 cm−1) present in ITZ.
Finally, the 671 cm−1 stretching refer to CeCl present in ortho and
para-substituted in the aromatic ring (785–540 cm−1). All the char-
acteristic peaks in ITZ spectra were also found in the PM and NCs
formulation, indicating no interaction between the drug and P127.

DSC thermal analysis was performed to evaluate the physicochem-
ical interaction between any compounds and to determine whether the
crystallinity was kept after the milling technique process. The ther-
mograms from ITZ, PM and ITZ-NCs are shown in Fig. 3.4. All en-
dothermic peaks remained sharp at 163 °C, representing the ITZ melting
point and crystallinity in ITZ, ITZ-PM, and ITZ-NCs, indicating that the
nanotechnology process applied, and excipients used did not interfere
in the physicochemical properties of ITZ. The crystallinity was also
confirmed by XRD analysis, showing sharp characteristics peaks at 2θ
values of 14.85, 18.01, 20.32 and 23.92 in ITZ, PM and ITZ-NCs,

Fig. 2. Particle size and PDI determinations of the ITZ nanosuspensions prepared with Tween 80 (1), PVA (2) and P127 (3) at 0.5, 1 and 2% w/v (means ± SD,
n = 3).

A.D. Permana, et al. European Journal of Pharmaceutics and Biopharmaceutics 154 (2020) 50–61

54



respectively (Fig. 3.5).

3.2. In vitro release study

The in vitro release behaviour of ITZ in comparison with its NCs
formulation is presented in Fig. 3.6. According to this study, the for-
mulation of ITZ into NCs enhanced the release behaviour of the drug.
The experiment showed that 90.41 ± 17.32% of ITZ was released from
the nanocrystalline formulation after 24 h. Conversely, the amount of
drug released from coarse ITZ was approximately three times lower
(31.96 ± 6.11%). Analysed statistically, the release rate at 24 h of ITZ-
NCs was significantly higher (p = 0.011) than that of the free ITZ. This
behaviour is related on one hand, with the enlarged specific surface of
NCs, which leads to an increase in the dissolution rate [41,42] and, on
the other hand, to a greater particle curvature, which is associated with

an increment in the saturation concentration [18].

3.3. Drug release kinetic using mathematical modelling

To further understand the mechanism of release, common mathe-
matic kinetic models were applied to the release profiles obtained. The
most appropriate release model was chosen according to the correlation
coefficient value. The correlation coefficient values were found to be
0.67, 0.98, 0.78, 0.81 and 0.66 for Zero-order, First-order, Higuchi,
Korsmeyer-Peppas and Hixson-Crowell, respectively. As per the result,
the release behaviour of ITZ-NCs formulation followed the First-order
kinetic model best. Therefore, the release of ITZ from the formulation
depends on the concentration of ITZ in the NC formulation [24,43].

Fig. 3. SEM images of pure ITZ (1) and ITZ-NC (2) at a magnification power of 30000x (The black scale bar represents a length of 1 µm in each case). FTIR spectra of
ITZ, PM and ITZ-NC (3). DSC thermogram of ITZ, PM and ITZ-NC (4). X-ray diffractogram of ITZ, PM and ITZ-NC (5). In vitro release profiles of ITZ-NC in comparison
with the coarse ITZ (means ± SD, n = 3) (6).
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3.4. In vitro antifungal activity

3.4.1. Determination of minimum inhibitory concentration and minimum
fungicidal concentration

Three treatments, namely ITZ–water, ITZ–DMSO and ITZ-NCs were
tested on CA. In this study, two forms of free ITZ were evaluated,
namely dispersion form in water and solution form in DMSO. The
comparison of MIC and MFC values between free ITZ and ITZ-NCs are
shown in Table 1. The results showed that ITZ in the suspension form in
water exhibited less antifungal activity, compared to ITZ-DMSO and
ITZ-NCs. This might be caused by the insolubility of ITZ in water and,
consequently, reduced ability to penetrate the CA cell membrane. It has
been reported that the antifungal mechanism of ITZ is based on in-
hibition of lanosterol 14-α-methylase, the fungal CYP450 dependant
enzyme, in the cell membrane of the fungus [44]. Accordingly, to ef-
fectively show its antifungal activity, ITZ must be able to exhibit an
adequate penetration into the cell membrane which could not be
achieved by ITZ dispersion in water [45]. On the other hand, ITZ in
solution form showed profound antifungal activity against CA pre-
sumably due to the ability of ITZ to penetrate the CA cell membrane
effectively. Notably, our control study using DMSO alone did not ex-
hibit antifungal activity. Interestingly, the NCs-based formulation ex-
hibited an antifungal activity comparable to that of the ITZ solution.
This might be caused by the enhancement of the aqueous solubility of
ITZ following nanocrystallisation, improving the ability of ITZ to ef-
fectively penetrate the CA cell membrane [46]. Furthermore, MFC va-
lues were determined. In all cases, MFC values were greater than MIC,
demonstrating that greater concentration of ITZ was needed to kill the
fungal cultures. Importantly, the ratio of MFC to MIC was<4. A ratio
of ≤4 exhibits fungicidal activity and a ratio of> 4 exhibits fungistatic
activity [47]. Our study suggested that to show fungicidal activity, ITZ
should be in the form of solution or NCs formulation. However, due to
the insolubility of ITZ, it is impossible to prepare dosage forms con-
taining ITZ in the solution form. Therefore, our approach of preparing
ITZ into a NCs-based formulation, could be beneficial, as it showed
similar antifungal activity to ITZ solution.

3.4.2. Time kill assay
Time kill assays were performed to further investigate the time

needed by ITZ to completely kill CA. The curves of the time kill of free
ITZ in DMSO and ITZ-NCs against CA are depicted in Fig. 4. The CA
viable colony forming units improved by around 6.9 log CFU after 24 h
cultivation time in the untreated group. With MIC values, after 24 h, the
solution of ITZ and ITZ-NCs could not kill 99.99% of CA culture. Es-
sentially, when 2 times the MIC values were evaluated, there were no
viable CA culture found after 18 h and 24 h in the case of ITZ solution
and ITZ-NCs, respectively. More importantly, the time required to kill
100% of CA culture declined to 12 h and 18 h following incubation with
4 times the MIC values of ITZ solution and ITZ-NCs, respectively. The
outcomes attained in this study suggested that the killing rates of ITZ in
the NC-based formulations depended on the concentration of ITZ in the
fungal culture media.

3.5. Fabrication of two-layered dissolving MNs

In this study, the MNs were formulated using an aqueous blend of
PVP and PVA. Our previous study showed that the combination of these
water soluble polymers in the MN formulations were able to form MNs
with better mechanical properties in comparison with the use of single
polymer, due to the formation of hydrogen bond amongst C]O groups
of PVP and eOH groups of PVA [27]. Additionally, different con-
centrations of washed ITZ-NCs pellets were added in order to attain the
highest possible drug loading for this approach. In this study, two-
layered dissolving MNs were prepared by localising the ITZ-NCs in the
MNs needles tips and pre-cast dry baseplates fabricated from 30% w/w
PVP (360 kDa) and 1.5% w/w glycerol were utilised to support the
needles. The formulation of two-layered MNs exhibits many ad-
vantages. In our preliminary studies, the fabrication of dissolving MNs
containing ITZ-NCs in whole MNs did not show adequate mechanical
characteristics, implied by fractured of the baseplate after the me-
chanical characterisation studies. Accordingly, to support the MNs
needles, the utilisation of different base baseplates possessing adequate
mechanical properties were required. Moreover, this type of formula-
tion is able to avoid drug waste as a hydrophobic drug is unlikely
permeating from baseplate part of MNs. Particularly, this method is
favourable in industrial scale-up [27]. Fig. 5.1 and 5.2 present the
morphology of MNs containing ITZ-NCs obtained by a light microscope
and a SEM. All formulations showed homogenous polymer mixtures
with the MNs formed possessing sharp needle tips. Consequently, the
mechanical and insertion properties of all MN formulations were then
evaluated.

Table 1
MIC and MFC values of free ITZ in water, free ITZ in DMSO and ITZ-NCs
(n = 3).

MIC (µg/mL) MFC (µg/mL)

Free ITZ-water > 2560 >2560
Free ITZ-DMSO 2.5 5
ITZ-NCs 2.5 5

Fig. 4. Time kill assay of free ITZ (1) and ITZ-NC (2) against Candida albicans (means ± SD, n = 3).

A.D. Permana, et al. European Journal of Pharmaceutics and Biopharmaceutics 154 (2020) 50–61

56



Fig. 5. Light microscope images (1) of the MN formulations containing 10% ITZ-NC (F1) (a), 20% ITZ-NC (F2) (b), 30% ITZ-NC (F3) (c), 40% ITZ-NC (F4) (d) and
50% ITZ-NC (F5) (e). SEM images (2) of the MN formulations containing 10% ITZ-NC (F1) (a), 20% ITZ-NC (F2) (b), 30% ITZ-NC (F3) (c), 40% ITZ-NC (F4) (d) and
50% ITZ-NC (F5) (e). The percentage height reduction of needles on the MN arrays formulated containing different concentration of ITZ-NC (means ± SD, n = 3)
(3). Percentage of holes created in Parafilm®M layers, using an insertion force of 32 N/array for MN formulations containing different concentration of ITZ-NC
(means ± SD, n = 3) (4). Representative OCT images of F4 after insertion into Parafilm®M film (5) and full-thickness porcine skin (6). The scale bar represents a
length of 1 mm in each case.
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3.6. Evaluation of mechanical and insertion properties of dissolving MNs

Mechanical properties evaluation was conducted to investigate the
ability of dissolving MNs to resist compression. Essentially, the ability
of MNs to penetrate the skin is an important characteristic in MNs
application. To assess the mechanical properties of the MN formula-
tions, the heights of initial MN needles were compared to the needle
heights following the application of 32 N/MN array [37]. Fig. 5.3 shows
the height reduction percentage of all MN formulations, representing
the mechanical properties of MNs. The height reduction percentage
were 11.21 ± 2.24% for F1, 11.19 ± 2.13% for F2, 11.32 ± 3.22%
for F3, 12.43 ± 2.45% for F4 31.32 ± 6.54% for F5. Analysed sta-
tistically, the percentage of needle height reductions of F1, F2, F3 and
F4 were not significantly (p > 0.05) different. However, the increase
of ITZ-NC concentration to 50% w/w (Formulation E) caused a sig-
nificant decrease (p > 0.05) in MN mechanical strength, indicated by
the highest percentage of needle height reduction. Accordingly, the
concentration of drug influenced the mechanical characteristics of
dissolving MNs.

To further evaluate the ability of dissolving MNs to be inserted in
the skin, Parafilm®M was employed as a validated skin stimulant. This
prototypical has been developed by our research group to imitate
human skin in MN insertion evaluation [37]. Fig. 5.4 shows the result of
MN insertion studies. The results obtained here were in a good agree-
ment with the results of the mechanical properties evaluation. There
was no statistical difference (p > 0.05) in insertion properties of F1,
F2, F3 and F4. By observing the number of holes created in each layer of
Parafilm®M, it was seen that all four formulations arrays could pene-
trate the Parafilm®M until four layers (504 µm), implying that ap-
proximately 54% of the MN needles lengths were inserted. On the other
hand, F5 containing 50% w/w of washed NC pellets were only able to
penetrate two layers of Parafilm®M, indicating poor insertion proper-
ties. Following on from these results, F4 with the highest drug loading
(40% w/w) possessed adequate mechanical and insertion ability in
Parafilm®M were chosen for further evaluation. In this study, the in-
sertion visualisation in the Parafilm®M and the full-thickness neonatal

porcine skin were both evaluated. The OCT image of the insertion
profile of F4 into the Parafilm®M and the full-thickness neonatal por-
cine skin are exhibited in Fig. 5.5 and 5.6. The results depicted that the
depth of penetration of F4 was observed to be 503.91 ± 21.43 µm into
Parafilm®M and 501.22 ± 14.42 µm into the full-thickness porcine
skin. These values were in good agreement with the results found in the
insertion evaluation by observing the percentages of holes created in
Parafilm®M. OCT is a valuable technique in confirming MN insertion
and studying depth of insertion as shown previously in different works
[30,36,48-51].

3.7. Calculation of drug content localized to the needles

Following drying, the amount of ITZ localised in MN needles was
quantified. The results showed that 3.29 ± 0.45 mg of ITZ were lo-
calised in F4 formulations. Therefore, this amount determind the dose
of ITZ in one dissolving MN in the following evaluations.

3.8. Redispersion of ITZ-NCs from MN formulations

In the combination approach of nanotechnology and MNs, the
particle properties, particularly particle size and PDI, should not be
affected by MN formulations. In our study, following MN manufactures,
the particle size and PDI of ITZ-NC in F4 were found to be
367 ± 33 nm and 0.32 ± 0.02, respectively. These properties were
not statistically different (p > 0.05) compared to the initial properties
of ITZ-NC.

3.9. Dissolution study

The F4 needles were completely dissolved after 30 min, with nee-
dles partially liquefied and a decrease in height were visualised after
10 min (Fig. 6).

Fig. 6. Digital micrographs of the dissolution of F4 at 0 min (1), 10 min (2), 20 min (3) and 30 min (4), following insertion into and removal from excised neonatal
porcine skin in vitro.
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3.10. Ex vivo dermatokinetic studies

The principal purpose of this study was to deliver the ITC-NC into
the deeper layers of the skin, where CA colonises, infects the skin and
causes cutaneous candidiasis [4]. Accordingly, it was critical to in-
vestigate the kinetic profile of ITZ after the administration of dissolving
MNs containing ITZ-NC to the skin. In an attempt to accomplish this, a
dermatokinetic analysis was designed and performed. This method has
been successfully applied in our previous works to investigate the skin
kinetic profiles of several drugs [24,26,27]. In the present work, the
dermatokinetic profile of our combination approach was compared to
needle-free patch and conventional cream as normal approaches to
treat cutaneous candidiasis. The results showed that the concentration
of ITZ in both the epidermis and dermis layers following the adminis-
tration of dissolving MNs was statistically higher (p < 0.05) than the
concentration of ITZ following the administration of needle-free pat-
ches and conventional creams, indicating the successful skin delivery
using this combination approach compared to conventional dosage
forms. The concentrations of ITZ in epidermis and dermis layers of the
skin after the application of dissolving MNs in comparison with needle-
free patches and conventional creams are illustrated in Fig. 7.1 and 7.2.
The mean peak ITZ concentration (Cmax) in the epidermis and dermis
after the application of dissolving MNs were 543.46 ± 187.12 µg/cm3

and 1973.12 ± 323.34 µg/cm3, respectively. The times required to

achieve Cmax (tmax) were found to be 2 h and 3 h in the epidermis and
the dermis after MN application, respectively. The area under curve
(AUC0-24) of ITZ were observed to be 10797.37 ± 2753.43 h.µg/cm3

in the epidermis and 70411.12 ± 21321.32 h.µg/cm3 in the dermis,
respectively. The values of Cmax and AUC0-24 in the epidermis were
statistically lower (p < 0.05 each) than in the dermis. Essentially, in all
parameters, the values of all dermatokinetic profiles of ITZ in the epi-
dermis and dermis following the application of dissolving MNs were
statistically greater (p < 0.05) than those following the application of
needle-free patches and conventional creams. The dermatokinetic pro-
files of ITZ after conventional cream application were significantly
higher (p < 0.05) compared to needle-free patches. The results pre-
sented in the present work revealed that the combination approach of
NC and dissolving MNs could potentially enhanced the delivery of ITZ
into the skin, resulting in the high retention of ITZ in the skin, where CA
colonises, indicated by higher AUC values compared to other dosage
forms.

The distribution profiles of ITZ in full-thickness porcine skin were
further evaluated. The amount of ITZ distributed per cm3 in different
depths of skin and following various administration times, namely 1 h,
tmax of dermatokinetic profiles and 72 h, are depicted in Fig. 7.3. The
results revealed that ITZ was distributed in the skin down to a depth of
2.5 mm in the case of dissolving MNs, 1.1 mm in the case of the needle-
free patch and 1.9 mm in the case of the conventional cream.

Fig. 7. The concentration and time profile of ITZ in epidermis (1) and dermis (2) layers of excised full-thickness neonatal porcine skin, after the administration of
dissolving MNs, free-needle patches and conventional cream containing ITZ-NC (means ± S.D., n = 3). The concentrations of ITZ in a different layer of neonatal
porcine skin, after the administration of dissolving MNs, free-needle patches and conventional cream containing ITZ-NC (means ± S.D., n= 3) (3). Candida albicans
viability (log CFU/mL) on in ex candidiasis infection models model in porcine skin after the administration of dissolving MNs, free-needle patches and conventional
cream containing ITZ-NC (means ± S.D., n = 3). At 12, 24 h, 48 h and 72 h after-application, ex vivo infected skin were homogenised in sterile water and cultured
onto SDA at 37 °C overnight (4).
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Essentially, the ITZ was detected in the skin deeper layers than the
penetration depth of MN needles (around 500 µm), showing the
movement of ITZ-NC in the skin. Specifically, following the application
of dissolving MNs, ITZ reached a peak at a depth of 0.7 mm, 1.3 mm
and 1.7 mm after 1 h, tmax and 72 h, with a concentration of
213.97 ± 46.61 µg/cm3, 512.65 ± 103.43 µg/cm3 and
121.03 ± 21.33 µg/cm3, respectively. In contrast, statistically lower
(p > 0.05) concentration of ITZ after the application of needle-free
patches and conventional creams were observed, indicating the poor
skin distribution following their applications, compared to the skin
distribution profiles of ITZ after the application of MNs. The higher
distribution of ITZ after intradermal application of the dissolving MNs
containing NC, compared to other conventional dosage forms, could
improve the activity of ITZ to kill CA which are distributed in the dif-
ferent skin layer in cutaneous candidiasis diseases.

3.11. Antifungal activity in ex vivo fungal infection model on porcine skin

Lastly, with the aim to verify the effectiveness of this combination
delivery system, we assessed the fungal burden in an ex vivo candidiasis
infection models by viable cell counts. As shown in Fig. 7.4, the fungal
burden in ex vivo skin infection model increased by approximately 7.3
log CFU without any treatments. After 48 h from the application of
needle-free patches, the fungal bioburden did not decrease significantly
(p > 0.05) and this application was only able to kill 48% of fungal
burden after 72 h. In the case of conventional cream application, due to
the better dermatokinetic profile compared to needle free patches, this
application could significantly decrease (p < 0.05) the fungal burden
after 48 h and resulted in around 82% killing of the fungal burden. On
the other hand, remarkably, following the application of dissolving
MNs containing ITZ-NCs, the fungal burden decreased significantly
(p < 0.05) after only 12 h and 100% of the fungal burden were killed
after 48 h. Accordingly, these results revealed that the incorporation of
NCs into dissolving MN formulations enhanced not only dermatokinetic
parameters of ITZ, but also statistically improve the killing time and the
fungal burden reduction in ex vivo candidiasis infection models in
porcine skin, in comparison with conventional cream formulation.

The findings of this extensive study suggest that the combinatorial
approach of NC and dissolving MNs could enhance the penetrability of
ITZ in ex vivo candidiasis infection models in porcine skin, as confirmed
by the excellent dermatokinetic profiles of ITZ and the substantial de-
creases in fungal burden. Relatively long residence time and specific
delivery to the infected skin, as compared to cream dosage forms and
needle-free patches, could hypothetically improve the efficiency of
antifungal therapy in cutaneous candidiasis infection, also possibly
decreasing side effects. As a next step in translational development, in
vivo studies must now be carried out in a suitable animal model.

4. Conclusion

Based on the findings presented in this study, it has been shown that
the combination approach of NC and dissolving MNs enhanced the
penetrability of ITZ in ex vivo candidiasis infection models in porcine
skin, suggested by the excellent dermatokinetic profiles of ITZ and the
great fungal burden decreases. The overriding improvement of the
combinatorial delivery system we have shown in this work, led to
higher residence time in the skin compared to conventional creams and
needle-free patches, which could hypothetically improve the efficiency
of antifungal therapy in cutaneous candidiasis. Leading on from these
promising results, moving onward, forthcoming studies including in
vivo efficacy studies must now be conducted to completely investigate
the therapeutic efficacy of this approach in animal models of cutaneous
candidiasis.
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