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A B S T R A C T

The oral and injectable formulations of Voriconazole (VRZ), a known antifungal agent with low solubility, seem
to cause severe side effects. Consequently, topical application of VRZ could be advantageous for skin fungal
infections. In this study, VRZ embedded in a polymeric matrix composed of biocompatible poly(lactic acid)
(PLA) and poly(ethylene succinate) (PESu). The mats were prepared via solvent evaporation and fully char-
acterized by Fourier-Transformed Infrared Spectroscopy (FTIR), Differential Scanning Calorimetry (DSC),
Scanning Electron Microscopy (SEM), in vitro hydrolysis and release studies. The prepared blends defined as
immiscible by DSC and SEM while FTIR spectroscopy did not disclose noticeable interactions between the
polymers. It was found that hydrolysis was improved by increasing PESu content into the blend. VRZ loaded
blends spectra exhibit slight differentiation compared to neat blends while the absence of VRZ melting peak, as
DSC illustrated, indicated drug amorphization. Lastly, in vitro release studies depicted a controlled release
pattern dependent on mats' hydrolysis degree. An improved antifungal activity of mats was detected by disc
diffusion method against various microorganisms. Ex vivo studies of VRZ did not determine high permeation
while histopathology results using mice were profitable. The irritation experiments displayed that the mats did
not induce any skin irritation.

1. Introduction

Voriconazole (VRZ) [(2R,3S)-2-(2,4-difluorophenyl)-3-(5-fluor-
opyrimidine-4-yl)-1-(1H-1,2,4-triazole-1-yl)butan-2-ol] is a triazole
antifungal agent which is often applied against invasive fungal infec-
tions like aspergillosis, candidiasis as well as infections from Fusarium
species [1–4]. In most cases, fungal infections are found in the skin, the
largest human sense organ, whose primary function is to act as a barrier
protecting the internal organs from excessive water loss, physical or
chemical attack as well as pathogens invasion [5,6]. It has been re-
ported that skin fungal infections such as dermatophytosis and candi-
diasis, are described as the most common diseases into Asian and
African population since they can affect approximately 15% of the
population [1,7].

VRZ administration against fungi invasion, either orally or in-
travenously, is very common due to its favorable safety profile, which
is, however, limited by the severe adverse effects such as hepatotoxi-
city, photophobia, blurred vision as well as photosensitivity etc. In

addition, it has been recorded that patients who receive VRZ can pre-
sent hallucinations and other central nervous system symptoms, such as
confusion [8]. Furthermore, it is well reported that azoles during
pregnancy are not easily prescribed due to their embryotoxicity and
teratogenicity in rodents, rabbits, and rats. In addition, azoles could
induce hydronephrosis, reduced ossification as well as fetal mortality.
Among others, VRZ possibly can cross the human placenta considering
its low molecular weight and so this antifungal agent labeled as cate-
gory D-fetal risk [9]. In view of such severe toxicity, the topical ap-
plication of VRZ is required since it could change its limitation and
improve its profile.

Topical administration of antifungal agents could have an increased
impact on the antifungal therapy, given that current formulations
present lack of efficacy due to the rising antifungal drug resistance
[10,11]. Although drug administration by skin is very advantageous, it
can also be very challenging considering that the skin acts as a barrier
to drug transport [12]. Mostly, creams, ointments, oil, and micro-
emulsions are applied such as topical pharmacologic agents because
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they can penetrate the stratum corneum layer and eliminate fungi
(fungicidal agents), or at least inhibit their growing or dichotomy
(fungistatic agents) [13]. In the literature, several efforts can be found
in order to deliver locally VRZ safely, mostly as ocular drug delivery
systems [14–18] or skin delivery systems [19,20]. Nonetheless, the
application of a polymeric film as VRZ topical carrier has not been at-
tempted yet.

The last decades, aliphatic polyesters, such as poly(ε-caprolactone)-
PCL, poly(lactic acid)-PLA, poly(butylene succinate)-PBSu, poly(lactic
acid-co-glycolic acid)-PLGA, have gained great attention in pharma-
ceutical technology as a result of their biodegradability, biocompat-
ibility as well as other physical and chemical properties. PLA, owing to
its slow hydrolytic degradation, is one of the most widely used polymer
for controlled delivery applications [21–23], tissue engineering
[24–26] or implants. An easy method to improve PLA hydrophilicity is
to blend it with a more hydrophilic polymer. It has been addressed that
blending polymers can result in various release patterns [22,27]. Poly
(ethylene succinate)-PESu is a biocompatible polymer with chemical
resistance and improved mechanical properties [28]. PLA/PESu blends
via solvent evaporation method have been already reported in the lit-
erature, nevertheless, have never been applied as drug carriers. In the
past study, authors dissolved the homopolymers in chloroform [29] in
contrast to our work where dichloromethane (DCM) was applied.
Herein, DCM was chosen given its lower toxicity compared to chloro-
form.

The aim of this work was to introduce an alternative option for
topical delivery of VRZ by using PLA/PESu blends in different con-
centrations. The blends were developed via solvent evaporation tech-
nique with dichloromethane as a solvent and studied for their mis-
cibility and compatibility via Fourier Transformed–Infrared
spectroscopy, Differential Scanning Calorimetry analysis, and Scanning
Electron Microscopy observation. VRZ was added and the prepared
mats were also evaluated by these means.

2. Materials and methods

2.1. Materials

Poly(ethylene succinate) and poly(lactic acid) were purchased from
Aldrich Chemical Co (Steinheim, Germany). VRZ was also purchased by
Aldrich Chemical Co (Steinheim, Germany). High performance liquid
chromatography (HPLC) grade Acetonitrile (Sigma, Germany) and
Methanol (Sigma, Germany) were used for HPLC studies. All other re-
agents and solvents used were of analytical grade.

2.2. Topical mats neat and loaded with VRZ preparation via solvent
evaporation method

In order to prepare PLA/PESu blends, the solvent evaporation
method was used; dichloromethane (DCM) applied as the solvent of the
polymeric system. PLA/PESu blends presenting weight ratios 100/0,
90/10, 70/30, 50/50 and 0/100 w/w (mg/mg) were prepared. More
specifically, 90mg of PLA and 10mg of PESu were used for the pre-
paration of 90/10 blends. In such case, the polymers were dissolved in
5mL of DCM and left to be fully evaporated. After the complete eva-
poration, films dried in the oven (25 °C) so as to remove any DCM re-
sidues. The mixture was dried up to the point where the mats weight
was stable. Similarly, PLA/PESu 70/30 and 50/50 were also prepared.
In case of VRZ loaded blends, 5% of VRZ drug loading was achieved.
For instance, in case of 90/10 blend 85.5 mg of PLA and 9.5mg of PESu
as well as 5mg of VRZ was dissolved in DCM and left to fully be eva-
porated. Afterward, the milk opaque films dried in the oven (25 °C) so
as to remove any DCM residues. Accordingly, VRZ loaded 70/30 and
50/50 mats were developed.

2.3. Characterization of the topical mats

2.3.1. Fourier-Transformed Infrared Spectroscopy studies
The prepared mats were studied using FTIR–spectrometer

FTIR–2000 (Perkin Elmer, Turkey) so as to record their FT-IR spectra.
In order to collect the spectra, a thin film of the prepared 50/50, 70/30
and 90/10 neat and VRZ mats was applied to the spectrometer. The
spectrum collection area ranged from 4000 to 400 cm−1 with a re-
solution of 2 cm−1 (64 co–added scans). Herein, the presented spectra
are baseline corrected and converted to the absorbance mode.

2.3.2. Differential Scanning Calorimetry (DSC)
For thermal analysis, a differential scanning calorimeter (DSC)

(Perkin–Elmer, Pyris Diamond, Turkey) calibrated with Indium and
Zinc standards, was used. For the characterization, 8mg of the mats
were used, placed in aluminum pans and heated up to 200 °C using a
heating rate of 10 °C/min. The mats were held at that temperature for
5min and then they were cooled down by 300 °C/min rate.

2.3.3. Scanning Electron Microscopy (SEM)
The morphological examination of the VRZ formulations was car-

ried out using a scanning electron microscope (SEM) (Zeiss EVO, USA).
The mats were coated with silver so as to obtain a good conductivity of
the electron beam. The accelerating voltage was 20 kV, probe current
was 45 nA and counting time was 60 s.

2.4. Chemical stability of VRZ mats

The chemical stability of the VRZ mats was calculated at 5 ± 2 °C
and 25 ± 2 °C for 12 months. The amount of VRZ was investigated to
examine the monthly storage temperature.

2.5. Water uptake and average thickness of the mats

The water uptake was figured out by immersing the mats in distilled
water at 25 °C. After 1 h, the hydrated mats were removed, followed by
surface water extraction using filter paper and directly weighed. The
water content (WH2O %) was calculated using the following type (WH2O

%)=(W-Wo)/Wo % (Wo and W express the mats weight before and after
immersion in water, respectively) [30]. The mats thickness was ruled
out by a micrometer at random points on the mat surface area.

2.6. In vitro hydrolysis studies of mats

The hydrolysis degree was estimated accordingly with the mass loss.
Circular shaped mats with 0.78 cm2 area were placed in Petri dishes
with simulated body fluid (pH 7.4). Afterward, the samples were in-
cubated at 37 ± 1 °C in an oven for a period of five days. Every 48 h,
the mats were removed, washed with distilled water, dried and
weighted until constant weight [22]. The hydrolysis was calculated
using the following formula: % mass loss= (W1-W2)/W2×100 (W1

and W2 express the mats weight before and after hydrolysis, respec-
tively). All the experiments were performed in triplicate.

2.7. High performance liquid chromatography analysis

For the determination of the drug loading content and in vitro re-
lease results, HPLC method was applied. The quantitative analysis of
the obtained solutions was assessed by HPLC using HP Agilent 1100
system (Germany) consisted of a gradient pump and a UV detector. The
used column was a C18 column (5 μm, 150×4.6mm) (GL Sciences,
Japan). The samples were analyzed at 256 nm with 1mL/min at 25 °C
flow rate. The mobile phase consisted of Acetonitrile (ACN): ultrapure
water (50:50). The retention time of drug was 4.098min. The method
was validated for linearity, limit of detection (LOD) and limit of
quantitation (LOQ), precision, accuracy and specificity, selectivity and
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stability [31]. The linearity between peak area and concentration was
analyzed using calibration curve obtained from standard solutions of
VRZ (1–30 μg/mL). The accuracy of an analytical method is the close-
ness of test results obtained by the method to the true value and is
defined recovery. The prepared three standard solutions (8, 11, 14 μg/
mL) were injected five times at different levels as a test sample. Eight
μg/mL solution was injected ten times in order to evaluate method
precision, standard deviation (SD) and coefficient of variation. The
Limit of Detection (LOD) and Limit of Quantitation (LOQ) tests for the
procedure are performed on samples containing very low concentra-
tions of analytes. If the standard deviation is less than the acceptance
criteria which is 2%, the analysis system for the determination of assay
is to verify.

2.8. Drug loading content analysis, in vitro drug release and kinetic analysis
of PLA/PESu mats

The analysis of the drug loading content was performed with HPLC
method as described in section 2.7. Ten mats were grounded separately
in a glass pestle mortar and dissolved in 100ml methanol and mixed
with a shaker for 12 h. Then this solution was filtered through the
polytetrafluoroethylene (PTFE) membrane (0.45 μm). The average of
results was determined. Experiments were performed at 25 ± 2 °C. The
drug loading was almost 5% w/w. In vitro release study of mats was
performed in 10mL of dissolution medium at 50 rpm. The dissolution
medium was 10mL of a solution simulating the inorganic composition
of the body fluids prepared as previously reported [32,33]. The tem-
perature was preserved at 32 ± 0.5 °C to mimic skin temperature. The
mats have been shaped 1×1 cm2 (the actual antifungal load is
0.96–1.034mg/cm2). 0.5mL of sample was removed at a pre-
determined time interval of 30min–84 h and the same volume of fresh
medium was replaced. All measurements were performed in triplicate
and herein the mean area is displayed. The data were analyzed via
origin pro software.

2.8.1. Kinetic analysis data- model dependent methods
In this study, in vitro release results were analyzed using model-

dependent methods [34]. Model dependent methods are based on dif-
ferent mathematical functions, which describe the dissolution profile. A
computer-based kinetic program provided by Ege and coworkers, as it
was previously reported [35,36], was used in order to determine the
suitable drug release kinetic model describing the dissolution profile.
The large value of the coefficient of determination (r2) indicated a su-
periority of the dissolution profile fitting to mathematical models.
Numerous models have been conducted so as to determine kinetics of
polymeric drug delivery systems [27,37–39] Herein, for the release
kinetics examination of the PLA/PESu formulations the following
mathematical models were applied:

First order model:

=
−Q Q et

kt
0 (1)

Zero order model:

= +Q Q k tt 0 0 (2)

Higuchi's model:

=Q k tt H
1
2 (3)

Korsmeyer—Peppas model:

=f k tt m
n (4)

Hixson-Crowell model:

− =Q Q k t3 3 t HC0 (5)

where ft represents the fraction of drug dissolved in time t, kf, ko, kH, km
and kHC are the apparent dissolution rate constants for the first order,
zero order, Higuchi model Korsmeyer–Peppas model and Hixson-

Crowell model, respectively. In case of Hixson-Crowell, Zero order, First
order and Higuchi's model Qo is the initial amount of drug, Qt is the
cumulative amount of drug release at time t. In case of Korsmeyer-
Peppas “n” is the release exponent for Korsmeyer–Peppas model (the
value of exponent n is used to characterize the mechanism for both
solvent penetration and drug release [40]).

2.9. In vitro cytotoxicity study of PLA/PESu mats

The in vitro cytotoxicity of the PLA/PESu mats was evaluated by
measuring L-929 fibroblasts viability by the [3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyl tetrazolium bromide] (MTT) assay [33]. L-929 fibro-
blasts were seeded in 24-well plates at a density of 30.000 cells per well
using 200 μL cell culture medium (−90% Dulbecco's Modified Eagle's
Medium (DMEM), 10% fetal bovine serum, 1% penicillin-streptomycin
solution). Twenty-four hours after plating, various polymer concentra-
tions were added in the wells. After 24 h of incubation at 37 °C, 50 μL of
MTT solution (5mg/mL in PBS pH 7.4) were added into each well and
plates were incubated at 37 °C for 2 h. The medium was withdrawn and
100 μL of dimethyl sulfoxide (DMSO) was added to dissolve the formed
crystals. The solution was transferred to 96-well plates and immediately
read on a microplate reader (Biorad, Hercules, CA, USA), at a wave-
length of 540 nm. Biocompatibility of polymers was expressed as % cell
viability, which was calculated from the ratio between the number of
cells treated with the blends and that of non-treated cells (control). The
experiments were performed in triplicate.

2.10. Antifungal activity of the prepared topical PLA/PESu mats

Antifungal activity of PLA/PESu mats against Candida albicans,
Candida tropicalis, Aspergillus flavus, Aspergillus fumigatus, and Aspergillus
niger was evaluated using disc diffusion method. Agar well diffusion
testing was performed according to CLSI standards. Mueller-Hinton II
Agar (Difco) supplemented with 2% glucose and 0.5 μg/mL methylene
blue dye (SSI Diagnostica, Hillerød, Denmark) was used. For the moulds
(Aspergillus flavus, Aspergillus niger and Aspergillus fumigatus) inocula
were prepared at optical densities ranging from 80 to 82% and a sus-
pension with a 0.5 McFarland standard was utilized for yeasts (Candida
albicans and Candida tropicalis). 100 μL of each suspension were spread
evenly onto Mueller-Hinton II Agar using a drigalski spatula and al-
lowed to dry. Wells (diameter= 12mm) drilled with a sterile cork-
borer and VRZ disks that were 12mm in diameter were placed in these
wells. The plates were incubated at 35 °C for 24–48 h and inhibition
zone (IZs, in millimeters) diameters were read by using a digital ruler at
24 and 48 h. Minor trailing growth in the inhibition zones was ignored.
Each test was completed in triplicate and the mean zone size was de-
tected.

2.11. Ex vivo drug permeation study using mice abdominal skin

2.11.1. Preparation of mice abdominal skin
The protocol of the study was approved by Istanbul Medipol

University Ethical Committee (approval number 11.10.2017–68). The
European Community guidelines as accepted principles for the use of
experimental animals were adhered to. BALB-c mice weighing
30 ± 5 g were obtained from the Experimental Animal House of
MEDITAM Istanbul Medipol University (Istanbul, Turkey) for ex vivo
experiments. Mice were kept in a room with a temperature of
22 ± 2 °C with an alternating 12-h light/dark cycle. Afterward, mice
were sacrificed with anesthetic ether. The hair of test animals was
carefully trimmed with electrical clippers and the full thickness skin
was removed from the abdominal region. The skin was washed with
water, stored at 4 ± 1 °C overnight and then used for ex vivo perme-
ability studies.
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2.11.2. Penetration and permeation of VRZ loaded PLA/PESu mats
For ex vivo permeation study of VRZ loaded PLA/PESu mats, Franz

diffusion cells with an effective diffusion area of 0.78 cm2 were used.
The skin was cut into discs and mounted in the Franz diffusion cells.
The receiver compartment was consisted of 10mL PBS/ethanol (80/20,
v/v) to ensure sink condition the temperature was maintained at
37 ± 0.5 °C (body temperature) using magnetic stirring at 600 rpm
throughout the experiment. Skin sample had the temperature of 32 °C.
To prevent evaporation parafilm was applied. For each experiment,
0.1 mL sample of the receiver medium was withdrawn at a pre-
determined time. The samples were analyzed in HPLC at 256 nm. The
cumulative amount (%, w/w) of VRZ permeated through mice ab-
dominal skin was plotted as a function of time. After 24 h of contact
time, each skin was washed for penetration study. In further, each skin
was cut into minute pieces to determine the amount of VRZ deposited in
the skin. They were pooled in a tube containing ethanol, vortexed for
5min and homogenized to obtain a solution. The obtained solution was
homogenized by using homogenizer for 5min at 26.000 rpm and again
vortexed for 5min and centrifuged for 15min. Penetrated VRZ (ob-
tained after digestion) was assayed by HPLC study. The cumulative
amount penetrating per skin surface area was plotted against time
(hours). Experiments were performed in triplicate.

2.12. Skin irritation study

2.12.1. Animals and vivarium housing conditions
It has been addressed that when topical mats are prepared, the

safety profile of the formulations should be confirmed. The protocol of
the study was approved by Istanbul Medipol University Ethical
Committee (approval number 11.10.2017–68). The European
Community guidelines as accepted principles for the use of experi-
mental animals were adhered to. For skin irritation experiment healthy
BALB-c mice were used. Mice were kept in a room at 22 ± 2 °C with
rotating 12-h light/dark cycle. Mice had free contact with food and
water ad libitum. The mice were carried to a laboratory 1 h before the
test activated. All tests were completed between 09:00 and 12:00 h in
normal room light and temperature (22 ± 1 °C). Mice were divided
into three groups of four animals each:

Group I: PLA/PESu (70/30) +VRZ mat group,
Group II: PLA/PESu (50/50) +VRZ mat group,
Group III: Control group (serum physiologic, (SP)).

Dorsal skin was shaved before the experiment using a razor with no
apparent cuts or injuries. Mats and SP were topically applied to mice

Fig. 1. FTIR spectra of a) PLA/PESu (0/100, 90/10, 70/30, 50/50, 100/0) blends and b) 90/10 neat and loaded with VRZ c) 70/30 neat and loaded with VRZ and d)
50/50 neat and loaded with VRZ (Inset: examination of the region between 1800 and 1100 cm−1).
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dorsal skin for 24 h. After 24 h, mice were sacrificed with anesthetic
ether.

2.12.2. Histopathology examination
The skin was excised from the dorsal and the subcutaneous fat and

connective tissue were trimmed. The skins were wiped off with tissue
paper and fixed in formalin solution 10% in saline for one day; after-
ward washed with water, dehydrated with ethanol, immersed in xylene
and were lastly embedded in paraffin wax at 56 °C. Paraffin blocks were
cut at 5 μm with a rotary microtome. Sections were stained with
Hematoxylene & Eosine and examined using the light microscope
(Nikon Eclipse Ni research microscope).

2.13. Statistical analysis

All statistical analyses and graphs were performed using Origin Pro
and GraphPad Prism 7.0 software program. The results were expressed
as means ± standard deviation (SD). Statistical significance between
groups was analyzed by one-way ANOVA followed by Dunnett's post
hoc test. Values for p < 0.05 were considered statistically significant.

3. Results and discussion

3.1. Miscibility and compatibility studies of the prepared mats; FT-IR
spectroscopy, thermal analysis and morphology observation (SEM)

3.1.1. FT-IR spectroscopy of the prepared PLA/PESu mats
The most important outcome when new formulations are prepared

and studied is to identify the evolved interactions, which are taking
place between the molecules and polymers. These interactions can re-
sult in drug amorphization and different dissolution properties. All the
more when polymeric blends are used as such carriers, these interac-
tions could lead to new products miscible, immiscible or partially
miscible blends. Generally, PLA blends with other aliphatic polyesters
never lead to miscible systems, considering that interactions between
PLA and polyesteric domains are weak or nonexistent [22,29]. Even
though PLA and PESu blends have been prepared, in the past, herein is
the first attempt of such blends to be applied as pharmaceutical for-
mulations.

FT-IR spectra of the prepared PLA/PESu blends are presented in
Fig. 1a. As it was expected, PLA spectrum exhibited the characteristic
bands associated with the stretching ester carbonyl groups vibration of
1767 cm−1. In case of PESu, two peaks of 1742 and 1736 cm−1 are
observed linked with the PESu absorbance in amorphous and crystalline
domains, respectively [29]. Moreover, when the prepared PLA/PESu
blends are studied the characteristic carbonyl group has shifted in lower
wavenumbers closely to PESu. Mostly, such shifting indicates

interactions between the initial homopolymers. However, in case of
aliphatic polyesters, it cannot safely be concluded that interactions are
taking place [22,27]. Subsequently, the absence of interactions between
the two components indicates that the mixtures are immiscible [27]. In
order to reinforce our statement of immiscibility as FT-IR revealed, DSC
studies were conducted. Further, it should be noted that the prepared
blends were opaque and had a milk-white color indicating that the
polymers were crystallized when they blended.

FT-IR spectroscopy studies for PLA/PESu mats loaded with VRZ are
seen in Fig. 1 b, c, and d. VRZ spectrum displayed a broad peak of
hydroxyl groups and aromatic rings at 3200 and 3121 cm−1, respec-
tively. Peaks at 1615 and 1586 cm−1 are correlated with aromatic C–C
stretch while sharp peaks from 690 to 515 are due to the Fluoro group
presence. In addition, at 665 cm−1 N(2), N(4), coordination mode of
1H, 1,2,4-triazole is depicted whereas 1007 cm−1 is attributed to C–F
stretching. In further, C-O stretching mode is seen at 1277 cm−1 and
C=N stretching is found at 1620 cm−1. Moreover, CH3 bending ad-
sorption is found at 1277 cm−1 [1,12,17,41].

It has been already reported that aliphatic polyesters, when applied
as carriers, did not provide any interactions between the polymers and
the drugs [22]. Accordingly, when VRZ was incorporated to the PLA/
PESu mats, some bands shifted in lower wavenumbers while two new
peaks assigned to VRZ drug at 1619 and 1592 cm−1 attributed to aro-
matic C–C stretch can be seen. This observation indicated the successful
drug loading. Regularly, if some characteristic bands of the polymer are
shifted could exhibit interactions between drug and carriers [22,27].
Nonetheless, this shifting is not so significant to safely presume possible
evolved interactions [27].

3.1.2. Thermal analysis of the prepared PLA/PESu mats via Differential
Scanning Calorimetry

It is well known that the miscibility or immiscibility of polymer
blends as drug delivery carriers could differentiate drug release pattern
[22,27]. Among others, it is well understood that polymer blends
miscibility, is established by the presence of one single phase. Con-
sidering this, only one melting point (Tm) or one glass transition tem-
perature (Tg) should be depicted in DSC thermograms. This tempera-
ture is mostly found between the temperatures of the initial polymers,
or at even higher temperatures [22,27]. In Fig. 2a–b, DSC thermograms
of neat polymers (PLA and PESu), pure PLA/PESu blends and blends
with VRZ are shown. From Fig. 2a, it can be confirmed that PLA is a
semicrystalline polymer with a Tg value at 55 °C and a Tm at 150 °C
[22,42].

In detail, in case of PESu, one melting endotherm (101 °C) with one
shoulder (91 °C) and a crystallization exotherm (78 °C) just prior to the
melting endotherm is seen. In a previous study, this crystallization
exotherm is ascribed to the melt recrystallization of crystallites melting

Fig. 2. DSC thermograms of PLA/PESu (100/0, 90/10, 70/30, 50/50 and 0/100) blend a) neat and b) loaded with VRZ.
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with low thermal stability. Moreover, the observed shoulder was con-
sidered as the melting endotherm of the crystallites with high thermal
stability, while the final melting endotherm is associated with the
melting of the crystallites formed through the organization of the
crystallites with high thermal stability during the DSC heating [28]. In
case of 90/10 w/w blend presents a possible miscibility since PESu
melting point is not recorded. Nevertheless, it is possible that PESu
concentration is low and thus cannot be observed [22,27].

Furthermore, when 70/30 w/w blend is studied, the melting point
of PESu is recorded at 99 °C with a shoulder at 91 °C as well as Tm of
PLA is found at 153 °C with a shoulder at 147 °C (Fig. 2a). Similar re-
sults are found in case of 50/50w/w blend. Accordingly, it can be
concluded that the blends comprised from 30 to 50wt% PESu are im-
miscible, probably because PESu crystallized in the amorphous PLA
matrix.

Fig. 2b shows pure VRZ and VRZ loaded PLA/PESu blends. As it can
be ascribed, VRZ is a highly crystalline drug with a melting point at
133 °C which is in accordance with the literature reported melting
temperature [43]. In most cases, solvent evaporation can lead to full
amorphization of an active molecule or the fine dispersion of the drug
into the polymeric solution can also induce such amorphization
[22,27]. In this study, DSC thermograms of PLA/PESu blends loaded
with VRZ demonstrated drug amorphous dispersion into the matrix due
to the lack of VRZ melting point given that only Tm and Tg of the
polymers is recorded, similarly to the unloaded mats [1,22,27]
(Fig. 2b). Needless to say, that this amorphous dispersion played a role
in the better dissolution characteristics of the drug.

In detail, in case of PLA/PESu - 90/10 blend the melting point of
PESu is recorded at 95 °C with the shoulder to appear at 89 °C whereas
Tm of PLA is found at 151 °C with a shoulder at 142 °C. The Tg of PLA
was slightly decreased at 48 °C from 55 °C. Similarly, when PLA/PESu -
70/30 blend studied the melting point of PESu is recorded at 97 °C with
the shoulder to appear at 92 °C whereas Tm of PLA is found at 151 °C
with a shoulder at 143 °C and the Tg of PLA was found at 55 °C. Finally,
PLA/PESu - 50/50 blend depicted the melting point of PESu at 98 °C
with the shoulder to appear at 95 °C while Tm of PLA is found at 151 °C
with a shoulder at 143 °C. Herein, Tg of PLA was almost similar with the
neat 50/50 blend. It can be concluded that Tg, as well as Tm values of
the polymeric components, are decreasing due to the VRZ presence.
This fact attributes that VRZ drug enacts as a plasticizer in the system,
as it has been summarized in past studies [22].

3.1.3. Morphology observation with Scanning Electron Microscopy (SEM)
In general, the morphology of polymeric blends is altered by various

parameters like the nature of the polymers, the composition of the
blend as well as the processing methods. Several optical methods have
been used so as to study the morphology of immiscible or incompatible
blends; Scanning Electron Microscopy belongs to such techniques.

Preliminary observation of the blends exhibits structurally uni-
formity while the thin PLA/PESu films had an opaque white milky
color, which also implies that PLA/PESu mats are immiscible and have
separated phases [27]. In further, SEM micrographs of blends (Fig. 3a,
b, c) also depicted the low miscibility between the two polymers since
different phases were observed [27]. This finding is presumed since the
surface is not smooth, presenting PESu phase dispersed into the PLA
matrix. The PESu phase appears in the micrographs as empty spaces
scattered throughout the PLA matrix.

3.2. In vitro cytocompatibility, average thickness, water uptake, chemical
stability and in vitro release studies of VRZ loaded mats

Firstly, in order to determine the safety of the prepared mats for skin
application, in vitro cytocompatibility of PLA/PESu mats was examined
using L-929 fibroblasts [22,33]. As it can be obvious from Fig. 4, the
mats present high cell viability and thus can be further applied as to-
pical mats. This high cell viability was rational given that both

materials are used in pharmaceutical and tissue engineering applica-
tions due to their relatively low toxicity.

Among other parameters, thickness and moisture uptake are also
significant when topical mats are developed. In this study, although
both PLA and PESu are hydrophobic materials, their blends absorbed
water as Fig. 5 showed. Most specifically, by increasing PESu content
the water uptake also increased; in case of PLA 0% water was absorbed
but for 90/10, 70/30 and 50/50 water uptake was found at 8,88%, 11,4
and 25,9%, respectively. This presence of the water in the matrix can be
linked with the porosity as it was found from SEM micrographs (Fig. 3a,
b, c). Similar results were also reported for hydrophobic fibrous blends
due to their porosity [22].

Additionally, chemical stability of VRZ in the mats was also de-
termined and found to be sufficient at 5± 1 °C and 25± 2 °C whereas
the drug entrapment was relatively high ranging from 92 to 100%. Drug
loading content was calculated as 5% w/w. Finally, the average
thickness of the prepared mats found between 0.09 and 0.1mm. To
summarize, all mats displayed similar thickness and water uptake,
which is quite advantageous and thus solvent evaporation, can be fur-
ther used as an easy method to prepare topical mats with similar
characteristics.

As it has already been stated, VRZ categorized as class II on bio-
pharmaceutics classification system in view of its low aqueous solubi-
lity. In this study, this problem overcame by incorporating VRZ into
PLA/PESu blends. By reviewing drug delivery literature, the release
rate is associated with several factors such as amorphization and hy-
drolysis rate. Obviously, hydrolysis is produced more rapidly in the
amorphous state while the drug can be diffused more quickly in rubber
state than glassy state [22,27,44]. It has also been referred that im-
miscible blends show an immediate release since free channels are
performed, leading to higher release rates [22,27]. In addition to this,
blending less hydrophobic polymers with high hydrophobic polymers
leads to improved hydrolysis rate. In this work, in vitro drug release
studies are seen in Fig. 6. In case of neat PLA loaded with VRZ, it can be
concluded that the drug was dissolved at almost 5% in 80 h. This is
rational considering that PLA is favorable to control release and slow
the dissolution [22,45].

Additionally, PLA cannot be fully degraded under simulated con-
ditions [22] as Fig. 6a showed. Similar behavior is found for 90/10 film
with a slightly higher release in 80 h. It can be further referred that the
addition of PESu seems to improve the release accordingly with hy-
drolysis degree. Moreover, 70/30 blends released the drug quicker and
about 40% of the drug is dissolved in 80 h. These blends present a
steady and controlled dissolution pattern as result of the higher degree
of PESu in the blend.

Finally, different behavior is indicated for 50/50 blend, which
presents the highest degree of hydrolysis (Fig. 6a) in 5 days (almost
similar to PESu hydrolysis). Proportionately, the same blend completely
releases VRZ in 80 h (Fig. 5b). This can be explained by two factors a)
the amorphization of drug and b) the higher hydrolysis rate. More
specifically, the mechanism of VRZ dissolution from 50/50 blend is
differentiated compared to the other blends. From 0 to 4 h only 10% of
the drug is dissolved, however, with the passage of the time VRZ is
released more quickly. For example, from 0 to 36 h almost the 65% of
the drug is dissolved. Further investigation revealed that from 36 h till
84 h almost 100% of the drug was released.

3.2.1. Kinetic analysis
Evidently, drug release processes include drug dissolution, diffusion

through the polymeric matrix, eventually polymer swelling or erosion
as well as drug transfer to the receptor solution. Researchers can imply
mathematical models only in case of which involved phenomena have
been conclusively proved.

Several models can be applied to study the drug release kinetics
from polymeric matrices. The most used are zero and first order model,
Higuchi, Hixson, and Crowell model as well as Korsmeyer- Peppas
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Fig. 3. SEM micrographs of PLA/PESu w/w a) 90/10 (original magnification value×150), b) 70/30 (original magnification value×200) and c) 50/50 (original
magnification value×100) blends.

Fig. 4. In vitro cytocompatibility of PLA/PESu (100/0, 90/10, 70/30 and 50/50) blends.

N. Üstündağ Okur et al. Journal of Drug Delivery Science and Technology 46 (2018) 74–86

80



model. In some cases, the release is driven by swelling or erosion of the
polymer whereas in other cases the diffusion and dissolution of the drug
could play the major role. In general, different mechanisms can be
happening at the same time or in stages during the release process. It

seems to be highly important to establish which mechanism drives the
release in order to successfully design and manufacture the controlled
release systems and to identify potential failure modes [46].

In this work, it was assumed that the prepared PLA/PESu

Fig. 5. a) Water uptake and b) Average thickness of the prepared PLA/PESu (100/0, 90/10, 70/30 and 50/50) mats.

Fig. 6. a) Hydrolysis studies and b) In vitro VRZ drug release of 50/50, 70/30 and 90/10 PLA/PESu mats (n:3).

Table 1
Kinetic data of VRZ release parameters obtained from VRZ loaded mats.

Models Zero order First order Higuchi Hixson-Crowell Korsmeyer-Peppas

Mats r2 n m r2 n m r2 n m r2 n m r2 n

90/10 + VRZ 0.9956 0.3591 0.0024 0.9943 4.6022 −0.00 0.9467 −1.8936 0.1824 0.9948 0.0049 0.00 0.9797 1.131
70/30 + VRZ 0.9883 2.2977 0.0092 0.9802 4.5943 −0.0001 0.9641 −6.5285 0.7006 0.9850 0.0242 0.0002 0.9865 0.720
50/50 + VRZ 0.9685 6.0625 0.0303 0.9310 4.6728 −0.0007 0.9742 −14.0057 1.8366 0.9696 −0.001 0.0008 0.9757 0.7603

Table 2
Inhibition zone diameters (mm) of blank and VRZ loaded PLA/PESu mats against several types of microorganisms (Candida albicans, Candida tropicalis, Aspergillus
flavus, Aspergillus fumigates, Aspergillus terreus, Aspergillus niger).

Formulations Microorganisms

Candida albicans Candida tropicalis Aspergillus flavus Aspergillus fumigatus Aspergillus terreus Aspergillus niger

PLA 0 0 0 0 0 0
90/10 0 0 0 0 0 0
70/30 0 0 0 0 0 0
50/50 0 0 0 0 0 0
PLA + VRZ 33.5–34.5 49–49 47–49 44–47.5 45–47 47–47
90/10 + VRZ 23–25 45.5–46.5 55–55 51–51 53–59 55–57
70/30 + VRZ 10–12 55–55 64–64 54–53.5 62–62 62–68
50/50 + VRZ 28–32 56–60 74–76 66–68 63–67 70–70
Control 23–25 57–58 73–75 68–69 75–76 74–75
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formulations loaded with the lipophilic VRZ are diffusion controlled
systems since similar studies exhibit accordingly results.

The data from in vitro release studies of 90/10 + VRZ, 70/
30 + VRZ and 50/50 + VRZ mats were evaluated according to the zero
order, first order, Higuchi, Hixson Crowell and Korsmeyer-Peppas ki-
netic models (Table 1). It was believed that release mechanism herein is
not due to swelling or erosion in case of 90/10 loaded with VRZ mats
since hydrolysis was negligible. As it was expected, for 90/10 + VRZ,
release data were fitted to the zero order followed by Hixson Crowell
model. Consequently, dissolution of VRZ molecule is only a function of
time.

For 70/30 + VRZ both zero order and Hixson Crowell models could
be both applied because the r2 values were very close to each other as
0.988 and 0.985, respectively (Table 1). Therefore, it can be concluded
that these mats ensure a controlled release mechanism. In similar
manner, a hydrophobic drug from PLGA nanoparticles also fitted to
zero-order model [47]. In another study, Frederikse et al. prepared
polymeric films and evaluated in vitro release of betamethasone 17-
valerate from polymeric films. The betamethasone 17-valerate release

data fitted to zero-order kinetics [48].
It was made an assumption that in case of 50/50 + VRZ mats due to

higher hydrolysis rate of the neat blend an erosion of the polymer
would have affected the release mechanism. It was found that the R2

value is higher for Higuchi's model compared to Hixson Crowell and
zero order models identifying that VRZ release from 50/50 + VRZ mats
followed diffusion rate controlled mechanism. Chantasart et al. develop
and characterize the prolonged release piroxicam transdermal patch.
Drug release kinetic data from the films fitted with the Higuchi model,
and the piroxicam release mechanism was diffusion controlled [49].

Furthermore, in vitro release kinetics of VRZ loaded mats were also
examined by the Korsmeyer-Peppas model. From models character-
istics, when n=1, the release rate is independent of time (zero-order)
(case II transport); n= 0.5 is for fickian diffusion; and 0.5 < n < 1.0,
means diffusion and non-fickian transport are implicated. Lastly, when
n > 1.0 super case II transport is apparent ’n’ is the slope value of log
mt/m∞ versus log time curve [50]. The n values of Korsmeyer-Peppas
model of the mats were determined as 1.13, 0.720 and 0.760 for 90/
10 + VRZ, 70/30 + VRZ and 50/50 + VRZ, respectively. The n values

Fig. 7. Antifungal activity of the blank and VRZ loaded PLA/PESu (90/10, 70/30 and 50/50) blends.
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(0.720 and 0.760) of 70/30 + VRZ and 50/50 + VRZ mats are not
compatible with the Fick's law and release mechanism of these films
was determined as diffusion and polymer erosion to a controlled release
with relaxation (Table 1). Similarly, fibrous blends of PLA/PBAd and
PCL/PPGLu blends loaded with hydrophobic drugs were also fitted to
Korsmeyer-Peppas model [22,27].

3.3. Antifungal activity of the PLA/PESu prepared mats

The antifungal activity of the mats was tested against various pa-
thogens such as Candida albicans, Candida tropicalis, Aspergillus flavus,
Aspergillus fumigatus, Aspergillus terreus and Aspergillus niger by disc
diffusion method. The above species were chosen as they are the most
common pathogen causing fungal infections.

In particular, although yeasts are not naturally pathogenic, the al-
teration of the host's cellular defenses, normal flora or function of the
skin, can lead to colonization, infection, and disease. Candida species
are normally found on the oropharynx, gastrointestinal tract, and va-
gina. However, moisture and wet conditions help Candida to over-
growth and so superficial infections of the skin could also happen.
Candida albicans is the most virulent of the species causing nails, skin,
mucous membranes and viscera diseases [51]. Furthermore, Candida
albicans have been isolated from biofilms which formed on implanted
medical devices or on human tissue [52]. Moreover, Candida tropicalis
species are less common in causing human disease. In a past study,
Candida tropicalis species depicted negligible adherence to epidermal
corneocytes and were found nonpathogenic to skin however such spe-
cies are occasionally systemic pathogens associated with septicemia
[53]. In addition to this, Candida tropicalis was found mostly in noso-
comial infections as well as immune compromised patients [54].

Aspergillosis is typically occurred by the inhalation of the fungal
spores, which are entry of the pathogen into the body, and the organism
has a predilection for the respiratory tract. On the contrary, primary
cutaneous infection with Aspergillus as well as onychomycosis or oto-
mycosis could also happen [55]. In most cases, Aspergillus colonization
of burn eschars and traumas is common mostly in immunocompetent
patients. In primary cutaneous aspergillosis, typically can be found

fungus implantation on the trauma site, including infections of in-
travenous cannulas, or venipuncture wounds, especially for those who
covered with dressings [56].

Considering the above statements, antifungal studies of topical mats
against such pathogens are highly significant. From the results (Table 2
and Fig. 7) VRZ loaded formulations present major antifungal proper-
ties. More particularly, the VRZ loaded formulations have high fungi-
static results and high inhibition zones. Given that the zone diameters
are increased as PESu content is increasing, it can be summarized that
antifungal properties are proportionally equivalent to in vitro release
studies. In further, comparing the two studied Candida species, C. al-
bicans and C. tropicalis, it is appeared that tropicalis spp are more sus-
ceptible to VRZ than albicans spp. Nonetheless, the difference is not of
great importance. Among others, Candida spp compared to Aspergillus
spp are less sensitive to VRZ. Finally, the comparison between Asper-
gillus spp, showed that Aspergillus flavus present the higher inhibition.
Finally, it can be summarized that the developed novel formulations
can be applied effectively as antifungal agents, given that the studied
microorganisms are commonly found in skin fungal infections.

3.4. Ex vivo penetration and permeation of VRZ mats

The assessment of percutaneous permeation of active molecules
plays a crucial role during the examination of the dermal or trans-
dermal systems, especially when the drugs would be applied for hu-
man's delivery. In most cases, in vivo human studies are the best solu-
tion, however, due to several reasons, these studies are not easily
getting done. Instead of human skin examination, several models have
been developed such as ex vivo human skin, ex vivo animal skin or ar-
tificial skin models. Mice and rat skin belong to the most used models
[57].

Ex vivo drug penetration and permeation studies using diffusion
cells were conducted to investigate the release of drug and predict in
vivo performance of VRZ. The permeation profile of VRZ through mice
skin is seen in Fig. 8 exhibiting a steady increment of VRZ in the re-
ceptor chambers over the time. More specifically, after 24 h of the
contact period, 50/50 blends permeation was detected as nearly 10% in

Fig. 8. Cumulative permeation of VRZ through excised mice skin from PLA/PESu (90/10, 70/30 and 50/50) loaded mats (n:3).
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the receptor compartment. In case of VRZ permeation from PLA and
90/10 was detected after 24 h relatively low as 0,13 and 1,4843%,
respectively. In comparison to PLA and 90/10 blends, 50/50 blends had
statistically significant permeation values (P < 0.05). VRZ permeation
from 70/30 mats was determined 4.6%. Consequently, a higher per-
meability of VRZ through the skin is associated with the presence of
PESu in the mats. Nonetheless, the low permeation of the drug is ra-
tional given that the prepared mats are solid and it is well known that
the release is dependent on the swelling ability of the formulation and
drug diffusion [50].

When the penetration to the skin tissue was examined, it was ruled
out that 70/30 (0.24%) and 50/50 (1.62%) mats obtained higher pe-
netrated VRZ amount than PLA (0.05%) and 90/10 (0.07%) mats. As it
was expected, 50/50 mats had higher permeation and penetration

values compared to the other mats. The mats did not penetrate any
statistically important drug amount to the skin tissue (P > 0.05).
However, the penetration and permeation values are relatively negli-
gible. Considering the results, the prepared mats could be safely applied
as systems for topical delivery of VRZ. These topical mats will be ef-
fective for cases such as pregnant patients or children since drug side
effects will be limited. Thus, the developed PLA/PESu mats loaded with
VRZ offer a safer and promising solution in fungal infection manage-
ment [58].

3.5. Skin irritation test via histopathology studies

When new topical mats are developed, skin irritation test should be
performed and evaluated to conclude that the mats are safe to be used.

Fig. 9. Images of treated mice skin with a) PLA/PESu (70/30)+VRZ, b) with PLA/PESu (50/50)+VRZ and c) with SP. I: 20× (magnification value), II: 40×, H&E
(Hematoxylene and Eosin).
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As it has been already found out (Fig. 4.) the prepared mats found
biocompatible when fibroblasts cultures were used. In order to re-
inforce this statement, histopathology studies were also performed by
using Balb-c mice.

Throughout literature, several animal models have been researched
in order to study fungal infections. In most cases, laboratory mice are
most commonly used to model clinical syndromes associated with pa-
thogenic fungi whereas also rats, guinea pigs, rabbits, and zebrafish
have also been applied. Balb-c mice model can be found in the literature
as useful to study fungal infections [59], dermal toxicity as well as
eczema or skin lesions study [60–62] as part of preclinical studies.

For the test, 70/30 + VRZ and 50/50 + VRZ were chosen since
they showed higher penetration of drug; thus, the safety of these mats
should be determined. The influence of the mats on skin irritation was
examined by topically applying the film. Microscopic images of mice
dorsal skin treated with the mats (70/30 + VRZ and 50/50 + VRZ) and
SP are shown in Fig. 9. Disruption degrees of epidermal layers and
inflammation degrees of dermal layers were evaluated as weak, mod-
erate and severe for chosen drug loaded formulations and control
group. There was only a moderate disruption on the stratum corneum
and no disruption on the other epidermal layers whereas no in-
flammation was observed on the dermal layers.

As it can be observed the stratum corneum layer turned thinner after
application of the mats; nevertheless, it is not observed any visible
difference in skin morphology (other skin layers and dermis) after 24 h
application of 70/30 + VRZ and 50/50 + VRZ. Additionally, er-
ythemas were not observed in any animal after topical application of
the mats. The dermis and epidermis layers evaluated as normal, simi-
larly to SP application (Fig. 9c). In comparison to the negative control,
the mats have not caused any statistically important histopathological
changes on the skin (P > 0.05). In further, the irritation experiments
have not displayed noticeable irritation, 24 h after when 70/30 + VRZ
(Fig. 9a) and 50/50 + VRZ (Fig. 9b) mats applied on the dorsal skin of
mice. When SP (negative control) applied, also no inflammation in the
dermal layers and no damage in the epidermal layers were seen in the
skin. Nonetheless, it should be reported that in case of 70/30 and 50/50
mats, a moderate damage was detected in the stratum corneum which is
acceptable given that SC consists of dead cells (corneocytes) and fungi
are mostly colonized in SC layer [63].

4. Conclusion

VRZ loaded topical mats composed of PLA and PESu in different
concentrations were successfully prepared via solvent evaporation
method in order to be used against fungal infections. The prepared mats
of the two aliphatic polyesters were determined as immiscible blends as
FT-IR and DSC studies indicated. DSC studies illustrated amorphization
of VRZ into the matrix. Interactions between VRZ and the carriers were
not signified by FT-IR studies. Degree of hydrolysis and in vitro release
studies displayed different release pattern and hydrolysis rate analo-
gous with PESu content. Kinetic analysis of in vitro release studies ex-
hibited controlled release pattern of the drug. According to antifungal
studies, mats were superior against several fungi. Penetration and
permeation values of the mats were relatively negligible. Finally, his-
topathology examination, after PLA/PESu mats application, did not
show significant skin irritation in epidermis and dermis. To conclude,
the prepared formulations seem to be very promising alternative VRZ
delivery systems in terms of eliminating harmful side effects in patients
such as pregnant women and children.
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