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ABSTRACT

Objective: This study aimed to enhance the solubility of voriconazole (VRZ) via loading to nanosuspensions using solvent/anti-solvent technique.
The optimisation of independent variables (polymer concentrations) was carried out to achieve the desired particle size and maximise the
percentage of entrapment efficiency (EE %) and drugloading (DL %) using design-expert®software.

Methods: Design-Expert® software, version 13, was used to design and optimise nanosuspensions-loaded VRZ using 23 factorial designs.
Concentrations of polyvinylpyrrolidone, hydroxypropyl methylcellulose and poloxamers were selected as independent variables to achieve ideal
particle size, polydispersity index (PDI), entrapment efficacy (EE %) and drug loading (DL %). Atomic force microscopy (AFM), differential scanning
calorimetry (DSC) and saturated solubility were used to assess the lyophilized nanoparticles. The compatibility between the drug and the polymers
was studied using Fourier transform infrared spectroscopy (FTIR).

Results: The particle size, PDI, EE %, and DL % were in the range of 15.6-145.6 nm, 0.010-0.120, 55.9 %-91.9 %, and 6.68-36.76 %,
respectively. The saturated solubility of nanosuspensions-loaded VRZ (NS-VRZ) relative to free VRZ was increased tenfold in DW and
twelvefold in PBS (pH 7.4). DSC thermogram confirmed the incorporation of VRZ in the nanosuspensions. The AFM of NS-VRZ validated
spherical tiny particle size with a smooth surface. There is no chemical interaction between VRZ and the polymers, according to an FTIR
investigation.

Conclusion: The solubility of VRZ was successfully enhanced by loading to nanosuspensions. T he solvent/anti-solvent technique was proven to be

cost-effective, easy to operate and suitable for the preparation of NS-VRZ using Design-Expert®software.
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INTRODUCTION

Drug solubility in aqueous media is an important consideration to
address early in the drug discovery process. Approximately 40 %
of novel chemical entities generated in the pharmaceutical sector
are nearly water-insoluble [1]. The biopharmaceutics classification
system divides drugs into four categories: class [ (very soluble and
permeable), class II (highly permeable but poorly soluble), class II1
(highly soluble but weakly permeable), and class IV (poorly
soluble and poorly permeable) [2]. The II and IV classes are
typically characterized by high molecular weights, significant log P
values and poor water solubility. Pharmaceutical nanosuspensions
are aqueous dispersions of insoluble drug particles that are
nanosized and stabilized by surfactants. Nanoparticles, on the
other hand, are drug carriers that are either polymeric or lipid
colloidal [3-5]. When a drug molecule has several limitations, such
as the inability to form salt, high molecular weight, dose, log P and
melting point, nanosuspension is the only choice accessible [6].
The inherent nature of molecular complexation employing
cyclodextrin in pharmaceutical formulations to increase the
formulation volume due to the large molecular weight of the
complexing agent is a key restriction. By keeping active
pharmaceutical ingredients in a crystalline condition while
allowing for increased drug loading during formulation
development, nanosuspensions can tackle such unique drug
delivery difficulties [7]. Because of the reduced usage of toxic, non-
aqueous solvents and extreme pH, accommodating large drug
amounts with minimal dose volume provides significant benefits
in parenteral and ophthalmic drug delivery systems [8]. Other
benefits include enhanced stability, extended drug release,
increased efficacy through tissue targeting, minimal first-pass
metabolism and deep lung deposits [9]. These benefits have
accelerated the development of nanosuspension technology in
recent decades. Despite the difficulties of production, choosing the

right unit operation, equipment and process optimization can help
to mitigate these issues [10].

The VRZ, a lipophilic drug, is a second-generation novel triazole
derivative of fluconazole with excellent broad-spectrum activity
that is commercially accessible for oral and intravenous
administration [11]. It belongs to class II in the BCS, which is
characterized by low solubility and high permeability. The VRZ is
very effective against fluconazole-resistant Candida species, such
as Candida krusei, Candida glabrata, and Candida albicans [12]. It
has fungicidal in vitro action against all Aspergillus species, moulds
including Scedosporium species and Fusarium species associated
with keratitis [13].

This study aimed to enhance the solubility of VRZ via loading to
nanosuspensions using a solvent/anti-solvent technique.

MATERIALS AND METHODS
Material

The VRZ powder was purchased from Srini (India), hydroxypropyl
methylcellulose (HPMC E5) and poloxamers (PXM-188) from
Hyperchem (China). The disodium hydrogen phosphate (Na:HPO.),
potassium dihydrogen phosphate (KH2PO4), sodium chloride (NaCl),
polyvinylpyrrolidone (PVP K-30) and ethanol were obtained from
CDH (India), Himdia (India), LAD (India) Alpha chemical (India) and
HaymanKimia (UK), respectively.

Method
Experimental design

A 23-factorial design was selected using Design-Expert® software
to determine the appropriate concentrations of HPMC E5, PVP K-
30 and PXM 188 needed to create nanosuspensions with the best
possible responses. The concentrations of A (PVP K-30), B (HPMC
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E5), and C (PXM 188) were chosen as independent variables, while
R1 (particle size) and R2 (PDI), R3 (EE %), and R4 (DL %) were
chosen as dependent variables [14]. In this design, three criteria
were assessed at three levels of concentrations-lower (25 mg),
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middle (112.5 mg), and higher (200 mg), each with the
corresponding codes being-1, 0 and+1, respectively.

The design resulted in 9 runs, as listed in table 1.

Table 1: The 23factorial design of NS-VRZ using design-expert® software

Run A B C

1 +1 -1 +1
2 -1 -1 -1
3 -1 +1 -1
4 -1 +1 -1
5 -1 -1 +1
6 +1 +1 -1
7 +1 -1 +1
8 -1 -1 -1
9 -1 +1 +1

Preparation of nanosuspension-loaded VRZ

The NS-VRZ were prepared by solvent-evaporation technique. The
VRZ powder was dissolved in 2 ml of ethanol (solvent) to create the
drug solution, which was then injected at a rate of 1 ml per minute
into 20 ml of DW (anti-solvent) containing several stabiliser
combinations in various concentrations (A, B and C). Thereafter, the
prepared nanosuspensions were ultra-sonicated for 20 min in a bath
sonicator. Solid nanoparticles started to precipitate immediately.
The nanosuspensions were placed later in a magnetic stirrer and
allowed for an hour to allow the organic solvent to evaporate.
Finally, the optimum nanosuspension was lyophilized using a
Labconco freeze drier (USA).

Characterization of nanoparticles
Particle size analysis

Using the ABT-9000 Nano Laser particle size analyser, particle size
parameters were determined. At a constant temperature of 25 °C
and a scattering angle of 90° [15]. The particle size (R1) and PDI
(R2) of the prepared nanosuspensions were measured. The sample
that has a low polydispersity index mean monodisperse, while the
high-level mean wide-speared particle distribution. The normal level
of PDI values is 0-0.05, which means monodisperse standard, 0.05-
0.08 refers to nearly monodisperse, 0.08-0.7 indicates mid-range
PDI and more than 0.7 means very polydisperse [14, 16].

Determination of entrapment efficiency and drug loading

The dialysis membrane was used to assess the entrapment efficiency
and drug loading [17]. A 1 ml sample was placed in the dialysis
membrane, which was then dialyzed for 12 h against 100 ml of
phosphate buffer saline solution (PBS, pH 7.4). After appropriate
dilution, the amount of VRZ in the dialysis membrane (entrapped)
was measured at 256 nm against PBS buffer as a blank. By dividing
the amount of entrapped drug by the total amount of drug utilized, it
is possible to determine the entrapment efficiency of VRZ [18, 19].

Development and evaluation of the optimized formulation

The Design-Expert® software suggested an optimal formula based
on maximizing drug loading and entrapment efficiency and
minimizing particle size and polydispersity index. The optimum
formula was selected using the desirability index, which has a value
between 0 and 1, and examines the desirable range for each
response. These criteria were established, and the best formula was
chosen [4, 20].

Freeze-drying of nanosuspension

The lyophilisation (freeze drying) is one of the most effective
methods used for the solidification of the nanosuspension by water
removal via sublimation and desorption under a high vacuum [21].
The water removal was conducted through freeze-drying to get the
nanoparticles of VRZ in the dried powder state from the prepared
nanosuspensions. The formulation was pre-frozen at-30 °C for 12 h

then lyophilized utilizing a vacuum freeze dryer at a pump operating
at a pressure of (0.46 mbar) and the controlled temperature of (-40
°C) for 72 h [22].

Characterization of lyophilized powder
Determination of the saturated solubility

The saturated solubility of pure VRZ and VRZ-NPs was determined
in different media of DW, and PBS (pH 7.4). An excess amount of the
compound was added to a test tube with 10 ml of each media. Each
tube was sealed in aluminium foil and placed in a water bath shaker
for 48 h at 37 °C The sample was taken and filtered using a 0.45 pm
filter  syringe and absorbance was determined by
spectrophotometer. The concentration was then, calculated from the
corresponding calibration curve [23].

Atomic force microscope (AFM)

The AFM is used to precisely quantify the particle size of nanoparticles
while under controlled environmental conditions by scanning
surfaces. A small amount of the sample was applied to freshly cleaved
mica. Particle size, histogram of particle size distribution and 3D
surface morphology of NS-VRZ were obtained [24].

Differential scanning calorimetry (DSC)

The DSC is used to evaluate the compatibility between VRZ and other
additives and to evaluate the drug's crystalline form, particularly when
incorporated into nanoparticles [25]. The thermal characteristics of
the pure VRZ, A (PVP K30), B (HPMC E5), C (PXM 188) and NS-VRZ
were examined by an automatic thermal analyser system [26].

Drug-excipients compatibility studies

These studies were achieved to identify any sign of interaction or
complexation which may happen between VRZ and stabilizers used
in the preparation of the nanoparticles.

Fourier Transform Infrared Spectroscopy (FTIR) study

Different FTIR spectra were obtained with FTIR for pure VRZ, A
(PVP K30), B (HPMC E5), C (PXM 188), P-NPs (polymers
nanoparticles without drug) and NS-VRZ. The potassium bromide
was crushed up and added to all of these samples. The resulting
spectra ranged from 4000 to 400 cm! in wave number [27].

RESULTS AND DISCUSSION
Particle size and polydispersity index analysis

The particle size results were ranged from 15.6 nm-145.6 nm.
Other formulas' sizes are within this range. These variations in
particle size could be associated with variations in the affinities
and concentrations of polymer molecules for drug particles [28].
The formula showed the highest particle size value was (Run 8),
while the smallest was (Run 9) as illustrated in table 2. This could
be due to a high stabilizers ratio in (Run 9), which decreases
surface tension and stabilises the newly formed surfaces during
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the precipitation process, resulting in a nanosuspension with
smaller particles [29]. The stabiliser molecules wrapped the drug
particle surface properly [30].
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Results of the PDI ranged from (0.010-0.120) for (Run 9) and (Run
3), respectively (table 2). Run 9 showed monodispersed PDI, while
(Run 3) showed a mid-range of PDI [31, 32].

Table 2: The 23 factorial design responses parameters of VRZ nanosuspension formulations.

Run R1 R2 R3 R4

1 44.3 0.055 90.5 9.53
2 107.1 0.045 91.9 36.76
3 125.3 0.120 80.2 13.37
4 115.4 0.055 55.9 9.32
5 19.9 0.015 57.8 9.63
6 118.8 0.032 57.6 6.06
7 49.3 0.046 63.5 6.68
8 145.6 0.058 91.5 36.62
9 15.6 0.010 78.7 8.28

Determination of drug entrapment efficiency and drug loading
of nanosuspension

The highest percentage of the drug entrapment efficiency for the
prepared formulations was 91.9% (Run 2), while the lowest
percentage of the drug entrapment efficiency was 55.9% (Run 4) as
listed in table 2. This could be due to a high HPMC E5 concentration
in (Run2) that increases the viscosity of the internal phase, which
reduces the migration of the drug, leading to an increase in the
entrapped amount of VRZ [33].

The drug loading results ranged from 6.68 to 36.76 % as listed in
table 2. These results revealed that the drug loading was increased
with the increase of polymer concentrations and entrapment
efficiency % and this was consistent with the finding of Dora and his
colleagues (2010), who found that an increase in the polymer ratio
and EE %, increased the DL % [34].

Statistical analysis

The obtained data were fitted into different models and a best-fit
model was suggested by the Design-Expert® software depending on
parameters such as p-value, adjusted determination coefficient (adj.
R2), and predicted determination coefficient (pred. R2). A p-value of
(ABC) was 0.0029, 0.0498 and<0.0001 (i.e, < 0.05) for R1, R2 and R4,
respectively. This indicates that the model is significant and the three
polymers have a significant effect on these responses. The ratio for R1,
R2 and R4 was 6.1325, 5.2792 and 18.0553, respectively. This
indicates an adequate signal. The best-fit model equations generated
for R1, R2 and R4 were shown in Equation 1, 2 and 3.

R1=+65.34-43.65A-10.29B+0.3125C......couvrmrnrrrirrnns E.q.1

R2=+0.049-0.0214A-0.0051B+0.0069C+0.0011AB+0.0059AC-
0.0151BC+0.0091ABC.....ccoiviiiiiii sttt i E.q.2

R4=+12.06-3.98A-4.41B-4.55C+2.35AB+3.12AC+3.40BC-2.49ABC. .E.q. 3

For R1, the average coefficient of the linear model was 65.34 and
the coefficient for individual PVP K-30, HPMC E5 and PXM 188
were 43.65, 10.29 and 0.3125, respectively. The negative charge in
the equation indicates that PVP K-30 and HPMC E5 had a negative
effect on particle size, but the PVP K-30 had a higher negative
effect on particle size, while PXM 188 had a positive effect on
particle size. This confirmed that the effect of PVP K-30
concentration on nanoparticle size was more than HPMC E5 and
PXM 188 as shown in Equation 1. These results agreed with the
results of Mandlik and Ranpise (2017) [35], who found that the
effect of chitosan concentration on nanoparticle size was more
pronounced than STPP depending on the coefficient values for
chitosan and STPP were 229.50 and 99.67, respectively.

For R2, the average coefficient of the factorial model was 0.049 and the
coefficient for individual PVP K-30, HPMC E5 and PXM 188 were 0.0214,
0.0051 and 0.0069, respectively. The PVP K-30 and HPMC E5 had a
negative effect on PDI. The PVP K-30 had a higher negative effect, while
PXM 188 had a positive effect on PDI. This indicated that the effect of
PVP K-30 concentration on particle size distribution was more
pronounced than HPMC E5 and PXM 188 as shown in Equation 2.

For R4, the average coefficient of the factorial model was 12.06 and
the coefficient for individual PVP K-30, HPMC E5 and PXM 188 were
3.98, 4.41 and 4.55, respectively. The PVP K-30, HPMC E5 and PXM
188 had a negative effect on DL %. This indicates that when polymer
concentrations increased, the DL% decreased. For EE % (R3), the
model F-value was high in all models that imply, so the model is not
significant. P-values of (ABC) were more than 0.05 indicating that
the model is not significant because no one of the model terms
exceeds the t-value limit.

Optimization and evaluation of the prepared formulations

The optimized formula was developed based on the statistical
evaluations of Design-Expert® software that suggest several
combinations as an optimum formula. The optimized formula
combination includes PVP K-30 (150 mg), HPMC E5 (180 mg) and
PXM-188 (82 mg). The optimum formula was prepared and
characterised later. The predicted values of particle size, PDI, EE and
DL were 72.56 nm, 0.049, 73.34 % and 12.04 %, respectively. On the
other hand, experimental results were 64.65 nm, 0.059, 86.73 % and
10.17% for particle size, PDI, EE and DL, respectively. The relative
error between the predicted values and experimental values of each
response was calculated in Equation 4.

Relative error = (predicted—e-xperimental) ...... E. q 4

predicted
The relative error for particle size, PDI, EE % and DL % was 0.1, 0.2,
0.18 and 0.16. Low values of the relative error showed a reasonable
agreement between predicted values and experimental values. This
demonstrated the model's viability and ascertained the effects of
polymers on the particle size, PDI, entrapment efficiency and drug
loading [36].

Determination of saturation solubility

The saturated solubility of pure VRZ was measured in different
media. The drug has poor water solubility was 26.73+1 pg. ml4,
however, the solubility was lower in basic media, 10.8+0.7 pg. ml+,
due to weak basicity nature of the drug (pKa = 1.76) [37]. The NS-
VRZ solubility was increased eightfold in DW; while in PBS (pH 7.4)
has increased by elevenfold. The breaking of the drug
microparticles' perfect structure into nanoparticles is an explanation
for the solubility improvement [38]. In contrast to the crystalline
state of pure VRZ, nanoparticles' amorphous structure results in a
high energy of interfacial tension that increases its solubility [39].

Atomic force microscope (AFM)

The morphological analysis and particle size of NS-VRZ performed
by AFM revealed regular to spherical-shaped nanoparticles with a
size of (35.6 nm) and approved by the histogram of particle size
distribution as seen in fig. 1. In contrast, the particle size estimated
by the ABT-9000 particle size analyser was 61.35 nm. The particle
size of the optimized NS-VRZ obtained by AFM was smaller than that
measured by the ABT-9000 particle size analyser and this difference
because a particle size analyser could, only, provide data on the
volumetric mean diameter of a large number of particles; it is
challenging to get findings that reflect actual size distribution.
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Fourier transform infrared spectroscopy (FTIR)

The FTIR study was carried out for pure VRZ, PVP K30, HPMC E5, PXM
188, nanosuspensions-free VRZ and NS-VRZ as shown in fig. 2. The
FTIR spectrum of Pure VRZ showed O-H stretching at 3425.58 cm-, C-
N aryl stretching at 1346.31 cm™ and C-F stretching band at 1498-
1425.4 cm, C-H alkane at 2891.30 cm-!. For the stabilizers, PVP k30
showed a strong absorbance band at 1676.14 cm! due to the C=0 of
tertiary amide and at 2956.87 cm due to C-H stretching. A very broad
band was shown at 3464.15 cm! due to O-H stretching vibrations of
absorbed water. This broadband was confirmed by the broad
endothermic peak detected in the DSC experiments. Wegiel and his
colleagues (2014) highlighted similar FTIR peaks of PVP K-30 [40]. For
HPMC ES5, the characteristic peaks were shown at 3400 cm! due to O-
H stretching vibration peak, 1153.43 cm! due to C-O-C stretching
vibration peak and 1109.07 cm! due to C-O stretching. Oh and his
colleagues (2012) highlighted similar FT-IR peaks of HPMC E5 [41].

(A)

S7nm
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y: 0.50 pm

x: 0.50 ym
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The FTIR spectrum of PXM 188 was characterized by principal
absorption peaks at 2887.44 cm! due to aliphatic C-H stretching, as
shown in fig. 2. As well as the O-H bending that appeared at 1354.03
cm! and C-O stretching appeared at 1111 cmL. These results were
also consistent with the results published by Sharma et al. (2013)
[42]. The FTIR results of VRZ nanoparticles showed the presence of
the main peaks of pure VRZ that appeared at 3408.22 cm!, 1336.67
cml, 1498-1429.25 cm! and 2883.58 cm! for O-H stretching, C-N
aryl stretching, C-F stretching and C-H alkane, respectively (fig. 2).
The FTIR peaks of polymers nanoparticles showed at 3435.22 cm,
2347.37 cm?, 1645.26 cmtand 1093.64 cm-ifor PVP K-30 and HPMC
E5 (O-H stretching), PXM 188 (0-H bending), PVP K-30 (C=0 of
tertiary amide), and HPMC E5 and PXM 188 (C-O stretching). As a
result of the finding of polymer nanoparticles and NS-VRZ, there was
no significant shift in the FTIR spectrum, indicating no interaction or
complexation between the drug and polymers during the
preparation of NS-VRZ [15].

(B)
Abbott-Firestone curve
68"7\ ? 1 210 1 4lo 1 610 1 8lo 1 1w )
53.1
455
379
304
28
15.2
76
0.0+ T
0 5 10 15%

Fig. 1: AFM images. (A) 2D AFM image of NS-VRZ and (B) Histogram of particle size distribution of NS-VRZ
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Fig. 2: FTIR images (A) pure VRZ compound; (B) PVP K-30 polymer; (C) HPMC E5 polymer; (D) PXM 188 polymer; € Nanosuspensions-free
VRZ; and (F) NS-VRZ
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Differential scanning calorimetry (DSC)

The DSC thermogram of pure VRZ showed a sharp exothermic peak
at 135.89 °C as shown in fig. 3. The DSC of PVP K-30 showed a broad
endotherm at 114.89 °C, as seen in fig. 2. This broad endotherm
indicated that water was lost due to the extremely hygroscopic
nature of the PVP polymer [43]. The DSC thermogram of HPMC E5
showed a broad endothermic peak in the range of 101.42 °C, which

g_\_‘\—\—*—

-

Heat Flow (mW)
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might be attributed to the dehydration of water molecules. NOVIZA
and HALIM, (2017) [44] reported a similar peak of HPMC E5.

In general, the DSC thermogram of PXM 188 revealed a broad
endotherm at 62.64 °C. The DSC thermogram of NS-VRZ showed the
complete disappearance of VRZ melting point, giving a strong
indication that the drug lost the crystallinity state and converted to
an amorphous form.

(8)

(D)

(E)
f\’xﬁ\/ )

0 50 100 150

Temperature (°C)

200 250 300

Fig. 3: DSC thermogram of (A) pure VRZ; (B) PVP K-30; (C) HPMS E5; (D) PXM 188 (E) Nanosuspensions-free VRZ (F) NS-VRZ

CONCLUSION

The NS-VRZ were successfully prepared using different
combinations of stabilizers such as PVP K-30, HPMC E-5 and PXR
188 in various concentrations. The solvent-antisolvent method was
considered as an effective way to increase the saturation solubility
of VRZ and its dissolution rate, and it is cost-effective and easy to
operate. The optimum formula exhibited a decreased particle size
and stabilised drug particles. The FTIR and DSC studies revealed no
chemical interaction between VRZ and the stabilizers used in the
preparation of nanosuspension. Surface morphology of drug
nanoparticles, visualized by AFM, illustrated spherical-shaped NS-
VRZ with a smooth surface and accurate particle size was obtained
comparable to that obtained by particle size analyser.
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