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• Particle size of nanoparticles were 
reduced by decreasing concentration 
of chitosan at constant pH.

• At constant pH, by increasing the 
percentage of TPP from 5 to 20%, the 
EE% was raised dramatically.

• The nanoparticles had a high 
thermal stability that indicated well-
establishment of structure.

• The release pattern indicated a very 
slow release of drug at each point of 
time from the nanoparticles.
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Voriconazole is an approved antifungal agent belonging to the triazole family. It is 
generally used for treating aggressive fungal infections such as invasive candidiasis 
or aspergillosis, as well as certain fungal infections, in immunocompromised patients. 
Voriconazole has an oral bioavailability of 96%, and patients can receive the medication 
either by oral or parenteral routes. To fabricate a topical ocular voriconazole delivery 
system, we prepared voriconazole-loaded chitosan nanoparticles by ionic gelation 
of chitosan with the addition of sodium tripolyphosphate (TPP). Three chitosan 
polymers with different molecular weights were tested by varying chitosan and TPP 
concentrations, and the produced nanoparticles were characterized by scanning electron 
microscopy (SEM), Fourier transform infrared spectroscopy (FT-IR), differential 
scanning calorimetry (DSC), and x-ray powder diffraction (XRD). The obtained data 
was presented into a Box-Behnken design, which showed a set of optimum parameters 
that would yield an optimized formulation with the most favourable properties. 
Subsequently, the optimized formulation was synthesized, and the voriconazole release 
from this formulation was monitored over 48 hr. Results showed the drug-loaded 
nanoparticles have high drug loading, show no burst effect, and sustain drug release for 
up to 48 hr. Therefore, this formulation is a potentially efficient ocular delivery system 
for voriconazole.
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1. Introduction 

Heterocyclic aromatic compounds show unique 
antifungal and medicinal properties due to the presence of 
heteroatoms in their structures [1-6]. Voriconazole with 
the formula of (2R,3S)-2-(2,4-difluorophenyl)-3-(5-
fluoropyrimidin-4-yl)-1-(1H-1,2,4-triazol-1-yl)butan-
2-ol is a heterocyclic compound from a new second-
generation synthetic derivative of fluconazole [7]. In 
addition to their antifungal activity, these compounds 
also have high systemic muscle penetration [8,9]. Due to 
the variety of drug delivery methods and the differences 
in costs and efficiency of drugs in different conditions, 
various methods have been studied and analyzed by 
many chemists and biological scientists in recent years 
[10-15]. Oral administration of voriconazole has been 
common but not always successful due to side effects 
such as liver poisoning and visual disturbances [16]. It 
is also expensive for the treatment of fungal keratitis 
[17]. Therefore, more economical methods have been 
examined.

Although Voriconazole has a topical effect on the 
cornea of rabbits [18] and horses [19], there is no 
formulation of this drug for human topical ocular use 
on the market. Eye drops are the most convenient means 
of ocular drug delivery. A 1% ophthalmic solution of 
voriconazole has been tested in patients undergoing 
elective eye surgery [20]. Studies have shown that 
despite the effectiveness of voriconazole in treating 
superficial eye infections, these compounds are not 
effective for deep-seated infections. These observations 
are completely consistent with the results obtained 
by adding 1% voriconazole solution to the eye [21]. 
The authors suggested that a higher voriconazole 
concentration might be needed to reach adequate 
concentrations in the eye. Therefore, researchers have 
been considering trastromal [22] and intracameral [23] 
voriconazole injection in deep cases of fungal keratitis. 
As such, many research groups have proposed novel 
formulations to improve the permeation and ocular 
availability of voriconazole.

To reach an effective dose of voriconazole to treat 
deep cases of fungal keratitis, the researchers increased 
the dose and found that an efficacious dose for topical 
ocular use of the drug needs to maintain a balance 
between corneal penetration, formulation stability, and 
no eye irritation. Several studies have been performed 
to improve and optimize the properties of voriconazole 

eye drops by the addition of hydroxypropyl beta 
cyclodextrin and xanthan gum [24].

Xiang-Gen et al. have prepared sustained release 
intravitreal injectable voriconazole microspheres and 
tested their efficacy on experimental endophthalmitis in 
rabbits caused by A. fumigatus [25]. The microspheres 
were prepared from poly(lactic-co-glycolic acid 
(PLGA) using an oil-in-water (o/w) emulsification/
solvent evaporation method. Their results showed that 
the inflammation could be controlled in rabbits treated 
with vitrectomy and microspheres containing 1.0 or 1.5 
mg voriconazole as compared to the control animals 
in which endophthalmitis occurred in all eyes and 
quickly developed into pan ophthalmitis. The authors 
suggested that intravitreal injection of voriconazole-
loaded microspheres in addition to vitrectomy can 
be an effective strategy for A. fumigatus-induced 
endophthalmitis in rabbits. 

Another study optimized a range of microemulsion 
(o/w) formulations of voriconazole for ocular delivery 
[26]. They constructed phase diagrams to optimize the 
batches based on stability studies. In that study, selected 
batches (composed of oleic acid and isopropyl myristate 
as oil components with Tween 80 and propylene glycol 
as surfactants) showed no significant physiochemical 
interactions between the drug and excipient, had an 
acceptable viscosity and size range, and exhibited 
sustained release of voriconazole (>70% in 12 hr). 
Furthermore, an ex vivo permeation study demonstrated 
the microemulsion-enhanced drug flux through the 
cornea, and a solid lipid nanoparticle formulation 
has also been suggested for the ocular delivery of 
voriconazole [27]. 

Formulation optimization can increase the antifungal 
activity of the drug in addition to the permeability of 
the drug. PLGA nanoparticles loaded with voriconazole 
were shown to enhance its efficacy against C. albicans 
both in vivo and in vitro [28]. The use of nanoparticles 
in the drug delivery system increases the release power 
and effectiveness of the drug [29]. 

In this study, the design and optimization of a 
voriconazole drug delivery system loaded on chitosan 
nanoparticles with controlled release and voriconazole 
stability were performed. The use of a nanoparticle 
system for drug delivery and controlled drug release 
can improve efficacy and antifungal activity and 
reduce its invasive effect. It should be noted that a 
polymer matrix was used in this research due to the 
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therapeutic applications of this compound in humans, 
the biodegradation of the materials used, and their non-
toxicity [30]. 

Considering the dependence of drug release in 
nanoparticle systems on the polymer composition and 
molecular weight, we examined chitosan polymers with 
different molecular weights. Three types of polymeric 
chitosan with different molecular weights and various 
concentrations of chitosan and TPP were investigated, 
and the final products were characterized by scanning 
electron microscopy (SEM), Fourier transform infrared 
spectroscopy (FT-IR), differential scanning calorimetry 
(DSC), and X-ray powder diffraction (XRD). The 
obtained data were fed into a Box-Behnken design in 
Design-Expert 7.0.0, which showed a set of optimum 
parameters that would yield an optimized formulation 
with the most favourable properties. Subsequently, 
the optimized formulation was synthesized, and 
the voriconazole release from this formulation was 
monitored for 48 hr.

2. Materials and Methods

2.1. Materials

Voriconazole (VRC) was supplied by AFINE 
Chemicals Ltd., China. Chitosan polymers (95% 
deacetylation, molecular weight 70 KDa, 275 KDa, 
350 KDa) were obtained from Primexehf, Iceland. The 
other materials were of pharmaceutical and analytical 
grade.

2.2. Preparation of voriconazole loaded chitosan 
nanoparticles 

Voriconazole-loaded chitosan nanoparticles were 
prepared according to the procedure described by 
Calvo et al. based on the ionic gelation of chitosan with 
sodium TPP anions [31]. Three different molecular 
weights of chitosan were tested. Briefly, chitosan and 
voriconazole were dissolved in 3 ml of acetic acid in 
an aqueous solution under magnetic stirring for 45 min 
at room temperature. TPP aqueous solution was added 
to 5 ml of chitosan-voriconazole solution, and the 
mixture was sonicated for 3 min. The nanosuspensions 
were centrifuged at 15000 g for 25 min using a Sigma 
centrifuge. The supernatant liquid was analyzed by a 
spectrophotometer (Optizen 2120 UV Plus) at 255 nm 

to indirectly calculate the percentage of drug entrapment 
and drug loading. 

2.3. Scanning electron microscopy (SEM)

SEM was used to provide pictures of nanoparticles 
coated with a thin gold layer under vacuum conditions 
to determine the morphology and surface properties of 
the nanoparticles.

2.4. Fourier transform infrared spectroscopy (FT-IR)  

FT-IR spectroscopy was used to analyze the structure 
of the nanoparticles. In this method, the samples were 
mixed with potassium bromide under 500 atm to produce 
a tablet for scanning. Subsequently, the spectrum 
obtained from the nanoparticles was compared with 
those of the polymer and the drug alone.

2.5. Differential scanning calorimetry (DSC)

In general, the physiochemical changes in all materials 
involve thermal phenomena. These exothermal or 
endothermic changes are indicative of the released 
enthalpy during the reaction. The DSC system measures 
the difference in thermal flux between the sample and 
reference compounds relative to the temperature or time 
in identical heating conditions. This difference in flux is 
monitored by the enthalpy of the reaction and according 
to the enthalpy to time/temperature diagram. In this 
process, the sample and reference compound (air) were 
placed in the device oven and heated from 0 to 600 °C 
with an increase rate of 10 °C.min-1.

2.6. X-ray powder diffraction (XRD)

The characteristic X-ray diffraction pattern generated 
in a typical XRD analysis provides a unique “fingerprint” 
of the crystals present in the sample. When properly 
interpreted, by comparison with standard reference 
patterns and measurements, this fingerprint allows 
identification of the crystalline form. X-ray diffraction 
analysis (XRD) was performed using a Shimadzu XRD 
diffractometer (Shimadzu Corporation, Chiyoda-ku, 
Tokyo, Japan) at room temperature. In all cases, Cu Kα 

radiation from a Cu X-ray tube (run at 15 mA and 30 
kV) was used. The samples were scanned in the Bragg 
angle 2θ with a range of 10 to 80.
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2.7. Experimental design

The experimental design offers the possibility to 
rapidly and reliably understand the interactions among 
the different parameters involved in a multifactorial 
response. The number of required experiments to 
optimize a specific formulation can be greatly reduced 
using this method [32]. Therefore, the Box-Behnken 
design was used to determine the relationships among 
variables and responses. Additionally, the optimum 
of each variable will be obtained by differential 
approximation. Hence, a Box-Behnken statistical design 
with 3 factors and 3 levels was selected to statistically 
optimize the formulation parameters and evaluate the 
main effects, interaction effects, and quadratic effects of 
the formulation ingredients on the size, zeta potential, 
and loading of voriconazole. The experimental design 
allowed for the formulation of nanoparticles with the 
desired particle size and high entrapment efficiency. 
The validation test was carried out under optimum 
conditions of the parameters predicted by the polynomial 
model, and results showed that verification experiments 
and predicted values from fitted correlations accord 
very well at a 95% confidence interval. These results 
confirmed the validity of the models.

2.8. In-vitro drug release profiling 

To obtain a calibration curve for voriconazole, 
solutions with concentrations of 0.5, 1, 1.5, 2, and 2.5 
mg.ml-1 voriconazole were injected into a K-1001High 
performance liquid chromatography (HPLC) system 
(Well Chro, Germany) equipped with C18 (Column 
250/4.8 Nucleosil, Macharey-Nagel, Germany) using 
a water-acetonitrile mobile phase (0.50-0.50) with 
1 ml.min-1  flow rate and 29 min retention time at a 
wavelength of 255 nm and room temperature. All solvents 
were degassed for 10 min before use. Subsequently, 
a calibration curve with R2 = 0.9994 was obtained. 
Afterward, the release of voriconazole from the optimized 
formulation was monitored for 48 hr. Experiments were 
performed in triplicates under optimized conditions.

3. Results and discussion

3.1. Experimental analysis

Regression analysis was used to test the adequacy 

of the proposed quadratic model, and the following 
second-order polynomial equations were derived, as 
shown in Eqs. (1), (2), and (3).

Y1= 73.34 + 4.58A – 0.41 B – 13.96C		         (1)

Y2= 576.59 + 25.38A + 65.63B + 255C	         	        (2)

Y3= 41.74 + 0.99A + 0.95B + 5.44C – 0.45AB – 1.83AC     
      – 3.2BC					            (3)

where Y1, Y2, and Y3 are the predicted responses for 
the loading percentage of voriconazole, size, and zeta 
potential. A, B, and C are the coded values for the percent 
of TPP, percent of chitosan, and chitosan molecular 
weight, respectively. The statistical significance of 
the model equations was evaluated by the F-test for 
analysis of variance (ANOVA), and the model proved 
to be highly significant. The three-dimensional response 
surface curves were plotted by a statistically significant 
model to get a better understanding of the interaction of 
the affected factors (shown in Figs. 1, 2, and 3).

3.2. Formulation optimization

Optimization of the physical and morphological 
properties of the nanoparticles was done based on the 
data resulting from the Box Behnken response surface 
method. Table 1 shows the predicted optimization 
conditions. As shown in Table 1, the optimized condition 
is reached at the highest chitosan concentration level 
but lowest TPP concentration and chitosan molecular 
weight.

Nanoparticle size distribution in the optimized 

Fig. 1. Response surface plot showing the effect of factorial variables 
on % loading.
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Also as seen in Fig. 5 and Table 1, the size of the 
resulting particles is in the nanometer range; this shows 
that the chosen surfaces are suitable to examine the 
effect of variables of the process.

3.3.2. Fourier transform infrared spectroscopy (FT-IR)

An absorption frequency of 2987 cm-1 indicates the 
presence of the aliphatic stretch frequency of C-H. 

state (highest chitosan concentration, lowest TPP 
concentration, and lowest chitosan molecular weight), 
as measured by the dynamic light scattering (DLS) 
method, is displayed in Fig. 4. 

3.3. Characterization of nanoparticles

3.3.1. Scanning electron microscopy (SEM)

The SEM image of the optimized nanoparticles shows 
that the voriconazole-loaded chitosan nanoparticles 
have condensed structures with a smooth spherical 
shape (Fig. 5).

Fig. 3. Response surface plot showing the effect of factorial variables 
on zeta potential.

Fig. 2. Response surface plot showing the effect of factorial variables 
on particle size.

Design-Expert® Softw are

Z-Ave.
792

177

X1 = A: Percentage of TPP
X2 = B: Percentage of CS

Actual Factor

C: CS MW = 1.00

  0.05

  0.09

  0.13

  0.16

  0.20

0.50  
0.88  

1.25  
1.63  

2.00  

170  

217.5  

265  

312.5  

360  

Z-
Av

e.

  
A: Percentage of TPP   B: Percentage of CS  

Design-Expert® Softw are

Zeta Potential
48

30.8

X1 = A: Percentage of TPP
X2 = B: Percentage of CS

Actual Factor

C: CS MW = 1.00

  0.05

  0.09

  0.13

  0.16

  0.20

0.50  
0.88  

1.25  
1.63  

2.00  

28  

31.75  

35.5  

39.25  

43  

 Z
et

a 
Po

te
nt

ia
l 

  
A: Percentage of TPP   B: Percentage of CS  

Table 1. Optimized independent variables and the predicted responses.

Optimized independent variables Estimated dependant variables

TPP Concentration 
(A)

Chitosan 
Concentration

(B)

Chitosan molecular 
weight

(C)

Size (nm)
(Y1)

Zeta Potential (mV) 
(Y2)

Encapsulation 
Efficiency (%)

(Y3)

0.2 2 1 352 42 91

Fig. 4. The size distribution of optimized nanoparticle formulation.

Fig. 5. The SEM image of voriconazole-loaded chitosan 
nanoparticles.
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The absorption frequency of 1131 cm-1 indicates 
the presence of the stretch frequency C-O, and the 
absorption frequency of 1277 cm-1 shows the aromatic 
stretch frequency C-N.

In the chitosan infrared spectrum (Fig. 6(a)), the 
absorption frequency of 1602 cm-1 is an indicator 
of the existence of the amine stretch frequency N-H, 
and an absorption frequency of 1327 cm-1 refers to the 
existence of the C-H frequency group. The absorption 
frequency of 3435 cm-1 indicates the presence of the 
stretch frequency of the amine symmetrical N-H group, 
and the absorption frequency of 2919 cm-1 shows the 
existence of the aliphatic C-H stretch frequency in 
chitosan. Absorption peaks in the range of 907 and 1150 
cm-1 demonstrate the saccharide structure of chitosan, 
and the C-O stretch frequency of the chitosan structure 
displays strong absorption in the range of 1080 cm-1.

The FT-IR spectrum of voriconazole-loaded chitosan 
nanoparticles is displayed in Fig. 6(b). Regarding 
the chitosan nanoparticle spectrum, the absorption 
frequency of 3435 cm-1 is evidence of the presence of 
the amine N-H stretch frequency, and the absorption 
frequency of 2920 cm-1 shows the existence of aliphatic 
C-H stretch frequency in chitosan. The absorption 
frequency of 1570 cm-1 is related to the aromatic ring 
C=C stretch frequency of voriconazole in the structure.

3.3.3. Differential scanning calorimetry (DSC) 

DSC profile graphs corresponding to chitosan, 
pure voriconazole, and voriconazole-loaded chitosan 
nanoparticles (Fig. 7) show that in the chitosan blank 
spectrum, a wide exothermic peak at 117 °C and an 
endothermic peak at ~310 °C, which agrees with the 
observations in reference databases. Sharp exothermic 
at the 137 °C peak refers to voriconazole in Fig. 7(b). 
In Fig. 7(c), the two exothermic and endothermic peaks 
at 117 and 310 °C indicate the existence of chitosan, 
and the exothermic peak transfer from 120 to 160 °C 
signifies the loading of the voriconazole drug in chitosan 
nanoparticles.

3.3.4. X-ray powder diffraction (XRD)

The X-ray powder diffractogram (XRD) technique 
demonstrates and confirms the loading of the drug on 
nanoparticles.

As it was clear in Fig. 8(c), the chitosan indicator 
peaks overlap with the drug indicator peak, chitosan 
peak widening at 2θ = 22 is obvious, and the drug peak 
intensities are high, indicating the existence of high 
levels of the drug in the structure of the nanoparticles.

3.4. In-vitro drug release profiling

3.4.1. In-vitro release study of voriconazole from 
optimized nanoparticles

The voriconazole release plot of the optimized 
nanoparticle formulation has been shown based on the 
percentage of the drug released in time, in phosphate 
buffer media (pH=6.8), and with and without a carbomer 
matrix (Fig. 9). As shown in Fig. 9(a), during the first 
30 min of release, no burst release from nanoparticles 
is observed, which indicates suitable friction between 

Fig. 6. FT-IR spectrum of (a) chitosan and (b) voriconazole-loaded 
chitosan nanoparticles.
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the voriconazole and chitosan particles. Almost 26.27% 
of the drug is released during the first hour of release, 
and then the drug release from nanoparticles gradually 
increases. As shown in Fig. 9(a), the highest voriconazole 
release level in the media was 71.52% in 48 hours, and 

the release model shows a very slow release from the 
nanoparticles at any given time. Finally, after 48 hr, a 
strong polymer network forms due to the hypothetical 
friction between the chitosan and TPP nanoparticles, 
and voriconazole molecules are captured in this matrix, 

Fig. 7. DSC profile of (a) chitosan, (b) Pure voriconazole, and (c) 
voriconazole-loaded chitosan nanoparticles.

Fig. 8. XRD graph of (a) chitosan, (b) voriconazole, and (c) chitosan-
voriconazole nanoparticles.

(c) 
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content, can influence the particle size, drug entrapment 
efficiency, and loading capacity of voriconazole-
loaded chitosan nanoparticles. The size of the prepared 
nanoparticles ranged from 177 to 792 nm, with PDIs 
lower than 0.3. Moreover, nanoparticles exhibited a 
high positive zeta potential.

According to numerical optimization, the maximum 
predicted amount of loading, minimum predicted size, and 
zeta potential are 91.46, 352.58, and 42.81, respectively. 
The morphological study of the nanoparticles indicates 
the formation of spherical nanoparticles with smooth 
surfaces. Thermal analysis shows nanoparticle stability 
at temperatures higher than 200 °C.

The in vitro release study with optimized nanoparticle 
formulation showed the absence of burst release and 
the presence of suitable friction between chitosan and 
voriconazole polymers, which contributes to a sustained 
drug release. According to modelling studies, drug 
release from the nanoparticles followed a first-order 
kinetic model with a Fickian mechanism. Based on the 
favorable properties of the fabricated nanoparticles, this 
optimized formulation could be a potentially efficient 
ocular voriconazole delivery system for the treatment of 
fungal keratitis. In future studies, we aim to investigate 
the penetration and efficacy of voriconazole-loaded 
chitosan nanoparticles. 
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