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ABSTRACT

Aim: The study aimed to optimize Ganciclovir-loaded nanoparticles for ocular delivery by
evaluating the relationship between experimental data and Design factors. Materials and
Methods: The nanoparticles were developed using the ionic gelation method. A 3-level, 3-factor
Box-Behnken Design (BBD) was used for the optimisation process. Selecting the concentrations
of chitosan, Sodium Tripolyphosphate (STPP) and sonication time as the independent variables.
Entrapment efficiency, Drug release and Drug loading were chosen as dependent variables.
The dependent and independent variables were related using response surface plots and the
obtained polynomial equations. Results: The entrapment efficiency, Cumulative drug release
and drug loading of the optimised Ganciclovir-loaded Chitosan Nanoparticles (GCV-CS-NPs)
were found to be 91.93%, 92.27% and 17.68%, respectively. Excellent correlation between the
dependent and independent response variables demonstrated the rationality of the optimised
GCV-CS-NPS. Conclusion: The GCV release from GCV-CS-NPS exhibited a biphasic pattern, with a
2-hr rapid release after a 12-hr sustained release. Following the Peppas model, the in vitro release
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of the resulting ganciclovir-loaded nanoparticles demonstrated sustained release.
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INTRODUCTION

Herpes Simplex Virus (HSV)-induced eye disease is the most
prevalent Infectious cause of unilateral corneal blindness and a
major contributor to ocular morbidity in affluent nations.! The
condition known as Herpes Simplex Virus (HSV) keratitis affects
the transparent dome covering the colourful portion of the eye
is called the cornea.” The most prevalent herpes virus associated
with ocular infections is Herpes Simplex Type 1 (HSV-1).
Although it can also infect ocular tissues, Herpes Simplex Type
2 (HSV-2) is most frequently observed in neonatal conditions.’?
Acute primary blepharokeratoconjunctivitis and
recurrent keratitis are the most common manifestations caused

chronic

by HSV ocular infections.* Deeper infections can result in lesions
defined by dendritic keratitis, whereas superficial infections
typically leave no scarring.” An immune-mediated inflammatory
process that typically results in blindness can produce scarring
due to recurrent infections.®
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The complicated structure and physiological barriers of the
eye make it impossible for drug molecules to enter the site of
action, making drug delivery to the ocular tissues challenging.”
The first option for both the patient and the doctor, if there is
any eye complication, is the conventional ophthalmic drug
delivery method, such as eye drops.® Eye drops' main drawback
is their low drug bioavailability due to some factors, including
metabolic  degradation, lachrymation
drainage, which reduces the residence duration (less than 5 min)
after administration.” Moreover, only 1-6% of the administered
drug penetrates the intraocular space due to the cornea's relative
impermeability.'®

and nasolachrymal

According to the US Pharmacopoeia and European
Pharmacopoeia's solubility classification, GCV is "slightly soluble"
(2 g/L). Furthermore, according to FDA recommendations, GCV
was classified as having low permeability and categorised as
Biopharmaceutics Classification System (BCS) Class 3 based on
permeability studies."! GCV solubility is dependent on pH. With
pKa values of 2.50 and 9.57, respectively, it is a weakly basic drug
that dissolves in strong acids and bases. However, in the pH range

of 4 to 8, it is either somewhat soluble or insoluble.'?

The study aimed to formulate and optimize Ganciclovir-loaded
chitosan nanoparticles for enhanced transcorneal permeation
and sustained release of the dosage form to treat viral infection.
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Moreover, the generated nanoparticles
characteristics were evaluated.

physicochemical

MATERIALS AND METHODS

Materials

The study used the following materials: Ganciclovir (Yarro Chem
Ltd., Mumbai), and other chemicals, including chitosan, Sodium
Tripolyphosphate (STPP), and acetic acid, were procured from
Sisco Research Laboratories (SRL).

Methods
Preparation of chitosan-loaded nanopatrticles

Chitosan (0.1%, 0.5% and 1%) and the required drug quantity
were dissolved in 1% CH,COOH solution and agitated for 2 hr.
TPP was taken at different concentrations (0.1%, 1%, 2%) in 10
mL of distilled water and stirred for 2 hr. Add the TPP solution
dropwise to the chitosan solution, stir it for 2 hr, and sonicate it
for 5 min."

Evaluation Parameters of Nanoparticles
FTIR

The FTIR spectra for Ganciclovir in its pure form were obtained
using an FTIR (Thermo Scientific Nicolet Summit LITE iD1).
FTIR analysis was conducted to evaluate the physical and
chemical interaction of the drug with the excipients using the
Potassium bromide disk method."

DSC

The DSC thermograms of pure Ganciclovir and the Physical
mixture of Ganciclovir, chitosan and STPP were obtained
using the Thermal DSC analyzer (Perkin Elmer, Pyris-6, Jamia
Hamdard). After being precisely weighed into an aluminium pan
and covered with an aluminium cover, the sample was heated
from 30.0°C to 300.0°C at a rate of 10°C per minute."

Particle size and PDI

The dynamic light scattering method determined the PDI and
average particle size of the nanoparticles. The two most important
characteristics of nanocarriers that determine their physical
stability are their particle size and Polydispersity Index (PDI)."

Zeta potential

Electrostatic repulsion can stabilize nanoformulations at high
zeta potential values (>£30 mV). On the other hand, positively
charged particles work better to increase electrostatic interaction
with the eye's negatively charged surface. The zeta potential was
identified by using the Malvern Instrument (zeta sizer ver. 7.11)."

Entrapment Efficiency and Drug Loading

Nanocarriers must transport a sizable drug payload to prevent
drug waste during formulation. To evaluate the entrapment
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efficiency of a nanoformulation, the unentrapped and entrapped
drugs are usually separated by centrifugation at 10,000-20,000
rpm for 10-30 min."

In vitro drug release study

The dialysis membrane with a molecular weight cutoff of
12000-14000 kDa was used to study the in vitro release of
ganciclovir from the formulation. Freshly made artificial tear fluid
(pH 7.4) served as the diffusion medium. An accurately measured
2 mL volume of the formulation was precisely pipetted into a
dialysis membrane that had been soaked in the diffusion medium
overnight. The membrane was tied from both ends. At (37+0.5)
°C, the dialysis membrane was suspended in a beaker filled with
100 mL of diffusion media. In this case, 100 mL was chosen
with consideration for the sink condition, and the formulation
was visible throughout the study. This assembly was maintained
at 50 rpm on a magnetic stirrer. A UV-vis spectrophotometer
(LABMAN LMSP-UV 1900) was used to analyze the aliquots at
250 nm after diluting them with dissolving buffer.”

Surface Morphology

Nanoparticles' surface shape influences their biodistribution,
cellular uptake, and toxicity. Different shapes, such as spheres,
cubes, and rods, can be seen in nanoparticles. Spherically
shaped nanoparticles can achieve better drug performance.”
Transmission Electron Microscopy (TEM) and Scanning Electron
Microscopy (SEM) are commonly used to study the structure of
nanoparticles. SEM depicts the particle's surface morphology
and structure, while TEM shows the particle's internal structure,
size, and shape. A TEM device (Thermo Scientific, TALOS L
12°C G2, Jamia Hamdard) was used to take the sample images.
SEM analysis has been used to evaluate the particle's shape and
surface characteristics. Double-sided tape was used to attach the
nanoparticles to aluminium stubs.?’ A SEM device (ZEISS) was
used to take the sample images.

RESULTS

Fourier Transform Infrared Spectroscopy

The FTIR spectrum was recorded to assess the purity of the drug
ganciclovir. A potassium bromide pellet method was employed
for the identification of the functional group of the drug by FTIR
analysis. FTIR spectra of the drug ganciclovir were observed
between scanning ranges of 400-4000 cm. Ultimately, the
reference spectra and the resultant spectrum were compared as
shown in Figure 1A and the FTIR of the drug physical mixture is
shown in Figure 1B. The characteristic peaks of each component
with minor shifts and widening around 3400 cm~" and 1600
cm~" were visible in the FTIR spectra of the physical mixture of
ganciclovir, chitosan, and sodium tripolyphosphate, suggesting
hydrogen bonding and ionic interactions. When phosphate
bands (1250-900 cm™") are present, it indicates that the drug
is compatible and that there is no chemical degradation of the
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Table 1:FTIR interpretation of Ganciclovir.

Functional Group
C-N (aromatic)
N-H
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C-N (aliphatic)
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Peak Characterization
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Figure 1A: FTIR spectra of pure drug Ganciclovir.
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Figure 1B: FTIR spectra of the drug and physical mixture.
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Figure 1C: DSC curve of Ganciclovir, physical mixture, and optimized GCV-CS-NPs.

chitosan-TPP crosslinking. The interpretation of the drug is

given in Table 1.

Figure 1C shows the optimal GCV-CS-NPs, physical mixture,
and GCV DSC thermogram. The crystalline character of GCV
was shown by the prominent endothermic peak at 261.32°C in
the DSC thermogram. Additionally, there were noticeable peaks
of GCV at 257.15°C in the DSC thermogram of the physical
mixing of the solid samples (GCV, STPP and CS) which shows
the compatibility between the drug and excipients. Additionally,
due to GCV's entrapment in the NPs matrix in an amorphous
condition, the DSC thermogram of GCV-CS-NPs showed
the peak of GCV. The melting point of GCV-CS-NPs showed
numerous endothermic peaks at 59.5°C, 107.85°C, 220.03°C
and 298.12°C, which shows that the formulation exhibits clear
thermal transitions, which is common in nanoparticles because

of component behaviour alteration and encapsulation.
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DISCUSSION

Optimization data analysis, and experimental
validation

The Box-Behnken design approach was used to optimise the
prepared GCV-CS-NPs. The trial version of Design Expert
Software (STAT-EASE360) was used to fit the responses of
all fifteen formulations to various models and analyse the
experimental results. Quadratic models were found to be the most
appropriate for the tested parameters, which include entrapment
efficiency, cumulative drug release, and drug loading. The 3D
response surface plot and contour plot were used to evaluate the
impact of independent variables on dependent variables.

To produce NPs, the independent variables CS (%, X1), TPP (%,
X2), and Sonication time (mins, X3) have been taken at three
different levels (low, medium, and high), as shown in Table 2. To
prepare NPs, the concentration range was as follows: CS (X1) was
0.1% (low) to 1% (high), TPP (X2) was 0.1% (low) to 2% (high),
and the sonication time was 1 min (low) and 10 min (high). To
verify an error in the results of the same three compositions, the
design showed 15 formulations with three centre points. The
drug encapsulation efficiency (Y1) was found in the range of
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Table 2:0bserved GCV-CS-NPS Box-Behnken experimental runs with their actual and expected experimental values for drug loading (Y3), cumulative
drug release (Y2), and encapsulation efficiency (Y1).

Runs Independent variable Dependent Variables
X1 X2 X3 Y1
Actual Predicted
F1 0.55 2 10 92.36 93.06
F2 0.55 2 1 76.02 75.89
F3 0.1 1.05 10 94.09 94.02
F4 0.55 1.05 5.5 84.17 85.31
F5 1 1.05 10 93.13 93.25
F6 0.55 1.05 55 85.12 86.57
k7 1 1.05 1 77.13 77.44
F8 1 2 55 86.32 86.26
F9 0.55 1.05 5.5 86.16 87.10
F10 0.1 0.1 55 85.16 85.22
F11 0.55 0.1 10 91.07 92.78
F12 0.55 0.1 1 75.09 76.31
F13 0.1 1.05 1 75.06 75.49
F14 0.1 2 55 87.15 87.65
F15 1 0.1 55 86.17 86.54

Y2 Y3

Actual Predicted Actual Predicted
94.42 94.89 17 18
91.64 92.21 16 16
87.73 87.16 18 18
92.51 92.93 15 16
90.07 91.11 17 17
93.36 93.67 13 14
92.88 92.24 16 16
89.65 89.91 14 15
94.38 95.18 14 14
88.04 88.75 13 13
94.21 94.79 18 18
95.96 95.43 15 16
87.78 88.13 15 15
86.57 86.80 13 13
91.82 91.16 14 14

X1= Concentration of Chitosan (%), X2= Concentration of TPP (%), X3= Sonication time (mins), Y1= Encapsulation efficiency (%), Y2= Cumulative drug release (%),

Y3= Drug loading (%).

Table 3:Summary of regression analysis and analysis of variance for response | (Entrapment Efficiency), response Il (Drug release) and response Il|
(Drug loading).

Parameters DF SS MS F
Entrapment

efficiency

Model 586.09 65.12 108.23
Residual 3.01 0.6017

Total 14 589.1 65.7217

Drug Loading

Model 9 39.90 4.43 8.87
Residual 2.50 0.5000

Total 14 42.4 4.93

Drug Release

Model 9 116.50 12.94 17.42
Residual 3.71 0.7429

Total 14 120.21 13.6829

75.06% (F12) to 90.04% (F3). The drug release (Y2) was found in
the range of 86.57% (F14) to 95.96% (F12), and the drug loading
was found in the range of 13% (F11) to 18% (F14). As shown in
Table 2, the practical value result was extremely close to the actual
value. The linear correlation between the actual and predicted

values was shown in Figure 2a. The software ran an Analysis of

$830

p-value R? SD cv Outcome

0.0276 0.9949 84.95 91.31 Significant
0.0135 0.9410 15.20 4.65 Significant
0.0029 0.9691 91.40 94.30 Significant

Variance (ANOVA) to each response, and the results show that
the model suited the data well (Table 3).

Impact of independent variables on the entrapment efficiency

Figure 2b shows the response graph (3D plot and contour plot)
that illustrates the impact of independent factors. It showed
that the impact of each factor on %EE was well-defined. The
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Figure 2A: Linear correlation between the Actual and Figure 2B: The impact of independent variables (X1 = chitosan; X2 = TPP; X3 = sonication
Predicted value of A (encapsulation), B (Drug loading) duration) on encapsulation efficiency for GCV-CS-NPS is depicted in this 3D and contour

and C (Drug release). response surface plotimage.
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Figure 2C: The impact of independent factors (X1 = chitosan; X2 = TPP; X3 = sonication duration) that affect cumulative drug release for GCV-CS-NPS are
depicted in this three-dimensional and contour response surface plot image.
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Figure 2D: Impact of drug loading for GCV-CS-NPS as influenced by independent factors (X1 = PCL; X2 = CS; X3 = PVA) in a 3-D and contour response surface
plot image.
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polynomial equation showed that the variables A (chitosan),
B (TPP) and C (Sonication time) have a positive effect on the
encapsulation (p<0.0001). The model F value of 108.23 implies
that the model is significant. The model's best fit and reliability
are shown by the lower p-value and greater F-value. Individually
and in combination, each of these factors has demonstrated
significant effects on %EE. Figure 2a shows that the actual and
predicted R2 values matched closely, indicating that the model is
credible in choosing the most reliable formulation.

Entrapment efficiency (Y1) = +85.15+0.1612A+0.5450B+8.42C-
0.4600AB-0.7575AC+0.0900BC+1.13A2-0.0873B2-1.43C2.

Effect of the independent variable on cumulative drug release

Due to the higher available surface area, the smaller particle
releases the drug more rapidly and effectively. The burst release
behaviour arises from the smaller particles. Larger NPs have a
slower drug release pattern because they have less surface area
available for diffusion and penetration. Figure 2c shows the
response graph (3D plot and contour plot) that illustrates the
impact of independent factors. As the concentration of polymer
(X1) increases, the release of GCV from GCV-CS-NPs increases
and when the concentration of polymer (X2) increases, the release
of drug from the NPs decreases. The variable (X3), sonication
time has a positive impact on drug release.

Cumulative drug release (Y2) = 93.4167 + 1.7875A -0.96875B
-0.22875C -0.175 AB -0.69 AC + 1.1325BC -4.41958 A2 +
0.0229167 B2 + 0.617917C2

The polynomial equation indicated that the variable CS (X1) had
a positive effect on drug release, while TPP (X2) had a negative
impact (p<0.0001). Drug release has been positively impacted by
the third variable, sonication time (X3) (p<0.0001). Additionally,
the combination of TPP (X2) and Sonication time (X3) had
positive effects on drug release. The significance of the model is
indicated by its F-value of 17.42. Individually and in combination,
each of these factors has demonstrated significant effects on
cumulative drug release. Figure 2a shows that the actual and
predicted R2 values matched closely, indicating that the model is
credible in choosing the most reliable formulation.

Effect of the independent variable on Drug loading

Figure 2d shows the response graph (3D plot and contour plot)
that illustrates the impact of independent factors. It showed
that the impact of each factor on %drug loading was well-defined.
Drug loading was positively impacted by the factors CS (X1), TPP
(X2), and sonication duration (X3), according to the polynomial
equation. While the combined impact of variable CS: Sonication
time and variable TPP: Sonication time had a detrimental effect
on drug loading, the combination effect of variables CS and TPP
also shown a beneficial effect.

S834

% Drug loading (Y3) = 14.00+0.2500A+0.1568B+1.26C+4.632A
B-0.523AC-0.587BC-0.25A2-0.284B2+2.75C2

The model F value of 19.60 implies that the model is significant.
The lower p-value and greater F-value show the model's best fit
and reliability. Individually and in combination, each of these
factors has demonstrated significant effects on % drug loading.
Figure 2a shows that the actual and predicted R2 values matched
closely, indicating that the model is credible in choosing the most
reliable formulation.

Selection of optimized GCV-CS-NPs

Using Design Expert® software, the highest entrapment efficiency,
cumulative drug release, and drug loading criteria were used to
optimise the GCV-CS-NPs, with chitosan (1%), TPP (0.1%), and
sonication time (5 min) found to meet the requirements for an
optimized nanoparticle. Predicted values were R1 = 95.05%, R2 =
93.43%, and R3 = 18.31%. The optimized GCV-CS-NPs exhibited,
%EE of 92.17%, a cumulative drug release of 90.82 %, and a drug
loading of 17%, respectively.

Particle size and Polydispersity Index (PDI)

The particle size and PDI of all 15 formulations range from
120 nm to 419 nm and 0.23 to 0.68. The PDI of the optimized
formulation is found to be 0.223 and size 120 nm, which is good
for the ocular delivery as shown in Figure 3a.

Zeta Potential

The zeta potential of all 15 formulations ranges from -24 mV to
-20 mV as shown in Figure 3b. The zeta potential of the optimized
formulation is found to be -20 mV. It is generally acknowledged
that a significant magnitude (positive or negative) of the zeta
potential, i.e., larger than or equal to +30 mV or -30 mV, signifies
the electrostatic stability of the particle suspension.

Entrapment Efficiency and Drug Loading

All 15 nanoformulations had entrapment efficiencies ranging
from 70.05 to 94.22. The optimized formulation, which has a
low concentration of the cross-linking agent, has an entrapment
efficiency of 92.17%.

In vitro drug release study

According to the in vitro drug release data, Figure 4 illustrates
the sustained release percentage from the generated nanoparticle
formulations F1-F15, which ranges from 83.57% to 95.96% for up
to 12 hr. The in vitro drug release of the optimized formulation is
shown in Table 4. Even after 12 hr, 10% of the drug remains in the
nanoparticles, showing that the release is sustained.

Kinetic modelling and drug release mechanism

The drug release data were evaluated using the Hixon-Crowell,
Higuchi, Korsemeyer Peppa's, first-order, and zero-order kinetics
following the fitting of the dissolution profiles to several models, as
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Figure 3: (a) PDI image of the optimized formulation, (b) Zeta potential image of the optimized formulation.
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Figure 4: In vitro drug release of the optimized formulation.

Table 4: In vitro drug release of the optimized formulation.
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Figure 5: Graph obtained from the Drug release kinetics of optimized
formulation (A), Korsemeyer Peppas and (B) zero order.
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Figure 6: (a) SEM images of the optimized formulation, (b) TEM images of the
optimized nanoparticles.

demonstrated in Table 5. The drug release from the nanoparticles
was best explained by zero-order and Korsmeyer Peppa’s model,
(Figure 5) as shown by the good linearity of R* and the n value
above 0.5 and 1 in Table 5 shows the transport mechanism is a
non-Fickian diffusion mechanism involving both drug diffusion

and polymer erosion.

SEM

SEM was used to analyze the surface morphology of the dried
optimized nanoparticle formulation, as seen in Figure 6a. It was
discovered that every particle was round and smooth, which is

favourable for ocular delivery.
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TEM

TEM was used to evaluate the nanoparticles' morphology. The
size and structure of the nanoparticles are revealed by TEM. As
seen in Figure 6b, the prepared nanoparticles were found to be
spherical.

CONCLUSION

The GCV-CS-NPs were successfully developed by the ionic
gelation method. To optimize the formulation parameters, BBD
was utilized to assess the interaction and quadratic impacts of the
three primary influencing factors that were selected: entrapment
efficiency, cumulative drug release, and drug loading. The
optimize formulation for the nanoparticles was found to be 1%
chitosan, 0.1% TPP, and 5 min of sonication time based on
the experimental results and a mathematical evaluation of the
constraints. The optimized formulation showed particle size of
120 nm and PDI of 0.223, Zeta potential of -20 mV, Entrapment
efficiency of 91.93, in vitro drug release of 92.27% up to 12 hr
in simulated tear fluid, Drug loading of 17.68% Transmission
electron microscopy verified its excellent dispersibility and
cubic form. All these results demonstrate that the optimised
formulation of GCV-CS-NPs is ideal for ocular delivery, as it
increases its therapeutic efficiency by improving eye penetration
and prolonging ocular retention time. It offers superior patient
compliance and efficacy over conventional eye drops due to its
sustained release and prolonged retention period.
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SUMMARY

The study aimed to optimize Ganciclovir-loaded nanoparticles
for ocular delivery by evaluating the relationship between
experimental data and Design factors. A three-level, three-factor
Box-Behnken Design (BBD) was used for the optimisation
process. Selecting the concentrations of chitosan, Sodium
Tripolyphosphate (STPP) and sonication time as the independent
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variables. Nanoparticles were prepared by using the ionic gelation
method. The prepared ganciclovir-loaded chitosan nanoparticles
showed an entrapment efficiency of 91.93%, a Cumulative drug
release 0f 92.27% and % drugloading of 17.68. Biphasic behaviour
was demonstrated by the GCV release from GCV-CS-NPS, which
burst for 2 hr after a 12-hr sustained release, followed by zero
order and Korsmeyer-Peppas model.
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