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Unfortunately, frequent IVT injections induce adverse effects Chitosan nanoparticles,
in the eye. GCV-loaded chitosan nanoparticles (GCV-CS-NPs) Ganciclovir,

were developed to reduce the number of IVT injections. This ;"e’p‘-’? S’mlR’ef‘ virus,
study developed GCV-CS-NPs and investigated their activity ;;;Z‘Z'trea jection,
against HSV-1. GCV-CS-NPs were prepared using an ionic

gelation method with varying formulation compositions. The

particle size, polydispersity index (PDI), zeta potential, pH,

drug release, and activity against the HSV-1 were

investigated. The results showed GCV-CS-NPs with particle

sizes of around 161 to 294 nm, moderate PDI values, and zeta

potentials of between +8.0 and +18.1 mV. These properties

strongly depended on the formulation compositions. The

release rate of GCV from the optimized GCV-CS-NPs (3C-

0.5G-1T-4.5) in the simulated vitreous humor regarding

Higuchi’s model was 4.89+0.48 pug/min1/2. The IC50 against

the HSV-1 was 25.12+0.02 pg/mL. 3C-0.5G-1T-4.5 could be

accepted as a promising delivery system of GCV to the

vitreous humor via IVT injection and had a potential for being

subjected to further in vivo studies.
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1. INTRODUCTION

Herpes Simplex Virus-1 (HSV-1) is a major virus causing herpetic retinitis in
immunocompromised and elderly patients. It results in acute retinal necrosis with uveitis,
occlusive vasculitis, and retinal detachment. Therefore, HSV-1 is one of the causes of
permanent vision loss in these patients [1]. Currently, around 1.3 persons per 10,000,000
population are suffering from herpetic retinitis [2]. Although the prevalence rate of this
disease is low, it is a serious sight-threatening eye conditions that cause complete blindness.

Ganciclovir (GCV) is an antiviral agent that is effective in the treatment of ophthalmic viral
infections. The mechanism of its action is a competitive inhibitor of the viral deoxyribonucleic
acid polymerase. It interferes with a process of viral DNA synthesis that leads to the failure of
a virus particle replication process. GCV is classified as a drug in the Biopharmaceutical
Classification System (BCS) class Ill. Its water solubility is 4.3 mg/mL with a logP of -1.66 (25°C).
However, the solubility of GCV could be improved using either a strong acid or a strong base
because GCV possesses two pKas, i.e., pKal (2.2) and pKa2 (9.4) [3].

Currently, GCV is used for the treatment of viral retinitis via intravitreal injection, which is
recognized as an effective method for delivery of GCV in treatment of the herpetic retinitis
because it bypasses the drug absorption phase by directly crossing the posterior eye segment
barriers and rapidly provides the effective concentration of GCV against the HSV-1 in the
vitreous humor [4,5]. However, IVT injection of GCV solution requires more frequencies at
the beginning period to reach the effective concentration and to maintain the therapeutic
concentration of GCV in the retinal tissue. Unfortunately, the repetition of IVT injection
usually induces pain, risks of retinal detachment, and endophthalmitis. It always reduces
patient compliance and causes failure in the treatment [6,7].

To date, polymeric nanoparticles (NPs) that are solid particles comprising of biocompatible
polymers with a size of 10-1000 nm have been widely used as delivery systems of various
drugs via IVT injection, e.g., poly(lactic-co-glycolic) acid [8,9], albumin [9], Pluronic block
copolymers F68 and F127 [10], and chitosan (CS) [11]. These polymeric NPs possess the ability
to control drug release [12] and protect drug molecules from environment-induced
degradation [13]. Therefore, these NPs can control the drug release and prolong the half-life
of many drugs in the vitreous humor [14] as reported in previous publications, for example,
dexamethasone palmitate (DXP) [10], bevacizumab [9], and melphalan [8].

CS is a natural linear polysaccharide polymer. It consists of acetylation and deacetylation
units of D-glucosamine and N-acetylglucosamine linked by 1,4-glycosidic bonds [15]. Due to
its biocompatibility and mucoadhesiveness properties, CS has been applied as an ophthalmic
drug delivery system for both anterior [16] and posterior eye segments [17].

CS NPs (CS-NPs) are one the polymeric NPs consisting of CS as a polymeric matrix [18].
They can be prepared by an ionotropic gelation technique via ionic interactions between
positive and negative charges of CS polymeric chains and a crosslinking agent, e.g.
tripolyphosphate (TPP), respectively [19,20]. CS-NPs not only protect the loaded drug from
degradation induced by the biological environment but also control the drug release through
the polymeric matrix [21]. CS-NPs can prolong the drug half-life in the target tissue, and
significantly improve drug bioavailability [22]. Although CS-NPs have been applied as a
delivery system of various drugs via IVT injection, e.g., bevacizumab [23,24], dexamethasone
[25], ranibizumab [26], there is still lack of data of CS-NPs applications for delivery of GCV via
IVT injection to eradicate the HSV-1 inducing retinitis.
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This study thus aimed to develop formulations of GCV-CS-NPs, to determine the effect of
formulation compositions on their physicochemical properties, and to investigate the in vitro
antiviral activity of these NPs.

2. METHODS
2.1. Chemicals

Medium chain CS (Mn = 110 kDa, Mw = 620 kDa) with a degree of deacetylation of 74.9%,
TPP, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium Bromide (MTT) were provided by
Sigma-Aldrich Co., Ltd. (St. Louis, MO, USA). Tween 80 was obtained from P. C Drug Center
Co. Ltd (Bangkok, Thailand). Hydrochloric acid (HCI) was purchased from QRec Co., Ltd.
(Auckland, New Zealand). Ganciclovir (>98% purity) was purchased from TCI Co., Ltd. (Tokyo,
Japan). Sodium hydroxide was obtained from Lab-Scan Co., Ltd. (Bangkok, Thailand).
Isopropanol, methanol, and acetonitrile (an HPLC grade with 99% purity) were supplied by
Fisher Chemical Co., Ltd. (Loughborough, Leicestershire, UK). Potassium dihydrogen
phosphate was obtained from Ajax Finechem Co., Ltd. (Auckland, New Zealand).

2.2. Cell Culture

The Arising Retinal Pigment Epithelial cells (ARPE-19 cells; CRL-2302) were purchased from
the American Type Culture Collection (ATCC Inc. Manassas, Virginia, USA). Dulbecco’s
Modified Eagle Medium (DMEM)-F12 was purchased from Cytiva, HyClone™ Inc. (Logan, UT,
USA). Fetal bovine serum (FBS), penicillin/streptomycin, phosphate-buffered saline (PBS),
and trypsin were purchased from Invitrogen Corp., (Carlsbad, California, USA).

The ARPE-19 cells were cultured in DMEM-F12 complete medium with 10% FBS, and 1%
penicillin/streptomycin (1,000 U/mL penicillin and 100 pug/mL streptomycin). The cells were
incubated at 37°C under a 5% CO; atmosphere.

2.3. Preparation of GCV-CS-NPs

GCV-CS-NPs were prepared using the ionotropic gelation technique as described
elsewhere [20]. Briefly, CS was dispersed in an HCl solution (0.1 M) and was stirred
continuously until a clear solution was obtained. Meanwhile, GCV and Tween 80 were
separately dissolved in an HCl solution (0.01 M) before slowly dropping into the CS solution.
The mixture of GCV in the CS solution was continuously stirred using a high-speed stirrer
(Ultra-Turrax T8, Germany). Then, a TPP solution in distilled water was added to the mixture
under vigorous stirring by the high-speed stirrer for 1 h. The formulations of GCV-CS-NPs
prepared in this study varied in the weight ratios of CS/GCV/TPP as shown in Table 1.

The obtained GCV-CS-NPs were separated from the vehicles using the ultrafiltration
technique according to the following details. GCV-CS-NPs in the vehicle were loaded into a
stirred ultrafiltration cell (Millipore, USA) with a polyvinylidene fluoride filtration disc (10 kDa
MWCO). Nitrogen gas was applied to the cell at a pressure of 2 PSI until the vehicle was
completely removed from GCV-CS-NPs. Thereafter, the obtained GCV-CS-NPs were
reconstituted with PBS (pH 7.4) and used for further experiments.

To investigate the effect of pH values on the physicochemical properties of GCV-CS-NPs,
the pH of the vehicle, which was called later a “production medium”, was adjusted to 2.0, 4.5,
and 5.5 using a sodium hydroxide solution (0.1 N) before the addition of a TPP solution into
the solution of CS and GCV. Then, the obtained mixture was continuously stirred with the
high-speed stirrer for 1 h before removing the production medium from the GCV-CS-NPs and
reconstituting it with PBS (pH 7.4).
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2.4. Characterization of GCV-CS-NPs
2.4.1. Measurement of particle size, polydispersity index, zeta potential, and pH

Particle size, Polydispersity Index (PDI), and zeta potential of GCV-CS-NPs were analyzed
by a dynamic light scattering technique and an electrophoretic light scattering, respectively,
via a Zetasizer (Malvern Instrument NanoZS, UK). The pH value of the samples was measured
by a pH meter (Mettler-Toledo, SevenCompact™ pH/ lonmeters S220, Switzerland). The
measurements were performed in triplicate.

2.4.2. Determination of drug entrapment efficiency

The drug entrapment efficiency (EE) of GCV-CS-NPs was determined using the stirred
ultrafiltration cell with the same condition as previously described. The filtrate obtained from
the ultrafiltration process was analyzed for free GCV content using a UV-visible
spectrophotometer (Shimadzu UV-Vis UV-1800, Japan) at a wavelength of 254 nm [27]. EE (%)
of the NPs was calculated using equation (1).

Total Amount of Drug Loaded - Drug Content
¢ g g 2x100

EE (%) = (1)

Total Amount of Drug Loaded

2.4.3. Morphological observation of GCV-CS-NPs using Scanning Electron Microscope
Technique (SEM) and Transmission Electron Microscope Technique (TEM)

The morphology of the optimized GCV-CS-NPs was observed by both a scanning electron
microscopy (SEM) and transmission electron microscopy (TEM) technique. The protocols of
sample preparation for each technique were described in the following details.

Regarding the SEM technique, the sample was dropped to copper stubs and dried under
ambient conditions. The sample surface was coated with gold. The micrographs were taken
using a FESEM-EDS (JEOL JSM-IT800SHL, Japan) at 2 kV [28,29].

For the TEM investigation, the internal morphology of the optimized GCV-CS-NPs was
observed using transmission electron microscopy (TEM). One drop of each sample was placed
on a copper grid coated with carbon films. Then, it was stained with 2% w/v phosphotungstic
acid solution, and dried at room temperature. The images were captured using a Transmission
electron microscope (JEM-2100, JEOL Inc., Tokyo, Japan) at 200 kV [27].

2.4.4. Attenuated total reflectance-fourier transform infrared spectroscopy analysis of GCV-
CS-NPs

To determine interactions between GCV and the ingredients of CS-NPs, an Attenuated
Total Reflectance-Fourier transform infrared spectroscopy (ATR-FTIR) technique was
performed. In this study, the samples (50 uL) were directly transferred and dropped on a
crystal surface. Then, the ATR-FTIR spectra of CS, GCV, and GCV-CS-NPs were provided using
an ATR-FTIR diamond spectrometer (Nicolet iS5, Thermo Fisher Scientific, USA) at
wavenumbers from 400-4000 cm™ [28].

2.5. Release Studies of GCV from GCV-CS-NPs
2.5.1. Release study of GCV from GCV-CS-NPs in PBS (pH 7.4)

Release kinetics of GCV from the optimized GCV-CS-NPs were determined using Franz
diffusion cells. One mL of a representative GCV-CS-NPs suspension, which was reconstituted
with PBS (pH 7.4) to obtain 0.1 % w/v of GCV after GCV-CS-NPs were separated from the
production medium, was loaded into a donor compartment of the cells. The receptor unit was
filled with PBS (pH 7.4) and maintained at 37+1 °C. A cellulose dialysis membrane (Sigma-
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Aldrich, USA) with a molecular weight cut-off (MWCO) of 12 kDa was placed between the
donor and receptor unit. Five mL of the receiving medium was withdrawn from the receptor
unit at 5, 10, 15, 30, 60, 120, 180, 240, 300, 360, 420, and 480 min. It was replenished with an
equal volume of fresh PBS (pH 7.4). The withdrawn samples were analyzed for the GCV
content using a UV spectrophotometer at a wavelength of 254 nm in triplicate.

The data from this study were then analyzed for the most appropriate kinetic model based
on a determination coefficient (r?) that represented a goodness of fit for the selected kinetic
model [30].

2.5.2. Diffusion study of GCV through a simulated vitreous humor

Diffusion study of GCV from GCV solution and the optimized GCV-CS-NPs through the
simulated vitreous humor (SVH) were investigated using Franz diffusion cells with the same
protocol as used in the determination of drug release GCV-CS-NPs. The condition of this study
imitated the diffusion of GCV from the dosage forms through the vitreous humor before
reaching the retinal tissue [31]. Briefly, one mL of each sample containing 0.1 % w/v of GCV
was dispersed into the SVH at a weight ratio of 1:10, respectively, and mixed thoroughly. The
samples were loaded into the donor compartment of the diffusion cells which was assembled
with a receptor unit containing PBS (pH 7.4) and maintained at 37+1 °C. A cellulose dialysis
membrane (Sigma-Aldrich, USA) with 12 kDa MWCO, was placed between the donor and
receptor unit. Five mL of the receiving medium was withdrawn from the receptor chamber at
5, 10, 15, 30, 60, 120, 180, 240, 300, 360, 420, and 480 min with replenishment of an equal
volume of fresh PBS (pH 7.4). The withdrawn receiving media were analyzed for the GCV
content using a UV spectrophotometer at a wavelength of 254 nm in triplicate.

The SVH used in this study contained agar powder (MW 336.34 g/mol) (bacteriological
grade, GRMO026P, Himedia, India) and hyaluronic acid (MW 1000 kDa) (H7630, Sigma-Aldrich
Co., Ltd, St. Louis, MO, USA) at a concentration of 0.2 %w/v and 0.5 %w/v, respectively, in PBS
(pH 7.4) [32].

2.6. An in vitro Cytotoxicity Test by MTT Assay

The MTT assay was performed to determine the cytotoxicity of GCV solution (0.1% w/v)
and GCV-CS-NPs containing GCV 0.1% w/v to the ARPE-19 cells.

The cells were seeded in 96-well plates with a density of 0.1x10° cells/well/100 pl. After
reaching confluence, they were treated for 24 h with various concentrations of GCV solution,
optimized GCV-CS-NPs, and Blank-CS-NPs, which were CS-NPs containing the same
compositions as the optimized GCV-CS-NPs without the addition of GCV. The test samples
were diluted with the complete medium to obtain various concentrations of GCV as follows:
0.05,0.1,0.5,1, 5, 10, 50, and 100 ug/mL. These concentrations were called later “equivalent
concentrations”. For Blank-CS-NPs, their equivalent concentration was calculated based on
the concentration of GCV-CS-NPs that provided the required equivalent concentrations.

After the incubation period, the test samples were removed from the wells. The cells were
washed twice with PBS (pH 7.4) and replaced with a fresh complete medium (100 uL). The
MTT solution in PBS pH 7.4 (0.5 mg/ml) was added into the wells and incubated for 4 h.
Formazan crystals in the cells were extracted using 0.04 N HCl-isopropanol after the MTT
solution was removed from the plates, and then incubated for 60 min in the dark at a room
temperature. The optical density (OD) of each well was measured by a microplate reader
(Spectrostar Omega BMG Labtech, Ortenberg, Germany) at a wavelength of 570 nm. The
experiment was performed in triplicate. The cell viability (CV) of the ARPE-19 cells was
calculated following equation (2).

DOI: https://doi.org/10.17509/ijost.v10i1.80998
p- ISSN 2528-1410 e- ISSN 2527-8045



Haruna et al., Ganciclovir-Loaded Chitosan Nanoparticles and Their Activity ... | 176
Ccv (%) = (ODsampIe /ODcontroI) x 100 (2)

where ODsomple and ODcontrol Were the OD of wells containing the cells that were incubated
with the test samples, and that of the wells containing the cells without any treatments,
respectively. The test samples were considered to be cytotoxic to the cells if the CV (%) was
less than 70% [23].

2.7. Determination of Activity of GCV-CS-NPs Against HSV-1
2.7.1. Cell culture and virus preparation

An anti-HSV-1 activity of the test samples, i.e., GCV solution, optimized GCV-CS-NPs, and
Blank-CS-NPs, was determined by a plaque reduction assay as described in the previous
publications with some modifications [33,34]. Briefly, the ARPE-19 cells were seeded into 96-
well plates at a density of 1x10* cells/well/100 pl. They were incubated until they were
confluent. Then, the culture medium was removed and replaced with a suspension of HSV-1
(KOS strain, VR-1493; ATCC, USA) at a multiplicity of infection (moi) of 1x10°3 per well. The
ARPE-19 cells were incubated with the HSV-1 for 1h before being washed to eliminate the
free HSV-1 in the medium with PBS (pH 7.4). After that, the infected ARPE-19 cells were
incubated with the test samples at various equivalent concentrations for 24 h.

When the incubation was complete, the supernatant was removed from each well. The
cells were washed again with PBS (pH 7.4) and further incubated in a fresh complete medium
for 48 h. The medium in each well was later collected to determine the virus titer by the
plaque assay in the other ARPE-19 cells.

2.7.2. Plaque assay

The ARPE-19 cells were seeded in 96-well plates at a density of 1x10* cells/well. After the
confluence, these cells were washed with PBS (pH 7.4) and incubated with the medium that
was collected from the infected ARPE-19 cells, for 24 h. The media were later discarded and
replaced with one hundred pl of carboxymethylcellulose solution (0.8% w/v in the complete
medium) to overlay the cell layer in each well. The overlaid ARPE-19 cells were incubated for
48 h. Thereafter, the carboxymethylcellulose solution in each well was removed. The cells
were washed with PBS (pH 7.4) and fixed with 4% v/v of formaldehyde/PBS.

The virus plaques in the ARPE-19 cell layers were stained with anti-HSV-1 ICP4, the infected
cell protein antibodies 10F1, (Cat. No. Ab6514, Abcam, Trumpington, Cambridge, UK). The
cytopathic effect (CPE) of the cells was observed under a converted light microscope (Nikon
ECLIPSE Ts2R, Nikon Corporation, Tokyo, Japan). The plaque numbers were counted and
reported as plaque-forming units/mL (pfu/mL). The half-maximal inhibitory concentration
(ICsp) of the test samples was determined using GraphPad Prism 5.0 [33,34].

2.8. Statistical Analysis

The obtained results were presented as a mean £ SD. The data were statistically analyzed
using a one-way ANOVA with Tukey’s post-hoc test at a significant level of 0.05 via SPSS
Statistic Software, Version 22 (IBM, USA).

3. RESULTS AND DISCUSSION
3.1. Preparation of GCV-CS-NPs

GCV-CS-NPs containing various weight ratios of CS/GCV/TPP were prepared using the
ionotropic gelation technique. Their particle size, PDI, and zeta potential were measured and
shown in Table 1. The obtained GCV-CS-NPs had particle size in a range of 161-294 nm with
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moderate to high PDI of around 0.4-0.7. Their zeta potentials were in a range of positive
values of 8.0 to 18.1 mV depending on the compositions of the GCV-CS-NPs.

Regarding the mean monomeric molecular weight of CS of 169 g/mol [35], the molecular
weight of GCV, and TPP, which are, 255 g/mol [36], and 368 g/mol [29], respectively, the mole
ratio of CS/(GCV+TPP) of all GCV-CS-NPs were more than 1.00 as reported in Table 1. The
content of a positively charged CS was more than the total content of GCV and TPP that
contained negative charges in their molecules.

Since GCV-CS-NPs were formed by the ionic interactions between the cationic ions in CS
and the anionic ions in GCV and TPP molecules, GCV-CS-NPs thus exhibited the net charges
from the neutralization of the counter ions on their surfaces. Generally, CS contains one
positive charge per deacetylated monomer. In this particular case, CS had around 0.8 positive
charges per monomer regarding its deacetylation degree of 74.9% [37]. Meanwhile, GCV and
TPP consecutively have two and five negative charges per mole at the preparation condition
(pH 2.0). Therefore, the positive/negative charge ratios of cations to anions consisting of GCV-
CS-NPs were lower than 1.00 as shown in Table 1. All GCV-CS-NPs should have net negative
charges. However, Table 1 shows that the obtained GCV-CS-NPs had positive zeta potential
values. The anions in the GCV-CS-NPs were unable to completely interact with the positive
charges in CS. These findings could be explained by the charge spacing in anion moieties and
steric impediments in the polymeric chains of CS. They limited the neutralizations of these
counter ions. Finally, the positive charges were remained and expressed on the surface of
GCV-CS-CPs [38].

The %EE of GCV-CS-NPs shown in Table 1 indicated the relatively low GCV contents that
were entrapped in all NPs, around 6.5% to 23.8%. These results were from the incomplete
ionization of GCV at the pH of 2.0, which was a condition of production, whereas one of the
pKa of GCV is 2.2 [39]. In the production process, GCV was dissolved in the HCI solution (pH
2.0). The hydroxyl groups in GCV were partially deprotonated and provided some negative
charges in GCV molecules. The ionic interactions between the amino groups of CS and the
negatively charged moieties in GCV also partially occurred.

3.1.2. Effect of CS content on particle size, PDI, and zeta potential of GCV-CS-NPs

To investigate the effect of CS content on particle size, PDI, and zeta potential of GCV-CS-
NPs, these particular parameters of 2C-1G-1T, 3C-1G-1T, and 4C-1G-1T were compared. The
results shown in Table 1 indicated that an increase in CS content significantly affected the
particle size of GCV-CS-NPs at a fixed content of GCV and TPP in 2C-1G-1T, 3C-1G-1T, and 4C-
1G-1T, at a p-value of 0.000. This is because the more content of CS, the more interactions
between polymeric chains. For example, the hydrogen bonds, hydrophobic attractions, and
electrostatic repulsions between the cationic amino groups in CS [40]. They limit the approach
of each polymeric chain before crosslinking with the anions of GCV and TPP, the larger particle
size of GCV-CS-NPs was thus formed [41].

The effect of CS on PDI was found when the ratio of CS/GCV/TPP was increased from 2:1:1
to 4:1:1. The 4C-1G-1T contained the highest content of CS had the significantly highest value
of PDI as seen in Table 1. Its PDI was higher than that of 3C-1G-1T, and 2C-1G-1T at a p-value
of 0.001 and 0.001, respectively. The higher CS content resulted in the higher viscosity of the
CS solution. A constant force from the homogenizer that was provided to the mixed solution
of the ingredients of GCV-CS-NPs during the homogenization process was not sufficient to
generate a homogeneous particle size of GCV-CS-NPs. It thus led to a broader particle size
distribution represented as a large PDI value of GCV-CS-NPs [41,29].
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Table 1. Physicochemical characterization of GCV-CS-NPs prepared at a pH of 2.0, (mean +

SD; n=3).
A weight Particle Zeta The mole  +/-
Formulation ratio of Size PDI potential ratio of char %EE
CS/GCV/TPP (nm) (mV) CS/ (Gev ge

+TPP) ratio
2C-1G-1T 2:1:1 19116 0.6x0.0 +8.0+0.4 1.8 0.4 6.5+£0.6
3C-1G-1T 3:1:1 228+10 0.60.0 +10.9+0.8 2.7 0.7 10.9+0.4
4C-1G-1T 4:1:1 29416 0.7x0.0 +15.7+1.2 3.6 0.9 15.4+0.2
3C-0.5G-1T 3:0.5:1 166+3 0.4+0.1 +17.5£0.2 3.8 0.8 19.6%1.3
3C-0.25G-1T 3:0.25:1 16116 0.4+0.0 +18.1+1.5 4.8 0.9 23.840.1

The results in Table 1 additionally suggested that the higher CS contents in GCV-CS-NPs
formulations caused the higher zeta potential of GCV-CS-NPs. This phenomenon could be
noticed in the case of 4C-1G-1T, 3C-1G-1T, and 2C-1G-1T. 4C-1G-1T exhibited the highest zeta
potential value when compared to that of 3C-1G-1T (a p-value = 0.016) and 2C-1G-1T (a p-
value = 0.000), respectively. This is due to the greater availability of positively charged-amine
groups in CS that remained after the neutralization with a fixed negatively charged-GCV and
TPP content in the formulations. They were thus expressed positive values of the zeta
potential on the surface of GCV-CS-NPs. Furthermore, an increase in CS contents significantly
improved the %EE of GCV in GCV-CS-NPs (a p-value = 0.000). The results were due to the more
electrostatic interactions between CS and GCV, which facilitated better encapsulation of the
drug within GCV-CS-NPs.

Since 3C-1G-1T had the optimum particle size, PDI zeta potential, and %EE, it was selected
as a representative for further development.

3.1.3. Effect of GCV content on particle size, PDI, and zeta potential of GCV-CS-NPs

In this study, the effect of GCV content on the particle size of GCV-CS-NPs was investigated
based on the 3C-1G-1T which was chosen from the previous section. Therefore, the
formulation of 3C-0.5G-1T and 3C-0.25G-1T were included in the development.

When the GCV content was increased, the larger particle size of GCV-CS-NPs was obtained
(Table 1). Regarding 3C-1G-1T, it contained the highest content of GCV, and it had a larger
particle size than 3C-0.5G-1T and 3C-0.25G-1T at a p-value = 0.000 and 0.000, respectively.
The higher GCV content in the formulation led to more interactions between GCV and CS
polymeric chains via electrostatic interactions [42-44]. More GCV molecules were thus
entrapped in the nanoparticle matrix causing larger particle size. This obtained result aligned
with other researchers [45]. They found that more drug content in rivastigmine-loaded L-
lactide-depsipeptide NPs resulted in larger particle sizes.

The obtained results also pointed out that the PDI of 3C-1G-1T was higher than that of 3C-
0.5G-1T and 3C-0.25G-1T (p-value = 0.004 and 0.000, respectively) with significantly lower
zeta potential than that of 3C-0.5G-1T and 3C-0.25G-1T (p-value = 0.007 and 0.002,
respectively). These findings were the results of the higher GCV content in 3C-1G-1T, it caused
more neutralization with the cations in CS and led to lower positive charges on the surface of
GCV-CS-NPs. The repulsion forces between GCV-CS-NPs were weakened. Therefore, 3C-1G-
1T tended to aggregate and became larger in particle size with a broader distribution. It thus
completely precipitated within 24 hours after preparation.

According to the result shown in Table 1, the %EE of 3C-1G-1T was lower than that of 3C-
0.5G-1T (p-value = 0.000) and 3C-0.25G-1T (p-value = 0.000). Although the highest content of
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GCV was loaded into the formulation, only around 11% of the total drug was entrapped in 3C-
1G-1T. Moreover, when the weight of entrapped GCV was considered, the GCV content in 3C-
1G-1T (0.11 mg) was comparable to that of 3C-0.5G-1T (0.10 mg) and was higher than that of
3C-0.25G-1T (0.06 g). This finding indicated the effect of rigid charge spacings in the anion
moieties of GCV and steric hindrances in the CS structure. They retarded the interactions
between GCV and CS and limited the %EE of GCV in 3C-1G-1T. Since 3C-0.5G-1T could entrap
a high content of GCV with optimum particle size, PDI, and zeta potential, it was selected as
a representative for the next studies.

3.3.4. Effect of pH on particle size, PDI, zeta potential, and %EE of 3C-0.5G-1T

Since the pKa (pKal) of GCV and CSis 2.2 [39] and 6.5 [46], respectively, the pH for GCV-
CS-NPs preparation is a crucial factor affecting the solubility of GCV and CS. In addition, since
GCV-CS-NPs prepared in this study aimed for delivery of GCV into the eye via the IVT injection,
the pH of the obtained GCV-CS-NPs should be compatible with the eye tissue. Generally, the
ideal pH of the intravitreal products is around 7.4, which is the pH of the vitreous humor
[47,48]. However, this pH rapidly led to the precipitation of both GCV and CS during the
production process. Therefore, the determination of an optimum pH for the preparation of
GCV-CS-NPs was performed by varying the pH of the production medium at a pH of 4.5 and
5.5. Regarding the most acceptable characteristics of 3C-0.5G-1T, it was chosen as a
representative and was included in this study as GCV-CS-NPs that were prepared at a pH of
2.0.

Table 2 demonstrates that when the pH of the production medium was increased, particle
size, PDI, zeta potential, and %EE of 3C-0.5G-1T were significantly changed. The results
indicated that the higher the pH, the higher the particle size (p-value = 0.000) and PDI (p-value
= 0.000) [49,50]. On the contrary, the higher pH induced the lower zeta potential of GCV-CS-
NPs. These behaviors were from the reduction of protonation of CS the higher pHs [49,51,52].
It weakened electrostatic repulsions between the polymeric chains and led to the aggregation
of GCV-CS-NPs. However, at the pH of 4.5 and 5.5, GCV was still completely dissolved in the
production medium, but it needed a longer time to accomplish. The reduced protonation of
CS lowered %EE because it decreased the degree of electrostatic interactions between the
positive charges of CS and the negative charges of GCV. Therefore, the %EE of 3C-0.5G-1T-5.5
was less than that of 3C-0.5G-1T and 3C-0.5G-1T-4.5 at a p-value of 0.000 and 0.000,
respectively.

Since 3C-0.5G-1T-4.5 possessed the optimum particle size, PDI with the moderate zeta
potential, and highest %EE when compared to that of 3C-0.5G-1T and 3C-0.5G-1T-5.5 (p-value
=0.000, and 0.000, respectively), it was chosen for the next experiments.

Table 2. Physicochemical characterization of 3C-0.5G-1T at various pHs, (mean * SD; n=3).

pH Formulation Particle Size (nm) PDI Zeta potential (mV) %EE
2.0 3C-0.5G-1T 16613 0.410.1 +17.5+0.2 19.6+1.3
4.5 3C-0.5G-1T4.5 1737 0.4+0.0 +14.8+1.1 28.5+0.5
5.5 3C-0.5G-1T-5.5 19045 0.510.1 +11.3+1.0 3.812.3

3.2 Morphology observation of 3C-0.5G-1T-4.5

The morphology of 3C-0.5G-1T-4.5 (a representative of GCV-CS-NPs) was observed using
the SEM and TEM techniques, as illustrated in Figure 1. The SEM micrograph in Figure 1 (a)
shows that 3C-0.5G-1T-4.5 has a spherical shape with a smooth surface. Their particle size
was around 200 nm with a relatively broad size distribution. Meanwhile, the TEM analysis
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shown in Figure 1 (b) further confirms the nanoscale dimensions, revealing a particle size of
approximately 200 nm. Additionally, TEM micrographs suggest a uniform structure with no
obvious aggregation, which was from the electrostatic repulsions between the positive
charges on the surface of 3C-0.5G-1T-4.5 [53,54].

Figure 1. (a) SEM and (b) TEM micrographs of 3C-0.5G-1T-4.5
3.3. FTIR analysis of CS, GCV, and 3C-0.5G-1T-4.5

The FTIR analysis was conducted to identify the interactions between GCV and the
compositions of GCV-CS-NPs [55]. In this study, 3C-0.5G-1T-4.5 was selected as a
representative of GCV-CS-NPs. Its FTIR spectrum is shown in Figure 2 with the presentation
of the FTIR of CS and GCV.

——CS
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3C-0.5G-1T-4.5
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Figure 2. FT-IR Spectra of (a) CS, (b) GCV, and (c) 3C-0.5G-1T-4.5

The FTIR spectrum of CS in Figure 2(a) exhibits the identity bands at 1013.91 and 1142.15
cm™t. They corresponded to the glycosidic linkage and the symmetrical bending of a glycosidic
ring of CS, respectively. The bands at 1373.09 and 1411.66 cm™ indicated the appearance of
the remaining methyl groups (CHs) in CS [56]. The specific band of the amine moieties in CS
was found at 1654.65 cm™ [57]. Meanwhile, the transmittance band at 2923.60 and 3406.69
cm™attributed to CH symmetric stretching and OH stretching, respectively [28].
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The FTIR spectrum of GCV in Figure 2(b) shows the specific bands of C-O-C symmetric
stretching at wavenumbers of 1081.41 and 1279.08 cm™t. Moreover, the bands at 1472.89
and 1539.42 cm™ attributed to aliphatic C—H bending, and C=N stretching, respectively. The
bands at 1604.03 and 1666.71 cm™ responded to the aromatic C=C in GCV molecules. The
band at a wavenumber of 3426.46 cm™ represented the N-H stretching [55,58].

The FTIR spectrum of 3C-0.5G-1T-4.5 is shown in Figure 2(c). It exhibits some identity bands
of CS at various wavenumbers. 1014.39 and 1154.21 cm™ corresponded to the glycosidic
linkage and symmetrical bending of the glycosidic ring. The bands at 1377.43, 2930.35, and
3402.84 cm™ represented the methyl groups, C-H stretching, and the hydroxyl group
stretching in CS, respectively.

Furthermore, some specific bands of GCV molecules are found in this FTIR spectrum at
1529.30 and 1627.65 cm™ which were consistent with the C=N stretching and aromatic C=C,
respectively. These findings confirmed the entrapment of GCV in 3C-0.5G-1T-4.5. Aband at a
wavenumber of 1248 cm™ represented the stretching vibration of P=0 of the TPP molecules,
which was a crosslinking agent in 3C-0.5G-1T-4.5 [29]. It evidenced the crosslink between the
phosphate- and amine groups in TPP and CS, respectively, via electrostatic interactions.

Notably, the FTIR spectrum of 3C-0.5G-1T-4.5 exhibits clear shifts in the characteristic
bands of CS and GCV, further confirming strong molecular interactions. The shifts in C=N and
aromatic C=C bands of GCV, along with changes in the amine and phosphate-related bands of
CS and TPP, highlight the electrostatic interactions stabilizing the nanoparticle system [59].
These spectral changes provide strong evidence of molecular interaction between GCV, CS,
and TPP, contributing to the structural integrity of the formulated nanoparticles.

3.4. Results of release studies of GCV from GCV-CS-NPs

An in vitro drug release of GCV-CS-NPs was performed using modified Franz diffusion cells
to investigate the release kinetic of GCV from 3C-0.5G-1T-4.5 as a representative of GCV-CS-
NPs. In this study, 3C-0.5G-1T-4.5 was separated from the production medium pH 4.5 after
the completion of the production process using the ultrafiltration technique. The obtained
GCV-CS-NPs of 3C-0.5G-1T-4.5 were then reconstituted with PBS (pH 7.4), which is a pH of the
vitreous humor, to obtain 0.1% w/v of GCV equivalent concentration before the release study.

3.4.1. Release of GCV from GCV-CS-NPs in PBS (pH 7.4)

The release profile of GCV from 3C-0.5G-1T-4.5 illustrated in Figure 3 indicated the burst
release of GCV in the first h of the study. Thereafter, the zero-order release kinetic of GCV
from 3C-0.5G-1T-4.5 was found with an r?2 of 0.9824 in 7 h later.

This biphasic release kinetic of GCV from 3C-0.5G-1T-4.5 in PBS (pH 7.4) implied that in the
initial study, GCV molecules, which were located on the surface of 3C-0.5G-1T-4.5, were
immediately dissolved in the reconstituting medium. Therefore, 3C-0.5G-1T-4.5 already
contained free GCV molecules in the vehicle that could quickly diffuse to the receiving
medium following the concentration gradient of GCV [42]. GCV was gradually released from
3C-0.5G-1T-4.5 with a constant rate of 0.24+0.03 pg/min obeying the zero-order release
kinetics.

Since this study was conducted using PBS (pH 7.4), it did not promote the dissolution of
GCV and the swelling of the CS matrix because the pH of 7.4 was higher than the pKa values
of GCV (pKal), and CS, which were 2.2 and 6.5, respectively. Therefore, 3C-0.5G-1T-4.5
displayed as a reservoir of GCV and slowly released GCV molecules to the vehicle in according
to the zero-order model [28].
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Figure 3. Drug release profiles of GCV from reconstituted 3C-0.5G-1T-4.5 (mean + SD; n=3).

3.4.2. Diffusion of GCV from GCV-CS-NPs in the SVH

Since 3C-0.5G-1T-4.5 was aimed to inject into the vitreous humor, this study was
conducted to mimic the application condition of GCV IVT injection by mixing each test sample,
i.e., 3C-0.5G-1T-4.5 and GCV solution with the SVH, before determining the content of GCV in
the receiving medium, which represented the intracellular biological fluid of the retinal cells,
using Franz diffusion cells.

The diffusion profiles of GCV from 3C-0.5G-1T-4.5 and GCV solution are illustrated in
Figures 4(a) and 4(b). The diffusion profile shown in Fig. 4 (al) indicated that the diffusion of
GCV from 3C-0.5G-1T-4.5 through the SVH slowly occurred. This finding was due to not only
the impediment of GCV movement by the CS matrix of 3C-0.5G-1T-4.5 and the matrix
compositions of the SVH but also the pH of 7.4 of the SVH. As early discussed, this pH did not
facilitate the release of GCV from 3C-0.5G-1T-4.5 because it did not promote the ionization
of both GCV molecules and polymeric chains of CS in the NPs. Therefore, the release of GCV
from 3C-0.5G-1T-4.5 affected the diffusion rate of GCV and led to slow diffusion of GCV in the

SVH.
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Figure 4. Diffusion profiles of GCV: (a) GCV diffusion through the SVH from 3C-0.5G-1T-4.5
(al) and GCV solution (a2); and (b) the Higuchi’s plots of GCV from 3C-0.5G-1T-4.5 (b1) and
GCV solution (b2) (mean + SD; n=3).
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On the contrary, the diffusion of GCV from the GCV solution in the SVH was faster than
that of GCV from 3C-0.5G-1T-4.5. In particular, in the first hour of the study, the sharp slope
of the diffusion profile of the GCV solution was found. The GCV molecules could move through
the SVH without impediment by the NPs matrix. Therefore, the GCV molecules were ready to
diffuse by the concentration gradient of GCV. These results were consistent with the previous
report by Weng et al. [60], in which the diffusion rate of drug molecules from PEGylated
polymeric NPs was less than that of their molecules from the drug solution.

To determine the diffusion rate of GCV from 3C-0.5G-1T-4.5 and GCV solution in SVH, the
cumulative amounts of GCV in the receiving medium were plotted against the square root of
time by the criteria of Higuchi’s release kinetic model and shown in Figure 4(b). The diffusion
of GCV from 3C-0.5G-1T-4.5 and GCV solution through the SVH obeyed Higuchi’s model with
an r? of 0.9900 and 0.9851, respectively. The diffusion rate of GCV from these dosage forms
was 4.89+0.43 and 126.55+3.68 pg/min'/2, respectively. The diffusion of GCV from 3C-0.5G-
1T-4.5 was slower than GCV from GCV solution (p-value = 0.000) due to the controlled release
of GCV by 3C-0.5G-1T-4.5 and the impediment of the SVH matrix. Since the diffusion of GCV
was dominantly controlled by the SVH matrix, the biphasic drug release of GCV from 3C-0.5G-
1T-4.5 could not be found in Figure 4.

3.5. Determination of an anti-HSV-1 activity of GCV-CS-NPs

This study was performed to determine the anti-HSV-1 activity of 3C-0.5G-1T-4.5 in the
ARPE-19 cells, which were representative retinal cells and were the target cells for the
treatment of herpetic retinitis using GCV IVT injection. Its activity was also compared to that
of GCV solution and Blank-3C-1T-4.5.

3.5.1. Cell viability of the ARPE-19 cells incubated with the test samples

To determine the cytotoxicity of GCV solution, 3C-0.5G-1T-4.5 and Blank-3C-1T-4.5 to the
ARPE-19 cells, the cells were incubated with the test samples at various equivalent
concentrations of GCV in a range of 0.05-100 pg/mL for 24 h. Then, the cell viability of the
ARPE-19 cells was determined by the MTT assay. The obtained results are illustrated in Figure
5.
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Figure 5. Viability of the ARPE-19 cells incubated with the test samples at various equivalent
concentrations (mean + SD; n=3).

The results shown in Figure 5 evidenced that all equivalent concentrations of GCV solution,
3C-0.5G-1T-4.5 and Blank-3C-1T-4.5 used in this study were not toxic to the ARPE-19 cells.
They provided around 100% viability of the ARPE-19 cells. All tested samples at the particular
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range of equivalent concentrations were safe for the ARPE-19 cells. Therefore, the entire
equivalent concentrations of GCV were used for determining an ICso of each test sample
against the HSV-1.

3.5.2. Results of the plaque assay

The plaque assay, which is one of the accurate methods for the direct quantification of
infectious viruses by counting discrete plaques in cell culture [61], was performed to
investigate the potential of GCV solution, 3C-0.5G-1T-4.5, and Blank-3C-1T-4.5 CS-NP for
inhibiting the replication of the HSV-1 particles in the ARPE-19 cells.

Figure 6 shows that the higher the equivalent concentrations of GCV solution and 3C-0.5G-
1T-4.5 have correlations to the lower the virus titer of the HSV-1 in the ARPE-19 cells.
However, the anti-HSV-1 activity of Blank-3C-1T-4.5 was not found although its concentration
was increased up to 100 pg/mL. The activity of GCV solution and 3C-0.5G-1T-4.5 against the
HSV-1 was from the inhibitory activity of GCV by inhibiting the function of the viral
deoxyribonucleic acid polymerase [3]. In this study, the ICso which represents the ability of
the test samples to inhibit 50% of the HSV-1 replication was also calculated. The ICso of GCV
solution and 3C-0.5G-1T-4.5 were 0.36+0.09 pug/mL and 25.12+0.02 pg/mL, respectively. The
activity of the GCV solution against the HSV-1 was stronger than that of 3C-0.5G-1T-4.5. This
finding was due to the controlled release of GCV from 3C-0.5G-1T-4.5. Therefore, GCV was
slowly released from the NPs. It thus caused the delayed and weaker activity against the HSV-
1 when compared to that of GCV from the GCV solution, which was prompt to exhibit its
activity against the HSV-1.

20 -

B GCV solution ICs0=10.36 £ 0.09 pg/mL
18 1 B3C-0.5G-1T-4.5 ICso = 25.12 + 0.02 pg/mL
16 | 0 Blank-3C-1T-4.5
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Figure 6. Viral titers of the HSV-1 in the ARPE-19 cells after incubation with the test samples
for 24 h (mean + SD; n=3).

This finding was consistent with the previous study reported by Kajiwara et al. [62]. The
ICs0 of GCV from PEGylated liposomes against HSV-1 was higher than that of GCV from GCV
solution, due to the controlled release of the entrapped GCV in the liposomes.

Although 3C-0.5G-1T-4.5 could inhibit the replication of the HSV-1 particles with higher ICsp
than that of GCV solution, the ICsp of 25.12+0.02 pg/mL was acceptable. Furthermore, 3C-
0.5G-1T-4.5 provided some benefits for GCV IVT injection via the controlled release of the

DOI: https://doi.org/10.17509/ijost.v10i1.80998
p- ISSN 2528-1410 e- ISSN 2527-8045



185 | Indonesian Journal of Science & Technology, Volume 10 Issue 1, April 2025 Hal 171-190

GCV molecules leading to prolonged action of GCV and minimized frequency of the injections
[23,24,26]. Therefore, 3C-0.5G-1T-4.5 could be accepted as a potential delivery system of GCV
for the treatment of herpetic retinitis and could be subjected to further in vivo studies in
appropriate animal models.

4. CONCLUSION

GCV-CS-NPs were successfully prepared in this study using the ionic gelation method. The
formulations of GCV-CS-NPs were optimized by varying the content of CS, and GCV, including
pH values of the production medium. All GCV-CS-NPs prepared in this study had a particle size
in @ nanometer range with moderate to high distribution. They had low to moderate positive
zeta potential values depending on the formulation compositions. More importantly, their
physicochemical properties were affected by the content of CS, GCV, and pH values of the
production medium. The optimized GCV-CS-NPs obtained in this study were 3C-0.5G-1T-4.5.
It was prepared at a pH of 4.5 and contained CS/GCV/TPP at a weight ratio of 3/0.5/1,
respectively. The obtained 3C-0.5G-1T-4.5 could control the release of GCV by the zero-order
release kinetic model. GCV molecules from 3C-0.5G-1T-4.5 diffused through the SVH in
agreement with Higuchi’s model. The obtained 3C-0.5G-1T-4.5 had an anti-HSV-1 activity
with an IC50 of 25.12+0.02 ug/mL. Therefore, 3C-0.5G-1T-4.5 could be accepted as a potential
delivery system of GCV to the vitreous humor via IVT injection. Furthermore, it could be
subjected to further in vivo studies in the appropriate animal models to investigate its anti-
HSV-1 efficacy and its safety for IVT injection.
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