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Article Info Abstract

Background: The present investigation aimed to prepare Vancomycin-loaded nanoparticles
(VAN-NPs) using chitosan (CS) and tripolyphosphate (TPP) besides exploring the effects of
changing CS/TPP ratio on the physicochemical properties, corneal permeation, and ocular

delivery of the prepared NPs.
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Methods: Different pre-formulations were prepared using the modified ionic gelation process,

Key“fo‘rds.: then were characterized in terms of size distribution. Optimized formulations were furtherly
_g;mblonc evaluated by some characteristic tools such as Fourier-transform infrared (FTIR) spectroscopy
-Chitosan

and thermogravimetric analysis (TGA). The in vitro antimicrobial efficacy and drug release

-~Corneal permeation amounts along with the Ex-vivo corneal permeation of NPs through the sheep cornea were

-Nanoparticles investigated. Quantification was performed using high-performance liquid chromatography.

-Ocular drug delivery Results: Spherical and uniformly distributed NPs were developed with a mean particle size
varied between 215-290 nm. FTIR spectroscopy confirmed that the CS/TPP cross-linking has

taken place without affecting the pharmacologically active moiety of the drug. The obtained

-Vancomycin

zeta potential values were in the range of +34 to +37 mV, which could ensure the stability of
formulations. TGA analysis indicated enhanced thermal stability for the encapsulated drug
compared to the plain drug. Formulations indicated suitable antimicrobial efficacy while
releasing more than 90% of the drug during 24 h. NPs offered a 10-fold enhancement in corneal
permeation compared to the drug solution.

Conclusion: Although further in vivo evaluation is still required to completely confirm the
efficacy of the formulations, the enhanced release and corneal permeation of the drug suggest
that the prepared NPs are suitable for ocular delivery of VAN.

Introduction ocular delivery of various drugs.®?

Ocular drug delivery has always been a major challenge
for scientists due to the specific anatomy and structure of
the eye as one of the most complex organs in the human
body."* Despite being the most popular preparations,
conventional topical drug delivery systems face some
obstacles such as limited bioavailability and therapeutic
efficacy come across with different defensive mechanisms
including the almost impermeable nature of the eye, the
natural reflex of blinking, and the tear film turnover.>*
Novel drug delivery systems can improve drug delivery
by prolonging the corneal contact time and increasing
the permeation of the drug into the eyeball® To date,
different formulations including liposomes, nanoparticles,
nanofibers, nanoemulsions, etc. have been designed and
developed mostly utilizing nanotechnology to improve the

Corneal permeability is an effective factor in the
determination of the therapeutic efficacy of topical
preparations. Many drugs need to pass through the cornea
to arrive at their site of action for a therapeutical effect.
External agents can take two paths in order to permeate
deeper into the cornea including transcellular and
paracellular pathways. Both abovementioned pathways
are usually blocked by the special arrangement of cells and
layers against the passage of different drugs. Eventually,
less than 10% of the administrated drug will permeate
through the cornea.'” Therefore, to achieve the desired
concentration of drug at the posterior segment of the eye,
either the injectable forms or the permeation enhancers
should be used. Injectable forms are invasive and non-
compliant; hence, physical enhancers and novel delivery
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systems are the foremost choices."

Nanoparticles (NPs) are colloidal delivery systems with
unique properties that made them suitable for targeted
drug delivery.'>" Polymeric NPs can enhance ocular drug
delivery owing to many beneficial characteristics. These
systems have the advantages of non-irritancy, increased
residence time, and enhanced permeation through the
cornea owing to the small particle size, positively charged
surface, mucoadhesive nature, and a higher surface area.'*'?

Chitosan (CS) is a natural biodegradable polymer with
a wide variety of benefits like non-toxicity, mucoadhesive
properties, and a high positive charge which make it
one of the most promising agents for the preparation of
ocular drug delivery enhancers.'"'® Sialic acid residue of
mucin layer contributes to creating a negative charge on
the surface of corneal cells.”?' High affinity of CS-based
NPs with a positive charge to this negatively charged
corneal epithelium, eventually leads to a prolonged release
of the drug. Furthermore, CS-based NPs exert potential
antibacterial activity by interacting with the cell membrane
of bacteria which can facilitate the therapeutic activity of
antibiotic-loaded NPs.*

Vancomycin (VAN) is a glycopeptide antibiotic
specificallyusedagainstmethicillin-resistant Staphylococcus
aureus (MRSA) infections which have a great role in
endophthalmitis. The intravenous administration of this
drug had the limitations of not achieving the desired
concentration at the ocular tissues, besides being invasive,
and non-self-administrable. As a result, recently, attempts
have been made to develop topical ocular delivery systems
of VAN which could overcome the discussed challenges
and limitations.”

The present study aimed to design and develop different
VAN-loaded NP formulations to improve the ocular
delivery and corneal permeation of the drug. For this
purpose, CS-NPs were developed by gelation method and
characterized for physicochemical properties. Thereafter,
in vitro release in phosphate buffer and ex vivo permeation
through the sheep cornea were investigated. It was expected
that these systems could enhance both the drug release and
permeation through the cornea.

Materials and Methods

Materials

Vancomycin  hydrochloride  (VAN)  was  kindly
given by Exir (Lorestan, Iran). Additionally,

low molecular weight chitosan hydrochloride (CS),
phosphoric acid, and triethylamine were purchased from
Sigma (Germany). Sodium tripolyphosphate (TPP),
potassium dihydrogen phosphate, acetic acid, sodium
acetate, and acetonitrile were also purchased from Merck
(Germany). As well, tryptone soya agar (TSA) and sodium
dihydrogen phosphate dodecahydrate were obtained
from Merck (Germany). All used chemicals were of
analytical grade.

Preparation of nanoparticles

The modified ionic gelation method described by Calvo
et al** was adopted for the preparation of NPs in this
study.* Three different concentrations of CS solution were
prepared by addition of 150, 300, and 500 mg of CS to 50
mL of acetic acid aqueous solution (1% v/v). Thereafter, six
solutions were prepared by dissolving 100 and 200 mg of
VAN in each prepared CS solution. After the addition of
the drug, acetic acid was added to each solution up to a total
volume of 100 mL, then the solutions were magnetically
stirred for 30 min at room temperature until obtaining
clear solutions. Finally, the solutions were filtered by a 45
um filter to divide any impurities.

TPP aqueous solutions were prepared at 0.25, 0.5,
and 0.75 mg/mL concentrations; then added to the CS/
VAN solutions drop-wise under continuous stirring to
develop 12 pre-formulations. Eventually, the developed
NP suspensions were centrifuged (Beckmann-Coulter®
optima-L-90K, USA) for 60 min at 40,000 rpm then
frozen for 2 h at a temperature of -70 °C, and lyophilized
using Christ freeze-dryer alpha 2-4-LSC (Martin Christ,
Osterode, Germany). Accordingly, the details on the
components of each pre-formulation are indexed in Table
1.

Mean particle size, polydispersity index (PDI), and zeta
potential
Each pre-formulation and formulation was evaluated for

Table 1. The components, size, and polydispersity index measured for CS/TPP NP pre-formulations.

Pre-Formulations VAN(mg/mL) CS (mg/mL) TPP(mg/mL) CS/TPP ratio (v/v) Size (nm) PDI

P1 1 1.5 0.25 10:4 190 + 32 0.451 £ 0.037
P2 2 1.5 0.25 10:4 234 +18 0.371 £ 0.034
P3* 1 1.5 0.50 10:4 215+ 25 0.356 £ 0.012
P4* 2 1.5 0.50 10:4 219 + 31 0.251 £ 0.029
P5 1 3 0.50 10:5 33324 0.411 £ 0.045
P6 2 3 0.50 10:5 315124 0.279 £ 0.049
P7 1 3 0.75 10:5 298 + 36 0.354 £ 0.016
P8 2 3 0.75 10:5 391 + 41 0.411 £ 0.037
P9 1 5 0.50 10:6 369 + 29 0.405 £ 0.022
P10 2 5 0.50 10:6 38118 0.367 £ 0.030
P11* 1 5 0.75 10:6 369 + 23 0.348 £ 0.018
pP12* 2 5 0.75 10:6 335+24 0.311 £ 0.015

*Four pre-formulations chosen as optimized formulations: F1 (P3), F2 (P4), F3 (P11), and F4 (P12).

450 | Pharmaceutical Sciences, 2022, 28(3), 449-458



Vancomycin Nanoparticles as Ocular Permeation Enhancers

mean particle size, polydispersity index, and zeta potential
using a laser diffraction particle size analyzer and zeta-
sizer (Malvern Instruments, Malvern, UK). The tests were
performed in triplicates and an average was reported for
each sample. Finally, the optimum formulations were
chosen based on their particle size and size distribution.

Colloidal stability

The colloidal stability of the optimized CS/TPP NPs was
evaluated during the storage at room temperature (25 °C).
Within 40 days the formulations were evaluated for any
changes in the mean particle size, color, appearance, and
sedimentation.

High-performance liquid chromatography (HPLC)

The VAN was separated and analyzed by the HPLC
method throughout the whole study using Shimadzu
chromatograph (Model LC-10ADvp) and 5 pm C18 (250
mm X 4.6 mm, Alltech, USA) analytical column. The
mobile phase consisted of Acetonitrile-Triethylamine
(pH=3.1) with the 10:90 v/v ratio passing through the
column at the flow rate of 1 mL/min. Samples were injected
manually by a Rheodyne 7725i injector, fitted with a 20 pL
sample loop. The VAN peaks were detected by UV-detector
(SPD-10AVp, Shimadzu) at 280 nm as the wavelength for
maximum absorbance and the elution time was measured
to be 2.4 min for the drug. The calibration curve was
constructed for the peak area versus concentration of the
standard solutions and the drug amount was estimated by
the regression equation in the further studies.

Loading capacity (LC), encapsulation efficiency (EE), and
percentage yield

The yield of the preparation process of NPs was calculated
using the following equation:*

Weight of NPs
Total Weight of Polymers and VAN

Yield (%)= cat
q.

To determine the LC and EE, a certain amount of NP
formulations was suspended in an aqueous solution of acetic
acid (2% v/v) for 30 min then sonicated for full degradation
of NPs. The obtained solutions were centrifuged for 5
min at 3000 rpm and samples were withdrawn from the
supernatant to be assayed by HPLC. The LC and EE were
calculated using the following equations:*

Accordingly, all tests were performed in triplicate and a
mean was then reported.

Amount of VAN Assayed in the Formulation

EE (%)= -
Amount of VAN used for Preparation of the Formulation
Eq.(2)
LC (%)= Amount of VAN A.ssayed in the Formulation
Weight of NPs Eq.(3)

Morphology

The surface morphology of NPs was analyzed by SEM
using KYKY-EM 3200 (KYKY, China) device. The samples
were initially suspended in deionized distilled water then
spread on a platinum stab and coated by a thin layer of
gold. The observation was carried out under the vacuum
condition and at a 20 kV accelerating voltage.

In vitro antimicrobial efficacy

The disk diffusion technique was utilized to evaluate the
antimicrobial efficacy of the formulations. In this phase,
Staphylococcus aureus was cultured and grown on TSA
during 24 h of incubation at 36 °C. Afterward, aqueous
suspensions of formulations were prepared and an
aliquot (30 uL) of each was poured on a sterile paper disk.
Subsequently, the inoculum of bacteria was prepared at a
0.5 McFarland concentration and was spread onto a TSA
plate. Finally, the disks were placed onto the cultured plate
and incubated for 24 h at 36 °C. The diameter of inhibition
growth zones surrounding the disks was measured and
reported.

Fourier-transform infrared (FTIR) spectroscopy

The FTIR spectroscopy was performed on CS, VAN, TPP,
VAN-loaded NPs, blank NPs, and a physical mixture
of components to detect any interaction that occurred
between the polymer and pharmacologically active groups
of the drug. The samples were compressed with potassium
bromide and the obtained disks were scanned within
the range of 4000 to 400 cm™ using Prestige-21 FTIR
spectrometer (Shimadzu, Nakagyo-ku, Japan).

Thermogravimetric analysis (TGA)

The thermal stability of CS, VAN, TPP, NPs, and the
physical mixture of components was analyzed using an
STA-503 thermogravimetry analyzer (BAHR, Germany).
TGA was performed in the range of 25 to 400 °C at a
heating rate of 10°C/min under nitrogen flow of 6L/h.

In vitro release study and kinetics

To evaluate in vitro release of VAN from NPs, 5 mg of
each lyophilized NP formulation were placed in a cellulose
membrane dialysis bag (cut-off 12000, Sigma) along with
1 mL phosphate buffer (PBS) as the donor compartment
then were immersed in 50 mL PBS (pH=7.4) as the
receptor compartment. Correspondingly, the receptor
compartment was agitated under 50 rpm stirring and
37.0 £ 0.5 °C temperature. The sampling was carried out
at certain time intervals and the withdrawn aliquots were
replaced with an equal amount of fresh PBS to preserve the
sink condition. The samples were assayed using HPLC to
estimate the amount of released VAN (n=3).

The data obtained by in vitro evaluation were fitted to
different kinetical models of zero-order, first-order, and
Higuchi’s. The model that obtained the highest coeflicient
of determination (R?) was considered the best-fitted
kinetical model.
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Ex-Vivo permeation of drug through isolated sheep cornea
The whole eyeballs of male sheep were collected
immediately after the slaughter from the slaughterhouse.
In the laboratory, the cornea was excised and washed with
normal saline until became free of any adhering tissues,
and then immediately were used in the ex vivo study
(the protocol was approved by the Local Animal Ethical
Committee of Kermanshah University of Medical Sciences;
approval number: IR KUMS.REC.1395.216)

A vertical diffusion cell was designed by a falcon tube
as the donor component separated from the receptor with
the sheep cornea. Ten milligrams of NP formulations were
suspended in 2 mL of PBS (pH=7.4) then placed in the
donor compartment. Accordingly, the cornea was tied to
the end of the tube in a way that the external side was in
contact with the NPs. The cell was immersed in 10 mL of
PBS by the corneal side under gentle agitation and at 37.0 +
0.5 °C temperature. Eventually, the samples (200 pL) were
collected from the receptor media and replaced with an
equal amount of fresh medium. The amount of permeated
drug was analyzed by HPLC. Three setups were performed.

The apparent corneal permeability coefficient (P, ) was
calculated by the following equation where the AQ/ At (ug/
min) stands for the slope of the steady-state part of the
cumulative permeation versus time graph, A stands for the
effective corneal penetration area (cm?) and C defined as
the concentration of drug at the donor compartment (ug/
mL).%

The lag time (t,) is described as the x-intercept (time-
intercept) of the steady phase of cumulative permeation
versus the time curve. This is defined as the time required
for the permeation curve to reach a steady phase.

AQ
P =
”AAC.

Eq.(4)

Results and Discussion

Preparation, mean particle Size, PDI, and zeta potential

NPs were formed during the preparation process, due to
the immediate occurrence of crosslinking between the
phosphate groups of TPP and amino groups of CS.”” The
results of size analysis for the pre-formulations are indexed
in Table 1. It was observed that different parameters could
affect the size distribution of NPs. The size distribution was
extensively dependent on the concentration of CS and TPP.
In this regard, it was found that in the lower levels of CS
or TPP than those used for the preparation of P1, the NPs
would not be formed. The obtained results also indicated
that increasing of eighter CS or TPP concentrations led to
a rise in the particle size which was also reported by many
previous studies.”’? This enhancement was occurred due
to the increased viscosity of the solution that decreased
the efficiency of the gelation process.”® The increased CS/
TPP ratio also resulted in a higher particle size. Of note, at
concentrations higher than 0.75 mg/mL for TPP and 5 mg/
mL for CS, unwanted aggregation of nanoparticles could
occur.’

Although the increased CS was responsible for an
increased PDI, even at lower concentrations of CS, the
PDI could increase due to the non-sufficient amount of
TPP for crosslinking process.® Most of the formulations
indicated a PDI ranged between 0.2 - 0.4 which can be
considered suitable. Finally, on account of a better size and
PD], four pre-formulations of P3, P4, P11, and P12 were
chosen as the optimum formulations, respectively named
as F1, F2, F3, and F4 for further studies. Subsequently, the
reproduced formulations showed a mean particle size of
200 to 340 nm with a PDI of 0.2 - 0.3.

Optimized formulations showed appropriate zeta
potential within the range of +34 to +37 mV which could
appropriately stabilize the NPs by electrostatic repulsion.”
Additionally, the positively charged NPs would show
higher affinity to the negatively charged cellular membrane
and enhanced tendency to permeate through the cornea. It
was found that an increased CS concentration could lead
to a higher zeta potential while higher levels of TPP would
lead to a decreased value due to neutralization of amino
groups of CS. Accordingly, increased levels of both CS
and TPP would not change the zeta potential and almost
similar values observed for F1 to F4.2%%

Colloidal stability

No statistically significant changes (p>0.05) were observed
in the mean particle size and PDI of the optimized
formulations within 40 days of investigation. Accordingly,
no changes were detected in the color and appearance of
the formulations. Multiple factors could be considered
responsible for this stability such as suitable zeta potential
and electrostatic repulsion between the NPs.

Loading capacity (LC), encapsulation efficiency (EE), and
percentage yield

The calculated values for LC, EE, and yield of the
preparation process are represented in Table 2. The LC
was measured to be between 8-26% for the formulations
while EE varied between 5-6%. Clearly, higher values of
LC and EE were obtained for decreased CS/TPP ratios.
The main reason behind these decreased values was the
higher viscosity of the concentrated CS solutions that
avoid the VAN molecules from moving toward the CS
molecular chain.” In a similar study, it was reported that in
the fixed concentrations of TPP (1 mg/mL), increased CS
concentration to values more than 3 mg/mL would drop
the EE down to values below 20%. Another study reported
8-22% EE for CS/TPP NPs of ciprofloxacin hydrochloride.”*
The yield of the process was almost similar for all
formulations and varied independently of CS and TPP
concentrations. A yield percentage of 24-84 was reported
in a similar study.”

Morphology

The SEM images of lyophilized NPs revealed a spherical
morphology and a uniform size as represented in Figure
1A. Aggregations that are detectable in the images was
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Table 2. Physicochemical characterization of different formulation developed. The results are expressed as mean = SD (n = 3).

Formulation Size (nm) PDI Zeta Potential (mV) Yield (%) LC (%) EE (%)

F1 208 + 14 0.274 £ 0.034 +35.4 +£4.2 10.3+1.0 19.5+2.1 54+1.0

F2 229+ 18 0.289 +0.019 +34.1+£7.9 11.3£1.1 26.6 +3.0 55+1.3

F3 331123 0.305 + 0.029 +37.7+4.8 10.8+0.9 8.7+1.1 6.0+x1.4

F4 340+ 24 0.317 £ 0.016 +37.1+£6.7 11.2+1.2 14714 6.1+1.1
A

oo

S £

SEM HV=30.0 kV
WD=5.70 mm

SEM MAG= 45.0 kx

SEM HV=30.0 kV SEM MAG-= 45.0 kx

Lol

‘WD=5.70 mm

Figure 1. SEM micrograph of VAN-loaded NPs with different magnifications (A), and the result of antibacterial efficacy test of vancomy-

cin-loaded formulations against Staphylococcus aureus (B).

occurred during the freeze-drying process probably due
to the hydrogen bonding between CS nanoparticles.* The
particle size changed in the range of 133 t0149 nm, which
confirmed the results of the size analysis performed by the
zeta-sizer.

In vitro antimicrobial efficacy

Figure 1B is representing the result of antimicrobial
testing. All the formulations showed antimicrobial efficacy
against Staphylococcus aureus as a major microorganism
involved in ocular infections and endophthalmitis. The
mean diameter of inhibited growth zones was measured
tobe27+1mm, 34 + 1 mm, 31 + 1 mm, and 37 + 2 mm
for the F1, F2, F3, and F4 formulations. Clearly, F2 and F4
showed higher diameters of inhibition growth zones due to
the higher drug content. Also, it was found that the F2 and
F4 formulations were more effective against Staphylococcus
aureus compared to F1 and F3.

FTIR spectroscopy
Figure 2 is representing the FTIR spectra of CS, TPP, VAN,
drug-loaded NPS, blank NPS, and physical mixture of
components. TPP spectrum showed four characteristic
peaks at 1214, 1148, 1091, and 910 cm™ respectively related
to the P=0, PO,, PO, and P-O-P stretching. Moreover,
the FTIR spectrum of CS shows characteristic peaks at,
3433, 1654, 1597 cm* that are assigned to OH, acetyl, and
NH, groups. The peak related to NH, groups is shifted to
1558 cm! with an extremely decreased intensity showing
that most of the NH, groups are probably involved in the
crosslinking process with phosphate groups of TPP. Of note,
the peak at 1226 cm! that appears in the spectrum of VAN-
loaded NPs is attributed to the P=O bond stretching.*®
The characteristic peaks of VAN appear at 3379 and 1662
cm™ are related to -OH and C=O stretching and the peaks
at 1589 and 1230 cm™ are assigned to C=C, and a phenolic
hydroxyl group. The characteristic peaks of VAN are
presented in the VAN-loaded NP spectrum with a slight
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Figure 2. FTIR spectra of CS (A), VAN (B), TPP (C), physical mix-
ture (D), blank NPs (E), and VAN-loaded NPs (F).
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shift or reduction in intensities indicating that the drug
was encapsulated inside the NPs.*>%7

Thermogravimetric analysis (TGA)

The TGA thermographs of CS, VAN, NPs, and physical
mixture of components are indicated in Figure 3. The
thermograph of CS showed weight-loss at two levels; first
at 25 °C to 120 °C (8%) corresponding to the moisture
evaporation and next at 275°C to 310°C (39%) attributed
to the decomposition of CS. In addition, VAN exhibited
gradual weight-loss from 25 °C to 120 °C (16%) which could
be due to the loss of water from the compound followed by
two distinct thermogravimetric events at 212 °C to 286 °C
(11%) and 314 °C to 391 °C (15%), respectively, related to
characteristic endotherms of VAN.3%

Three thermogravimetric events were also detectable
in the TGA curve of NPS; the weight-loss at 25-120 °C
(21%) was ascribed to evaporation of water and volatile
components. Furthermore, the weight-loss stage detectable
at 234-330 °C (46%) was related to the decomposition of
NP’s bonds and free VAN while the stage started at the 380
°C could be related to the decomposition of encapsulated

110 ¢ —CsS
—TPP

Physical Mixture
90 + —VAN
NPs

100 +

80 +

70 +

Weight Loss (%)

60 +

50 =+

a0 +

30

0 100 200 300 400 500
Temperature (°C)

Figure 3. TGA thermogram of CS, TPP, VAN, NPs, and physical
mixture of components.

VAN. The higher decomposition temperature of the
encapsulated drug compared to the free drug proved that
encapsulation of the drug in CS/TPP NPs could enhance
the thermal stability.*

In vitro release and kinetics

The withdrawn samples of in vitro study were assayed by the
HPLC method. Figure 4A is indicating the in vitro release
profiles of VAN from different developed formulations. All
formulations showed a burst release of 50-80% of their drug
content in the first 5 h. Clearly, F1 showed a milder slope
of the burst phase compared to the other formulations. In
the next stage, the drug was released at a much slower rate
than the first phase in a prolonged period of more than
20 h. Eventually within 11 h, F1, F2, F3, and F4 released
96.99 + 5.05%, 95.63 *+ 1.35%, 96.25 + 1.44%, and 93.55

A FL —F2 =F3 —F4

=
15}
S

-3
o

-
=]

'y
(=)

~N
o

Cumulative Released Drug (%)

=}

0 5 10 15 20 25 30
Time (h)

100
a0 ~+F1 ~F2 —F3 --F4 --VAN Solution
60

40

20

Cumulative Permeated Drug (%)

0 W
0 10 20 30 40
Time (h)

Figure 4. In vitro release profiles (A) of VAN from F1, F2, F3, and
F4 formulations in PBS (pH=7.4). Ex vivo permeation of VAN (B)
from sheep cornea measured for F1, F2, F3, and F4 formulations
along with VAN solution.
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Table 3. The R? of different fitted kinetical models for release
profiles of NPs.

Formulation Zero-order First-order  Higuchi
F1 0.7523 0.8569 0.9460
F2 0.8429 0.9467 0.9791
F3 0.9027 0.9776 0.9820
F4 0.8929 0.9572 0.9712

+ 1.26% of VAN. It was observed that due to the almost
similar particle size of the formulations, all formulations
released the drug in the same manner independent of the
LC, EE, or polymer content. The results of the kinetics
study suggested Higuchi as the best-fitted model for all the
formulations because of the higher correlation coefficient.
Accordingly, the burst phase occurred due to the released
surface-loaded drug while the gradual phase was happened
due to the release of the drug molecules loaded inside the
NPs which was governed by the diffusion mechanism.*"*
Table 3 is indexing the correlation coefficient obtained by
fitting the release data in different kinetical models.

The same result was reported by Taghe et al.*’ in a study
that evaluated the in vitro release of ofloxacin from CS/
TPP alginate NPs. The NPs released 80% of the drug in an
extended period by Higuchi-like kinetics. Another study
showed a prolonged release of VAN from CS-based NPs
during 5 h with the same kinetics.”® Polyvinyl alcohol and
Hydroxyethyl cellulose films impregnated with Eudragit
L100 NPs containing the non-steroidal anti-inflammatory
drug, ketorolac, were reported to be able to release the drug
in the same manner for ocular delivery.** Eudragit L100
NPs that were loaded in Hydroxypropyl methylcellulose
and Hydroxyethyl cellulose films were reported to release
azithromycin in a sustained release manner same as the
present investigation.*

Ex-Vivo permeation of drug through isolated sheep cornea
Apparent permeability coefficient (P ) and cumulative
permeated drug through the sheep cornea into the PBS
were measured for the formulations through the ex vivo
study. The highest P~ was measured for F3 which was
21-folds higher than that of VAN solution. Moreover,
the other formulations showed 10 to 17 times higher P_
compared to the conventional solution. Accordingly, these
findings could prove that the NPs enhanced the corneal
permeation of VAN through the sheep cornea (Table 4).

The cumulative percentage of permeated drug from each
NP formulation and the VAN solution is demonstrated in

Table 4. Ex vivo corneal permeability coefficients and lag times
measured for CS/TPP NPs along with the VAN aqueous solution
through the sheep cornea (mean + SD).

Formulation P, x10% (cm/s) t, (min)
F1 6.7+0.3 <60
F2 3.9+05 <60
F3 84+04 <60
F4 7.0+0.5 <60
VAN aqueous solution 04+0.3 450

Figure 4B. While only 7.41 + 1.90% of VAN could permeate
through the sheep cornea by the conventional solution
during 40 h, F1, F2, F3, and F4 showed 46.54 £ 2.73%, 20.60
+ 0.02%, 66.39 + 1.88%, and 53.57 + 3.58% cumulative
permeation in the same interval. The NP formulations
indicated 3-4 folds higher effective permeation of VAN
through the sheep cornea compared to the VAN solution
for more than 40 h. It seems that the improved permeation
of NPs is because of the lower particle size, higher surface-
to-volume ratio,” and the high positive zeta potential.

It was suggested in previous studies that ex wvivo
permeation studies are suitable for the prediction of in
vivo behavior of the delivery system. Hence, the result of
this test could be generalized as the possible behavior of
the developed systems in the animal or human eyes.* As
described in previous studies, the reduction of the particle
size in NPs come across with higher surface area of the
nanoparticles which could lead to adhesion of them to
the epithelium in a wider area resulting in the formation
of reservoirs that deliver the drug in a large scale to the
corneal epithelium.”” The adhesion rate was also impacted
by the positive surface charge of nanoparticles which was
unlike the negative dominant charge of corneal epithelium.
However, other mechanisms and pathways could be also
involved in the improved permeation of nanoparticles.

In a similar study atorvastatin-loaded, solid lipid
nanoparticles showed a 2.2-folds higher P_and 1.8-folds
increased percentage of drug permeated through the
cornea compared to the aqueous suspension of the
drug.*® Dexamethasone-loaded nano lipid carriers also
indicated increased penetration and P_  compared
to a drug suspension.” Liu et al>® reported a higher
permeation through cornea for hyaluronic-acid-modified
lipid-polymer hybrid nanoparticles of moxifloxacin
hydrochloride  compared to the commercially
manufactured product. Throughout the literature review,
many recent studies were found with the aims parallel
to the present study including controlled release, higher
antibacterial efficacy, and enhanced corneal permeation.
In a 2020 study, a drug-eluting suture was developed for
ocular delivery of levofloxacin which indicated a 30-days
drug release and efficacy against bacterial keratitis in rat
eyes.’! Mirzaeei et al.’* designed nanofibrous matrices for
ocular delivery of ofloxacin indicated the sustained release
of drug through 96 h and improved pharmacokinetics
compared to the drug solution. An enhanced in vitro
antibacterial activity was reported by levofloxacin ocular
nanospheres in another study.® Abruzzo et al.** deigned
VAN-loaded nanoparticles for ocular delivery in 2021, that
indicated antibacterial efficacy and enhanced diffusion
through the mucus layer of the eye.

Conclusion

Vancomycin is an interesting glycopeptide antibiotic
administrated for the treatment of methicillin-resistant
Staphylococcus aureus infections which are common
causes of endophthalmitis. This study aimed to design
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and develop vancomycin-loaded nanoparticles by the
ionic gelation method using different ratios of chitosan
and tripolyphosphate. The optimized formulations
indicated spherical and uniform morphology, electrostatic
and thermal stability, and acceptable loading capacity.
Furthermore, a prolonged Higuchi-like release manner
during 20 h was observed for all formulations, and an
improved P, lag time, and permeation through the
sheep cornea were achieved for the NP formulations
compared to the conventional solution of the drug. These
results indicated that vancomycin-loaded chitosan-TPP
nanoparticles are suitable carriers for the ocular delivery
of glycopeptide antibiotics. The sustained-release profile of
these systems can decrease the frequency of administration
thus increasing the acceptance of these forms by patients.
The future planned research will be in vivo evaluation of
the formulated nanoparticles.
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