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Background and purpose: Conventional topical ophthalmic aqueous solutions and sus-
pensions are often associated with low bioavailability and high administration frequency,
pulsatile dose and poor exposure to certain ocular parts. The aim of this study was to develop
an ophthalmic nanoparticles loaded gel, for delivering prednisolone acetate (PA), to increase
dosing accuracy, bioavailability, and accordingly, efficiency of PA in treating inflammatory
ocular diseases.

Methods: A novel formulation of self-assembled nanoparticles was prepared by the com-
plexation of chitosan (CS) and, the counter-ion, sodium deoxycholate (SD), loaded with the
poorly-water-soluble PA. Particle size, zeta potential, encapsulation efficiency (EE) and drug
loading content (LC) of prepared nanoparticles were assessed. Moreover, the nanoparticles
were characterized using differential scanning calorimetry (DSC) and Fourier transform
infrared spectroscopy (FTIR). Drug release and eye anti-inflammatory potential of the
prepared novel formulation was investigated.

Results: Mean particle size of the nanoparticles have dropped from 976 nm +43 (PDI 1.285)
to 480 nm 28 (PDI 1.396) when the ratio of CS-SD was decreased. The incorporation of
0.1-0.3% of polyvinyl alcohol (PVA), in the preparation stages, resulted in smaller nanopar-
ticles: 462 nm £19 (PDI 0.942) and 321 nm +22 (PDI 0.454) respectively. DSC and FTIR
results demonstrated the interaction between CS and SD, however, no interactions were
detected between PA and CS or SD. Drug release of PA as received, in simulated tears fluid
(pH 7.4), showed a twofold increase (reaching an average of 98.6% in 24 hours) when
incorporated into an optimized nanoparticle gel formulation (1:5 CS-SD).

Conclusion: The anti-inflammatory effect of PA nanoparticles loaded gel on female guinea
pig eyes was significantly superior to that of the micronized drug loaded gel (P < 0.05).
Keywords: nanoparticles, ocular drug delivery, chitosan, ionic gelation, prednisolone acetate

Introduction

Inflammation of the eye is a common disease occurring to all ages and both genders. The
symptoms associated with this disease include periorbital pain, proptosis, eyelid ptosis or
edema, and reduced ocular motility." Ocular inflammation is most commonly treated
using topical corticosteroids. Treatment with conventional topical prednisolone and
dexamethasone is usually started with hourly administration of drops for the first 4
days to stop the aggressive inflammation, this is followed by gradual decrease of
medication and cessation of therapy. The major problems faced with all topical conven-
tional ophthalmic aqueous solution and suspensions are low bioavailability and high
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administration frequency, pulsatile dose and poor exposure to
certain ocular parts.? Prednisolone acetate (PA) nanoparticles
(NPs) incorporated into ophthalmic gel might be a good solu-
tion of the aforementioned problems in treating eye
inflammation.

Chitosan (CS) is a natural hydrophilic cationic polysac-
charide obtained from chitin by alkaline N-deacetylation. It is
one of the most broadly employed polysaccharides with
backbone B-(1-4)-linked
D-glucosamine and N-cetyl-D-glucosamine.®* CS has the

a  sugar composed  of
advantage of being non-toxic, biocompatible, and biodegrad-
able. These features make CS an excellent candidate for var-
ious pharmaceutical and biomedical fields.>

CS has mucoadhesive characteristics which can prolong
the residence time of drug delivery systems at the site of drug
absorption.” In addition, CS is capable of transiently opening
and penetrating the tight junctions between epithelial cells,
which makes it an ideal material for drug delivery.’ Several
studies have applied CS, and its derivatives, as drug

CarrierSS—ll 12,13

or as a support material in gene delivery.
A variety of CS-based drug delivery formulations, in the
forms of gels, tablets, and films, have been developed and
investigated.'*'?

NPs of CS were studied as a carrier for various drugs. CS
NPs loaded with insulin demonstrated a significant lowering
of the blood glucose level after nasal administration to rabbits
compared to insulin applied in a CS solution.'® Prego et al'’
that calcitonin-coated CS NPs

a significantly higher hypocalcemic effect in rats than that

reported displayed
achieved from the administration of an oral nano-emulsion
formulation of the same drug. CS NPs and CS coated NPs
were also shown to deliver tetanus toxoid to the immune
system, thereby leading to a humoral and mucosal immune
response.'® Moreover, CS NPs were used as a carrier for
Gancyclovir and nitric oxide.'*"”

Sodium deoxycholate (SD) is one of the bile salts classed as
an endogenous surfactant. SD has been employed as an absorp-
tion enhancer to increase drug transport across various biolo-
gical barriers. Yamamoto et al*° indicated that SD enhances the
rectal penetration of insulin in the albino rabbit. Gandhi®'
stated that the transbuccal delivery of salicylic acid was
increased by SD. They related this improvement to the pene-
tration enhancement effect on the protein domain that involves
uncoiling and extending of the protein helix, thereby opening
the polar pathway. Senyigit et al** prepared a stable gel con-
taining betamethasone-17-valerate for topical skin application.
The produced gel had no irritant effect on the skin and has
achieved an improvement of the drug in vitro in flux and

in vivo anti-inflammatory  activity compared to
a commercially available cream.

Deoxycholic acid, the acid moiety of SD, forms self-
aggregated NPs with CS and modified CS. These NPs are
formed by covalent attachment of deoxycholic acid to CS.
The self-aggregated NPs have been used as a carrier for
drugs, such as Adriamycin,?® paclitaxel,”* doxorubicin,?
DNA'? and gene.*® The NPs prepared by self-assembly of
the amphiphilic polymer in aqueous solution can encapsu-
late hydrophobic drugs into its hydrophobic core, leaving
its hydrophilic parts on the surface. NPs CS—SD produced
by mild ionic gelation procedure using different weight
ratios of CS and SD were used to encapsulate plasmid.*’

The aim of this study was to develop a PA self-assembled
NPs, formulated into hydrogels, using the ionic gelation prop-
erties of CS and SD, as counter-ions, to increase dosing accu-
racy, bioavailability, and accordingly, efficiency of PA in
treating inflammatory ocular diseases. In this work, physico-
chemical properties and the loading capacity (LC) of the
particles were assessed. Moreover, the produced NPs were
formulated as an ophthalmic gel for ocular delivery. Drug
release was investigated from the loaded particles in simulated
tears fluid pH 7.4. Finally, the potential ocular anti-
inflammatory effect of the formulated gel was estimated

using female guinea pigs.

Materials and methods

Materials

PA, purity >98%, was kindly donated from Jamjoom
Pharma co. (Jeddah, Saudi Arabia); CS, MW 1250 (Poly
(D-glucosamine) deacetylated), was purchased from Sigma
Aldrich (Missouri, USA); SD was purchased from Alfa
Aesar (Karlsruhe, Germany); polyvinyl alcohol (PVA)
(RIA international LLC, K44534850) was kindly donated
from Jamjoom Pharma company (Jeddah, Saudi Arabia).
Sodium bicarbonate, calcium chloride, and sodium chloride
used in this study were of analytical grade.

Preparation of CS—SD NPs loaded with

PA

The self-assembled CS—SD NPs were prepared using an ionic
gelation technique.?” The composition of the different formu-
lations are shown in Table 1. CS was dissolved in 5% w/v
acetic acid solution to produce 1% solution which was diluted
by deionized water to 1 mg/mL. PVA 2% w/v solution was
prepared by dissolving PVA in preheated deionized water at
80°C then cooled to room temperature. The required amount of
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Table | CS-SD self-assembled PA loaded formulations

Formulation CS:SD Cs SD PVA PA

No. ratios (mg/100 mL) (mg/100 mL) (mg/100 mL) (mg/100 mL)

Fl 1:1 31.25 31.25 0.0 25

F2 1:2 20.8 41.7 0.0 25

F3 1:3 15.6 46.9 0.0 25

F4 1:5 10.4 52.1 0.0 25

F5 1:1 31.25 31.25 0.1 25

Fé6 1:2 20.8 41.7 0.1 25

F7 1:3 15.6 46.9 0.1 25

F8 1:5 10.4 52.1 0.1 25

F9 1:1 31.25 31.25 0.3 25

F10 1:2 20.8 41.7 0.3 25

Fll 1:3 15.6 46.9 0.3 25

Fl2 1:5 10.4 52.1 0.3 25

Abbreviations: CS, chitosan; SD, sodium deoxycholate; PVA, polyvinyl alcohol; PA,

PVA solution was added to CS solution. SD was separately
dissolved in deionized water to obtain a 1 mg/mL solution. PA
was dissolved in ethanol to produce a solution of 5 mg/mL and
the required volume was added to SD solution. PA was added
in an amount equivalent to 40% w/v of the total solid of both
CS and SD. NPs were formed when the specified amounts of
SD-PA solution were added dropwise to a CS-PVA solution
and magnetically stirred at 300 rpm for 15 mins at room
temperature. NPs were collected by centrifugation at
24,000 rpm for 1 hr at 25°C (Centrifuge, Centurion Scientific
K3 series, UK). NPs were then washed thoroughly with deio-
nized water, for three times, and then left to dry in a desiccator
under vacuum for 48 hrs.

Characterization of CS—SD loaded PA

NPs

Mean particle size and poly dispersibility index (PDI) of all
the preparations were determined by a dynamic light scatter-
ing analyzer (Nanotrac Wave II, Microtrack, FL, USA)
equipped with appropriate analysis software (Nanotrac Flex
Version 11.1.0.1). Size measurements were performed by
measuring each sample three times for 120 s at 25°C. To
prepare the samples for analysis, approximately 5 mg of
dried particles were suspended in 10 mL of deionized water
and vortexed for 5 mins followed by sonication for 30 s.
Morphology of the F 12 formulation was studied using
scanning electron microscope (SEM, SSX-550 superscan,
Shimadzu, Japan) after gold coating of NPs using gold
sputtering coater (GSL-1100X-SPC-12 compact plasma
sputtering, MTI corporation, People'sRepublic of China).

prednisolone acetate.

To measure encapsulation efficiency (EE)% and loading
content (LC)%, 20 mg of dried NPs were added to 25 mL of
ethanol, and the mixture was stirred for 30 mins followed by
sonication for 5 mins. The solution was then filtered through
a 0.22 pm filter (Millipore, Ireland) to separate the polymer
precipitates from the sample. The filtered sample was tested for
drug content spectrophotometrically at 248 nm. The EE% and
LC% were calculated for triplicate samples and slandered
deviation (STD) calculated using the following equations (1)
and (2), respectively:*®

LC% = WA/WNP x 100 (1)

EE% = WA/WD x 100 2)
where WA is the amount of drug (mg) found in the drug-
loaded NPs and WD is the amount of drug (mg) initially
used in the preparation of NPs. Finally, WNP is the
amount of drug-loaded NPs (mg).

Thermal analysis for CS—SD loaded PA
NPs

Thermal analysis was performed using differential scanning
calorimeter (DSC-200 F3 Maia, NETZSCH, Germany). The
instrument was calibrated, following manufacturer’s instruc-
tions, using indium. Thermal analysis was carried out for
pure powder of PA, CS, SD, physical mixture of the F12
formula ingredients and the F12 formulation (dried NPs).
Samples of about 5 mg were sealed in pin holed aluminum
pans and the experiment was carried out under nitrogen
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atmosphere at a flow rate of 40 mL/min. Samples were
heated at a rate of 10°C/min in the range of 0-300°C.

FTIR spectroscopy for CS—SD loaded PA

NPs

FTIR spectral analysis of PA powder, CS, SD, physical
mixture of the F12 formulation ingredients as well as F12
formulation NPs were performed using Fourier transform
infrared spectroscopy (FTIR) (IR Affinity-1 FTIR spectro-

1

photometer, Shimadzu, Japan) in 4,000-750 cm ~ wave

number range, using a total reflectance method.

Formulation of micronized PA and PA

loaded NPs ophthalmic gel

Micronized PA and selected formulations F11 and F12 NPs
were formulated as ophthalmic gel. Methyl and propylparaben
were included as preservatives, in concentrations of 0.15% w/v
and 0.05% w/v, respectively, by dissolving them in water at
approximately 75°C followed by cooling to room temperature
using magnetic stirrer (Scilogex MS-H Pro, North America
Inc., USA). The gel was prepared by slowly dispersing hydro-
xypropyl methylcellulose K4M in the preservative solution at
a concentration of 2.5% w/v using Ultra-Turrax T25 digital
homogenizer (IKA-Werke, Germany). Drug in concentration
of 0.125% w/w or their equivalent of the NPs*® was incorpo-
rated in the gel by mixing using propeller stirrer (IKA-Werke,
Germany). Preparation of these formulations was done in an
aseptic environment (Biohazard safety cabinet, JSR, JSCB-
900SB, Republic of Korea).™

Drug release study

A weighed amount (4 g) of the PA gel, or the F11 and or F12
NPs gel formulation, equivalent to 0.125%w/w of drug, was
added into a cellophane membrane tube (Dialysis tubing cel-
lulose membrane, 33 mm width, D9654, Sigma-Aldrich)
whereby one end was sealed with closures (Universal closures,
Spectrum laboratories Inc., USA). Once loaded with the gel,
the cellophane membrane tube was filled with 10 mL of
simulated tears fluid (STF), pH 7.4, and sealed from
the second end.®! To characterize drug release profiles, the
cellophane membrane tube was suspended into a USP dissolu-
tion tester vessel, apparatus 2 (paddle) (Erweka dissolution
tester apparatus, Germany). Dissolution volume was kept at
500 mL, to maintain sink conditions, and 34+0.5°C to simulate
the ocular surface temperature.® Samples of 5 mL were col-
lected and filtered through 0.22 um filters (Millipore, Ireland)

at predetermined time intervals, while necessary substitutions
were made using fresh STF medium. Concentrations of PA
released were quantified spectrophotometrically (Thermo
Scientific Evolution 201 UV/Vis. Spectrophotometer, USA) at
Amax Of 248 nm after appropriate dilution.*> A mean cumula-
tive percentage of PA released from triplicate samples for each
formulation was determined and plotted against time with STD
indicated as an error bar. A control dissolution test was also
performed on a drug-free NPs gel formulation.

In vivo assessment of ocular

anti-inflammatory effect

Procedures were approved by the Ethics Committee of Taibah
University. In vivo tests were performed in the Medical
Research Institute at Alexandria University in agreement
with the guidelines for care and use of laboratory animals
published by the United States National Institutes of Health.
The in vivo study was performed on female guinea-pigs weigh-
ing (400-500 g). Benzalkonium chloride (BKC) was applied to
guinea pig eyes as an inflammation induction agent to assess
tested
formulations.>* One milliliter of 0.2% w/v BKC was applied

the anti-inflammatory  effectiveness of the
on cotton swab and instilled into each eye for 15 s to induce eye
inflammation. This process was repeated every 1 hr for
a period of up to 3 hrs till maximum ocular inflammation
scoring was achieved. Animals were randomized into 4 groups
each consisting of 5 guinea pigs. Groups classification was
based on inflammation and drug administration; group 1 the
healthy control group (normal control, saline was used instead
of 0.2% BKC), group 2 the inflammation control group (non-
treated eye inflammation-induced guinea pigs), group 3 the eye
inflammation-induced guinea pigs group received conven-
tional formulation containing PA dispersed in HPMC eye gel
(PA-MG treated group), group 4 the eye inflammation-induced
guinea pigs group received formulation F12 (PA NPs complex)
loaded HPMC eye gel formulation (PA-NG treated group).
After 5 hrs of inducing eye inflammation, group 3 received PA-
MG gel containing 0.125% PA and group 4 received the
selected PA-NG gel formulations containing 0.125% of the
drug once daily.*® The inflammation control group 2 received
the drug-free gel formulation at the same time. Clinical exam-
ination for ocular inflammation including conjunctiva, cornea
and inflammatory changes were graded after 1 and 24 hrs as

described by Monnickendam et al>> while the maximum
assigned score for each eye was 69, constituted of a maximum

score of 3 for each sign observed in female guinea pigs'
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inflamed eye (e.g. discharge & lacrimation). Scoring process
for eye inflammation was performed by a consultant
ophthalmologist.

All values in the in vivo study were expressed as means
+STD. Statistical analysis was performed using SPSS™ soft-
ware (SPSS Inc., Chicago, IL, USA). Results were processed
using Student’s #-test. Differences were considered signifi-
cant when the associated P-value was less than 0.05.

Ethics statement

The in vivo study procedures on animals were performed
in the Medical Research Institute, Alexandria University
after approval by ethical committee and were consistent
with the guidelines and regulations for the appropriate use
of animals in biomedical studies. Female guinea-pigs of
weight (400-500 g) were used in the study.

Results and discussion

The aim of this work was the production of self-assembled
NPs of a poorly soluble drug by changing the weight ratio of
CS and SD. The formation of CS—SD NPs is a process based
on the complexation of the oppositely charged CS, as
a polycation, and SD, as a negatively charged molecule.
Since the critical micelle concentration (CMC) of SD is ranged
from 2 to 6 mM, the SD concentration was kept below CMC.
Singh et al*® stated that SD at higher concentrations could lead
to the formation of micellar aggregates instead of NPs, thus the
highest concentration of SD used, in all solutions of this study,
did not exceed 1.258 mM.

Formulations F1-F4 showed a mean particle size ranging
from 976 to 480 nm, which is considered relatively large on
the nanoscale. Under the assumption that this was caused by
particle aggregation, PA loaded NPs, with the same ratios of
CS and SD, were prepared in the presence of a stabilizing
agent, PVA, at a concentration of 0.1% w/v. Subsequently,
formulations F5-F8 have shown a decrease in the mean
particle size. This was further repeated with a higher con-
centration of PVA (0.3% w/v), resulting in a more acceptable
mean particle size, ranging from 786 to 321 nm (shown by
formulations F9-F12, respectively). Increasing the concen-
tration of PVA has also shown to decrease PDI and zeta
potential, this may be a result of PVA chains adsorbing to
the surface of the complexed NPs, thus preventing further
growth of particles, by aggregation, and charges. To avoid
the interference of PVA
a thorough purification step, whereby NPs were washed

in further characterizations,

three times with deionized water, was performed on formula-
tions F5-F12.

Increasing the weight fraction of SD has also shown to
reduce particle size and zeta potential as shown by the
difference between the formulations F9 and F12 (most opa-
lescent formulation presented in Figure 1), where increasing
the weight fraction of SD by five times has reduced mean
particle size by more than half, while the zeta potential was
reduced from +33.7 to +28.8 mV (Table 2).

The weight fraction of SD has also shown to have an
inverse effect on the value of PDI, whereby formulation
F 12, with the highest weight fraction of SD, expressed
a PDI value of 0.45 (Table 2). The SEM micrograph
presented in Figure 2 shows NPs of formulation F 12.

Due to their significantly lower mean particle size values,
positive surface charge and PDI values, attributed to their high
weight fraction of SD (Table 2), formulations F11 and F12
were chosen for further in vitro and in vivo studies. However,
unlike the mean particle size, the PA EE% and the drug LC%
were shown to be inversely affected by the weight fraction of
SD, giving F12 the lowest EE and LC percentages (Table 2).
This inverse relation may be attributed to SD positive effect on
the aqueous solubility of the drug, thus increasing the drug’s
affinity to the liquid phase.?’

DSC thermograms of CS, SD and PA powders as well as the
F12 physical mixture and the F12 NPs are presented in Figure 3.
CS showed a glass transition (T,) at 25°C followed by a broad
endothermic peak starting from 100°C to 170°C which might be
due to the loss of water. Polymer degradation started at 205°C

Figure | Photograph showing the macroscopic appearance of FI2 formulation NPs
dispersion (1:5 CS-SD complexes prepared using 0.3% polyvinyl alcohol).
Abbreviations: NPs, nanoparticles; CS, chitosan; SD, sodium deoxycholate.

International Journal of Nanomedicine 2019:14

submit your manuscript

3683

Dove


http://www.dovepress.com
http://www.dovepress.com

Hanafy et al

Dove

Table 2 Characterization of PA loaded CS-SD NPs including mean particle size, PDI, zeta potential, EE% and drug LC%. The ratio of
CS to SD for each formulation is also presented in addition to the concentration of the stabilizing agent (PVA) in preparation solutions

Formulation CS:SD Conc. of PVA Mean particle PDI Zeta potential (mV) EE% LC%
No. ratios (mg/100 mL) size (nm)*

Fl I:1 0.0 976+43 1.285 +48.4 58.4+2.0 24.6x1.9
F2 1:2 0.0 754+34 1.325 +42.7 51.9£25 21.4%1.5
F3 1:3 0.0 55652 1.184 +38.6 45.4+3.0 17.9+1.4
F4 I:5 0.0 480+28 1.396 +35.2 36.7£2.9 13.9+0.9
F5 I:1 0.1 876+56 0.958 +37.6 56.8%1.6 23.9%1.5
Fé6 1:2 0.1 732+48 0.835 +35.5 51.2%1.8 21.6+0.7
F7 1:3 0.1 568+47 0.634 +33.1 46.9+2.0 18.4+1.8
F8 1:5 0.1 462%19 0.942 +28.7 37.4%1.9 15.2+1.0
F9 I:1 0.3 786142 0.723 +33.7 57.7£1.3 23.7+0.7
F10 1:2 0.3 69632 0.656 +32.5 51.4%1.6 22.9+0.6
Fll 1:3 0.3 392+18 0.598 +29.5 46.3x1.5 18.5+0.75
Fl12 1:5 0.3 32122 0.454 +28.8 36.7+0.9 14.7+0.9

Note: *STD of the mean of three determinations.

Abbreviations: CS, chitosan; SD, sodium deoxycholate; PVA, polyvinyl alcohol; PA, prednisolone; PDI, polydiversity index; EE%, encapsulation efficiency; LC%, loading capacity.

and greater degradation at 280°C. This was in conformance with
Madeleine-Perdrillat et al*” and Liu et al*® findings. PA showed
a melting endothermic peak onset at 247°C in accordance with
that stated by Halim and Salah.* SD showed a sharp endother-
mic peak at 132°C with broad tailing till 170°C.*

The F12 physical mixture showed broad endothermic
peaks at 121.6°C and 221.3°C for SD and PA, respectively.
These results indicate a lowering of the endothermic peak of
both SD and PA. This might be due to the effect of moisture
evaporated during dehydration of CS which was reported to
cause partial solubilization or affect the outer environment
thus causing a decrease of about 20°C in the melting points.*’

Figure 2 SEM pictures of the FI2 formulation NPs (x15,000).

The F12 NPs thermogram showed an expansive
blunted endothermic peak at 207°C +2 (n=3) while the
SD endothermic peak disappeared. This may be due to the
complex formation between CS and SD. The presence of
a PA melting peak is evidence that a great proportion of
the drug is still in its crystalline state, while the decrease in
melting peak and the drop in the melting point onset may
be attributed to the increased thermal sensitivity observed
when nano-sizing a material, as the surface area is signifi-
cantly increased. Furthermore, the reduction in peak size
may also be attributed to the reduction in particle size as
less drug—drug intermolecular forces are present.*’

The FTIR of SD (Figure 4) shows very strong char-
acteristic absorption bands of the conjugated carboxyl
group at 1,640 cm ' assigned to the (C=0) stretching
and other characteristic bands 1,558 and 1,400 cm %’
CS IR spectrum (Figure 4) shows distinctive absorption
bands, indicative of the (N-H) bond, at 1,540 cm !, and
the (C=0) bond at 1,640 cm '*° Drug-free complexes of
CS and SD show a diminish of the N-H and C=0 IR
absorption peaks

while a new peak appears at

1,700 cm ™' indicating a complex formation of CS—SD.
Similar findings were reported by Shi et al*.
The FTIR spectra of PA (Figure 4) show the principal

peaks at 1,700 cm ' corresponding to C=O stretching

vibration, 1,660 cm ' corresponding to cyclohexadiene,

and other characteristic peaks at 1,610 and 1,246 cm 4

FTIR spectra of F12 physical mixture showed the same
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Figure 3 DSC thermograms of (a) CS, (b) PA, (c) SD, (d) F12 ingredients physical mixture, and (e) FI2 NPs formulation.

Abbreviations: SEM, scanning electron microscope; NPs, nanoparticles.

characteristic bands of the CS, SD, and PA in the same
regions with decreasing intensity (Figure 4).

The FTIR spectra of the drug in both F12 physical mix-
ture and NPs (Figure 4) show the same characteristic bands at
the same regions and range. However, the intensity of the
bands was decreased which may be due to the dilution factor
in both physical mixture and the NPs. There were no new
bands observed for the drug indicating no chemical interac-
tions between the drug and components of the preparation.

=

The cumulative percent of PA released as a function of
time from different formulations are shown in Figure 5. The
drug release from F11 and F12 NPs gel exhibited
a significantly improved release effect compared to the
release profile of the gel loaded with micronized PA. This
enhanced drug release might be attributed to the presence of
drug in the nanosize range in the CS—SD complex as well as
the wetting and solubilizing effect of SD.2” The percent of
drug released from F11 and F12 NPs gel were similar during

SD

AN
AX//’\PJ/ e i \\\J\Jr\'\/\/\_\\ //\ Cs

T —— ~— \ N

W Drug free complex
PA

AV F12 - Physical mix
'\

e i1

) ~ F12-NPs

% \ "“‘\‘1'1 1%«/ M

|

T T T T
4000 3500 3000 2500

T
2000

T
1500

Wavenumber

Figure 4 FTIR spectra of, from the top, sodium deoxycholate as purchased powder (SD), chitosan as purchased powder (CS), drug-free complex containing dry NPs of CS—
SD at a ratio of |:3, as purchased prednisolone acetate (PA), F12 formulation components as a physical mix and finally the FI12 NPs formulation.
Abbreviations: SD, sodium deoxycholate; CS, chitosan; PA, prednisolone acetate; NPs, nanoparticles.
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the first 8 hrs, giving a release of 72%. However, after 8 hrs of
release the F12 NPs gel showed higher release than that of
the F11 NPs. This could be attributed to the higher weight
fraction of SD in the 1:5 CS-SD ratio resulting in
a substantial improvement of the wetting and solubilization
effect.?' The cumulative percent drug released for 24 hrs was
48.5%, 85.3%, and 98.6% from gel containing PA alone, F11
NPs and F12 NPs, respectively.

F12 (PA loaded 1:5 CS-SD) NPs gel was selected for
the in vivo study because of the relatively smaller particle
size and the better release characteristics. Clinical exam-
ination scorings for eye inflammation in female guinea
pigs in different groups after induction of eye inflamma-
tion are presented in Table 3. Average score for eye
inflammation for the control group (group 1) was zero
before and after treatment with saline solution throughout
the study (Figure 6A). All other groups showed an average
score for eye inflammation slightly higher than 40 after
induction of eye inflammation (Figure 6B).

The results shown in Table 3 and Figure 6C D illustrate
that the inflammation control group (group 2) showed no
decrease in inflammation scoring after 1 (Figure 6C) and 24
hrs (Figure 6D) of application of a drug-free gel. On the other
hand, significant decrease in inflammation (p<0.05) was
observed in group 3 after receiving a conventional treatment

100

-

90 -

70 -

60 -

50

with a gel loaded PA after 1 hr (Figure 6E) and 24 hrs (Figure
6F). The average inflammation scores of this group ranged
from 30+4 and 2843, respectively. Group 4 treated with PA
loaded F12 NPs gel showed significantly the highest anti-
inflammatory effect (p<0.05) when compared with other
groups resulting in the lowest eye inflammation score after 1
(Figure 6G) and 24 hrs (Figure 6H). The average score of this
group is 1843 and 19£2, respectively. The higher anti-
inflammatory effect of F12 PA NPs gel in comparison to
treatment using conventional gel treatment may be attributed
to the nano-nature of drug in the formulation*® and the pene-
tration enhancing the effect of CS and SD. Moreover, F12 PA
NPs gel seem to offer anti-inflammatory effect throughout the
treatment period (24 hrs) which might be attributed to CS

. .2
mucoadhesive properties.*’

Conclusions

PA loaded NPs prepared in PVA containing solutions, as
a stabilizer, in concentration of 0.3% w/v (F12) showed
successful complex formation as well as superior particle
size characteristics. It achieved smallest mean particle size
of 321 nm, with the lowest PDI, while expressing a relatively
good encapsulation efficiency and loading capacity when
compared to the other prepared formulations. The F12 self-
assembled CS—-SD NPs complex were also successfully

80 - /k//’-"

40 -

% Dissolved of Prednisolone acetate

~+=PA gel

~=-F11 nanoparticles gel

F12 nanoparticles gel

15 20 25

Time (hr)

Figure 5 MeanzSTD of (n=3) percentage PA dissolved as a function of time (hr) from PA loaded gel (4), 1:3 CS-SD complex (m) and 1:5 CS-SD complex (A) in simulated

tears fluid (STF) pH 7.4.

Abbreviations: SD sodium deoxycholate; CS, chitosan, PA, prednisolone acetate; NPs nanoparticles.
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Figure 6 Photographic picture showing eye of a female guinea pig of (A) control group, (B) zero time after induction of eye inflammation, (C) inflammation control group
(group 2) after | hr of application of drug-free gel, (D) inflammation control group (group 2) after 24 hrs of application of drug-free gel, (E) group 3 after | hr of therapy with
a conventional PA gel, (F) group 3 after 24 hrs of therapy with a conventional PA gel, (G) group 4 after | hr of therapy with a PA nanogel and (H) group 4 after 24 hrs of
therapy with a PA nanogel.

Abbreviation: PA, prednisolone acetate.
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Table 3 Clinical examination scoring for eye inflammation in female guinea pigs in different groups after induction of eye inflammation

Experimental groups Average eye inflammation score
Before treatment After | hr After 24 hrs
Group |: control group 0 0 0
Group 2: inflammation control group 43+2 40+2 42+|
(treated with drug-free gel)
Group 3: treated with PA conventional gel 41%1 30+4 28+3
Group 4: treated with PA NPs gel 42+ 18+3 1942

Abbreviations: PA, prednisolone acetate; NPs, nanoparticles.

included in gel formulation. NPs gel formulations have sig-
nificantly improved PA release patterns compared to that of
micronized drug loaded gel. Furthermore, the anti-
inflammatory effect of PA loaded in self-assembled CS—-SD
NPs gel, on female guinea pigs, was shown to be significantly
superior to that of gel loaded with micronized PA.
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