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Abstract. This study was conducted to develop timolol maleate (TM)-loaded
galactosylated chitosan (GC) nanoparticles (NPs) (TM-GC-NPs) followed by optimization
via a four-level and three-factor Box—Behnken statistical experimental design. The optimized
nanoparticles showed a particle size of 213.3 + 6.83 nm with entrapment efficiency of 38.58 +
1.31% and drug loading of 17.72 +0.28%. The NPs were characterized with respect to zeta
potential, pH, surface morphology, and differential scanning calorimetry (DSC). The
determination of the oil-water partition coefficient demonstrated that the TM-GC-NPs had
a high liposolubility at pH 6 as compared to timolol-loaded chitosan nanoparticles (TM-CS-
NPs) and commercial TM eye drops. The in vitro release study indicated that TM-GC-NPs
had a sustained release effect compared with the commercial TM eye drops. Ocular tolerance
was studied by the hen’s egg chorioallantoic membrane (HET-CAM) assay and the
formulation was non-irritant and could be used for ophthalmic drug delivery. The in vitro
transcorneal permeation study and confocal microscopy showed enhanced penetration, and
retention in the cornea was achieved with TM-GC-NPs compared with the TM-CS-NPs and
TM eye drops. Preocular retention study indicated that the retention of TM-GC-NPs was
significantly longer than that of TM eye drops. The in vivo pharmacodynamic study suggested
TM-GC-NPs had a better intraocular pressure (IOP) lowering efficacy and a prolonged
working time compared to commercial TM eye drops (P < 0.05). The optimized TM-GC-NPs

could be prepared successfully promising their use as an ocular delivery system.
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INTRODUCTION

Glaucoma is an optic neuropathy that can gradually
result in damage to the optic disc and visual field loss, usually
without symptoms (1). Glaucoma is becoming a leading cause
of irreversible blindness and approximately 80 million people
are predicted to suffer with glaucoma by the year 2020 (2,3).
Considering the major risk factor for glaucoma, the elevation
of intraocular pressure (IOP) was caused by the imbalance
between aqueous humor drainage and secretion and lowing
IOP plays a vital role in the long-term treatment of glaucoma

1Department of Pharmaceutics, School of Pharmaceutical Science,
Zhengzhou University, 100 Kexue Dadao, Zhengzhou, 450001,
Henan, People’s Republic of China.

2 Qilu Pharmaceutical Co., Ltd., Jinan, Shandong, People’s Republic
of China.

3To whom correspondence should be addressed. (e-mail:
liuweiyxy@zzu.edu.cn)

» aaps

997

(4,5). Topically applied beta-adrenergic-blocking agent timo-
lol maleate (TM) is a common treatment for ocular hyper-
tensive patients that decreases IOP by reducing the aqueous
humor production from the ciliary body (6,7). Although
timolol has been used clinically for many years, its precise
mechanism for lowering aqueous humor formation is not well
understood. Timolol may inhibit NaK ATPase in the ciliary
epithelium (analogous to vanadate or ouabain), reduce the
blood-aqueous flux of ascorbate (analogous to phlorizin),
inhibit Na+/K+/Cl— transport in the ciliary epithelium, or
inhibit plasma flow to the ciliary processes (8).

TM eye drops are easy to instill in ocular cul de sac. However,
conventional ophthalmic solutions are rapidly eliminated by
blinking reflex, nasolacrimal drainage, lacrimation, and drainage
by gravity, which lead to short precorneal residence and poor
bioavailability (9-11). Consequently, frequent administration is
required to maintain anticipated therapeutic effect. Several
adverse effects such as cardiovascular, respiratory, and central
nervous system toxicity (12) are caused by systemic absorption
and poor patient compliance, creating substantial challenges (13).
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Research efforts have focused on improving the reten-
tion time on the cornea and ocular bioavailability including
ocular inserts, collagen shields, and in situ gelling systems.
These administration methods are not exempt from risks,
such as blurred vision, sticking of the eyelids, and low patient
compliance (14). Compared with traditional eye drops,
nanoparticles (NPs) have attracted considerable attention in
recent years because they can protect encapsulated molecules
while facilitating transport to different compartments of the
eye and provide the sustained release of medication (15).

Chitosan (CS) is a cationic polymer with good potential
to prolong corneal residence time of drugs owing to its
interactions with the negative charged mucus and conjunctiva
(15-17). Biodegradability, biocompatibility, and nontoxicity
are included in favorable biological properties of CS that
allow its use as a vehicle for ophthalmic formulations (18).
Unfortunately, CS is only soluble in acidic solution which
limits its application due to severe irritation to the eyes (19).
Galactosylated chitosan (GC), a derivative of chitosan that is
water soluble at neutral pH, is synthesized by covalently
binding D-galactose units to CS through O-1, 6 glycosidic
linkages. GC exhibits better water solubility, mucoadhesion,
and cell compatibility than CS while maintaining low toxicity
(20). Additionally, the pH of GC solution is closer to ocular
physiological pH. The rate-limiting barrier for drug absorp-
tion is the cornea, which could be divided into main three
heterogeneous layers, epithelium, stroma, and endothelium,
with each layer offering a different polarity (21,22). High pH
contributes to promoting unionized fraction of the drug
penetration through the cornea (23). To the best of our
knowledge, there have been no reports of GC used as a
carrier for ophthalmic drug delivery.

The present study aims to develop a suitable and
mucoadhesive nanoparticulate system consisting of TM-GC-
NPs. We evaluate the potential of the developed formulation
for ophthalmic drug delivery with the hope of enhanced
therapeutic effects and diminished side effects.

MATERIALS AND METHODS

Materials

CS (molecular weight, 40-60 kDa; deacetylation degree,
91.3%) was purchased from the Qinghai YunZhou Biological
Technology Co., LTD, China. GC (galactosylation degree,
7.1%) was synthesized at the School of Pharmaceutical
Sciences, Zhengzhou University. Sodium polyphosphate
(TPP) was purchased from the Tianjin Fengchuan Chemical
Reagent Science and Technology Co., Ltd. TM (purity
>99.9%) was purchased from the Wuhan Yuanqi Chemical
Co., Ltd. TM eye drops were purchased from the Hubei
Qianjiang Pharmaceutical Co., Ltd. All other chemicals and
solvents used were of analytical grade, and deionized and
sterilized distilled water was used in the study.

Preparation of Nanoparticles

The TM-GC-NPs were prepared by an ionic cross-
linking method (24). GC and TPP were dissolved separately
in deionized water until transparent solutions were obtained.
TM was dissolved in the GC solution with stirring until the
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mixture was homogeneous. The TPP solution was slowly
added to the mixture with magnetic stirring at 30°C. The
resulting TM-GC-NP suspension was kept stirring for 20 min
for further crosslinking. Finally, TM-GC-NPs were collected
by ultracentrifugation with a cooling centrifuge (Hitachi
CP100NX, Japan) at 12,000 rpm and 4°C for 30 min and
freeze-dried at —80°C for 24 h followed by lyophilization in a
freeze dryer (Christ, Osterode, Germany). TM-CS-NPs were
prepared by the same method using CS dissolved in acetic
acid solution 0.5% (v/v).

Experimental Design

A four-factor, three-level factorial Box-Behnken design
was employed for the optimization procedure based on the
single factor designs (data not shown), using the concentra-
tion of GC (X1) and TPP (X2) and the mass ratio of GC/TPP
(X3) and TM/GC (X4) as independent variables. Particle size
(Y1), encapsulation efficiency (Y2), and loading capacity (Y3)
were taken as response for investigation. Factors and levels of
the central composite design were shown in Table I. The
experimental design was evaluated and optimized by Design
Expert software (Design-Expert.V8.0.6.1) (25,26).

Physicochemical Characterization

Particle Size and Zeta Potential of NPs

Particle size and zeta potential of the NPs were
determined by dynamic light scattering using a Malvern
Zetasizer Nano ZS90 (Malvern Instruments, Worcestershire,
UK). All size and zeta potential measurements were carried
out at 25°C using disposable polystyrene cells and disposable
plain folded capillary zeta cells, respectively. The pH values
were determined at 25°C using a pH-meter (Model pHS-3C
Shanghai Precision & Scientific Instrument Co., Ltd, China)
(27). All measurements were performed in triplicate.

Morphological Analysis of Nanoparticles

The morphological examination of the TM-GC-NPs was
performed with a JEM-1010 transmission electron microscope
(JEOL Japanese Electronics Company, Japan). Samples were
placed on carbon-coated copper grids for viewing by trans-
mission electron microscopy (TEM) (28).

Table I. Factors and Levels of Central Composite Design

Factors Levels

-2 -1 0 +1 +2
X1/mg mL ™! 1 1.38 1.75 2.13 2.5
X2/mg mL™! 0.6 0.8 1.0 1.2 1.4
X3/w:w 3 3.75 45 5.25 6
Xdlw:w 0.25 0.44 0.63 0.81 1
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Differential Scanning Calorimetry of Nanoparticles

Binding mechanism study of the dried samples were
carried out by heating four materials (TM, GC, TM-GC-NPs,
and TM-GC physical mixture) separately from 40 to 270°C at
a heating rate of 10°C/min under a nitrogen environment with
a DSC-60A (Shimadzu Corporation, Japan) (29).

HPLC Assay

HPLC instrument (Agilent 1100 series, Agilent Technol-
ogies, USA) was used for quantification of TM concentration
in vitro throughout the study. Samples (20 uL) were injected
to a Gemini CI18 (5 pm, 250 x4.6 mm) column (Agilent
Technologies, USA), eluted with an isocratic acetonitrile/
triethylamine 0.1% (v/v) in water (17/83) mobile phase, pH
3.00 adjusted with phosphoric acid at a flow rate of 1 mL/min.
A wavelength of 295 nm was used to quantify TM concen-
tration at 30°C.

Drug Entrapment Efficiency and Drug Loading Capacity
Determination

The prepared nanoparticle suspension was centrifuged
with a cooling centrifuge at 12,000 rpm at 4°C for 30 min. The
TM concentration of supernatant was determined by HPLC
after filtering through a 0.22-pm membrane to determine the
free TM concentration (24). The freeze-dried TM-GC-NPs
were used to determine the drug loading capacity. The drug
entrapment efficiency (EE) and drug loading capacity (LD)
were determined in triplicate and calculated as follows:

EE% — Wiota=Wiree « 100%
Woot

LD% = ot e o 100%
NPs

where Wi, is the total amount of the TM used, Wy is the
amount of the free TM in the supernatant, and Wyps; is the
weight of freeze-dried NPs.

Apparent Oil-Water Partition Coefficient Determination

An appropriate amount TM, freeze-dried TM-CS-NPs
and TM-GC-NPs were dissolved separately in phosphate
buffers (pH 5.0, 5.8, 6.5, 7.0, 7.4, and 8.0) saturated with n-
octanol and shaken continuously at 100 r/min and 34°C for
48 h to reach a distribution equilibrium. The volumes of each
phase were chosen so that the TM concentration in the
aqueous phase before and after distribution could be
measured by the HPLC procedure. The drug concentration
in the aqueous phase was measured by HPLC after centrifu-
gation (23). The apparent oil-water partition coefficient (P)
of each sample was calculated as follows:

(Cwl-Cw2)
Cw2

where C,,; and C,, is the drug concentration in the aqueous
phase before and after equilibrium distribution, respectively.
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In Vitro Release Study

The in vitro release was studied using a dialysis bag
method (30). Briefly, 0.5 mL TM eye drops, freeze-dried TM-
CS-NPs, and TM-GC-NPs (equivalent to 1.25 mg of TM)
were placed in dialysis membrane bags (MWCO 8-14 kDa)
which then were immersed in fresh dissolution medium
(simulated artificial tears, 50 mL). The entire system was
maintained at 37 +0.5°C with continuous magnetic stirring
(50 rpm) (31). At predetermined time intervals, 4 mL samples
were withdrawn and replaced with equal volume of fresh
media to maintain the sink condition. The sample was
quantitatively analyzed using a UV spectrophotometer
(Shimadzu UV-2550, Japan) at 295 nm. The percentage of
cumulative TM release was calculated and a graph of percent
cumulative release against time was plotted. The release of
TM-CS-NP and TM-GC-NP solutions was compared with
that of the commercial TM eye drops.

Ocular Tolerance Test (HET-CAM Test)

The hen’s egg test-chorioallantoic membrane (HET-
CAM) assay was performed to assess the ocular tolerability
of the developed formulation (32). Fertilized hen’s eggs from
a poultry farm were incubated at 37 +0.5°C and rotated
manually every 12 h. Eggs were tested with a cold lamp on
the ninth day to ensure that all were viable. On day 10, the
egg shell was scratched off around the air cell using forceps.
The inner membrane was moistened with PBS solution
warmed to 37°C and carefully removed without injuring any
underlying blood vessels to expose the CAM. Solutions of
commercial eye drops and TM-CS-NP and TM-GC-NP
solutions (0.5 mL each) were instilled directly onto the
CAM surface which was then rinsed with distilled water.
0.1 M NaOH and 0.9% NaCl solution were used as positive
and negative controls, respectively. Each test was performed
in triplicate and the mean score of three eggs was determined.
The CAM was examined for vascular damage as the sign of
hyperemia, lysis, and coagulation for 5 min and then the
irritation scores (IS) were calculated using the following
equation:

(301-secL) x 7
300

(301-secC) x 9

_(
5= 300

301-secH) x 5
+

300 +

where sec is the onset of reaction in seconds, H is
hemorrhage, L is lysis, and C is coagulation.

The irritation classification according to the IS values
was shown in Table II.

Table II. Classification of Irritation Scores for HET-CAM Assay

Irritation scores Irritation assessment

IS<1 Non-irritant
1<1S<5 Mild irritant
5<IS<10 Moderately irritant
IS>10 Severe irritant

1S irritation scores
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Table III. Design Layout of Central Composite Design and Summary
of Experimental Results

Run X1 mg/ml X2 mg/ml X3 ww X4ww Ylnm Y2% Y3%
1 1 1 4.5 0.63 1943  35.62 13.77
2 1.38 12 3.75 0.44 3255 3477 846
3 1.75 4.5 1 3114 416 208

4 1.75 1 4.5 0.63 269.9 41.24 1592
5 213 12 3.75 0.44 2341 36.64 11.24
6 1.75 0.6 4.5 0.63 202.8 3221 19.87
7 1.75 1 4.5 0.25 2704 3599 7.23
8 1.75 1 4.5 0.63 2747 385 14.86
9 213 1.2 5.25 0.81 327.5 3721 16.68
10 25 1 4.5 0.63 286.5 39.55 15.32
1 175 14 4.5 0.63 231 38.08 17.74
12 175 1 4.5 0.63 237 3292 12.71
13 213 1.2 3.75 0.81 265.7 3271 14.67
14 175 1 3 0.63 541 46.32 17.88
15 138 0.8 3.75 0.81 3674 3852 17.27
16 1.38 0.8 5.25 0.44 2123 35.68 10.92
17 138 12 5.25 0.44 268 36.15 11.13
18  1.75 1 6 0.63 3163 3836 14.81
19 175 1 4.5 0.63 2722 3631 14.03
20 213 0.8 3.75 0.44 356.7 4644 14.14
21 175 1 4.5 0.63 2579 3458 13.37
22 175 1 4.5 0.63 240.2  41.38 16.6

23 213 0.8 5.25 0.44 2463 3544 10.86
24 138 0.8 3.75 0.44 315.7 3555 10.95
25 138 12 3.75 0.81 280.3  53.07 19.6

26 213 12 5.25 0.44 2747 4113 12.62
27 138 12 5.25 0.81 276.6  44.38 19.87
28 213 0.8 3.75 0.81 519.6  40.02 17.92
29 138 0.8 5.25 0.81 205.9 39.71 17.84
30 213 0.8 5.25 0.81 2151 3271 14.67

In Vitro Transcorneal Permeation Study

The in vitro transcorneal permeation study was per-
formed on freshly excised rabbit cornea using a modified
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Franz diffusion cell apparatus consisting of a donor and a
receptor compartment (0.90 cm i.d., effective diffusion area of
0.70 cm?, and volume of 7.8 mL). Excised rabbit cornea with
a small ring of sclera tissue was mounted between the donor
and receptor chamber of the modified Franz diffusion cell in a
way that the epithelial surface faced the donor chamber. The
receptor chamber was filled with glutathione bicarbonate
ringer (GBR) buffer as diffusion medium (33). Samples of the
commercial TM eye drops and TM-CS-NP and TM-GC-NP
solutions (1 mL each) with concentration of 0.25% were
placed into the donor compartment. The whole system was
maintained at 37°C with continuous stirring. A 200 pL
sample of the receptor medium was withdrawn at 15, 30, 60,
120, 180, 240, 300, and 360 min and replaced immediately
with an equal volume of preheated GBR buffer. The amount
of TM permeating across the cornea was quantitatively
analyzed by HPLC at 295 nm (27). A graph of cumulative
penetration amount per unit area against time was plotted.
The corneal permeability coefficient (P,,) was calculated as
follows:

Papp = (4 Q)/(4 1-Cy-A-3600)

where Q indicates the cumulative penetration amount of TM
permeation at time 7, AQ/At is the linear portion of the slope,
Cy is the initial concentration of TM in the donor compart-
ment, A is the exposed corneal surface area, and 3600 is the
conversion constant from hours to seconds.

Confocal Laser Scanning Microscopy Study

Confocal laser scanning microscopy (CLSM) study
was used to determine the penetration of commercial eye
drops and TM-CS-NP and TM-GC-NP solutions on excise
rabbit cornea by using the fluorescent reagent fluorescein
isothiocyanate FITC. The permeation experiments were
undertaken using NPs containing FITC prepared using the
procedure described in “In Vitro Transcorneal Permeation
Study” section. The cornea was removed and washed with
distilled water after 1 h. The treated area was cut out,

1.40
B — 1.20

0.25 0.60 B: TPP

Fig. 1. 3D plots showing relative effects of different process parameters on particle size
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Fig. 2. 3D plots showing relative effects of different process parameters on entrapment efficiency

positioned on the microscopic slide and covered with the
cover slip. Imaging was performed by a confocal laser
scanning microscope (Nikon A1R/A1, Japan) with an
argon laser beam with excitation at 488 nm and emission
at 590 nm. The permeated depths of the formulations
were detected at z-axis with NIS Elements software (29).

Preocular Retention Study

Precorneal retention time of each formulation was
assessed after instillation of three formulations
with/without IR 783, which included TM eye drops, TM-
CS-NPs, or TM-GC-NPs, onto the left cornea of rabbits,
respectively (n=3). The rabbits were anesthetized using
chloral hydrate (injection 2.5 mL/kg) via the ear vein.
After 0, 0.5, 1.0, 1.5, and 2.0 h, the rabbits were detected
in head using the in vivo imaging system (Fx Pro, Kodak
In-Vivo Imaging System, USA) (34).
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In Vivo Pharmacodynamics Study

New Zealand albino rabbits were obtained from
Yangguang Tuye Technology Co. Ltd. Jiyuan, Henan, China
(License No.: SCXK (YU) 2016-0001). Animals weighing
between 2.0 and 2.5 kg were selected for in vivo study and
individually housed in an air-conditioned and light-controlled
room at 25+ 1°C and 70+5% relative humidity. They were
given a standard pellet diet and provided with water ad libitum.
All animals were healthy and free of clinically observable ocular
abnormalities. All studies were conducted in accordance with
the Principles of Laboratory Animal Care (NIH Publication No.
92-93, revised in 1985) and were approved by the local ethics
committees for animal experimentation.

The rabbits were first anesthetized by instilling 40 pL of
1% amethocaine hydrochloride into the subconjunctival
space of the lower lid. The cornea was gently punctured near
the limbus using a 31-gauge needle to decompensate the
anterior chamber (35). Then, 0.1 mL of 0.3% carbomer

loading capacity

loading capacity
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5.40

4.80

4.20
C: GC/TPP

3.60

B: TPP D: TMIGC

0.25 3.00

Fig. 3. 3D plots showing relative effects of different process parameters on loading capacity



1002

solution was injected into the posterior chamber of the eye to
induce ocular hypertension (35). The rabbits were considered
to be glaucomatous when the IOP was higher than 21 mmHg
a week after injection. The 24 rabbits were divided into four
groups which were instilled 50 pL of normal saline, 0.25% of
TM eye drop, TM-CS-NP, or TM-GC-NP solutions, respec-
tively. The normal saline group was used as the control. The
intraocular pressure (IOP) was measured with a rebound
tenonometer (TonoVet, ICARE, Finland) at time intervals (0,
0.5, 1, 2, 4, 6,8, 10, and 12 h) (7). Each IOP was measured
three times and the mean was used for the analysis. The
change in IOP (AIOP) was calculated as

4 10P = IOPcontml cyc_IOPtrcatmcnt

Data Analysis

All experiments in the study were performed at least
three times and the data are expressed as the mean =+

standard deviation (SD). Statistical analysis of data was
performed using ANOVA.

RESULTS AND DISCUSSION

Experimental Design

Design layout of central composite design and summary
of experimental results were shown in Table I1I.

Full quadratic polynominal equations were fitted to the
data and the corresponding R values were as follows.

Y1 =252.04 + 15.52X1-5.43X2-4533X3-17.80X 1.X2
+45.06X2X3 4 43.16X3%

(R* = 0.8010)

Y2 = 38.43-0.31X1 + 0.98X2-1.29X3
+1.17X4-1.63X1X2-0.19X1X3-3.14X1X4 4+ 1.15X2X3
+1.29X2X4-0.32X3X4 + 0.075X12-0.53X2% + 1.26X3?
+0.38X4%

(R* = 0.6505)

Y3 = 14.55-0.00083X1 4 0.42X2-0.24X3
+3.14X4-029X1X2-0.41X1X3-1.12X1X4 + 0.76 X2 X3
+0.40X2X4-0.064X3X4-0.12X1% + 0.014X2?
+0.33X37-0.26X47 (R* = 0.8842)

The coefficients of determination (R*) of obtained model
were 0.8010, 0.6505, and 0.8842 for particle size, encapsulation
efficiency, and drug loading, respectively. As seen, all defined

Table IV. Predicted Values and Actual Values of Each Index Under
Optimal Conditions

Response Predicted value Actual value Validity (%)
Y1 (nm) 2254 +5.25 2233 +6.83 99.23
Y2 (%) 40.21 +0.87 38.58 +1.31 95.94
Y3 (%) 19.06 £ 0.94 17.72+0.28 92.98

Zhao et al.

factor changes had impacts on the defined responses. Particle
size was obtained in increasing order with increasing GC and
TPP concentration. Same trend was also observed with variation
of mass ratio of GC:TPP. The increase in GC concentration
could lead to coagulation of TPP with excess cationic charge
which resulted in increased particle size (36). The increase in
entrapment efficiency with increase in GC concentration in
GC:TPP ratio could be due to more intense ionic interaction
which indicated physical entrapment of the drug in NPs. With
the increase of GC concentration and mass ratio of TM:GC in a
certain range, the drug loading increased.

Size Distribution by Intensity
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The effects of different factors on the particle size (Y1),
encapsulation efficiency (Y2), and drug loading (Y3) are represented
by the three dimensional (3D) plots as shown in Figs. 1,2, and 3.

The optimum formulations values were identified as
GC (0.213% w/v), TPP (0.12% w/v), sonication time
(30 min), and weight ratios of GC/TPP and TM/GC
(5.25 and 0.81, respectively). These values predicted
225.4+5.25 nm sized NPs, 40.21 +0.87% entrapment
efficiency, and 19.06% +0.94 loading capacity (Table IV).
These predicted values of responses were validated by
preparing NPs using the optimized process parameters and
gave 223.66 +6.83 nm particle size, 38.58 +1.31% entrap-
ment efficiency, and 17.72+0.28% loading capacity. This
corresponds to 99.23, 95.94, and 92.98% validity of the
predicted model of predicted responses Y1, Y2, and Y3,
respectively. This optimized formation was used for
further studies.

Particle Size, Zeta Potential, pH, and Morphology of NPs

The mean diameter of the optimized NPs formulation
was 223.3 +6.83 nm (Fig. 4a, b) and the zeta potential values
was 30.2+0.46 mV. The polydispersity index (PDI) was
below 0.3. A particle size below 250 nm with a PDI below
0.3 was considered appropriate for ocular administration (37).

Table V. Oil-Water Partition Coefficient of TM, TM-CS-NPs, and
TM-GC-NPs at Different pH

Sample  Timolol maleate TM-CS-NPs TM-GC-NPs
P IgP P IgP P IgP

pH 5.0 0.17 -0.77 0.86 -0.06 0.99 0
pH 5.8 0.13 -0.87 0.95 -0.02 1.02 0.01
pH 6.5 0.36 -0.44 1.03 0.01 1.21 0.08
pH 7.0 0.61 -0.21 1.21 0.09 1.99 0.30
pH 7.4 1.07 0.03 2.20 0.34 3.44 0.54
pH 8.0 1.21 0.08 3.31 0.52 3.80 0.58

TM-CS-NPs timolol-loaded chitosan nanoparticles, TM-GC-NPs
timolol maleate-loaded galactosylated chitosan nanoparticles

1003
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Fig. 6. In vitro release profiles of TM eye drops, TM-CS-NPs, and
TM-GC-NPs (n =3, mean values + SD)

The pH value of commercial TM eye drops was 6.57 +
0.12. The pH of the TM-GC-NP and TM-CS-NP solutions
was 6.05+0.18 and 4.63 +0.23, respectively. The pH of
ophthalmic preparations should be in the range of 4 to 9
(38). The pH of TM-GC-NPs was closer to that of the
commercial TM eye drops, which should decrease irrita-
tion to the eye. TEM study gave a more detailed
depiction of the nanoparticles to further elucidate particle
shape. The morphology of NPs showed in Fig. 4c was
roughly spherical in shape. The image of TM-GC-NP
suspension was shown in Fig. 4d.

Differential Scanning Calorimetry

DSC is one of the most effective approaches for
studying physical interaction between drugs and the
matrix of a mixture (39). The DSC thermograms of
samples were presented in Fig. 5. The pure TM exhibited
a sharp endotherm peak at 205.2°C. A slight shift in the
position of the endothermic peak (205.2 to 203.2°C) was
observed for the TM-GC physical mixture, which may be
caused by solubilization of TM into the matrix and solid
state interaction induced by the heating process. No TM
endotherm peak was observed for TM-GC-NPs and this
could be attributed to the conversion of the drug from
crystalline to amorphous form after encapsulation into the
polymer.

Table VI. Fit of Various Kinetic Models of TM-GC-NPs In Vitro

Release
Model Preparation regression equation R?
Zero-order y=5.7598x + 38.823 R*>=0.7285
First-order y=-0.2046x + 4.1836 R>=0.8613
Higuchi y=26.837x +12.145 R*=0.8764
Ritger—Peppas y =33.562 x"4841 R?=0.9405
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N

Fig. 7. Hen’s egg chorioallantoic membrance treated with formulations. a TM-GC-NP
solution. b 0.1 M NaOH. ¢ TM-CS-NP solution. d 0.9% NaCl

Apparent Oil-Water Partition Coefficient

The apparent oil-water partition coefficient is an
important indicator of lipophilicity of a drug, which can
predict the degree of drug distribution balance between
water and a biofilm (40). The corneal epithelium is the
rate-limiting barrier for transcorneal diffusion of hydro-
philic drugs whereas the stroma is a diffusional barrier to
highly lipophilic drugs (22). Consequently, adequate solu-
bility in both epithelium and stroma is required for
effective corneal permeation. TM is hydrophilic and water
soluble and has difficultly penetrating through the cornea.
Results of apparent oil-water partition coefficient at
different pH were shown in Table V. The weak alkaline
drug TM gradually presented non-ionic form as the pH
increased and its oil-water partition coefficient increased
accordingly. The apparent oil-water partition coefficient of
the NPs also increased with increasing of pH, and the
solubility of the TM-GC-NPs in the oil phase was greater
than that of TM-CS-NPs, suggesting that TM-GC-NPs may
have a higher lipophilicity and consequently higher affinity
for the lipophilic epithelium of the cornea. This probably
could be explained by the higher pH of GC-NPs favoring

the non-ionic form of TM penetrating the cornea, which is
important to predict drug absorption in vivo (23).
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Fig. 8. Cumulative permeation profiles of commercial eye drops,
TM-CS-NPs, and TM-GC-NPs (n =3, mean values + SD)
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Table VII. Transcorneal Penetration Parameters of Sample In Vitro (n =6, Mean Values = SD)

Sample Commercial eye drops TM-CS-NPs TM-GC-NPs

Popp x 10’(’/(cm s 6.53+0.13 6.92 +£0.28 9.45+0.15

TM-CS-NPs timolol-loaded chitosan nanoparticles, TM-GC-NPs timolol maleate-loaded galactosylated chitosan nanoparticles

In Vitro Release Study

Figure 6 illustrated the in vitro release profile of TM from
different formulations over time. In the case of the TM eye drops,
approximately 48 and 89% of TM was released after 0.5 and 2 h,
respectively. The commercial TM eye drops showed a rapid release
which was ascribed to fast diffusion of the small molecule drugs. It
was observed that TM-GC-NPs and TM-CS-NPs showed initial
burstrelease of 32 and 36 % in 1 h followed by extended release of 91
and 90% in 8 h, respectively. An initial rapid release may be
beneficial from a clinical perspective to achieve the therapeutic
concentration of the drug in minimal time followed by sustained
release of the drug to maintain a minimal effective concentration
(30). The early pronounced burst release may be due to the diffuse
of the drug adsorbed on the surface of NPs or weakly encapsulated
into the polymeric network (39). Extended release occurring later
may be explained by interaction between TM encapsulated in the
NPs and the polymer, swelling, and degradation of polymer matrix.

To obtain a deeper insight into the mechanism of the
drug release, the in vitro release data of the optimized TM-
GC-NPs was fitted into different kinetic release models to
select the best fitted model. It can be seen in Table VI that
Ritger—Peppas model was the best fit model with R*=0.9403
and diffusion exponent n = 0.4841, which indicated the release
mechanism was non-Fickian transport (41). This suggested
the release of drug from TM-GC-NPs was governed by
erosion of polymers and diffusion from the NPs (42).

Ocular Tolerance Test (HET-CAM Test)

The HET-CAM assay is a qualitative method to assess
the potential irritancy of chemicals (29). The chorioallantoic
membrane of the chick embryo has complete tissues including
arteries, veins, and capillaries, giving the similar result as
conjunctival tissue on inflammation. Besides, the HET-CAM
assay lowers test cost and prevents suffering in mammalian
animals (43). The effects of control and test substances after
5 min of application on the CAM were shown in Fig. 7. The

average HET-CAM scores for 0.9% NaCl and 0.1 M NaOH
solution were 0 and 11.67 +0.02, respectively. The average
irritation scores calculated for TM-CS-NP and TM-GC-NP
solutions were 0.51 +0.01 and 0.27 +0.03 respectively, show-
ing that the test substances were practically non-irritant. The
TM-GC-NPs are likely to be well tolerated and safe for
ophthalmic use.

In Vitro Transcorneal Permeation Study

The results of in vitro transcorneal permeation study per
unit area are presented in Fig. 8. A nearly linear relationship
between the cumulative amounts of penetrated drug and time
was observed, indicating that the permeation rate of the
formulation was steady.

As can be observed in Table VII, the corneal permeability
coefficient (P,p,) of commercial eye drops and TM-CS-NP and TM-
GC-NP solutions were about 6.53 x 10 ®ecms™,6.92 x 10 ®ecm s ™,
and 9.45x107° cm s™!, respectively. When compared with
commercialeye drops, the TM-GC-NPsshowed a 1.45-fold increase
in P,p,p, suggesting enhanced penetration achieved by TM-GC-NPs.
This was most likely related to the apparently increased oil-water
partition coefficient and nanosize of TM-GC-NPs. Increased
lipophilicity of TM-GC-NPs with higher pH could possibly enhance
corneal epithelium permeation for a hydrophilic drug as compared
to TM-CS-NPs, which was consistent with the inference obtained
from previous study. Furthermore, the positive charge of TM-GC-
NPs might allow interaction with negatively charged mucin on the
corneal surface, which could further enhance the precorneal
retention of NPs compared with the commercial eye drops (12,44).

Confocal Laser Scanning Microscopy Study

The extent of transcorneal permeation of the formula-
tions was evaluated by CLSM through florescent intensity
and the depth of penetration. The corneal images obtained
were shown in Figs. 9 and 10. The commercial eye drops
permeated to a depth of 21.56 +0.21 pm during 1 h. TM-GC-

w

Fig. 9. CLAM micrographs of optical cornea cross-section (a TM-GC-NPs, b TM-CS-NPs, ¢ TM eye drops)
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Fig. 10. CLAM micrographs of optical cornea cross-section (a TM-GC-NPs, b TM-CS-NPs, ¢ TM eye drops)

NPs and TM-CS-NPs were found to penetrate the corneal
epithelium up to depths of 37.89 +0.15 and 29.12 + 0.18 um,
respectively, with high fluorescence intensity. The following
factors may be used to illuminate this phenomenon: First, the
positively charged GC-NPs interact with negatively charged
sites on the cornea, which favors drug retention on the
cornea. Second, TM-GC-NPs had a higher affinity for the
lipophilic epithelium of the cornea and CS has the ability to
open the tight junctions between epithelial cells, both of
which can facilitate corneal permeation of drug jointly (9).
Third, the enhanced permeability of the formulations could
also be a result of its colloidal size and morphology (45).

Preocular Retention Study

In vivo imaging technology could provide high sensitivity and
real-time images when the formulations loading the fluorescent dye
were transported to targets (46). In vivo imaging of three
formulations was shown in Fig. 11. The three formulations without
IR783 were respectively used as control group being dropped onto
the same corneas. As shown in Fig. 11a, after 1.5 h, very weak
fluorescence was observed in the IR783-TM eye drops group. This

0 05 1 1.5 2h

i

Fig. 11. In vivo fluorescence imaging of a TM eye drops, b TM-CS-
NPs, and ¢ TM-GC-NPs

may be due to the rapid corneal elimination caused by the
flowability of the TM eye drops. The TM-GC-NPs show longer
retention time and greater fluorescence intensity on cornea than the
other two formulations. This precorneal retention could be
explained by the interaction between positive charge of GC-NPs
and negatively charged mucin on the corneal surface, which could
further enhance the corneal permeability of NPs and bring about
increased bioavailability.

Therapeutic Efficacy Study in Rabbits

The results of pharmacodynamic study were depicted as the
changes of the IOP (AIOP) versus time in Fig. 12. The 10P-
lowering activity of TM-GC-NPs reached a maximum value of
10.5 +£0.51 mmHg within 4 h after instillation, while the peak effects
of the TM-CS-NPs and commercial eye drops were 8.15=+
043 mmHg at 3 h and 6.8+0.35 mmHg, respectively. The
commercial eye drops presented no IOP-lowering effect approxi-
mately 8 h after administration, while TM-GC-NPs and TM-CS-
NPs continued to lower the IOP up to 12 h. The small change in IOP
levels observed in the normal saline group may be attributed to local
anesthesia of the eye. In comparison to the other two groups, TM-
GC-NPs had a better therapeutic effect and a longer working time
(P <0.05) than the other two treatment groups. The prolonged

124
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Fig. 12. Changes in the IOP as a function of time for rabbits with
glaucoma (n =6, mean values + SD)
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effect of the developed formulations may be due to increased
mucoadhesion of GC that interacts with negatively charged mucin
effectively (47). Meanwhile, TM-GC-NPs had superior in corneal
permeation and produced better efficacy in decreasing IOP. The
TM-GC-NPs significantly improved drug efficacy and enhanced
bioavailability.

CONCLUSION

In thisstudy, an optimized TM-GC-NP solution was developed
with an average particle size of 223.3 +6.83 nm, entrapment
efficiency of 38.58+1.31% and drug loading of 17.72 +0.28%.
The in vitro release study demonstrated that TM-GC-NPs had
sustained release effect compared to commercial TM eye drops.
The HET-CAM irritation assay confirmed that the formulation was
likely to be nonirritating. The results of the transcorneal permeation
study and CLSM indicated that the TM-GC-NP solution can
improve drug permeability. The in vivo pharmacodynamic study
illustrated that the formulation significantly improved the efficacy of
the drug and enhanced bioavailability. On the basis of the evaluation
and comparison with the commercial timolol eye drops and TM-CS-
NPs, TM-GC-NPformulations are thus considered a better delivery
system for the treatment of glaucoma.
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