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Background: The purpose of this study was to develop a self-aggregated nanoparticulate 

vehicle using an amphiphilic poly(lactic acid)-grafted-chitosan (PLA-g-CS) copolymer and to 

evaluate its potential for ocular delivery of amphotericin B.

Methods: A PLA-g-CS copolymer was synthesized via a “protection-graft-deprotection” 

procedure and its structure was confirmed by Fourier transform infrared spectroscopy, 1H nuclear 

magnetic resonance, and X-ray diffraction spectra. Amphotericin B-loaded nanoparticles based 

on PLA-g-CS (AmB/PLA-g-CS) were prepared by the dialysis method and characterized for 

particle size, zeta potential, and encapsulation efficiency. Studies of these AmB/PLA-g-CS 

nanoparticles, including their mucoadhesive strength, drug release properties, antifungal 

activity, ocular irritation, ocular pharmacokinetics, and corneal penetration were performed 

in vitro and in vivo.

Results: Fourier transform infrared spectroscopy, 1H nuclear magnetic resonance, and X-ray 

diffraction spectra showed that the PLA chains were successfully grafted onto chitosan 

molecules and that crystallization of chitosan was suppressed. The self-aggregated PLA-g-CS 

nanoparticles had a core-shell structure with an average particle size of approximately 200 nm 

and zeta potentials higher than 30 mV. Amphotericin B was incorporated into the hydrophobic 

core of the nanoparticles with high encapsulation efficiency. Sustained drug release from the 

nanoparticles was observed in vitro. The ocular irritation study showed no sign of irritation 

after instillation of the PLA-g-CS nanoparticles into rabbit eyes. The minimal inhibitory 

concentration of the AmB/PLA-g-CS nanoparticles showed antifungal activity similar to that 

of free amphotericin B against Candida albicans. The in vivo ocular pharmacokinetic study 

suggested that the PLA-g-CS nanoparticles have the advantage of prolonging residence time 

at the ocular surface. The corneal penetration study showed that the PLA-g-CS nanoparticles 

could penetrate into the cornea.

Conclusion: Our results suggest that this nanoparticulate vehicle based on a PLA-g-CS copo-

lymer might be a promising system for effective ocular delivery of amphotericin B.

Keywords: chitosan, poly(lactic acid), nanoparticles, amphotericin B

Introduction
Fungal keratitis, a corneal fungal infection of the eye caused mainly by Candida species, 

has become the leading cause of blindness resulting from corneal disease in the People’s 

Republic of China.1 Amphotericin B is a macrocyclic polyene antibiotic with a broad 

antifungal spectrum and remains the drug of first choice for fungal infections caused by 

yeast.2,3 Currently, there are no licensed topical formulations containing amphotericin 

B, and extemporaneous preparations of amphotericin B as eye drops (0.1%–0.3%) 

from available marketed parenteral formulations (Fungizone®, Bristol-Myers Squibb, 
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New York, NY, USA) are used frequently in the clinic. How-

ever, this type of amphotericin B formulation usually has 

poor clinical efficacy in the treatment of fungal keratitis for 

several reasons. First, due to the critical and pharmacokineti-

cally specific environment that exists in the eye, topical drug 

delivery is complicated by effective removal mechanisms, 

including the blink reflex, tear turnover, and limited drug 

contact time.4,5 Second, the human cornea, which comprises 

epithelium, the substantia propria, and endothelium, restricts 

the ocular entry of drug molecules.6,7 Amphotericin B has a 

high molecular mass (924.10 Da), so cannot easily penetrate 

the intact corneal epithelium.8 Moreover, frequent application 

of amphotericin B eye drops containing deoxycholate is irritat-

ing to the cornea, which would decrease patient compliance, 

causing treatment failure and emergence of drug resistance.3,9 

As a result of these factors, the bioavailability of the drug is 

extremely low. Only 1%–5% of the applied active ingredient 

is available to the ocular tissue and the rest would reach the 

systemic circulation via the conjunctiva and tear flow in the 

nasal passage, with undesirable side effects.10

To overcome these therapeutic gaps, many studies have 

focused on the scope for developing suitable antifungal 

preparations using novel delivery systems such as collagen 

shield, liposome, and polymer nanoparticles.2,11–13 Although 

there have been some advances, the best treatment remains 

uncertain. In view of its biocompatible, biodegradable, and 

nontoxic properties, chitosan, a hydrophilic biopolymer, is 

a proposed material with a good application potential for 

ocular drug delivery.14 Additionally, formulations of chitosan 

or chitosan-coated nanoparticles are reported to have the 

ability to prolong the corneal residence time of encapsulated 

drugs considerably and to enhance transcorneal delivery of 

drugs.15–18 However, because of its hydrophilic properties, 

chitosan is not a suitable carrier for hydrophobic drugs such 

as amphotericin B (log P = 0.8).13 Hydrophobically modified 

chitosan is a type of amphiphilic polymer formed when a 

chitosan molecule chain is grafted by special hydrophobic 

groups. Amphiphilic polymers have attracted increasing 

interest in the pharmaceutical arena because of their unique 

structure. Compared with chitosan, amphiphilic chitosan con-

tains both hydrophobic and hydrophilic segments in the same 

chain, and can self-aggregate due to its intramolecular and/or 

intermolecular hydrophobic interactions when dissolved 

in water. Using this process, polymer nanoparticles with a 

hydrophobic core and a hydrophilic shell can be prepared, 

whereby the hydrophobic microenvironment formed by 

association of the hydrophobic components enables the nano-

particles to act as a reservoir for hydrophobic drugs.19,20

The purpose of the present work was to demonstrate the 

feasibility of amphiphilic chitosan self-aggregated nano-

particles as a hydrophobic drug carrier for ocular delivery 

of amphotericin B.

Hydrophobically modified chitosan was synthesized 

using poly(lactic acid) (PLA) as a graft material. PLA, 

a linear aliphatic thermoplastic polyester, is a synthetic 

biodegradable copolymer with good mechanical properties. 

PLA nanoparticles have been investigated as a carrier for 

drug delivery and have shown good properties in terms 

of sustained drug release and protection of drugs against 

degradation over a relatively long period of time.21,22 Self-

aggregating amphotericin B-loaded nanoparticles based on 

a PLA-graft-chitosan copolymer (AmB/PLA-g-CS) were 

prepared and characterized. In vitro studies of these AmB/

PLA-g-CS nanoparticles were performed to determine their 

mucoadhesive strength, drug release, and antifungal activ-

ity. Ocular irritation was evaluated by the Draize method. 

The ocular pharmacokinetics of the topically administered 

nanoparticles was investigated in New Zealand White 

rabbits. Fluorescein isothiocyanate (FITC)-labeled nano-

particles were used to investigate the potential for corneal 

penetration.

Materials and methods
Materials
Chitosan (95% deacetylated), PLA, 2, 4-tolylene diiso-

cyanate, and phthalic anhydride were purchased from Huayi 

Biotech Company (Shanghai, People’s Republic of China). 

New Zealand White rabbits were obtained from the Ani-

mal Center at Chongqing Medical University (Chongqing, 

People’s Republic of China). Candida albicans was a gift 

from the Microbiology Laboratory at Chongqing Medical 

University. All other materials, including amphotericin B, 

were obtained from Sigma-Aldrich (St Louis, MO, USA).

Synthesis of PLA-g-CS copolymer
The PLA-g-CS copolymer was synthesized via a 

“protection-graft-deprotection” procedure as previously 

described.23 First, chitosan was added to a solution of 

phthalic anhydride in dried dimethylformamide, and the 

mixture was heated in nitrogen at 120°C with stirring for 

8  hours. Phthaloyl chitosan (PHCS) was obtained as a 

yellow powdery material and the degree of substitution of 

phthaloyl groups was determined to be 98% from the C/N 

value of elemental analysis. Secondly, 4-tolylene diisocy-

anate-terminated prepolymers were prepared by dropping 

4-tolylene diisocyanate into PLA solution at an NCO/OH 
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ratio of 2:1 (mol/mol). The reactions were performed under 

nitrogen at 60°C for 30 minutes, using dimethylformamide 

as a solvent. The above prepolymers were then mixed with 

PHCS in dimethylformamide at different mass ratios of PLA/

PHCS (2:1, 4:1, 6:1). The reaction was continued with stir-

ring at 90°C for 3 hours under nitrogen. The obtained product 

was poured into iced water and separated by filtration. The 

unreacted PLA-NCO was removed by Soxhlet extraction 

with acetone for 24 hours. Finally, the obtained phthaloyl-

protected graft copolymer was stirred in dimethylformamide 

and heated to 100°C. The reaction was continued for 2 hours 

to deprotect the phthaloyl groups. The solution was cooled 

down to room temperature and then poured into ethanol for 

precipitation. The CS-g-PLA precipitate was collected and 

washed thoroughly with ethanol and dried. The graft content 

was calculated as follows:

	 %G = 100 × (W
g
 – W

0
)/W

0

where W
g
 and W

0
 are the weight of the graft copolymers and 

PHCS, respectively.

Characterization of PLA-g-CS copolymer
Fourier transform infrared transmission spectra were obtained 

from samples using a FTIR-8900 device (Shimadzu, Kyoto, 

Japan) by the KBr method. 1H nuclear magnetic resonance 

(NMR) spectra were recorded on a 300 NMR spectrometer 

(Avance, Karlsruhe, Germany) in d
6
-dimethylsulfoxide. 

Powder X-ray diffraction diagrams were recorded using a D/

max2500 X-ray diffractometer (Rigaku, Tokyo, Japan) with 

graphite-monochromatized Cu-K radiation (k = 1.54 A).

Preparation of  
AmB/PLA-g-CS nanoparticles
The amphotericin B-loaded nanoparticles were prepared 

by the dialysis method.24 Briefly, amphotericin B and PLA-

g-CS copolymer were dissolved in dimethylsulfoxide. The 

solution was stirred at room temperature for 1.5 hours and 

then dialyzed against deionized water for 24 hours using 

a dialysis bag (molecular weight cutoff 3,500). Distilled 

water was exchanged every hour for the first 4-hour period 

and every 4  hours for the next 20  hours. The resulting 

solution was centrifuged at 10,000 rpm and 4°C for 1 hour. 

The precipitate was collected and washed thoroughly with 

acetone and dried. Empty nanoparticles were prepared by 

the same procedure described above with the exception of 

amphotericin B. The encapsulation efficiency (EE) and load-

ing efficiency (LE) were determined by ultraviolet analysis 

after dissolving dried amphotericin B-loaded nanoparticles 

in dimethylsulfoxide according to the following respective 

equations:

%EE = 100 × (amount of amphotericin B in nanoparticles/

total amount of added amphotericin B)

%LE = 100 × (amount of amphotericin B in nanoparticles/

total amount of formulation components).

The morphology of the nanoparticles was examined using 

a transmission electron microscope (Tecnai-10, Philips, 

Tokyo, Japan). Samples of the nanoparticle suspension 

(5–10 µL) were dropped onto a carbon film-coated 200 mesh 

copper grid and allowed to dry in air for 10 minutes. The 

samples were stained with 1% (w/v) aqueous uranyl acetate 

solution for 1.5 minutes, and any excess uranyl acetate was 

removed with filter paper before viewing under the transmis-

sion electron microscope.

The mean size, size distribution (polydispersity index) 

and zeta potential of the nanoparticles were determined by 

photon correlation spectroscopy and laser Doppler anemo

metry, respectively, using a Zetasizer Nano ZS90 (Malvern 

Instruments, Malvern, UK).

In vitro studies of AmB/PLA-g-CS 
nanoparticles
Mucoadhesive strength
In order to estimate the mucoadhesive force of the AmB/

PLA-g-CS nanoparticles, a mucoadhesion test was performed 

by measuring the change in zeta potential on interaction with 

negatively charged mucin, as described elsewhere.25 Equal 

volumes of 0.1% (w/v) mucin solution and nanoparticles 

were vortexed for one minute and the zeta potential of the 

mixture was measured. Alteration of the zeta potential of the 

nanoparticles indicated an interaction with mucin.

In vitro drug release
Amphotericin B has very poor aqueous solubility. In order 

to increase its solubility and maintain sink conditions, 1% 

(v/v) Tween 80  in phosphate-buffered saline, pH 7.4, was 

used as a dissolution medium. An in vitro drug release 

experiment was carried out as follows. Ten milligrams of 

lyophilized drug-loaded nanoparticles were reconstituted 

in 10 mL of phosphate-buffered saline and then introduced 

into dialysis tubes (molecular weight cutoff 12,000). The 

dialysis tubes were placed in a 200 mL bottle with 95 mL 

of phosphate-buffered saline, and the medium was stirred 

at 37°C. At different time intervals, the medium was taken 
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and diluted with dimethylsulfoxide, and the concentration of 

amphotericin B released was determined using an ultraviolet-

spectrophotometer (Shimadzu). The freshly prepared 0.15% 

(w/v) amphotericin B was also determined under similar 

conditions and considered as the reference.

In vitro antifungal activity
Free amphotericin B, empty nanoparticles, and amphoteri-

cin B-loaded nanoparticles were examined for antifungal 

activity by testing against C. albicans, according to Clini-

cal and Laboratory Standards Institute document M27-A3 

(2008) guidelines.26 Samples of free amphotericin B, empty 

nanoparticles, and amphotericin B-loaded nanoparticles 

were dissolved in dimethylsulfoxide and added to Roswell 

Park Memorial Institute (RPMI) growth medium with 

L-glutamine and morpholinopropanesulfonic acid (MOPS) 

buffer (pH 7.0). A total volume of 100 µL of RPMI growth 

medium was placed in each well of a 96-well plate con-

taining serial dilutions of amphotericin B concentrations 

(0.03–16  µg/mL). Cell suspensions of C. albicans were 

prepared in RPMI 1640 medium and adjusted to give a final 

inoculums concentration of 2 × 103 colony-forming units per 

mL. The fungal suspension (100 µL) was added to each well 

and the trays were incubated at 35°C for 48 hours in ambi-

ent air. The minimum inhibitory concentration was read 

as the lowest antifungal concentration with completely no 

turbidity (100% growth reduction) compared with growth 

in the antifungal-free growth well for all agents.

In vivo studies  
of AmB/PLA-g-CS nanoparticles
Ocular irritation
A modified Draize test was performed in order to evaluate 

the toxicity of the amphotericin B-loaded nanoparticles. 

Samples of the nanoparticles (10 µL) were instilled into the 

right eye of the New Zealand White rabbit by gently pulling 

the lower lid away from the eyeball to form a cup. The left eye 

served as the control and was treated with phosphate-buffered 

saline (pH 7.4). The lids were then gently held together for 

10 seconds and released. The blink rate, discomfort (redness 

and irritation), discharge rate, and swelling of the cornea and 

conjunctiva were examined for one day at regular intervals 

of 1, 3, 6, 8, 12, and 24 hours.

Ocular pharmacokinetics
The ocular pharmacokinetics of amphotericin B adminis-

tered in the different formulations (free amphotericin B and 

amphotericin B-loaded nanoparticles) was evaluated at a dose 

strength of 0.15% (w/v). Briefly, 20 µL of each formulation 

was instilled into the lower conjunctival sac of the right 

cornea in each rabbit using a micropipette without actually 

touching the eye and irritating the corneal surface. Tear 

samples (10 µL) were withdrawn without anesthesia using 

microcapillaries at appropriate intervals over a 4-hour period. 

The microcapillaries were then emptied and diluted. After 

centrifugation for 10 minutes at 10,000 × g, the supernatant 

was evaporated under a stream of nitrogen. The residues were 

redissolved with 100 µL of the mobile phase for analysis by 

high-pressure liquid chromatography. The assay conditions 

were as follows: mobile phase, 10 mM acetate buffer, pH 7.2, 

and acetonitrile (63:37); flow rate 1.2 mL per minute; and 

detection wavelength 408 nm.

Corneal penetration study
The PLA-g-CS nanoparticles were labeled by adding a 

specified amount of FITC in dimethylsulfoxide and then 

processed via the same methods as for preparation of 

amphotericin B-loaded nanoparticles (final FITC concen-

tration 0.03%, w/w). FITC was also directly dissolved in 

phosphate-buffered saline to a concentration of 0.03% 

(w/w) and taken as reference. New Zealand White rabbits 

were placed in restraint boxes and four 15 µL instillations of 

the FITC-loaded nanoparticles were topically administered 

in the inferior conjunctival cul-de-sac of the right eye at 

5-minute intervals, while FITC solution was instilled in the 

left eye as the control. At 0.5, 1, and 3 hours after the last 

instillation, the eyes were washed with phosphate-buffered 

saline and the rabbits were sacrificed. The corneas were then 

excised, embedded in optimal cutting temperature medium, 

and frozen at −22°C, then sectioned into 8 µm and observed 

under an inverted fluorescence microscope (IX71, Olympus, 

Tokyo, Japan). The in vivo studies complied with the uni-

versity animal ethics committee guidelines. This research 

was approved by the university animal ethics committee 

(No CQMU120213.05).

Statistical analysis
Statistical analyses were undertaken using Origin 

8.0  software. Data were compared using the Student’s 

t-test, and a one-way analysis of variance with a Bonferroni 

post-test was used for group analysis. Ocular pharmacoki-

netic parameters of amphotericin B in lacrimal fluid were 

derived from the tear concentration-time profile using 

WinNonlin 5.1. The results are expressed as the mean and 

standard deviation. Statistical significance was considered 

at a probability of P , 0.05.
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Results
Synthesis and characterization  
of PLA-g-CS copolymer
The procedure used to synthesize the PLA-g-CS copolymer 

is shown in Figure 1. The amino groups on the chitosan 

backbone were f irst protected by phthalic anhydride. 

PHCS was obtained and its structure was confirmed by 

Fourier transform infrared spectroscopy. The spectrum 

in Figure  2B clarifies that PHCS shows critical signals 

at 1,777, 1,712, and 721 cm−1, assigned to the carbonyl 

group, the tertiary amino group, and the aromatic ring 

of the phthalimido group, respectively. The PLA chains 

were then grafted onto PHCS via the reaction between 

OH groups on PHCS and the terminated NCO groups on 

prepolymer. Finally, the N-phthaloyl groups were depro-

tected by incubation with hydrazine to bring active amino 

groups back to chitosan. The spectrum in Figure 2C shows 

that, compared with PHCS, the peaks at 1,712, 1,777, 

and 721  cm−1 almost disappeared, while new peaks at 

1,538 and 1,758 cm−1 come out in the spectrum of PLA-

g-CS, indicating formation of an amide ester linkage 

(−OCONH−) and ester groups of PLA branches. This 

confirms that the PLA chains were grafted onto chitosan 

successfully.

Figure 3A shows the 1H NMR spectrum of the PLA-g-CS 

copolymer. The strong signals at 2.5 ppm and 3.4 ppm belong 

to the solvent d
6
-dimethylsulfoxide and H

2
O, respectively. 

Peak (a) at 1.4 ppm is caused by the methyl protons of the 

PLA side chain. Peak (b) at 5.2 ppm should be assigned to 

the −CH-hydrogen of the lactyl moiety located on the PLA 

chain. These results further confirm that PLA chains had 

grafted onto chitosan.
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Figure 1 Synthetic procedure of PLA-g-CS copolymer.
Abbreviations: PLA, poly(lactic acid); CS, chitosan; PHCS, phthaloyl chitosan; PLA-g-CS, poly(lactic acid)-grafted-chitosan; PLA-NCO, TDI(NCO)-terminated poly(lactic 
acid); PLA-g-PHCS, poly(lactic acid)-grafted-phthaloyl chitosan.
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Notes: Peak (a) represents the methyl protons of the PLA side chain. Peak (b) represents the -CH- hydrogen of lactyl moiety located at the PLA chains.
Abbreviations: AmB, amphotericin B; NMR, nuclear magnetic resonance; PLA-g-CS, poly(lactic acid)-grafted-chitosan.
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Figure 2 Fourier transform infrared spectra for CS (A), PHCS (B), and PLA-g-CS (C).
Abbreviations: PHCS, phthaloyl chitosan; CS, chitosan; PLA-g-CS, poly(lactic acid)-grafted-chitosan.
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Figure  4  shows the X-ray powder diffraction patterns 

for chitosan and the PLA-g-CS copolymer. Compared with 

chitosan, the X-ray diffraction spectrum for PLA-g-CS 

shows a weaker and broader peak in the 10°–30° region. 

This implies that grafting of PLA with chitosan suppressed 

the crystallization of chitosan.

Characterization  
of AmB/PLA-g-CS nanoparticles
As shown in Figure 5A, amphotericin B-loaded nanoparticles 

were formed by self-aggregation of PLA-g-CS copolymers. 

Incorporation of amphotericin B into the nanoparticles was 

also checked by 1H NMR. As shown in Figure 3B, compared 

with empty PLA-g-CS copolymer, intrinsic peaks of ampho-

tericin B appeared for the amphotericin B-loaded nanopar-

ticles, indicating that amphotericin B was encapsulated into 

the hydrophobic inner core of the PLA-g-CS copolymer 

nanoparticle. Figure  5B shows the morphology of AmB/

PLA-g-CS nanoparticles. The nanoparticles have a spherical 

shape and a diameter of about 200 nm. The characteristics 

of AmB/PLA-g-CS nanoparticles with different PLA/PHCS 

feed ratios are summarized in Table 1. As shown, a higher 

feeding amount of PLA caused a higher graft content in the 

PLA-g-CS copolymer. The grafting content could be beyond 

100% when the PLA/PHCS feed ratio was only 4:1 (w/w). 

However, as the graft content became higher, the particle size 

of nanoparticles increased, with a range of approximately 

150–260 nm. AmB/PLA-g-CS nanoparticles had a positive 

zeta potential greater than 30 mV that was not affected by the 

change in PLA/PHCS feed ratio. The nanoparticles showed 

a high EE of up to 70% in each group. As the PLA/PHCS 

feed ratio increased, the EE increased.

Mucoadhesive strength
Figure 6 shows the changes in surface charge of the AmB/

PLA-g-CS nanoparticles with different PLA/PHCS feed 

ratios after mixing with mucin. The surface charge of the 

nanoparticles decreased after incubation with mucin in all 

groups. This reduction could be due to ionic interaction 

between negatively charged sialic groups in mucin and the 

positively charged surface layer of the AmB/PLA-g-CS 

nanoparticles. The reduction in zeta potential of the nanopar-

ticles before and after mixing indicate that the nanoparticles 

may have a strong mucoadhesive force towards the ocular 

surface.

In vitro drug release
In vitro drug release of the freshly prepared 0.15% (w/v) 

amphotericin B and AmB/PLA-g-CS nanoparticles with 

different PLA/PHCS feed ratios in simulated ocular circum-

stances (37°C, pH 7.4) was studied. As shown in Figure 7, 

the release profile of 0.15% (w/v) amphotericin B was rapid; 

approximately 53.7% of the amphotericin B was released 

within 0.5 hours and 100% within 4 hours. In comparison with 

amphotericin B solution, the AmB/PLA-g-CS nanoparticles 

released their drug content more slowly and showed a two-step 

release pattern, ie, one initial burst release of about 30%–40% 

of amphotericin B, followed by a second slow-release phase 

sustained for up to 11 hours. In addition, the drug release rate 

decreased as PLA/PHCS feed ratios was increased.

In vitro antifungal activity
To evaluate the antifungal activity of the amphotericin 

B-loaded nanoparticles, the minimum inhibitory concentration 

of free amphotericin B, amphotericin B-loaded nanoparticles, 

and empty PLA-g-CS copolymer nanoparticles was tested 

with C. albicans. As shown in Table 2, the minimum inhibi-

tory concentration of the amphotericin B-loaded nanoparticles 

was similar to that of free amphotericin B, while the empty 

polymeric nanoparticles had a higher minimum inhibitory 

concentration value, indicating that amphotericin B-loaded 

nanoparticles have an antifungal potential similar to that of free 

amphotericin B, but the PLA-g-CS copolymer did not affect 

the antifungal activity of the polymeric nanoparticles.

Ocular irritation
The results of the irritation test are summarized in Table 3. 

In all cases, the hourly blink rate of the rabbits was found 

5 10 15 20 25 35 4030

2theta (degree)

A

B

Figure 4 X-ray diffraction of CS (A) and PLA-g-CS copolymer (B).
Abbreviations: PLA-g-CS, poly(lactic acid)-grafted-chitosan; CS, chitosan.
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to be increased only in the first hour and then returned to 

normal (five blinks per hour). The temporary increase in 

blink rate may have been due to the low temperature of the 

samples when taken from the 4°C refrigerator. According to 

Draize grading, the scored value was zero for both phosphate-

buffered saline and the nanoparticles. No signs of irritation 

or damaging effects to the ocular tissues in rabbit eyes was 

observed after instillation of the nanoparticles.

Ocular pharmacokinetics
The ocular pharmacokinetics of amphotericin B adminis-

tered as free amphotericin B solution were compared with 

those of the AmB/PLA-g-CS nanoparticle formulation in the 

New Zealand White rabbit (Figure 8 and Table 4). As shown 

in Table 4, the area under the concentration-time curve for the 

AmB/PLA-g-CS nanoparticle formulation was significantly 

increased compared with that of free amphotericin B solution, 

which was 1.95-fold higher. An increase in the half-life (t
1/2

) 

of amphotericin B was seen in the nanoparticle formulation 

by up to 1.5-fold. The maximum concentration of the nano-

particle formulation decreased significantly when compared 

with that of the free amphotericin B solution. Clearance was 

also decreased significantly and the mean residence time 

was significantly increased in the nanoparticle formulation 

A

B

PLA-g-CS copolymer AmB-incorporated nanoparticleAmB

80 kV ×39,000

Self-aggregate

0.2 µm

Figure 5 Schematic diagram of self-aggregation formed by the PLA-g-CS copolymer in aqueous medium (A) and transmission electron micrograph of AmB/PLA-g-CS 
nanoparticles (B) (PLA/PHCS feed ratios=4:1).
Abbreviations: AmB, amphotericin B; PHCS, phthaloyl chitosan; PLA, poly(lactic acid); PLA-g-CS, poly(lactic acid)-grafted-chitosan.

Table 1 Characteristics of AmB/PLA-g-CS nanoparticles with different PLA/PHCS feed ratios (mean ± standard deviation, n=3)

PLA:PHCS ratio %G Particle size (nm) Zeta potential (mV) PI %EE %LE

2:1 67.25 152.00 ± 3.8 35.96 ± 0.8 0.26 ± 0.04 70.65 ± 3.18 18.24 ± 0.8
4:1 103.64 196.20 ± 1.9 36.50 ± 0.6 0.25 ± 0.03 76.87 ± 3.08 21.20 ± 1.3
6:1 162.16 266.63 ± 2.8 36.85 ± 0.4 0.21 ± 0.03 81.63 ± 3.24 22.12 ± 1.5

Abbreviations: %G, per cent graft content; PI, polydispersity index; EE, encapsulation efficiency; LE, loading efficiency; AmB, amphotericin B; PHCS, phthaloyl chitosan; PLA, 
poly(lactic acid); PLA-g-CS, poly(lactic acid)-grafted-chitosan.
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as compared with the free amphotericin B solution. These 

results indicate that the AmB/PLA-g-CS nanoparticles could 

prolong drug contact time and prevent pulsed drug release on 

the ocular surface, further confirming the mucoadhesiveness 

of the nanoparticles.

Corneal penetration
The polymeric nanoparticles were labeled with encapsulated 

FITC to study their potential ability to transport the drug 

into the cornea. Fluorescence microscopic images of the 

treated corneas are shown in Figure 9. From fluorescence 
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Figure 6 Zeta potential values obtained for mucin and AmB/PLA-g-CS nanoparticles before and after incubation with mucin (mean ± standard deviation, n=3, P,0.05).
Abbreviations: AmB, amphotericin B; PLA, poly(lactic acid); PLA-g-CS, poly(lactic acid)-grafted-chitosan; PHCS, phthaloyl chitosan.

12108

0.15% (w/v) AmB

AmB/PLA-g-CS nanoparticles (6:1)

AmB/PLA-g-CS nanoparticles (4:1)

AmB/PLA-g-CS nanoparticles (2:1)

6

Time (h)

C
u

m
u

la
ti

ve
 r

el
ea

se
 o

f 
A

m
B

 (
%

)

42

100

0

80

60

40

20

0

Figure 7 Cumulative release of AmB from 0.15% (w/v) AmB and AmB/PLA-g-CS nanoparticles with different PLA/PHCS feed ratios (mean ± standard deviation, n=5).
Abbreviations: AmB, amphotericin B; PLA, poly(lactic acid); PHCS, phthaloyl chitosan; PLA-g-CS, poly(lactic acid)-grafted-chitosan.
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microscopy, it can be seen that both types of FITC can reach 

the cornea after instillation to inferior conjunctival cul-de-

sac. However, the polymeric nanoparticles showed mark-

edly enhanced permeation and retention effects compared 

with the FITC solution. For both the FITC solution and the 

polymeric nanoparticles, fluorescence could only be detected 

at the epithelial site during the initial 0.5 hours. With the 

passage of time, the fluorescence signal increased gradually 

at the inner site of the cornea when treated with polymeric 

nanoparticles, and the entire corneal area was stained with 

fluorescence by 3 hours. This result indicates that the poly-

meric nanoparticles have the ability to enhance penetration 

of the drug into the cornea.

Discussion
When treating fungal keratitis, clinical efficacy would depend 

on the concentration of antifungal agent achieved in corneal 

tissue. The cornea is relatively inaccessible to systemically 

administered drugs and, as a result, topical drug delivery 

remains the preferred route in most cases. Considering the 

effective removal mechanisms and the barriers operating in 

the eye, an ideal ocular drug delivery system for amphot-

ericin B must be able to remain in the precorneal area for 

a prolonged period of time, be capable of sustaining drug 

release, and improve drug penetration. The preparation of 

PLA-grafted-chitosan and its aggregation behavior have 

been well demonstrated in previous reports.23,27,28 Given that 

this polymeric nanoparticle has a distinctive structure and 

may meet the above-mentioned requirements, its application 

as an ocular carrier for amphotericin B was investigated in 

this study.

It has been reported that the amino groups on the 

chitosan molecule are very important for maintaining the 

various specific functions of chitosan, including biologi-

cal activity and cationic polymer properties.29,30 Therefore, 

the synthesis of PLA-g-CS copolymer was carried out via 

a “protection-graft-deprotection” procedure. As shown in 

Figure 1, this method enables the successful grafting of the 

PLA chain on the chitosan molecule and, at the same time, 

ensures preservation of the amino groups on the chitosan 

molecule. Chitosan is insoluble in water, but can dissolve 

in dilute acid. However, when PLA chains are introduced, 

the crystallinity of chitosan could be destroyed, and it was 

found in our study that the PLA-g-CS copolymer dissolved 

well in water. When dispersed in the aqueous phase, the PLA 

chains tend to aggregate on the inner side by hydrophobic 

interaction and the hydrophilic chitosan chains form on the 

outer layer. The transmission electron micrograph shows 

that the PLA-g-CS nanoparticles have a core-shell structure 

with a dark core region surrounding a gray color, which 

represents the hydrophobic portion and hydrophilic por-

tion, respectively. For preparation of amphotericin B-loaded 

PLA-g-CS nanoparticles, the effect of graft content on the 

characteristic parameters of the nanoparticles was studied, 

and the results are consistent with previous findings.27 It is 

easy to understand that, as the graft content increases, more 

PLA chains would aggregate in the core region and the par-

ticle size of the nanoparticles would increase. On the other 

hand, the increased size of the hydrophobic region would 

facilitate incorporation of amphotericin B, resulting in higher 

encapsulation efficiency. However, because the amount of 

chitosan chains with amino groups does not change, the zeta 

potential of the nanoparticles remains unaltered. It has been 

reported that if the zeta potential of the particles is higher 

than 30 mV or lower than –30 mV the dispersion is stable.31 

Therefore, the physicochemical stability of the nanoparticles 

was assessed by evaluating their particle size, zeta potential, 

and polydispersity index at room temperature before and after 

a storage period of 2 weeks. The nanoparticles showed no 

significant changes in these parameters, indicating that the 

integrity of the nanoparticles is not compromised by relatively 

long-term storage (data not shown).

Table 3 Testing of ocular irritation potential of different formulations using Draize scoring method (n=3)

Blink rate/hour Discomfort/redness Discharge Cornea/conjunctiva

PBS (pH 7.4) 6 0 0 0
Nanoparticlesa 7 0 0 0
Observations No discomfort and redness No discharge No sign of irritation and edema

Note: aAmB-loaded nanoparticles with PLA/PHCS feed ratios (4:1) were used for this test.
Abbreviations: AmB, amphotericin B; PBS, phosphate-buffered saline; PHCS, phthaloyl chitosan; PLA, poly(lactic acid).

Table 2 Effect of free AmB and AmB-loaded nanoparticles on 
MIC against Candida albicans

MIC (μg/mL, n=3)

Free AmB 0.96
AmB-loaded nanoparticlesa 0.96
Empty nanoparticlesa .10.0

Note: aAmB-loaded or empty nanoparticles with PLA/PHCS feed ratios (4:1) were 
used for this test.
Abbreviations: AmB, amphotericin B; MIC, minimum inhibitory concentration; 
PHCS, phthaloyl chitosan; PLA, poly(lactic acid).
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Because of the need to prolong the drug contact time on the 

ocular surface, the mucoadhesive strength of the PLA-g-CS 

nanoparticles was investigated in vitro. Our results suggest 

that the PLA-g-CS nanoparticles possess mucoadhesiveness. 

It has been reported that the chitosan molecule can form elec-

trostatic interactions between mucin via the NH
3
+ groups on 

chitosan and either COO− or SO
3
− on the mucin carbohydrate 

side chain.32,33 Since the amino groups of chitosan were well 

preserved, the mucoadhesiveness of PLA-g-CS nanoparticles 

could be explained by the same mechanism. Our in vivo 

ocular pharmacokinetic results further demonstrate that these 
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Figure 8 Tear concentration-time profile of AmB administered as 0.15% (w/v) AmB and AmB/PLA-g-CS nanoparticles (mean ± standard deviation, n=3).
Abbreviations: AmB, amphotericin B; PLA-g-CS, poly(lactic acid)-grafted-chitosan.

Table 4 Pharmacokinetic parameters of AmB in precorneal region 
of New Zealand White rabbits after topical instillation of AmB/PLA-
g-CS nanoparticles and free AmB (mean ± standard deviation, n=3)

Units AmB/PLA-g-CS  
nanoparticlesa

Free AmB

AUC min μg/mL 8,652.63 ± 336.28b 4,448.49 ± 102.54
t1/2 min   46.57 ± 5.49b   30.00 ± 4.42
Cmax μg/mL   114.10 ± 6.8b   156.60 ± 8.2
Cl mL/min   0.0035 ± 0.0006b   0.0067 ± 0.0006
MRT min   78.53 ± 5.24b   29.07 ± 2.12

Notes: aAmB-loaded nanoparticles with PLA/PHCS feed ratios (4:1); bAll 
pharmacokinetic parameters in the nanoparticle group were significantly different 
compared with the free AmB group (P,0.05).
Abbreviations: AmB, amphotericin B; AUC, area under the curve; Cl, clearance; 
t1/2, half-life; Cmax, maximum concentration; MRT, mean residence time; PHCS, 
phthaloyl chitosan; PLA, poly(lactic acid); PLA-g-CS, poly(lactic acid)-grafted-
chitosan.

Figure 9 Fluorescence microscopy of rabbit cornea after treatment with FITC 
solution (0.03%) at (A) 30 minutes, (B) 1 hour, and (C) 3 hours. FITC-labeled PLA-
g-CS nanoparticles (0.03%) at (D) 30 minutes, (E) 1 hour, and (F) 3 hours.
Abbreviations: FITC, fluorescein isothiocyanate; PLA-g-CS, poly(lactic acid)-grafted-
chitosan.

nanocarriers have an affinity for the corneal surface because 

the area under the concentration-time curve, t
1/2

, and mean 

residence time of the nanoparticles were significantly increased 

while clearance was significantly decreased. Covering both 

the corneal and conjunctival surfaces and forming part of 
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the tear film, is a mucin layer secreted by the goblet cells of 

the conjunctiva. The mucin layer is negatively charged and 

its turnover is thought to be relatively slow compared with 

the aqueous layer of the tear film.34 The administered nano-

particles would interact intimately with these extraocular 

structures, thus increasing the concentration and residence 

time of amphotericin B.

In view of the need for sustained drug release, we investi-

gated in vitro drug release from the PLA-g-CS nanoparticles 

and the effect of graft content on drug release. Because 

amphotericin B and the inner side of the nanoparticles are 

both hydrophobic, incorporation of amphotericin B into the 

nanoparticles may be mainly due to hydrophobic interaction. 

Drug release from the PLA-g-CS nanoparticles showed a 

two-step release pattern (Figure 7). It is known that drug 

release from polymer particulate systems involves three dif-

ferent mechanisms: desorption of protein molecules from the 

surface of the particles; diffusion through the swollen poly-

saccharide matrix; and release due to polymer erosion.35,36 

The first mechanism plays a major role in the burst-release 

phase, and the slow-release phase is due to diffusion and 

polymer erosion. The release rate of amphotericin B was 

affected by graft content of the PLA-g-CS copolymer, ie, as 

the graft content increased, the drug release rate decreased. 

This could be explained by the fact that a higher graft content 

of copolymer could lead to a more intensive hydrophobic 

interaction between the PLA chains and amphotericin B, 

resulting in a tighter hydrophobic core, and thus a slower 

rate of drug release.

The ability of the PLA-g-CS nanoparticles to penetrate 

the cornea was investigated with the aim of improving 

drug penetration. Our results indicate that the PLA-g-CS 

nanoparticles not only adhere to the cornea, but are also 

able to enter it. In fungal keratitis, fungal organisms can 

enter into the corneal stroma, where they slowly proliferate 

and destroy the surrounding tissue.37 Therefore, it is not 

enough to maintain an efficient antifungal therapy even if 

a delivery system can prolong the contact time and sustain 

drug release at the precorneal area. Amphotericin B is a 

broad spectrum antifungal agent that exerts its antifungal 

effects by binding to sterols in the cell membrane and dam-

aging the membrane.38 The problem is that amphotericin B 

has very poor corneal penetration in the face of an intact 

epithelium because of its high molecular mass. O’Day et al 

studied the corneal penetration of topical amphotericin B, 

and their results showed that amphotericin B penetrated 

the cornea poorly in the presence of an intact corneal 

epithelium. However, when the corneal epithelium was 

removed, corneal penetration was enhanced.39 The same 

results were observed in a recent study, suggesting that the 

epithelium is a barrier to corneal penetration.8 In fact, the 

corneal epithelium overlying a stromal fungal infection 

can heal once treatment is initiated despite the presence 

of active infection.40 In view of this observation, an effec-

tive drug vehicle must be able to facilitate the transport of 

amphotericin B across the corneal epithelium. Paracellular 

transport (ie, through the intercellular space) and diffusion 

are the two mechanisms for drug transport across the cor-

nea.41 Previous studies have demonstrated that chitosan or 

chitosan-coated nanocarriers can open the tight junction 

of corneal epithelial cells and have the ability to enhance 

corneal transport of certain drugs, such as cyclosporin A.42 

De Campos et al systematically investigated the interaction 

between chitosan nanoparticles and the ocular mucosa in 

vivo and found that chitosan nanoparticles were preferen-

tially transported by paracellular mechanism. The authors 

attributed this behavior to interaction between the positively 

charged amino groups of chitosan with negatively charged 

sites on the corneal cell surfaces and tight junctions.32 The 

interior of tight junctions is highly hydrated and contains 

fixed negative charges. In this study, the positively charged 

amino groups of PLA-g-CS nanoparticles may also have 

interacted with the tight junctions, and an alteration in the 

relative concentration of specific ion species in the pore 

volume would result in changes in tight junction resistance, 

which might lead to loosening or opening of the pore.

In addition, for a polymeric drug delivery to be proposed 

as an ophthalmic drug carrier, it is important to assay not only 

its biopharmaceutical properties but also its ocular tolerability. 

Therefore, the potential ocular irritant and/or damaging effects 

of the PLA-g-CS nanoparticles were evaluated. Although the 

biocompatibility of chitosan or PLA has been demonstrated, 

the ocular irritation study ensured that the developed nano-

particulate system was safe on ocular instillation. The in vitro 

antifungal activity of the amphotericin B-loaded nanoparticles 

against C. albicans was also investigated, and it was found 

that they had antifungal potential similar to that of amphot-

ericin B. Our results demonstrate further that these PLA-g-CS 

copolymer-based nanoparticles can be excellent drug carriers 

for ocular delivery of amphotericin B.

Conclusion
In this study, we successfully demonstrated the feasibility of 

using PLA-g-CS nanoparticles as hydrophobic drug carriers 
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for ocular delivery of amphotericin B. The unique structure 

of PLA-g-CS nanoparticles makes it possible to overcome 

the therapeutic gaps existing in ocular drug delivery. PLA-

g-CS nanoparticles can prolong the drug contact time, sustain 

drug release, and improve drug penetration. In addition, they 

caused no ocular irritation and demonstrated effective anti-

fungal potential. Thus, a nanoparticulate vehicle based on a 

PLA-g-CS copolymer might be a useful system for effective 

ocular delivery of amphotericin B.
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