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Fungal keratitis is a stubborn fungal infection that is widespread worldwide. It can even affect the health and life of a patient. At
present, natamycin (NAT) is the first-line drug in the treatment of fungal keratitis, despite its disadvantages of clinical use, such
as low drug bioavailability and poor water solubility. Herein, inspired by the adhesion properties of chitosan and its excellent
drug loading and antifungal properties, we designed simple natamycin-chitosan nanoparticles (NAT-NPs) to investigate the
feasibility of chitosan with NAT for eye treatment. Results showed that the NAT-NPs increased the antifungal effect of NAT
due to the antifungal feature of chitosan NPs. Therefore, NAT-NPs are expected to become potential candidates for the
treatment of fungal keratitis due to their high bacteriostasis.

1. Introduction

In recent years, the incidence of fungal keratitis has increased
significantly due to the rise in vegetative corneal trauma,
improper use of contact lenses, and widespread use of antibi-
otics and hormones [1–4]. Fungal keratitis typically occurs in
autumn and affects mostly males and middle-aged and
elderly farmers; most patients have a history of trauma and
local medication. Fungal keratitis results in severe visual
impairment, and its treatment is more difficult than other
corneal infections [5, 6]. Although the gold standard for the
treatment of fungal keratitis has not been identified [7, 8],
experts believe that natamycin (NAT) is a tetraene polyene
that is the most important agent in the management of fungal
keratitis [9]. Its mechanism of action combines the hydro-

phobic part of the molecule with the ergosterol of the fungal
cell membrane to form a polyene steroid complex through
Van der Waal forces, thereby changing the permeability of
the cell membrane. It then causes the failure of ions, nucleo-
tides, and amino acids in fungal cells, disrupting the normal
metabolism of cells and inhibiting fungi [10]. The current
NAT formulation and dosage regimen consist of 5% (w/v)
ophthalmic suspension instilled in the conjunctival sac at
hourly or two-hourly intervals for several days. However, fre-
quent dosing is required with high drug loading (DL) to
maintain the drug levels within the therapeutic window,
which can result in poor compliance in patients [11, 12].

The cell in the cornea is relatively special and features a
lipid-water-lipid sandwich-layered structure. The poor water
solubility of NAT hinders its penetration into deep corneal
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layers and the anterior chamber, which limits its use as
monotherapy only for superficial keratitis [13, 14]. Moreover,
the drug is removed from the ocular surface within a few
minutes due to the rapid clearance of drug by fast tear turn-
over, blinking, and lacrimal drainage; these events are the
main reason for the low drug bioavailability of less than 5%
[15–18]. To improve the residence time in front of the eyes,
chitosan (CTS), poly(acrylic acid) acid, alginic acid, pectin,
hyaluronic acid, and lecithin have been used as adhesive
materials; these compounds have shown promising results
[19–26]. Ramish et al. developed 5-fluorouracil-loaded
CTS-coated sodium alginate-CTS nanoparticles (NPs) for
ophthalmic administration. The retention time in the ante-
rior cornea area was prolonged, improving bioavailability
[24]. Therefore, drugs may be carried with adhesive materials
for solubility and adhesion time, which in turn increases drug
bioavailability.

CTS is a polycationic biopolymer with unique physical-
chemical (e.g., thermal stability and pH sensitivity), biologi-
cal (e.g., antimicrobial activity), and mechanical (e.g., film
forming) properties [27]. The nontoxic nature of the polymer
permits its use for biomedical applications, while its antimi-
crobial, antifungal, and wound healing features lead to
research of further possible uses [28, 29]. The positive charge
that the CTS shell carries can bind to the negatively charged
corneal surface to increase the residence time of a drug in
front of the cornea [30]. In addition, CTS has good inhibitory
activity against Escherichia coli, Staphylococcus aureus, and
Candida albicans [31]. For example, Bhatta et al. developed
natamycin-embedded lecithin-CTS adhesion NPs by CTS
crosslinking [32]; the bioavailability of the drug on the eye
was found to significantly increase, facilitating its penetration
into the inner layers. However, the enhanced antifungal effect
of CTS on NAT is unclear; so, further investigations without
liposomes are needed.

In this article, CTS and TPP were used as wrappers to
wrap NAT into NAT-NPs to enhance the inhibitory effect
of NAT on C. albicans (Figure 1). These NAT-NPs were
characterized by their mean particle size = 369:2 ± 6:65 nm,
polydispersity index ðPDIÞ = 0:280, encapsulation efficiency
ðEEÞ = 92:94% ± 0:21%, theoretical DL = 29:40% ± 1:34%,
and zeta potential = 35:5 ± 2:45mV. In vitro release exhib-
ited sustained release of 62:7:0% ± 0:14% for 12 h with an ini-
tial burst release of 31:7% ± 0:70% in the first hour. The IC50
and zone of inhibition of NAT-NPs showed stronger antifun-
gal activity than NAT against C. albicans. We also found that
the antifungal feature of CTS-NPs made a remarkable contri-
bution to the excellent antifungal effect of NAT-NPs. Thus,
sodium tripolyphosphate/CTS-NPs are expected to become
potential candidates for the treatment of fungal keratitis
due to their high bacteriostasis.

2. Materials and Methods

2.1. Materials. CTS (DAC = 96:1%,molecular weight = 12 kD
) was obtained from Hai Debei Marine Biotechnology Com-
pany (Jinan, People’s Republic of China). TPP
(P2O5 content = 58%) was purchased from Yantai Far East-
ern Fine Chemical Co., Ltd. (Shandong, People’s Republic

of China). Dimethyl sulfoxide (DMSO; content ≥ 99:5%)
was purchased from Damao Chemical Reagent Factory.
Pimaricin (NAT; BR = 95%) was purchased from Shanghai
Yuanye Bio-Technology Co., Ltd. (Shanghai, People’s
Republic of China). Tween-80 was purchased fromHengxing
Reagents Co., Ltd. (Tianjin, People’s Republic of China).

Liquid Sabouraud medium and Sabouraud agar were
purchased from Hopebio Qingdao Hope Bio-Technology
Co., Ltd. (Qingdao, People’s Republic of China). TTC was
purchased from BBI Life Sciences. C. albicans (Robin Berkh-
out ATCC® 18804) was purchased from Credible Leads to
Incredible. A digital display vernier caliper was purchased
from Senda Tools Co., Ltd. (Zhejiang, People’s Republic of
China).

2.2. Preparation of NAT-NPs. NAT-loaded NPs were pre-
pared by ionic gelation [33]. The fabrication of NAT-NPs is
illustrated in Figure 1. First, we dissolved NAT in DMSO
under ultrasound conditions in a warm water bath to prepare
a 1mg/mL NAT solution. CTS was solubilized in aqueous 1%
(v/v) acetic acid at a concentration of 1% (w/v). TPP was sol-
ubilized in deionized water at a concentration of 1% (w/v).
The NAT-NPs suspensions were obtained by injecting
water-diluted TPP solutions into the mixture with different
volumes of NAT solution injected into water-diluted CTS
solutions. All processes were carried out under magnetic stir-
ring at 500 rpm. The volume ratio of CTS to TPP was 5 : 1,
whereas the volume ratios of NAT to CTS and TPP were
1 : 20, 1 : 12, 2 : 15, 1 : 6, 1 : 4, and 1 : 3. Blank NPs (without
drug) were prepared following the same procedure. The pre-
pared NPs were preserved after dialysis. The NAT-NPs sus-
pensions were dialyzed against deionized water at room
temperature for 48 h using a membrane with an MWCO of
3500Da (Spectrum Laboratories Inc., USA).

2.3. Particle Size and PDI. The size distribution and zeta
potential of NPs were determined by photon correlation
spectroscopy with a Zetasizer Nano ZS Zen 3600 (Malvern
Instruments, Inc.). Size distribution analysis and PDI were
performed at 25°C. The zeta potential was measured by elec-
trophoretic light scattering using a disposable zeta cuvette.
All measurements were performed in triplicate, and results
are presented as mean ± SD.

2.4. Morphological Characteristics by Transmission Electron
Microscopy (TEM). The structure and topography of the
NAT-NPs were examined by TEM analysis (CM30 electron
microscope; Philips, Amsterdam, the Netherlands) at an
acceleration voltage of 100 kV. One drop of the sample dis-
persion was carefully casted onto a clean copper grid. Extra
solution was air-dried and directly observed under TEM
without staining.

2.5. DL and EE. A measured amount of NAT-NPs formula-
tion (6.5mL) was centrifuged at a high speed (12,000 rpm
for 30min). Subsequently, the supernatant was collected
and analyzed to determine the free NAT content, and the
sediment was dried and weighed to estimate the DL and EE
of NAT in NAT-NPs. The NAT content was determined by
using a UV-visible light spectrophotometer (UV) at
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303nm, and a standard curve was obtained for NAT. DL (%)
and EE (%) were calculated from the following equations:

DL %ð Þ = actual amount of drug encapsulated inNPs
amount of NPs × 100%,

EE %ð Þ = actual amount of drug encapsulated inNPs
initial amount of drug used in the fabrication of NPs × 100%:

ð1Þ

2.6. FTIR and TGA Analyses. FT-IR analysis was conducted
using an FT-IR Avater-360 spectrometer (PerkinElmer,

Waltham, MA, USA), which scanned in the region of
4,000–400 cm-1 for each spectrum at a resolution of 2 cm-

1. NAT-NPs, NAT, CTS, and TPP were mixed with KBr
and compressed into pellets. The characteristic peaks of
the FT-IR transmission spectra were documented.

Thermal characterizations were also performed by ther-
mogravimetric (TGA) and differential thermal analyses
(DTA) by using a TGA Q500 V20 Thermogravimetric Ana-
lyzer (TA Instruments, USA). TGA and DTA were carried
out at 10°C/min from 0°C to 800°C at a flow rate of
60mL/min and compared with NAT, CTS, TPP, and NAT-
NPs.

NAT-NPs

TPP
CTS

+ +
n

HO

OH

OH
OH

OH
OH

HO

H3C

CH3 NH2O
O

O

O
O

O

O

HO

HO

HO

OH
NH3

OH
OH

OH

OO

NAT

Candida 
albicans

+NH3
+NH3

+

Figure 1: Preparation process of the NAT-NPs and the chemical structures of the components.
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Figure 2: The size distribution of different volume ratio of NAT to carriers.
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2.7. In Vitro Drug Release Studies. NAT of the prepared
NAT-NPs and free NAT was released in vitro at dissolution
media at PBS (pH7.4) at 37°C. In brief, NAT was dissolved
in PBS, and NAT-NPs were dialyzed for 2 days. About
2mL of NAT-NPs and NAT solution was immersed in
100mL of dialyzed tube of PBS at 37°C and 100 rpm. About
1mL of solution was removed at a predetermined time, and
the same amount of buffer was immediately added. To
increase NAT solubility, all samples were tested in an envi-
ronment with and without Tween-80 plus 0.5% (v/v). The
standard curve of NAT obtained from PBS buffer was used
to calculate NAT release. All the experiments were per-
formed in triplicate. The cumulative release rate (Q%) was
calculated as follows:

Q %ð Þ = 〠
n=j

i=1
CiVi + CnV

W
×D × 100%, ð2Þ

where Ci and Cn are the drug concentrations in released
medium, Vi is the volume of mediator removed, V is the total
amount of leaching medium, and D andW are the drug con-
centrations in the NPs and weight of the NPs, respectively.

3. In Vitro Antifungal Activity

3.1. MIC Assays. The influence of the NAT encapsulated NPs
and free NAT on antifungal activity was evaluated in terms of
MIC50. Sample tests were performed in 96-well plates with
serial dilutions of NAT by adding known concentrations of
the NP suspensions to liquid Sabouraud medium, as well as
free NAT. A series of drug formations of.1, 4.2, 8.45, 16.9,
33.8, and 67.6μMNAT was made in the medium. Some wells
served as the growth control and sterility check. Cell suspen-
sions of C. albicans were prepared in DMEM and adjusted to
yield a final inoculum concentration of 1:0 – 5:0 × 103 CFU/
mL. The fungal suspension (100μL) was added to each well,
resulting in the desired final drug concentration and inocu-
lum size. The microplates were incubated at 35°C for 24h.
Organism control and medium control were performed
simultaneously to check growth inhibiting activity, organ-
isms, and sterility of broth medium.

3.2. Inhibition Diameter Diffusion Experiment. The paper dif-
fusion method was used to measure bacteriostatic diameter.
A sterile cotton swab was dipped in the bacterial liquid,
rotated, and squeezed inside the tube wall to remove the
excess bacterial liquid and coated on the entire agar plate sur-
face for three times, rotating the plate each time. Finally, a
circle was applied along the edge of the plate. The surface
dish cover was placed at room temperature for 3–5min to
make the surface slightly dry. Sterile forceps were used to
paste the drug-containing paper flat on the surface of the
plate, and the plate was placed in a 35°C incubator for 24
and 48h within 15min after being pasted. The bacteriostatic
band was used to measure the bacteriostatic circle. The first
group included NAT-NPs, free NAT, and PBS, whereas the
second group included NAT-NPs, free NAT, and blank-NPs.

3.3. Statistical Analysis. Data were analyzed with Statistical
Package for the Social Sciences version 16.0 software (SPSS
Inc., Chicago, IL, USA). The experiments were carried out
in triplicates, and values are expressed as the mean ±
standard deviation (SD). Student’s t-test was conducted to
determine significance. Statistical significance was consid-
ered at a probability level of p < 0:05.

4. Results and Discussion

4.1. Prepare and Characterization of NAT-NPs. The particle
size is an important physical property of NPs that directly
affects cellular uptake and biodistribution. Within a certain
range, the smaller the particle size is, the better the penetra-
tion and absorption of the drug. A strong positive charge
can penetrate both the cornea and the conjunctiva due to
the positive surface charge and ability to enhance the passive
diffusion of the drugs [34]. Therefore, the size and zeta
potential of NAT-NPs were our primary concerns. The aver-
age diameter and PDI of the NAT-NPs prepared by the ion
crosslinking method are shown in Figure 2 and Table 1.
Given the different volume ratios of NAT/carrier, particle
size and PDI were significantly different. In general, the par-
ticle size gradually increased with the increase in the NAT-
to-carrier volume ratio. Considering particle size, PDI, and
zeta potential, NAT-NPs were most appropriate when the
ratios of NAT-to-carrier volume were 1 : 12 and 1 : 20.

The EE and DL of NAT-NPs are shown in Table 2. NAT-
NPs had high drug encapsulation, which possibly led to the
drug’s good therapeutic effect. Compared with the results of
1 : 20, the volume at 1 : 12 had higher EE. Thus, the volume
at 1 : 12 was obtained for the following experiment. TEM
images were also used to identify the structure of NAT-NPs
and predict roughly spherical and subspherical particles
(Figure 3(b)).

Table 1: The results of size, zeta potential, and PDI of different
volume ratios (NAT: carrier).

N/C
(v/v)

Particle size
(nm)

Polydispersity
index

Zeta potential
(mV)

1 : 20 444:7 ± 2:4 0.360 +22.6

1 : 12 364:3 ± 6:8 0.280 +35.5

2 : 15 514:8 ± 7:5 0.246 +29.0

1 : 6 476:3 ± 51:4 0.405 +23.5

1 : 4 725:3 ± 32:0 0.523 +21.0

1 : 3 787:1 ± 9:5 0.324 +10.9

Table 2: The results of encapsulation efficiency and drug loading
(mean ± SD, n = 3, %).

N/C (v/v) DL (%) EE (%)

1 : 20 4:37 ± 0:06 91:30 ± 1:40
1 : 12 7:19 ± 0:02 92:94 ± 0:21

4 Journal of Nanomaterials
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Figure 3: The size distribution, PDI (a), and the morphology using TEM (b) of NAT-NPs (NAT/carrier volume ratio of 1 : 12).
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Figure 5: In Vitro release profiles of the optimized NPs (N/C 1 : 12, v/v) and NTM with and without 0.5% Tween-80 (v/v).
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4.2. Fourier Transform Infrared Spectroscopy (FTIR) and
TGA Analysis. FTIR was conducted to identify the structural
composition of a substance or determine its chemical group
by testing the characteristics of the molecular structure dia-
gram. The FTIR spectra of CTS, NAT, and NAT-NPs are
shown in Figure 4(a). The characteristic absorption bands
of CTS appeared at 3500 and 3200 cm−1, which were assigned
to the -OH stretching and -NH bending vibration, respec-
tively. The characteristic absorption bands of NAT appeared
at 3260 (-NH), 1640 (C=C), 1163 (C-CO-C), and 1000 (-C-
N) cm−1. For the NAT-NP spectrum, features were observed
in bands of 3260 (-NH), 3200 (-NH), and 1163 (C-CO-C)
cm−1 compared with CTS and NAT. These findings sug-
gested an interaction between NAT and the nanocarrier
and its successful encapsulation.

TGA and DTA analyses were carried out to determine
sample stability and loss of weight in diverse temperatures
to measure the physical and chemical changes of the NPs as
a function of temperature. In Figure 4(b), the first event,
observed from 50°C to 140°C (Δm = 3:78%), should be linked
to the volatilization of water molecules adsorbed on the
NAT-NPs surface. NAT-NPs showed intensive weight loss
(Δm = 43:7%), which was attributed to the decomposition
of the polymer starting from 240°C to 360°C. For CTS and
NAT, weight loss appeared in the TG response from 260°C
to 360°C (Δm = 43:9%) and in the TG response from 200°C
to 520°C (Δm = 80:2%), respectively. These TGA data
showed some increase in thermal stability of NAT-NPs com-
pared with NAT.

4.3. In Vitro Drug Release. The in vitro drug release of NAT-
NPs and NAT in the simulated ocular circumstances (37°C,
pH7.4) was studied (Figure 5). A control group with 0.5%
Tween-80 (v/v) was also established due to the poor water
solubility of NAT. The NPs showed a two-step release pat-
tern: one initial burst release within 2 h, followed by a second
slow-release phase. The cumulative release of NAT freed
from the NAT-NPs was 52.15% and 47.5% within 2 h with
and without Tween-80, respectively. Some drug was
adsorbed on the surface of NAT-NPs during the preparation,
which explained the burst release within the first 2 h. More
importantly, an initial burst release is beneficial in terms of

antifungal activity as it helps achieve the therapeutic concen-
tration of drug in a minimal period followed by constant
release to maintain the sustained and controlled release of
the drug. The cumulative releases of NAT were 64.32% and
58.54% within 12 h with and without Tween-80, respectively.
There was no significant difference in NAT-NPs release
between the two environments, but the NAT-NPs showed a
stronger sustained release effect than free NAT.

4.4. In Vitro Antifungal Activity of NPs. To assess the antifun-
gal activity of NAT-NPs, the IC50 was determined (Figure 6
and Table 3). The IC50 of NAT-NPs showed stronger anti-
fungal activity than free NAT against C. albicans. To further
quantify the antifungal effect of NAT-NPs, we conducted an
inhibition zone experiment. The zones of inhibition were
defined as the maximum distances between the test disk
and the fungal growth edge (recorded in millimeters). The
zones of inhibition for NAT-NPs (24 h and 48h) are shown
in Figure 7(a-b) and Table 4, respectively. Whether at 24 or
48 h, the antifungal effect of NAT-NPs was much higher than
that of NAT, which was consistent with the result of IC50. As
expected, the zone of inhibition gradually decreased over
time. We speculated that the reason for improving the anti-
fungal effect of NAT-NPs was the increase in water solubility
(increased bioavailability) of NAT and the antifungal effect of
blank-NPs (CTS) themselves. To further verify the effect of
blank-NPs on C. albicans, we compared the antifungal ability
of NAT-NPs, blank-NPs, and NAT through the inhibition
zone experiment Figure 7(c-d) and Table 5. CTS-NPs also pre-
sented considerable antifungal effects and were stronger than
free NAT. Notably, the antifungal effect of NAT-NPs was far
stronger than that of NAT and CTS. A synergistic effect may
exist between NAT and CTS. These results may provide useful
information for the facile application of NAT-NPs.
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Figure 6: The results IC50 of NAT-NPs (a) and NAT (b) (mean ± SD, n = 3, %).

Table 3: The results IC50 of NAT-NPs and NAT (mean ± SD,
n = 3, %).

Antifungal agent IC50 (μg/mL)
95% confidence interval

(μg/mL)

NAT-NPs 4.82 4.10-5.65

NAT 6.17 5.85-7.86
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5. Conclusions

In this study, NAT-NPs exhibited good physicochemical
properties and proved that NAT-NPs had a strong antifungal
effect on C. albicans. The reason why NAT-NP had a stron-
ger antifungal effect than NAT was related to the antifungal
properties of CTS itself. CTS enhances NAT in the antifungal
direction, making CTS an excellent carrier of NAT. There-
fore, NAT-NPs is expected to be effective in clinical fungal

keratitis due to its potent ability to inhibit fungi. Although
the NPs formed in this paper demonstrated the slow-release
effect of NAT-NPs and strong antifungal effects, further
studies should be conducted to enable NAT-NPs to be
applied earlier in clinical patients with fungal keratitis.
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