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Abstract: This study aims to investigate the effect of alkaline pH on the bottom-up synthesis of
nanocomposites (NCs) containing terbium sulfide nanoparticles (Tb,S3 NPs), where chitosan (CS)
was employed as a capping agent, along with evaluation of the antibacterial activity of these NCs.
The NCs were characterized using spectroscopy (FESEM-EDX, Raman, FTIR, XRD, XPS, and DLS),
zeta-potential, and TGA. The results of FE-SEM, XPS, Raman, and FTIR characterization support the
formation of CS-TbyS3 NPs. A pH variation from 9 to 11 during composite formation was shown to
affect the size and composition of NCs. The antibacterial activity of CS-Tb,S3 NCs was studied by
coating onto commercial contact lenses, where the best loading efficiency of NCs was 48%. The NCs
prepared at pH 10 (without contact lenses) had greater antibacterial activity against Staphylococcus
aureus, with a zone of inhibition diameter of 7.15 mm. The coating of NCs onto commercial contact
lenses was less effective for inhibition of Staphylococcus aureus, in contrast with the greater activity
observed for tetracycline. CS-Tb,S3 NCs offer promising antimicrobial properties that can be further
optimized by control of the surface loading and accessibility of Tb,S3 NPs through further study of the
role of the chitosan capping agent, since steric effects due to CS are likely to attenuate antimicrobial
activity via reduced electron transfer in such nanocomposite systems.

Keywords: antibacterial; capping agent; chitosan; contact lens; TbyS3 nanocomposite

1. Introduction

Infections caused by using contact lenses can occur in the cornea, otherwise known as
keratitis. The latter results from an inflammation of the cornea caused by bacteria, viruses,
and fungi that cause an infection in the eye that triggers inflammation and damage [1].
One of the causes of this disease is infection by Staphylococcus aureus (S. aureus). Bacterial
keratitis is a disease caused by a bacterial infection of the cornea, which is caused by
bacteria of the genus Staphylococcus, which may cause facile and rapid irritation of the
cornea, leading to blindness if not treated early [2].

There are reports of cases with patients who have experienced eye complications, such
as keratitis, which caused visual disturbances and pain [3]. Cases of bacterial keratitis
have been reported due to the improper use of contact lenses. This trend continues to
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increase annually in Indonesia, where improper use due to poor hygiene can be traced as
the primary source of transmission of eye infections. In particular, the presence of bacterial
agents on the lens surface, such as S. aureus bacteria, can increase the risk of disease [4].

Metal sulfide nanoparticles (NPs) with variable sizes (ca. 2-20 nm) can serve as
semiconductor nanocrystals [5] and are of continued interest in the biomedical field due
to their unique electronic and optical properties [6,7]. These types of nanocrystals have
the function of simultaneous drug delivery to human tissues and in-vivo imaging probes
due to their large surface area. Such types of NPs have high structural stability and
antibacterial activity that differs from conventional chemical agents [8-10]. Rare earth
elements (REEs), such as lanthanide, have been reported as anti-amoebic agents [11-14],
where the terbium complexes have potential utility as anti-amoebic and causative agents
for eye keratitis infection [11]. Various antimicrobial agents act by interfering with various
pathways: (1) cell wall synthesis, (2) plasma membrane integrity, (3) nucleic acid synthesis,
(4) ribosomal function, and (5) folate synthesis [15]. In the case of nanomaterials, iron-oxide
NPs coated with dextran reveal strong peroxidase-like activity (cf. Table 1 in [16]) at acidic
pH values and target biofilms with high specificity, which also prevent severe dental caries
without impact on the surrounding oral tissues in vivo.

Among the various reported methods for the synthesis of NPs, the wet-chemical
method is favorable because it is facile with relatively basic equipment requirements [17].
The form and size of the NPs synthesized by this method can be modified by controlling
various parameters [18]. Capping agents or additives are employed in the preparation of
NPs to maintain stability and prevent the formation of agglomerates [17,18]. Chitosan is
an exemplary capping agent for the preparation of NPs in aqueous media. Chitosan is
a versatile polysaccharide produced from the partial deacetylation of chitin that yields a
biodegradable, biocompatible, and non-toxic biopolymer that has wide utility in advanced
biomedical and therapeutic applications [19-23]. Chitosan displays antimicrobial proper-
ties, which relate to its glucosamine units and protolytic behavior that favors adhesion to
bacterial surfaces with negative surface charges [24]. In turn, chitosan can cause physical
damage to the integrity of the plasma membrane, resulting in rupture and cell death, where
its use as a capping agent in the formation of nanoparticles relates to its abundant hydroxyl
and amine groups.

Based on the need to develop new NPs with tailored properties, we proposed the
synthesis of NPs that employ REEs, such as terbium, along with chitosan as a capping agent
to address challenges related to nanoparticle stability. Herein, a commercial contact lens
was used as a carrier matrix for chitosan-capped Tb;S; (CS-Tb;S3) NPs that was adapted
from a previous report [14]. Herein, chitosan (CS) serves as a capping agent for synthesis
carried out at variable pH (9-11) to improve the nanoparticle stability, along with the
antibacterial properties of the TboSz NPs. Ophthalmic drug delivery systems in the form
of eye drops have a low residence time and bioavailability. It is posited that the prepared
NPs in the form of a CS-based composite can adhere favorably to contact lens surfaces to
achieve suitable antibacterial properties for potential therapeutic applications [10,14,25].

Table 1. Comparison of the crystallite size for the NPs based on XRD results.

20 0 (rad) K A FWHM B (rad) Crystallite Size (nm)
pHO 28.4 0.248 0.9 0.154 1.137 0.0198 7.54
pH 10 28.3 0.247 0.9 0.154 1.145 0.0199 7.55
pH11 29.8 0.260 0.9 0.154 0.836 0.0145 10.3

2. Materials and Methods
2.1. Materials

Terbium nitrate hexahydrate (Tb(NO3)3.6H>0) and chitosan were purchased from
Sigma-Aldrich (Milwaukee, W1, USA). Sodium sulfide (Na,S) was purchased from Smart-
Lab, (Tangerang Selatan, Indonesia). Ultrapure water was obtained from the Faculty of
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Medicine, Universitas Indonesia (Jakarta, Indonesia). Glacial acetic acid, acetone, ammo-
nium hydroxide, monopotassium phosphate, and sodium hydroxide were purchased from
Merck (Darmstadt, Germany). Distilled water was purchased from the ROFA Laboratorium
Centre, Indonesia. Commercial contact lenses were employed with a hilafilcon material
(Indonesia) [14].

2.2. Synthesis of Modified Tb,S3 Nanoparticles with Chitosan as Capping Agent

The method for preparing TbyS3 NPs with chitosan as the capping agent follows an
adapted method reported by Lim et al. [18]. Chitosan (0.15 g) was dissolved in 40 mL of
ultrapure water containing 1% glacial acetic acid. The solution was purged with nitro-
gen gas for ca. 30 min while stirring. Then, 14.25 mg of terbium trinitrate hexahydrate
(Tb(NOs3)3.6H,0) was added into the solution, which was stirred at room temperature
for 2.5 h. Then, Na,5 (0.5 g) was dissolved in 10 mL of ultrapure water and added to
the stirred solution of Tb(INO3)3, followed by the addition of NH4;OH drop-wise until
the desired solution pH was reached (pH 9, 10, and 11, respectively). The solution was
stirred for 1 h at 35 °C. Then, the mixture was centrifuged at 4000 rpm for 15 min, along
with washing (three times) with ultrapure water. Chitosan in ultrapure water (4 mg/mL)
containing 1% glacial acetic acid was dissolved, and the resulting solution (10 mL) was
added to the centrifuged solution. Finally, the mixture was sonicated for 1.5 h, followed
by centrifugation at 4000 rpm for 10 min, along with washing the sonicated solution with
ultrapure water and acetone. The solid NPs of Tb,S3 were stabilized with chitosan as
the capping agent and stored for future use (characterization and antibacterial testing) in
ultrapure water. The preparation method for the CS-Tb,S3 NPs is outlined in Figure S1
(cf. Supplementary Material).

2.3. Preparation of Tb,S3 Nanoparticle Composites for Antimicrobial Testing onto the Contact Lens System

The preparation method for coating the TbyS3 NPs onto the surface of a contact lens
employed the method reported by Kusrini et al. [14] with some modifications. Herein,
the CS5-Tb,S3 NPs were dissolved in a phosphate buffer solution (PBS) at pH 7.4, which
was prepared by mixing 50 mL of 0.2 M KH;POy solution with 39.1 mL of 0.2 M NaOH
solution with the addition of distilled water to reach a final volume of 200 mL. All prepared
solutions were sonicated for 10 min to ensure complete dissolution. The concentration of
CS-Tb,S3 NPs was variable (0-0.25 mg mL™1), and the optical absorbance was measured
using a UV-Vis spectrophotometer (Shimadzu UV-900, Kyoto, Japan) at 217 nm [25] to
enable the preparation of a standard calibration curve. The contact lenses were rinsed with
distilled water and air-dried prior to coating with the CS-Tb,S3 NPs. Then, the contact
lens were imbibed in PBS with the NPs for 10 h to enable surface coating. At the end
of the loading stage, the lens were removed from the aqueous media and air-dried. The
concentration of the CS-Tb,S3 NPs during the loading process was monitored in situ by
measurement of the optical absorbance of these NPs at 217 nm [25].

2.4. Characterization of CS-Tb,S3 Nanocomposites

The characterization of the CS-Tb,S3 NPs was carried out by reviewing the stability of
the products through chemical composition, shape, and size parameters. The morphology,
particle size, and composition of the prepared NPs were analyzed by FESEM-EDX. The
size and crystalline structural features were assessed through XRD, while the structure and
interaction of the NPs were analyzed by vibrational spectroscopy (Raman and IR). Thermo-
gravimetry analysis (TGA) profiles of the samples were obtained using a TA Instruments
Q50 TGA system (New Castle, DE, USA) with a heating rate of 5 °C min~! up to 500 °C
with nitrogen as the carrier gas, as described by Dehabadi et al. [26]. In brief, the particle
size distribution (PSD) and zeta potential were measured using a Malvern Zetasizer Nano
ZS instrument (Malvern Instruments Ltd., Malvern, Worcestershire, UK).

In brief, a fixed amount of the sample (ca. 40 mg) was suspended in 7 mL Millipore
water in small glass vials, where aliquots of the suspension were used to measure the
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zeta-potential at pH~6.5. The particle size was obtained by measuring the scattered light
(6 =173°) of suspended particles upon illumination with a laser beam, where the CON-
TIN algorithm was used to obtain the zeta-potential. The particle size and zeta-potential
were estimated from triplicate measurements, where average values consisted of at least
ten individual runs with an estimated uncertainty of 5% [26]. The nanocomposite was
centrifuged, and the settled particles were withdrawn and dried under an ultra-high vac-
uum until a constant pressure was reached before being transferred into the XPS chamber.
All X-ray photoelectron spectroscopy (XPS) measurements were collected using a Kratos
(Manchester, UK) AXIS Supra system at the Saskatchewan Structural Sciences Centre
(SSSC) under UHV conditions. This system is equipped with a 500-mm Rowland circle
monochromated Al K-« (1486.6 eV) source and a combined hemi-spherical analyzer (HAS)
and spherical mirror analyzer (SMA). A spot size of 300 x 700 microns was used. All
survey scan spectra were collected in the —5 to 1200 binding energy range in 1 eV steps
with a pass energy of 160 eV. High-resolution scans of 5 regions were also conducted using
0.1 eV steps with a pass energy of 20 eV. An accelerating voltage of 15 keV and an emission
current of 10 mA were used for the analysis.

2.5. Performance Test of CS-Tb,S3 Nanocomposites as Antibacterial Agent

Microbial cultures of S. aureus were prepared and allowed to age for 24 h. One
dosage of a microbial sample was subjected to a diluent (sterile trypticase soy broth) and
then homogenized. Transmittance (%T) was measured using a UV-Vis spectrophotometer
with a wavelength of 580 nm to 25%T (108 CFU/mL) was measured. Each microbial
suspension was added to a petri dish (0.2 mL) along with 20-25 mL of trypticase soy agar
medium, which was homogenized and then allowed to solidify. The samples in the form
of tetracycline as a positive control were prepared on the surface of the media, which
were solidified and allowed to stand for 1 h. Then, the test solutions were absorbed and
incubated at 30-35 °C for 18-24 h aerobically, where the inhibition zone was evaluated.
Tetracycline was used as a standard antibacterial agent and as a positive control (K+) for
comparison with the results of the terbium sulfide nanocomposites (NCs) for this study.

3. Results and Discussion

Notwithstanding current potential issues of toxicity of nanomaterials and their utility
as therapeutic agents for human health, there remain some knowledge gaps related to
their safety in clinical settings. Nonetheless, there is a need to carry out further studies of
new biocompatible nanomaterials that possess antibacterial capabilities since such systems
represent potential alternatives with multifunctional properties, which include applications
for imaging or to address antibiotic-resistant bacterial strains. Hence, this study was
focused on the design of CS-Tb,S3 NCs as antibacterial agents to evaluate their utility in a
case study for targeting infections to prevent ocular disease such as keratitis. The results
and discussion are divided into several sections that detail the characterization of CS-Tb,S;3
NCs and an evaluation of their physicochemical and antibacterial properties. We highlight
the use of the Staphylococcus aureus (S. aureus) strain as part of an explorative study to
outline the potential utility of CS-Tb,S3 NCs as an emerging class of antibacterial agents.

3.1. Synthesis of CS-Tb,S3 Nanoparticles

The CS-Tb,S3 NPs were prepared using a bottom-up approach through the wet chemi-
cal method (cf. Figure S1). The pH ranged from 9 to 11 as a parameter to investigate the
role of pH effects on the properties of the prepared Tb,S3 NPs. An increased concentration
of the alkaline solution (NH4OH) will reduce solubility and induce precipitation of the
NPs, where the resulting saturated solution is colloidal in nature. Chitosan was selected
as a capping agent because of its biocompatibility, biodegradability, and non-toxicity. In
addition, chitosan can serve to prevent the agglomeration of the resulting NPs due to steric
stabilization of the interface (cf. Scheme 1, vide infra).
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Scheme 1. Conceptual illustration of the structure and interactions for Tb,S3-capped NPs within a
chitosan (CS) matrix. The CS shell surrounding the Tb,S3 NP (red sphere) is shown by the use of
bold black lines, whereas the microporous CS matrix is shown by the narrow black lines.

3.2. Characterization of the CS-Tb,S3 Nanocomposites
3.2.1. FTIR, Raman, and XPS Structural Characterization

To establish the presence of chitosan and terbium sulfide in the composite material,
FTIR spectra were obtained to support the presence of corresponding functional group
contributions from the inorganic and organic components.

In Figure 1A, the FTIR spectra for the composites reveal the presence of a new band
(500-600 cm 1), which indicates the formation of Tb-S bonds (cf. Figure 1A). The results
reported by Rahimi-Nasrabadi et al. [27] revealed that the IR vibrational bands for Tb-S
also occur in the 570-800 cm ™! region. Herein, the maximum IR intensity of the chitosan
band for each NP was reached at pH 11. The peak intensity of the vibrational band of
chitosan increased with increasing pH from 9 to 11. Lim et al. [18] reported a similar effect,
where chitosan had greater coordination with the NPs at more alkaline pH. In Figure 1B,
the Raman spectra of chitosan and the CS-Tb,S; nanocomposite (pH 10) are presented.
There is evidence of spectral intensity variation in the following regions: 2900 cm™!,
1200-1500 cm ™, 800-1200 em ™!, and 300-600 cm ™~ !. While the wavenumber values do not
show significant change, the spectral intensities are more pronounced, which suggests that
the metal sulfide nanoparticles interact with the accessible functional groups of chitosan
(-OH, -NH3) through various donor-acceptor interactions. According to Lim et al. [18],
their results reveal that the broad IR band at 420-811 cm ™! related to the Cd,S; vibrational
bands, according to the prominent bands at 601 and 720 cm~!, where the arrangement of
the biopolymer chains of chitin was relatively unchanged upon encapsulation of the CdS
NPs. A more detailed analysis of the Raman spectra in Figure 1B was precluded due to the
large fluorescence background emission from the CS-Tb,S; nanocomposite.

In Figure 1C, XPS was used to confirm the presence of terbium within the chitosan
matrix, and XPS was used for elemental identification [28]. Although Tb 4s or Tb 4p3, are
often used to confirm the presence of terbium, the overlap with the N 1s orbital and the
C 1s orbital, respectively, from chitosan impedes positive identification and necessitates
investigating the Tb 4d, Tb 5p, and Tb 4f orbitals [29]. An added difficulty is the overlap
of these orbitals with the silicon contained within the glue on the carbon tape for sample
fixation (see Figure 1C). It follows that the changes in peak shape of Si 2s or Tb 4d, respec-
tively. This trend may also originate from other effects that relate to terbium sulfide, which
cannot be established unequivocally without confirmation of results from the narrow scan
spectra (cf. Figures S4-511, Supplementary Materials). To elucidate the observed signal and
peak identification, the narrow scans of the elements of interest (nitrogen, sulfur, silicon,
and terbium) were performed and compared to the narrow scans of the same regions of
the carbon tape substrate (cf. Figure 2A-D for narrow scans and Figures 512-519 in the
Supplementary Materials).
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Figure 1. Spectral characterization of CS-Tb,S3 NPs prepared at pH 9-11: (A) IR spectra, and
(B) Raman spectrum of CS-Tb,S3 NPs (pH 10), and (C) XPS wide scan spectrum of CS-Tb,S3 NPs
(pH 10) and carbon tape.

As can be seen in Figure 2A, the observed peak was not unequivocally identified.
The absence of the ammonium band can be explained by the alkali synthetic conditions
at pH 10, whereas potentially minor amine peaks around 398.86 eV could be found next
to a large band at 396.67 eV, indicating the potential presence of terbium [29]. The narrow
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scan of S 2s from sulfur (cf. Figure 2B) indicates a small signal for sulfur, which is absent
in the substrate and supports the presence of terbium sulfide. Experimental support is
obtained from the deconvolution of the bands for Si 2s and Tb 4 (cf. Figure 2C), where it
was possible to identify the silicon band originating from the glue on the carbon tape. The
same band is observed in the partially transparent sample, which also reveals the Si 2s
(150.42 eV) band, in contrast to the adjacent Tb 4d (144.74 eV and 147.71 eV, respectively)
bands. Additionally, the presence of sulfur was confirmed through S 2p in the same region
(165.43 eV) [30]. To obtain additional confirmation, the valence electron band spectra (ca.
0-18 eV) were investigated. A sulfur valence band could not be confirmed for S 3p [31]. The
Tb 4f orbital around 8 eV was not expected to show overlap with other signals, but most
likely silicon also exhibits a peak around 25 eV and smaller peaks between 20 and 0 eV,
requiring careful comparison of the peak shapes (cf. Figure 2D). Tb 5p showed too much
interference; therefore, the Tb 4f band was used to confirm the presence of terbium sulfide
within the NC sample, along with the S 3s peak (18.30 eV), which is absent in the carbon
tape. Thus, the elemental identification of terbium within the sample was accomplished by
utilizing multiple peaks (Tb 4d, Tb 4f) after deconvolution with overlapping silicon peaks
in conjunction with the identification of sulfur peaks (S 2s and S 2p). The oxygen narrow
scan (cf. Figure S5 in Supplementary Material) revealed three peaks (528.58 eV, 529.33 eV,
and 530.19 eV) in comparison to the two peaks found in the carbon tape (529.43 eV and
530.80 eV; cf. Figure S13 in Supplementary Materials). C-O and C-O-C can be attributed
to the latter peaks in both samples, while the peak at 528.58 eV is unique to the terbium
sulfide sample, indicating the presence of another oxygen species. This is likely a potential
chelation from the C-OH oxygen of chitosan as a hard Lewis base to Tb(IlI) as the hard
Lewis acid [32]. This model of chelation is consistent with the alkaline synthetic conditions
(pH 10), where an illustrative view of the interactions between chitosan and terbium sulfide
is shown in Scheme 1.

N 1s/Tb 4s S2s
Tb,S;-Chitosan NP A — Tb,S;-Chitosan NP B
— Carbon Tape —— Carbon Tape

[

I\
3 3 ™
) o N
2 2 vttt m*w,
G ] M-
c c A
Q Q
E E

T T T T T T T T
410 408 406 404 402 400 398 396 394 392 390 240 235 230 225 220 215
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Intensity (a.u.)

——

Si 25{ S
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Figure 2. Narrow XPS scans across multiple regions for overlap elucidation and qualitative determi-
nation of the composition of the prepared nanoparticles: (A). N 1s/Tb 4s; (B). S 2s; (C). Si 2s/Tb 4d;
and (D). S 3s/5i 3s/Tb 5d/Tb 4f. The smooth colored lines (red, blue, green, purple) are the best-fit
lines for the binding energy of respective atoms to the XPS spectra.
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3.2.2. TGA Analysis

Preliminary TGA results in Figure 3A for the CS-Tb,S3 NPs (pH 10) reveal two thermal
events, both a low temperature event (from 23 °C to 100 °C) and a higher temperature event
(ca. centered near 300 °C). The former thermal event relates to water loss, while the latter
event relates to chitosan decomposition. Across this range of temperatures investigated,
there was no evidence of decomposition due to Tb,S3 NPs across this temperature range
up to 500 °C. The thermal event near 300 °C provides an estimate of the chitosan content
relative to the initial sample weight, after correction for the water content. This method
assumes that the residual sample weight after 500 °C is attributable solely to the Tb,S3
NPs. The TGA results provide additional support for the formation of a composite between
Tb,S3 NPs and chitosan as the capping agent.

3.2.3. XRD Analysis

The XRD patterns of CS-Tb,S3 NCs prepared at variable pH (9 to 11) are shown
in Figure 3B. The presence of XRD signatures at various 26 values (28.4°, 28.3°, and
29.8°) relates to the monoclinic crystal structure of TbyS3. The Miller indices of each XRD
signature are given: (2 3 3) at an angle of 28.43°, (24 0) at an angle of 28.28°, and (2 4 2) at
an angle of 29.84°, which corresponds to COD no. 432-7787. The broad XRD lines have 20
values at 29° and 43°, which is in agreement with the signatures reported for chitin and
chitosan [33], where chitosan serves as the capping agent and matrix for the terbium sulfide
nanoparticles [34].

1.5 x . 7

— TbhS-Chitosan pH 10 -6

Derivative Weight {%/°C)
[=]
4]
Weight Loss (%)

T T T
o 100 200 300 400 500

Temperature (°C)
350 ——t
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— — TbpH 11
300
. 2504
3
L 00
)
w
S 1504
=
=
100
50+
o

0 20 40 50 80 100
2—Theta (degrees)
(B)

Figure 3. TGA and XRD profiles for the CS-Tb,S3 nanocomposites (pH 10): (A) TGA weight loss
(%) and derivative weight loss (%/°C), and (B) XRD intensity versus 26 values for nanoparticles
prepared between pH 9 and 11.
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The size of the Tb,S3 nanoparticles was calculated using the Debye-Scherrer equation,
D = (kA/ cos 0), where D is crystallite size, K is known as the Scherrer’s constant (K = 0.94),
A is the X-ray wavelength (1.54178 A), B is full width at half maximum (FWHM) of the
diffraction peak. In Table 1, the crystal sizes at variable pH for the CS-Tb,S3 NPs are listed
based on the XRD line width: 7.53 nm (pH 9), 7.54 nm (pH 10), and 10.28 nm (pH 11).

Taken together, the spectroscopic (XRD, IR, Raman, and XPS) and TGA results provide
support that the nanocomposites are comprised of chitosan and terbium sulfide, where the
predominant matrix component is chitosan. A conceptual illustration of the interactions
between Tb,S3 NPs and chitosan (CS) as the capping agent is portrayed in Scheme 1, along
with a generalized view of the structure of the CS-Tb,S3 nanocomposite.

3.2.4. Particle Size and Zeta-Potential Characterization

Based on the DLS results in Table 2, the particle size for pristine chitosan at alkaline
pH ranges from 10! to 10> um, where it should be noted that the particle size resides in a
range that should not be overinterpreted, according to the larger PDI values near unity.
By contrast, the particle diameters estimated for the Tb,S; nanoparticles from XRD range
from 7.5 nm to 10.3 nm. The results indicate that the particles in solution estimated by
DLS are comprised of chitosan along with multiple components since the particle size of
chitosan at pH 3 is two orders of magnitude larger than the lower bound limit obtained by
XRD analysis, in accordance with the molecular weight of the capping agent in the 10? kD
molecular weight range. The anticipated trend of the zeta-potential for chitosan prepared
at an alkaline versus an acidic pH is consistent with the positive and negative values in
Table 2. For the case of CS-Tb,S; nanocomposites (pH 10), the positive zeta-potential and
particle size are consistent with a core-shell morphology (cf. Scheme 1), where chitosan
resides at the periphery of the Tb,S;3 core.

Table 2. DLS and zeta-potential results for chitosan at variable pH and CS-Tb,S3 nanoparticles at 295 K.

Particle Size

Sample Z-Average PDI Zeta-Potential

(um) V)

Chitosan (pH 3) 0.792 0.461 5.11
Chitosan (pH 9) 3.18 1 —2.71
Chitosan (pH 10) 1.82 0.929 —0.614
Chitosan (pH 11) 26.0 0.488 —4.28

CS-Tb,S3 NPs (pH 10) 3.64 0.442 12.6

Note: Chitosan is soluble at pH 3 and insoluble at these higher pH values (9-11).

3.2.5. FESEM-EDX Studies

The elemental composition (C, N, O, S, Tb) values of CS-Tb,S; NPs based on the EDX
analyses are listed in Table 3.

Table 3. Elemental composition (wt.%) for CS-Tb,S3 NPs based on SEM-EDX analyses.

CS-Tb,S3 NPs Weight Composition (wt.%)
C N (0] S Tb
pHI 49.06 12.06 25.07 9.73 4.08
pH 10 52.09 9.80 28.61 6.45 3.05
pH11 50.34 11.29 27.44 6.48 4.45

Based on the SEM results, the CS-Tb,S3 NPs have small to medium-sized pores
and agglomerations, along with some nanofiber structures that resemble the structure of
chitosan nanofibers (cf. Figure 3A-C). Image-] software was used for the processing of
SEM results to enable size estimates of the terbium sulfide NCs that are present near the
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surface. This approach has been widely reported for the study of biological systems [35].
Accordingly, the average particle size for CS-Tb,S3 NCs was estimated for synthesis at
variable pH conditions: 57.8 nm (pH 9), 74.9 nm (pH 10), and 114.6 nm (pH 11), as shown in
Figure 4a—c. The size range for the Tb,S3 NPs concurs with independent estimates reported
elsewhere [36] according to variable particle sizes between 3-80 nm. Some of the NPs
reported herein exceed the particle sizes reported by Li et al. [37], which were attributed
to agglomeration of Tb,Ss3 particles as a consequence of the long storage time prior to
the FESEM imaging analyses. The composition of the elements in the nanocomposites is
outlined in Table 3, where the Tb content was somewhat variable for the systems: 4.08,
3.05, and 4.45 wt.%. In addition, other elements (C, O, N, and S) were detected in the

nanocomposites that are related to the presence of chitosan and sulfide.
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Figure 4. SEM images (left) with magnification (50,000x) and 30.0 kV for the CS-Tb,S; nanocompos-
ites prepared at pH 9 (a-i), pH 10 (b-i), and pH 11 (c-i). The corresponding particle size distribution
plots (right) were obtained from J-image (n = 75 data samples) analysis of SEM results for materials

prepared at pH 9 (a-ii), pH 10 (b-ii) and pH 11 (c-ii).
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Additional SEM images were obtained at a higher resolution for the chitosan-capped
Tb,S3 nanoparticles prepared at a pH of 10 (cf. Figure S2, Supplementary Material). Several
images of different sample regions (1, 2, and 3) were obtained at greater magnification
(150k x) versus the results shown in Figure 4. With reference to Figure S2 (Supplementary
Material), where the surface of the sample reveals a number of pseudo-spherical structures
in the 10-30 nm size regime across the sample regions (1, 2, and 3). The SEM results
indicate evidence of dispersed NPs and aggregated structures at the sample surface, where
the light-colored regions reveal emission of secondary electrons, which are attributed to
the Tb,S3 near the sample interface. The variation of light and dark colored regions is
attributed to thinner vs. thicker chitosan shells surrounding the Tb,S; NPs, respectively.
This trend concurs with the use of chromium films for contrast image enhancement, along
with evidence of Tb species (ca. 04 wt.%) based on the EDX analysis of regions 1-3 of the
NP domains in Figure S2 (cf. Supplementary Material) and the results are listed in Table 3.

3.3. Antimicrobial Testing of the CS-Tb,S3 Nanocomposites
3.3.1. Loading Content of CS-Tb,Sz Nanocomposites onto the Contact Lens

The loading content of the NCs onto the contact lens was estimated by calculating
the difference between the initial and final concentrations, according to the optical density
of the terbium sulfide NPs in aqueous solution. The loading efficiency of CS-Tb,S3 NCs
onto the contact lens increases non-linearly with the contact time, as shown in Figure S3a
(Supplementary Materials). The loading content of the Tb,S3 NPs at variable concentrations
(0.20 to 0.50 mg mL~!) was evaluated, which is listed in Table 4. The loading efficiencies
of CS-Tb,S; NPs onto the surface of commercial contact lens material with an initial
concentration of 0.20 to 0.50 mg/mL revealed an increase in loading for NCs that were
prepared at variable pH from 9 to 11. The corresponding loading efficiencies are listed:
30%, 43%, and 48%, which increase almost linearly with the concentration of the CS-Tb,S3
NCs. The greater loading of the NCs suggests that the particulate uptake onto the contact
lens matrix increases with a greater initial NC concentration in the aqueous solution, in
accordance with equilibrium considerations. Based on the research of Kaul et al. [35], the
results indicated that NPs capped with chitosan had a minimum loading efficiency near
50%. These results also support the fact that the best efficiency in NP stability occurs with
chitosan, where a minimum loading occurs near 50%. Thus, it can be assumed that the
concentration of CS-Tb,S3 NCs ranged from 0.20 to 0.50 mg/mL does not provide effective
loading levels required according to conventional standards. The initial concentration of
the NCs likely limits the loading efficiency, along with the hydration characteristics of
the NCs.

Table 4. Loading efficiency (%) of CS-Tb,S3 NPs onto contact lens surfaces.

Initial Concentration Final Concentration Loading Efficiency
(mg/mL) (mg/mL) (%)
0.20 0.14 30.00
0.30 0.17 43.33
0.50 0.26 48.00

3.3.2. Antibacterial Testing of the CS-TbyS3; Nanoparticles in the Absence and Presence of
Contact Lens

For antibacterial activity, the NCs prepared at pH 10 were observed to display an
inhibition zone with a diameter of 7.15 mm (cf. Figure 5, dashed red circle). Thus, the CS-
Tb,S3 NCs prepared at pH 10 were further studied due to the greater antibacterial activity
observed. Supporting evidence of the role of terbium species is drawn from a comparison
of the antibacterial properties of terbium nitrate salts with other metal salts (zinc nitrate,
europium nitrate), as illustrated in Figure S3b,c of the Supplementary Materials.
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Based on the data in Table 4, the CS-Tb,S3 NPs had antibacterial activity that resulted
in inhibition towards S. aureus. The data shows that the presence of an alkaline pH during
synthesis and the use of chitosan as the capping agent may contribute secondarily to the
overall antibacterial activity. Similar effects were observed by Giridhar et al. [38], Xaba
etal. [39], and Ribut et al. [40] for the use of alkaline pH and variable types of capping agents
for different types of bacterial strains. We interpret this trend as the optimal formation
that favors metal hydroxide surface sites, which enhance the encapsulation of CS-Tb,S3
NPs by chitosan, where it should be noted that the antibacterial contribution of chitosan
is considered negligible according to the results presented in Figure S3b,c relative to the
greater observed activity of the metal nitrate salts.

The variable concentration of CS-Tby;S3 NCs did not have any notable antibacterial
activity, in contrast with tetracycline, which reveals strong inhibition toward S. aureus (cf.
Table 5). In a study reported by Li et al. [41], they showed that NPs with lanthanide-based
materials had antibacterial activity against S. aureus when an elevated concentration was
employed to inhibit these bacteria.

Figure 5. The antibacterial effect of CS-Tb,S3 NCs as antibacterial agents. (+): inhibition and (—):
absence of inhibition, where tetracycline was used as a positive (+) control (yellow arrow) and water
was used as a negative (—) control in the center of the petri dish.

Table 5. Average diameter of the inhibition zone of CS-Tb,S3 NCs against S. aureus.

Diameter of the Inhibition Zone (mm)

pPHY pH 10 pH11 Tetracycline (K)
CS-Tb,S3 NPs prepared at pH 10 0.00 7.15 0.00 29.90
Concentration (mg/mL)
CS-Tb,S3 NPs prepared at pH 10 0.20 0.30 0.50 Tetracycline (K)
Controls (water, tetracycline) 0.00 0.00 0.00 18.00
CS-Tb,S3 NPs prepared at pH 10 _ B B +

coated on the contact lens

(+): inhibition; (—): absence of inhibition, where tetracycline was used as a positive control (K). Tetracycline was
used as a positive (+) control and water was used as a negative (—) control.

For the case of commercial contact lenses that were coated with CS-Tb,S; NPs at a
variable concentration (0.20 to 0.50 mg/mL), the antibacterial activity against S. aureus was
attenuated, which was related to the steric effects of the capping agent. This trend is in
contrast with the disc diffusion tests in Figure 5 and greater activity for the tetracycline
control system, along with the antibacterial activity of terbium nitrate and negligible activity
for chitosan (cf. Figure S3b,c).
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A comparison of contact lenses with negative control discs, such as water, reveals the
absence of any notable inhibition zone (cf. Figure 5, center of the petri dish). By contrast,
tetracycline serves as a positive control, which has a pronounced zone of inhibition (18 mm).
However, there was no growth in the media for contact lenses at the low levels of NCs
employed. By comparison, higher concentrations revealed a clear, transparent region that
denotes bacterial growth inhibition. In turn, we concluded that there was no significant
antibacterial activity for the contact lens treated with CS-Tb,S3 NCs, which is contrasted
with the results for the tetracycline control (Figure 6). The attenuated antibacterial activity
of the NCs relates to several effects, such as the potential release of chitosan over the
incubation period (6-10 h), where it is assumed that chitosan begins to break down and
or under release from the contact lens. In turn, the concentration of chitosan and terbium
sulfide in the form of free CS-Tb,S3 NCs may undergo a decrease due to aggregation effects.
The role of adhesion between the contact lens and the CS-Tb,S; NCs is anticipated to be
highly variable due to the steric effects of the capping agent (chitosan) on account of the
highly hydrated state (cf. TGA water loss results in Figure 3A) of the system. Hydration
effects provide an account of the limited loading efficiency of the CS-Tb,S3 NCs onto the
contact lens, in agreement with the loading efficiency in Table 4.

All commercial contact lenses after coating with CS-Tb,S3 NPs at variable concen-
trations (0.20 to 0.50 mg/mL) did not reveal any notable antibacterial activity against
S. aureus (cf. Figure 6). Future studies will examine strategies to tailor the stability and
adhesion of CS-Tb,S3 NCs onto the surface of the contact lens by variable loading and
synthetic conditions to improve the nanoparticle accessibility and the zeta-potential of the
capping agent (chitosan) for greater immobilization onto contact lens surfaces to rival the
antibacterial properties of the metal salts (cf. Figure S3b,c in the Supplementary Materials)
and the CS-Tb,S3 NCs in Figure 7.

This trend supports the proof-of-concept of terbium sulfide NCs as an alternative
antibacterial agent (cf. Figure 8). In turn, an improved adhesion of such NCs onto hy-
drophilic surfaces will afford an alternative treatment strategy for keratitis and related
ocular diseases. The favorable hydration properties of the CS-Tb,S3 NPs and the hydrogel
material of the contact lenses were inferred to govern the immobilization and antimicrobial
properties [42].

Figure 6. Comparison of the antibacterial tests of the CS-Tb,S3 NCs prepared at a pH of 10 onto
contact lens surfaces.
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Figure 7. Antibacterial activity of CS-Tb,S3 NCs with variable concentrations: (1) 0.2 mg/mL;
(4) 0.3 mg/mL; (7) 0.5 mg/mL. Other numbers (2, 3, 5, and 6) correspond to other metal-based
nanoparticle systems (CdS, Ag,S, Eu,Ss, ZnS) for comparative purposes. Tetracycline is the positive
control (8).

Blindness

CS-Th,S; as Antibacterial agent

Keratitis

\ $ | Contamination of ‘ Loading on
o NGl contact lenses > contact lens > PN

surfaces loxCa o251

S. aureus bacteria

Figure 8. Illustration of contamination of the S. aureus bacteria onto contact lenses and treatment
using CS-Tb,S; nanocomposites coated onto contact lens substrates.

4. Conclusions

CS-Tb,S; nanocomposites (NCs) were successfully synthesized in alkaline media
from pH 9 to 11. Variable pH during the NCs synthesis affects the spectral properties
(IR, XRD, and DLS) of the resulting materials according to the composition, crystal size,
and particle size distribution. IR results reveal a strong spectral band intensity of chitosan
with increasing pH, along with increased crystallite size of the CS-Tb,S3 NCs with greater
pH during synthesis. The loading efficiencies of CS-TbyS3 NCs onto commercial contact
lenses increased with initial concentrations of 0.2 to 0.5 mg/mL increased, along with
greater loading efficiencies of NCs prepared at variable pH: 30% (pH 9), 43% (pH 10) and
48% (pH 11). The CS-TbyS; NCs (without contact lenses) inhibited S. aureus at pH 10,
with an inhibition zone diameter of 7.15 mm. Future work will explore strategies to
tailor the capping agent (chitosan) with Tb,S3 NPs, including the conditions for improved
immobilization efficiency on contact lenses. In turn, the proof-of-concept of CS-capped
NPs to neutralize S. aureus bacteria on treated contact lenses was demonstrated. However,
greater antimicrobial activity can be achieved through optimization studies since this
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exploratory study demonstrates the proof-of-concept. Composites that contain Tb,S3 NPs
capped with chitosan possess antibacterial properties, which reveal their potential utility
for ophthalmic disinfectant applications. This work contributes to the key role of chitosan
as a stabilizer agent for NPs and the need to tailor the interfacial properties of such NCs to
afford enhanced adhesion at hydrophilic interfaces.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/jcs7010039/s1. Figure S1 outlines the preparation method and
storage of CS-TbyS3 NPs. Figure S2 depicts the SEM of CS-Tb,S; NPs (pH 10) at higher resolu-
tion. Figure S3 presents the standard curve of CS-Tb,S3 NPs for quantitation studies in phosphate
buffer solution and the antibacterial properties of metal nitrate salts toward E. coli and S. aureus.
Figures S4-5S11 provide XPS spectra of the nanocomposite prepared at pH 10, and Figures 512-519
are XPS spectra of carbon tape used for mounting samples.
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