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Abstract: This study successfully synthesized functionalized silver nanoparticle/ TEMPO-oxidized
cellulose nanofiber /chitosan (AgNP/TOCN/CS) composite fibers. First, the TOCN/CS composite
fibers were prepared through the wet-spinning technique, yielding Ag/TOCN/CS composite fibers
after immersion in a 5 mM AgNOj aqueous solution for 3 h, followed by washing with 100 mL of
deionized water five times. Second, upon heat treatment without adding other reducing agents,
TOCN reduced the Ag+ in the Ag/TOCN/CS composite fibers to AgNP/TOCN/CS composite
fibers on the surface of the CS fibers. The fiber color changed from white to yellow-orange when the
temperature changed from 100 to 170 °C. In addition, the results suggest that the heat treatment at
130 °C for 20 min was the optimal heat treatment condition. Meanwhile, soaking the fibers in 50 mM
ascorbic acid for 1 min is the best condition for ascorbic acid reduction. The antibacterial test results
showed that the AgNP/TOCN/CS composite fibers formed via ascorbic acid reduction exhibited
better antibacterial activity against both Escherichia coli and Bacillus subtilis than those produced via
heat treatment. In summary, AgNPs formed on the fiber surface of AgNP/TOCN/CS composite
fibers and showed antibacterial activity, confirming the successful addition of antibacterial properties
to TOCN/CS composite fibers.
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1. Introduction

Chitosan (CS) is a biopolymer obtained through the deacetylation of chitin. Although
CS has antimicrobial activity, biocompatibility, biodegradability, and nontoxicity [1-3],
it still has several limitations. For example, it has weaker antimicrobial activity against
Escherichia coli (E. coli) than Staphylococcus aureus (S. aureus) [4]. Several methods involving
adding antimicrobial functional groups to CS, such as silver nanoparticles (AgNPs), have
been reported to improve its antimicrobial activity [5-12]. For instance, the antibacterial
activity of hydrolyzed chitosan-silver nanoparticles/polyvinylpyrrolidone/polyvinyl alco-
hol nanofibers (HCS-AgNPs/PVP/PVA) against E. coli was increased from 74.4 to 99.9%
compared with the HCS/PVP/PVA mats without AgNPs [6].

Recently, TEMPO-oxidized cellulose (TOC), which is prepared from cellulose using
2,2,6,6-tetramethylpiperidine-1-oxy radical (TEMPO)-mediated oxidation, has become an
attractive material, particularly in the field of antimicrobial therapy. They can be synthe-
sized using several methods and different chemicals [13-19]. TEMPO-oxidized cellulose
nanofiber (TOCN) synthesized using Saito’s method is among the most popular [16-19].
Moreover, adding TOCN enhanced the mechanical and barrier properties of other poly-
mers [20,21]. To promote the antimicrobial activity of TOC, silver is incorporated into TOC
via chemisorption from an aqueous silver nitrate solution, followed by the reduction of
silver salt on the surface of the TOC [13-15,22-24].
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The use of TOCN remains limited because of their high price. Wet spinning is a
suitable method for producing TOCN-coated fibers on a one-step process due to the
electrostatic attraction between CS and TOCN. Using the wet spinning technique only
requires a small amount of TOCN; hence, TOCN can be efficiently utilized. Recently, the
consumption of bluefin tuna has dramatically increased. Hence, production of bluefin
tuna using fully closed-cycle farming methods has been developed. Contaminants such
as proteins, phytic acid, and ammonia in the water during culture affect the growth and
survival rates of fish. Therefore, our group tried to solve this problem by preparing CS
fibers coated with oxidized cellulose nanofibers (TOCN /CS fiber). TOCN/CS fibers have
been shown to adsorb ammonia, protein, and phytic acid contamination from water [25].
Woven TOCN/CS fibers can be used as a filtration membrane to purify contaminated water
from closed-cycle fish farming. Additionally, it would be useful if the filtration membrane
had antimicrobial activity. Darder et al. found that the biohybrid polymer-coated copper-
cystine high-aspect and TOC foam can protect E. coli and Staphylococcus epidermidis [26].
El-Sakhaway also found that TOCN/ZnO nanocomposites showed strong antibacterial
activity against E. coli and Staphylococcus aureus [27]. In this study, we focused on adding
antimicrobial functional groups to TOCN/CS composite fibers. TOCN/CS fibers were first
prepared using a wet-spinning machine, then soaked in a silver nitrate solution, followed
by reduction. The antimicrobial properties of the prepared AgNP/TOCN/CS composite
fibers were then investigated using various assays.

2. Materials and Methods
2.1. Materials

Chitosan (CS; FM-80, DAC 88.3, Lot No. 0923-25) was supplied from Koyo Chemical
Co., Ltd., Osaka, Japan TEMPO-oxidized cellulose nanofiber (TOCN; Reocrysta I-25X;
solid content, 2.3%; pH 7.1, viscosity, 64,000 mPa-s; Lot No. 65T443) was obtained from
Dai-ichi Kogyo Seiyaku Co., Ltd. (DKS Co., Ltd., Tokyo, Japan). Silver nitrate (AgNO3),
sodium hydroxide (NaOH), acetic acid, and ascorbic acid were purchased from Wako
Pure Chemical Industries Ltd., Osaka, Japan. Luria—Bertani (LB) agar and LB broth were
purchased from Becton, Dickinson and Company, New York, NY, USA. All chemicals were
used without any treatment.

2.2. Preparation of TOCN/CS Composite Fibers

TOCN/CS composite fibers were prepared according to the method described by [25].
CS (10 g) was added to 240 g of a 2% w/v acetic acid solution to prepare a 4% w/w CS
solution. The solution was stirred using a Hyper Stirrer System DxII (AS ONE Corporation,
Tokyo, Japan) at a stirring speed of 200 rpm until the solution became homogenous. The
solution was then filtered through a cotton cloth, packed in a column, and allowed to stand
for 1 d. The defoamed solution was then used as the dope solution. Figure 1 shows a
schematic of the wet-spinning equipment. Spinning was performed using a coagulation
solution (2% w/w NaOH and 0.1% w/w TOCN) in the first bath and methanol as a cleaning
agent in the second bath. After spinning, the fibers were washed with fresh methanol
every 24 h for 5 d until the pH reached 7. Finally, the fibers were air-dried for 1 d to obtain
TOCN/CS composite fibers.

2.3. Preparation of Ag/TOCN/CS Composite Fibers
2.3.1. Optimizing the Number of the Fiber Washing Rounds Using DI Water

Here, 16.98 mg of AgNOs was dissolved in 10 mL of deionized (DI) water to prepare
a 10 mM AgNOs aqueous solution. Next, 10 mg of the obtained TOCN/CS composite
fibers was soaked in an AgNOj3 aqueous solution for 6 h. The Ag/TOCN/CS composite
fibers were then washed with 100 mL of DI water under stirring for 24 h. The DI water
was replaced ten times. The Ag™ content in each washing solution was examined using
inductively coupled plasma atomic emission spectroscopy (ICP-AES; ICPS-7510, Shimadzu,
Kyoto, Japan) at a wavelength of 328.068 nm.
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Figure 1. Schematic diagram of the wet-spinning equipment used in this study.

2.3.2. Optimizing the Initial Concentration of the AgNO3 Aqueous Solution

Briefly, 10 mg of TOCN/CS composite fibers was soaked for 6 h in 10 mL of an AgNOj3
aqueous solution with concentrations ranging from 1 to 10 mM. Each sample was then
washed with 100 mL of DI water with stirring for 24 h. The washing process was repeated
four times. The samples were then left to dry at room temperature in the dark. Each fiber
sample was then placed in 5.0 mL of concentrated nitric acid and evaporated at 300 °C. The
organic matter was entirely oxidized, and the remaining solid was dissolved in 25 mL of
DI water before detecting the Ag content in the sample via ICP-AES.

2.3.3. Optimizing the Soaking Time of TOCN/CS Composite Fibers in the AgNO;
Aqueous Solution

Here, 10 mg of TOCN/CS composite fibers was soaked in 10 mL of an AgNO3 aqueous
solution, with concentrations in the 5 mM range, for 1-6 h. Second, each sample was washed
five times by stirring with 100 mL of DI water for 24 h. The samples were then left to dry
at room temperature in the dark. The Ag* content in each fiber sample was determined
using ICP-AES.

2.4. Preparation of AQNP/TOCN/CS Composite Fibers

The obtained Ag/TOCN/CS composite fibers were converted into AgNP/TOCN/CS
composite fibers via either heat treatment or ascorbic acid reduction. The optimal heat treat-
ment temperature was first determined by heating the samples in an oven at temperatures
ranging from 100 to 170 °C for 20 min. Second, the heat treatment period was optimized
by performing heat treatment at 130 °C for 10-30 min. Next, ascorbic acid reduction was
performed by immersing 10 mg of the AgNP/TOCN/CS composite fibers in an ascorbic
acid solution at concentrations ranging from 1 to 100 mM for 1 min. The fibers were then
washed with DI water and dried at 25 °C for 24 h.

2.5. Characterization of the AGQNP/TOCN/CS Composite Fibers

The morphologies of the composites were observed via field-emission scanning elec-
tron microscopy (FE-SEM; JSM-6700F, JEOL, Tokyo, Japan). Before the measurements, the
fibers were vacuum-dried for 24 h and coated with platinum. The presence of AgNPs on
the fiber surface was confirmed using FE-SEM (5-4800, Hitachi High-Tech Corporation,
Tokyo, Japan).

Fourier-transform infrared (FT-IR) spectroscopy was performed on a JASCO FTIR-4200
instrument (Tokyo, Japan) using the KBr method to qualitatively analyze the laminated
membranes. The swollen membranes were freeze-dried before testing. A measurement
range of 4000—400 cm !, an accumulation count of 32, and a resolution of 2.0 cm~! were
applied in all measurements.

Thermogravimetric analysis (TGA) was performed using an EXSTAR6000 instrument
(Hitachi High-Tech Corporation, Tokyo, Japan) to analyze the degradation of the fibers.
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The nitrogen flow rate was 200 mL min~!, the heating rate was 20 °C min—!, and the
measurement temperature range was 30-900 °C in all analyses.

Elemental analysis of each composite fiber was performed using X-ray photoelectron
spectroscopy (XPS; ESCA-3400, Shimadzu, Kyoto, Japan). Before the measurements, the
fibers were vacuum-dried for 24 h. The measurement conditions were as follows: a
radioactive source of MgKa X-rays (HV = 1253.6 eV, FWHM = 0.85 eV), an acceleration
voltage of 10 kV, an emission current of 15 mA, an accumulation number of Ag 3d and C 1s
of 128 times, and operation for eight times without etching.

2.6. Swelling and Weight Loss Measurements of the AQNP/TOCN/CS Composite Fibers

A swelling test was conducted to examine the water resistance of each composite fiber.
Briefly, 0.02 g of the composite fibers was vacuum-dried at 35 °C overnight and weighed;
the obtained weight was later considered as the dry weight. The fibers were then soaked in
20 mL of DI water for 24 h and then weighed; the obtained weight was later considered
as the swelling weight. The swelling percentage (%) was calculated using Equation (1)
as follows:

Swelling percentage (%) = (Ws — Wq)/Wyq) x 100, €))

where W and Wy are the swelling weight (g) and dry weight (g) of the fibers, respectively.

After the swelling test, the fibers were vacuum-dried again at 35 °C overnight, and
their weights were then measured and considered as the dry weight after swelling. The
remaining weight (%) after the swelling test was calculated using Equation (2) as follows:

Remaining weight (%) = (W4q2/Wq1) x 100, )

where Wq; and Wy, indicate the dry weights (g) of the fiber before and after the swelling
test, respectively.

2.7. Tensile Test

The tensile properties of each sample were determined using a universal testing
machine (STA-1150; A&D Co., Ltd., Tokyo, Japan), and the diameter of the fiber was
measured using an optical microscope. A fiber sample with a length of 10 mm was
attached to the tensile test paper using an adhesive. The tensile test was performed at room
temperature, with a humidity of 20-35% and a tensile rate of 10 mm/min. The reported
values are the averages of 30 samples.

2.8. Antibacterial Test of the AQNP/TOCN/CS Composite Fibers

The disc diffusion method was used to analyze the antibacterial activity of the CS,
TOCN/CS composite, heat-treated, and Vc-reduced fibers compared with a blank (no fiber)
according to the JIS L 1920 guidelines [28]. E. coli, a representative Gram-negative bacterium,
and B. subtilis, a representative Gram-positive bacterium, were used to determine the
antibacterial performance of each sample. Firstly, E. coli or B. subtilis was added to an LB
broth solution and cultured overnight at 37 °C with a shaking speed of 180 rpm. Then, the
bacterial suspension was diluted to 1.0 x 10° CFU/mL. LB agar (0.8 g) was added to 20 mL
of DI water and sterilized in an autoclave at 121 °C for 15 min. The agar medium was then
transferred to a sterile petri dish. After solidification, 0.1 mL of the bacterial suspension
was spread on the agar surface and incubated overnight at 37 °C. The zone of inhibition for
each sample was recorded using a digital camera and analyzed. The average value and the
standard deviation were calculated from triplicate tests and reported.

3. Results and Discussion
3.1. Effects of Washing and the Initial Concentration of the AQNO3z Aqueous Solution
The amount and release rate of Ag* from the Ag/TOCN/CS composite fibers versus

the number of rounds of washing are shown in Figure 2a,b, respectively. Figure 2a shows
that the released amount of Ag* decreased after the second round of washing. As shown in
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Figure 2b, the Ag* release rates from the fibers were significantly reduced after the second
round of washing, from 155.4 ug-h~! to 33.4 ug-h~!. The Ag* release rate then gradually
decreased until it reached a constant value of 0.9 ug-h~! after ten rounds of washing. After
six rounds of washing, the release rate tended to be constant and close to zero, indicating
that the released amount of Ag* from the TOCN fibers at that point was already very small.
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Figure 2. (a) The amount of Ag* released from the Ag/TOCN/CS composite fibers in relation to the
number of washes. (b) The release rate of Ag* from the Ag/TOCN/CS composite fibers in relation to
the number of washes. (c) The relationship between the Ag* content in the Ag/TOCN/CS composite
fibers and the initial concentration of the AgNOj3 used for soaking. (d) The relationship between the
Ag* content in the Ag/TOCN/CS composite fibers and the soaking time.

Figure 2c shows the relationship between the Ag* content in the Ag/TOCN/CS
composite fibers and the initial concentration of AgNOs3 used in the soaking method.
Figure 2d shows the relationship between the Ag™ content in the Ag/TOCN/CS composite
fibers and the soaking time in the AgNOs5 solution. These results show that the amount of
Ag" increased from 6.57 to 43.32 mg-per gram of fiber with the AgNO3 concentration, but
no significant change was observed beyond 5 mM AgNOj3. This means that Ag* reached
the fiber adsorption limit at a concentration of 5 mM AgNOj3. In addition, no significant
changes were observed after 3 h, implying that Ag* had reached its adsorption limit at that
time point. These results suggest that immersing the TOCN/CS composite fibers in a 5 mM
AgNOj3 aqueous solution for 3 h and washing with DI water five times are the optimum
preparation conditions.

3.2. The Appearance of the Ag/TOCN/CS Composite Fibers

Figure 3 shows the color change of each Ag/TOCN/CS composite fiber after heat
treatment. The results showed that the color of the fibers changed from off-white to ivory
when the heating temperature changed from 100 to 120 °C. Meanwhile, the fiber color
changed from off-white to yellow-orange when the heating temperature changed from 100
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to 130-170 °C. When AgNPs are formed on the fiber surface, they turn yellow, owing to
surface plasmon resonance. The optical properties of the composite material were induced
by the interaction of the conduction electrons of the material with incident light. The
uniform color distribution on the surface of the fiber indicates the uniform formation of
nanoparticles on a macroscopic scale [29]. In addition, the color of the fiber changed to ivory
at 10 and 15 min and yellow at 20-30 min of heat treatment. Moreover, there was a slight
change in the yellow color of the fiber after treatment with low concentrations of ascorbic
acid (1 and 5 mM); the fiber color changed to yellow after treatment with 10 mM ascorbic
acid. After treatment with 50-100 mM ascorbic acid, the fiber color changed to orange. For
the heat-treated fibers, the fiber color changed from off-white to yellow and orange because
of the presence of AgNPs and the degradation of cellulose from heat treatment in air. In
contrast, for ascorbic-acid-reduced fibers, the color change came from the AgNPs, not from
ascorbic acid reduction (Figure 4).

100°C, 20 min 110°C, 20 min 120°C, 20 min 130°C, 20 min,
3 >~ N] . )

% 160°C, 20imin 170°C, 20 min

10 min, 130°C 15 min, 130°C 20 min; 130°C 25 min, 130°C 30 njin, 130°C

100 mM V, 1 mil

Figure 3. Appearance and color changes of the AgNP/TOCN/CS composite fibers obtained from (a)

heat treatment at different temperatures, (b) heat treatment at different durations, and (c) reduction
at different ascorbic acid concentrations.

TOCN/CS Heat-treated fibers Ve-reduced fibers
composite
fiber without Ag with Ag without Ag with Ag

Figure 4. The color change observed in TOCN/CS composite fibers after treatment with and with-
out Ag.
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3.3. Characterization of the Ag/TOCN/CS Composite Fibers

SEM images of the Ag/TOCN/CS composite fibers are shown in Figure 5. Small
particles were observed on the fiber surfaces of all the samples except for the TOCN/CS
fibers; these tiny particles were expected to be AgNPs. The presence of AgNPs on the fiber
was confirmed via scanning electron microscopy—energy-dispersive X-ray spectroscopy
(SEM-EDS).

OB 100°C, 20 min

140°C, 20 min

25 min, 130°C

Figure 5. FE-SEM micrographs of the AgNP/TOCN/CS composite fibers obtained from (a) heat
treatment at different temperatures, (b) heat treatment at different durations, and (c) reduction at
different ascorbic acid concentrations.

The XPS results of each Ag/TOCN/CS composite fiber are shown in Figure 6. Upon
evaluating the effect of heat treatment temperature on the fibers, the binding energies of
the Ag 3ds,, and 3d3,, orbital peaks were observed at all temperatures (Figure 6a). These
binding energies had the same peaks as a standard Ag particle, implying that Ag was
present on the fiber surface. However, no significant changes were observed between the
different heat treatment temperatures. The intensity of carbon (single bond) can be stably
detected at the time of measurement (Figure 6b,eh); therefore, the intensity ratio of Ag
to C—C was also demonstrated in this study. As shown in Figure 6¢, the intensity ratio of
Ag to C—C was the highest at 130 °C then gradually decreased beyond that temperature.
This result suggests that the optimum temperature for heat reduction is 130 °C, where
the binding energy is closest to the standard substance Ag. When the heat treatment
was extended, higher intensities of the Ag 3ds5,, and 3d3,/, orbital peaks were observed
(Figure 6d,f). However, no significant change was observed when heat treatment was
applied for more than 20 min. Moreover, no relationship between the concentration and
binding energy was found for ascorbic acid reduction. In contrast, when evaluating the
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relationship of the Ag to C—C intensity ratio to the ascorbic acid concentration, the highest
ratio was observed when the concentration of the ascorbic acid solution was 50 mM
(Figure 6g,i). Collectively, these results suggested that the optimum treatment condition,
which was the highest intensity ratio of Ag to C-C, for heat treatment was 20 min at 130 °C,
and the optimal treatment condition for ascorbic acid reduction was 1 min with 50 mM of
ascorbic acid.
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Figure 6. XPS results of AgNP/TOCN/CS composite fibers obtained from (a—c) heat treatment at
different temperatures, (d—f) heat treatment at different durations, and (g—i) reduction at different
ascorbic acid concentrations.

Based on the above results, AgNPs were probably formed on the fiber surface. A schema-
tic illustration of the preparation route for the AgNP/TOCN/CS composite fibers is shown
in Figure 7. First, the CS dope solution was pressurized through a 30-hole nozzle and
coagulated with an aqueous solution comprising 0.01% TOCN and 2% NaOH. This step
yielded the CS fibers coated with TOCN when the CS cation reacts with the TOCN anion via
an electrostatic reaction. Second, the TOCN/CS fibers were soaked in an AgNO3 aqueous
solution. In this step, the anions on the surface of the TOCN/CS fiber reacted with Ag™,
and excess Ag" was removed from the Ag/TOCN/CS fiber surface. Finally, the Ag* in
the Ag/TOCN/CS fibers was reduced to Ag® via the ascorbic acid reduction, yielding the
AgNP/TOCN/CS fibers. During heat treatment, the reducing agent was probably TOCN,
whereas, during ascorbic acid reduction, TOCN and ascorbic acid were presumed to be the
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reducing agents [30-32]. The involvement of the carboxylic groups of TOCN molecules in
the direct reduction of Ag* has been reported [24].
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Figure 7. A schematic illustration of the preparation of AgNP/TOCN/CS composite fibers.

Measurements were then performed using three types of fibers: TOCN/CS composite
fibers, Ag/TOCN/CS composite fibers subjected to heat treatment at 130 °C for 20 min
(named heat-treated fibers), and Ag/TOCN/CS composite fibers reduced with 50 mM
ascorbic acid for 1 min (named Vc-reduced fibers).

The FT-IR spectra of the CS powder, TOCN film, TOCN/CS composite fiber, heat-
treated fiber, and Vc-reduced fiber are shown in Figure 8. An absorption band at 1598
and 1583 cm~! was observed in the TOCN/CS composite fibers. Similarly, absorption
bands at 1587 cm~! and 1586 cm™! were detected in the heat-treated and Vc-reduced
fibers, respectively. The interaction between TOCN and AgNOj; was previously confirmed
using FTIR-attenuated total reflection (FTIR-ATR) [24]. In that study, an absorption band
at 1601 cm~! derived from the carbonyl groups corresponded to the TEMPO-mediated
oxidation of cellulose nanofibers, showing that the hydroxyl groups at the C-6 position of
cellulose molecules were converted to sodium carboxylate. After treating TOCN with an
aqueous AgNOj solution, the C=0 vibrations of the carboxylate anion slightly shifted from
1601 to 1590 cm ™1, indicating that the sodium salt was converted to silver salt [22]. In our
study, the C=0O vibrations of the carboxylate anion shifted from 1583 to 1586-1587 cm ! after
ascorbic acid reduction or heat treatment.

The mass-loss profiles and degradation rates obtained from TGA reflected the thermal
stabilities of the TOCN/CS composite, heat-treated, and Vc-reduced fibers. The TGA and
differential thermogravimetric curves for each fiber are shown in Figure 8b,c, respectively.
From the initial stage until 110 °C, broad weight loss peaks were observed for all samples,
representing water evaporation. Moreover, the TOCN/CS composite fibers decomposed
at 314 °C, while the same composition temperature of heat-treated and Vc-reduced fibers
at 304 °C was detected, corresponding to the decomposition of cellulose fibers [27]. This
lower decomposition temperature of heat-treated and Vc-reduced fibers is caused by the
degradation from heat treatment or ascorbic acid during the production.
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Figure 8. (a) FT-IR spectra of the CS powder, TOCN film, TOCN/CS composite fiber, heat-treated
fiber, and Ve-reduced fiber. (b) TGA curves and (c) differential thermogravimetric curves of the
AgNP/TOCN/CS composite fibers.

3.4. Confirmation of the Presence of AGNPs on the Fiber Surface

The SEM-EDS results for the TOCN/CS composite, heat-treated, and Vc-reduced
fibers are shown in Figure 9. The O and N elements on the fiber surfaces of all the samples
were confirmed via EDS mapping. Ag was detected in the heat-treated and Vc-reduced
fibers, as expected. These results confirm that the AgNP/TOCN/CS composite fibers were
successfully synthesized in this study.

SEM image

TOCN/CS
fiber

heat-
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Figure 9. SEM-EDS results of the TOCN/CS composite, heat-treated, and Vc-reduced fibers.
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3.5. Swelling and Weight Loss Measurements

The swelling percentage and the remaining weight percentage after the swelling test of
each sample are shown in Figures 10a and 10b, respectively. The swelling percentages of the
heat-treated fibers were similar to those of the Vc-reduced fibers and slightly higher than
those of the TOCN/CS composite fibers. The high swelling percentages of the heat-treated
and Vc-reduced fibers correspond to the cracks found on the surface of the fiber after heat
treatment and ascorbic acid reduction, respectively (Figure 10c). In our experiments, the
TOCN/CS composite fibers were immersed in an AgNOj3 aqueous solution. After soaking,
the aqueous solution was absorbed and remained inside the fibers. When the fibers dried,
the swollen fibers shrank, suggesting that cracks were generated on the fiber surface after
drying. Regarding the remaining weight percentage after the swelling test, the differences
in the elution of each sample cannot be confirmed.

120 (b) 120 r
100 ~ 100
<
80 S 80
o
60 _-5 60
(]
40 = 40
20 20
0 0
TOCN/CS  Heat-treated Ve-reduced TOCN/CS Heat-treated Vc-reduced
composite fibers  fibers fibers composite fibers  fibers fibers

TOCN/CS composite fiber Heat-treated fiber o

Figure 10. (a) Swelling percentage, (b) the remaining weight percentage after the swelling test, and
(c) FE-SEM micrographs of the TOCN/CS composite, heat-treated, and Vc-reduced fibers after the
swelling test.

3.6. Tensile Properties of the Fiber Samples

Figure 11 shows the tensile properties of the samples. The stresses of TOCN/CS
composite, heat-treated, and Vc-reduced fibers were 140.7 £ 26.24, 152.4 + 26.10, and
149.1 £ 21.80 MPa, respectively. The stress of the heat-treated fibers was slightly higher
than that of the Vc-reduced fibers and significantly higher than that of TOCN/CS composite
fibers. However, the strain of TOCN/CS composite fibers decreased from 20.0 £ 5.47% to
10.5 £ 4.14% and 11.0 £ 4.15% after heat treatment and ascorbic acid reduction, respectively.
The strain values decreased because the fibers swelled once and shrank during drying,
increasing their rigidity.
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Figure 11. Tensile properties of each fiber: (a) stress-strain curve, (b) stress, and (c) strain.

3.7. Antibacterial Properties of the AQNP/TOCN/CS Composite Fibers

The antibacterial test method used in this study was according to JIS L 1920. The
inhibition zones using the CS, TOCN/CS composite, heat-treated, and Vc-reduced fibers
against two types of bacteria, E. coli and B. subtilis, compared with a blank (no fiber), are
shown in Figure 12. The average of the inhibition zone from triplicate tests is shown in
Table 1. The inhibition zones were not observed against E. coli and B. subtilis when CS
fiber and TOCN/CS composite fibers without AgNPs were used. However, antimicrobial
activities were confirmed using the AgNP/TOCN/CS composite fibers. The heat-treated
fibers showed an inhibition zone of 0.9 mm with E. coli, similar to that of B. subtilis (0.9 mm).

TOCN/CS

Blank CS fiber e
composite fiber

heat-treated fibers Vc-reduced fibers

E. coli

B. subtilis

Figure 12. Inhibition zones of each fiber against E. coli and B. subtilis.
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Table 1. Average values of the inhibition zones of blank (no fiber), CS, TOCN/CS composite, heat-
treated, and Vc-reduced fibers.

Bacteria Blank CS Fiber TOCN/CS Composite  Heat-Treated  Vc-Reduced

Fiber Fiber Fiber
E. coli 0 mm 0 mm 0 mm 09+£00mm 1.1+05mm
B. subtilis 0 mm 0 mm 0 mm 09+£01mm 0.9+ 0.0mm

Additionally, the inhibition zone using the Vc-reduced fiber against E. coli was slightly
larger than that against B. subtilis. These results may be because E. coli, a Gram-negative
bacterium, has a thinner cell wall than B. subtilis, facilitating the easy diffusion of Ag*
into the bacterial cell [33]. These findings are consistent with the inhibition zone observed
against E. coli and S. aureus using TEMPO-oxidized cotton fibers deposited with silver in a
previous study. The inhibition zones ranged from 1.0 to 2.5 mm when the silver content
ranged from 0.3 to 0.8 mmol-g per gram of fiber for both bacteria [13]. These results suggest
that the AgNPs that formed on the fiber surface have antibacterial properties, activated
after being released from the fibers.

Apart from the antimicrobial activity test, the TGA under oxygen atmosphere was
performed to analyze the amount of AgNPs in the composite fibers. The flow rate of
oxygen was 200 mL min~!, the heating rate was 20 °C min~!, and the measurement
temperature range was 22-900 °C. The residue mass from the heat-treated and Vc-reduced
fibers referring to AgNPs in the fibers were 1.4 and 2.7%, respectively. This higher amount
of AgNPs in Vc-reduced fiber corresponds to more color change. In summary, the reduction
by ascorbic acid is suggested to be the optimal method to prepare the AgNP/TOCN/CS
composite fibers due to the larger amount of AgNPs in the Vc-reduced fiber leading to the
larger inhibition zone.

4. Conclusions

In this study, AgNP/TOCN/CS composite fibers were prepared using two different
methods: heat treatment and ascorbic acid reduction. Ag/TOCN/CS composite fibers were
prepared by immersing them in a 5 mM AgNO3 aqueous solution for 3 h and washed five
times with 100 mL of DI water. The color of the fibers, either after heat treatment or ascorbic
acid reduction, changed from yellow to orange. The binding energy peak of the Ag 3d
orbital was confirmed via XPS measurements, whereas the presence of AgNPs on the fiber
surface was confirmed via EDS mapping. The swelling rate of the treated fibers slightly
increased, owing to cracks generated by the treatment. After heat treatment or ascorbic
acid reduction, the elongation of the fibers was reduced by approximately half, whereas
the stress was unaffected. Moreover, the AgNP/TOCN/CS composite fibers showed
antibacterial activity against E. coli and B. subtilis because of the AgNPs present on the fiber
surface. In conclusion, the reduction by ascorbic acid is suggested to be the optimal method
to prepare the AgNP/TOCN/CS composite fibers. Collectively, the results of this study
confirm the successful addition of antibacterial properties to TOCN/CS composite fibers.
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