Heliyon 7 (2021) e08197

Contents lists available at ScienceDirect

Heliyon

journal homepage: www.cell.com/heliyon

Heliyon

Antimicrobial and antihemolytic properties of a CNF/AgNP-chitosan film: A
potential wound dressing material

Check for
updates

Poppy Anjelisa Zaitun Hasibuan®’, Yuandani °, Masitta Tanjung ”, Saharman Gea “¢,
Khatarina Meldawati Pasaribu ““, Mahyuni Harahap ¢, Yurika Almanda Perangin-Angin “¢,
Andre Prayoga“, Junius Gian Ginting *

& Department of Pharmacology, Faculty of Pharmacy, Universitas Sumatera Utara, JL Tridharma No.5, Medan, 22919, Indonesia

b Department of Biology, Faculty of Mathematics and Natural Science, Universitas Sumatera Utara, JI. Bioteknologi No.1, Medan, 20155, Indonesia

¢ Cellulosic and Functional Materials Research Centre, Universitas Sumatera Utara, JL Bioteknologi No.1, Medan, 20155, Indonesia
d Department of Chemistry, Faculty of Mathematics and Natural Science, Universitas Sumatera Utara, JL Bioteknologi No.1, Medan, 20155, Indonesia

GRAPHICAL ABSTRACT
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ARTICLE INFO ABSTRACT

Keywords: Cellulose nanofibers (CNFs), chitosan, and silver nanoparticles (AgNPs) are widely used to enhance the active
Cel.lulose nanofibers functions and antibacterial properties of wound dressings. This study was conducted to prepare CNF/AgNP-chitosan
C_l;“osan l using a straight incorporation method and to assess its antimicrobial activity. CNFs were isolated from oil palm
lsiil‘r:r nanoparticle empty fruit bunches (OPEFBs) using the pulping method and acid hydrolysis. AgNPs were synthesized using a green

Wound dressing

synthesis method. The wound dressing was produced by mixing a 10% CNF solution in LiCl/DMAc and AgNP-

chitosan in a glass plate with various ratios of CNF/AgNP-chitosan, i.e., 100:0, 80:20, 60:40, and 50:50. UV-
visible and TEM analyses were conducted to confirm the formation of AgNPs and CNFs at the nanoscale. The re-
sults showed particles with an absorption wavelength of 435 nm and spherical shapes. Based on the calculation using
ImageJ software, the diameters of CNFs were approximately 50 nm, and the lengths were several micrometers. FTIR
was used to analyze the chemical bonding of AgNP-chitosan and the incorporated AgNP-chitosan in CNFs. Based on
the XRD analysis, the presence of AgNPs did not affect the crystallinity of the CNFs. SEM images showed that the
addition of AgNPs resulted in the stretching of CNF pores on the pads. Thermal degradation of the film increased with
the addition of AgNP-chitosan by up to 40%. Antimicrobial tests and hemocompatibility tests showed that the
formed CNF/AgNP-chitosan film successfully inhibited bacterial growth and was classified as a nonhemolytic ma-

terial; thus, its potential as a wound dressing should be further studied.
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1. Introduction

Wound dressing is an effective alternative for patients who require
wound healing treatment because it has been shown to speed up the
healing process [1]. Research on wound dressings using films, hydrogels
and nanofibers synthesized with the electrospinning method has recently
been conducted and has been shown to be successful and to play an
important role in the wound healing process [2]. Various materials that
are abundantly found in nature and easily processed, i.e., cellulose, chi-
tosan, collagen, alginate, AgNPs, and PVA, have become popular mate-
rials for wound dressings since they also have high biocompatibility [3, 4,
5, 6,7, 8].

In general, a good wound dressing must meet a number of conditions,
such as preventing the growth of pathogenic bacteria and absorbing the
exudate of the wound while still maintaining the moisture content of the
wound, supporting the process of tissue regeneration and accelerating
the process of wound healing [9, 10, 11]. Nanomaterials, such as AgNPs,
have recently sparked interest because the synthesis process is capable of
being carried out and conditioned in a variety of ways, depending on the
needs and subsequent use [5, 8, 12, 13]. Several studies have also shown
that AgNPs have the potential to be used in the wound healing process, as
they are reported to have good antibacterial properties against both
gram-negative and gram-positive pathogens and to effectively inhibit
biofilm growth by Enterobacter cloacae, Streptococcus thermophiles, and
Propionibacterium acnes, bacteria that are commonly found in wounds [1,
14, 15].

Previous research has also shown that AgNP incorporation in mem-
brane AgNP-BCs effectively accelerates the growth of epidermal tissue
and skin dermis in wound areas twice as fast as in wounds without
treatment [16]. An explanation for this finding is that AgNPs induce cell
proliferation in the wound healing process. In addition, based on the
results of quantitative PCR, proteomic and immunohistochemistry
studies [17], AgNPs are also reported to minimize inflammation in
wounds and accelerate re-epithelization and regulation of fibrogenic
cytokines, accelerating the wound healing process and facilitating the
resulting wound closure [18].

Although AgNPs have many benefits in accelerating wound healing,
supporting components, such as the matrix, in the impregnation process
of AgNPs must also be considered. Previous studies using AgNPs as
wound dressings showed that AgNPs are often prepared as nano-
composites, immobilized membranes, incorporated mats, films and
hydrogels [18].

CNFs are promising materials that are also widely used as bio-
materials due to their biocompatible properties. Moreover, CNFs were
also considered a matrix in this study since their fibers meet wound
dressing requirements [19]. CNFs potentially represent a good barrier to
protect wounds from contaminants, cover wounds, absorb wound exu-
dates and a good template for impregnated AgNPs. CNF is also consid-
ered since it would make dressing replacement and removal more
convenient and less painful, thus preventing the risk of secondary trauma
and wound infections in the healing process [20, 21].

However, a number of studies also indicate the vulnerability of
AgNPs, as they appear to be unstable [2, 22, 23, 24]. Chitosan was
suggested as an additional material to increase the stability of AgNPs.
Chitosan forms thin filaments on the surface of AgNPs and increases their
stability [25]. Moreover, the addition of chitosan as a material for wound
dressing applications is also beneficial, as chitosan is nontoxic, biode-
gradable, biocompatible and has good antibacterial activity [26]. Thus,
in the present study, chitosan not only serves as an AgNP stabilizer but
also plays an active role in the wound healing process.

In this study, AgNPs were coated with chitosan to increase their
stability. After the AgNPs that had been coated with chitosan, they were
integrated into the CNF film. The matrix of the CNF/AgNP-chitosan film
was studied as an antimicrobial agent, and its hemocompatibility was
assessed to potentially be used as a wound dressing. This study received
attention since no previous studies have identified either the straight film
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formation of CNF/AgNP-chitosan itself or its possibility to be applied as a
wound dressing.

2. Materials and methods
2.1. Materials

Cellulose nanofibers (CNFs) from oil palm empty fruit bunches
(OPEFBs) were isolated using the pulping method followed by acid hy-
drolysis [27]. The materials used in this study were DMaCag), AgNO3(s),
starch(;), acetic acidg), HNOg3(aq), NaNOy), NapSOs(s), NaOCl(aq),
H202(aq) 30%, and LiCls) purchased from Merck (Darmstadt, Germany).
The chitosan used in this experiment was purchased from Acros Organics,
China.

2.2. The isolation of CNFs

Oil palm empty fruit bunches (OPEFB) were dried and cut into small
pieces approximately 1 cm in length. Then, 75 g of dried OPEFB were
physically treated using the steam explosion method described in our
previous study to isolate CNFs from lignin, hemicellulose and other
chemicals contained in bunches [27]. CNFs produced using this approach
were shown to form thin nanoscale fibers. The fibers were then washed
with deionized water until the pH was approximately 7. The final product
was dried in a vacuum oven at 50 °C for 5 h and stored in a desiccator
until further use.

2.3. The preparation of AgNPs

The AgNP synthesis process used in this study was adapted from
Handoko et al., 2019 [23]. Silver nanoparticles (AgNPs) were prepared
by mixing AgNO3 and glucose at a 1:1 composition ratio. Then, 80 mL of
the mixture were transferred to a glass beaker, and 20 mL of starch 1%
were added. Next, the mixture was constantly stirred in close and dark
conditions at 90 °C for 4 h. Afterward, the sample was cooled at room
temperature and centrifuged at 5000 rpm for 10 min. The product was
collected for further characterization. The AgNP solution obtained in this
study was brownish yellow.

2.4. The preparation of AgNP-chitosan

First, 2 g of chitosan were dissolved in 1% acetic acid through con-
stant stirring at room temperature for 1 h. When the chitosan had
completely dissolved, 10 mL of AgNPs were added dropwise to the chi-
tosan solution.

2.5. The preparation of CNF/AgNP-chitosan film

First, 8% LiCl was dissolved in DMAc at room temperature for 3 h.
After LiCl was gently dissolved in DMAc, CNFs were added and stirred at
room temperature for 3 h. After CNFs were completely dissolved in the
LiCl/DMACc solution, AgNP-chitosan was added. CNF/AgNP-chitosan was
produced at ratios of 100:0, 80:20, 60:40, and 50:50 v/v. The solution
was then poured into a film molding plate. The film was then dried at 50
°C for 5 h in a vacuum oven. The produced film was then analyzed for
toxicity by immersion in water, and the water was changed. The pH was
tested every day to ensure that it was safe for use in medical applications.

2.6. Characterizations

2.6.1. Scanning electron microscopy (SEM)

The morphology of the formed samples in this study was then
observed using SEM EDX EVO MA Zeiss Bruker in Mabes Polri, Jakarta
Indonesia. The sample was prepared by coating it with gold, and the
analysis was conducted using a 20 kV voltage system.
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2.6.2. Fourier transform-infrared (FTIR) spectroscopy

Functional groups of formed samples were recorded using Platinum-
ATR (Bruker, Alpha) at wavelengths ranging from 400-4000 cm-1 in 100
scans. The curve was then plotted using Orign Pro 2016 Software.

2.6.3. X-ray diffraction (XRD)

The 20 angles of the samples were analyzed at 0-70° using a Shi-
madzu XRD-6100 diffractometer with a scanning rate of 0.02 s ! at 35 kV
and 25 mA to study the crystallinity properties. The analysis was per-
formed at Central Laboratory UNIMED, Medan, Indonesia.

2.6.4. Thermogravimetric analysis

The thermal properties of the formed samples were studied using a
Setting EXTAR 7300 Series machine with temperatures ranging from 30-
600 °C and a 10 °C/min heating rate under nitrogen gas conditions.

2.6.5. Transmission electron microscopy

The AgNPs were investigated using a LoJeol 1200 EX transmission
electron microscope (TEM). The instrument was operated using an
accelerating voltage of 80 kV.

2.6.6. UV-visible spectroscopy

The UV-visible spectra of the formed samples were recorded using a
Shimadzu Scientific Instrument (UV 1800 series) ultraviolet/visible
spectrophotometer. The samples were diluted and measured at wave-
lengths ranging from 200 to 800 nm.

2.7. Antimicrobial properties

All samples were subjected to a disc diffusion test with some gram-
negative (Pseudomonas aeruginosa) and gram-positive (Bacillus subtilis)
bacteria and fungi (Candida albicans) to investigate the antimicrobial
properties of CNF/AgNP-chitosan.

2.7.1. Antibacterial activity

The antibacterial test used in this study was conducted by pouring the
nutrient media into a Petri dish. The nutrient media were then swabbed
with P. aeruginosa and B. subtilis, and each pad was cut into 6 mm paper
discs and placed on the surface of the media. All samples were then
incubated at 36-37 °C for 24 h. The resulting inhibition zone was
measured using a caliper [28]. Gentamicin 0.1% was used as a positive
control [29], and CNF/AgNP-chitosan (100:0) was used as a negative
control.

2.7.2. Antifungal activity

The culture of Candida albicans in potato dextrose broth (PDB) me-
dium was prepared as dilution of 10° to 1077. These dilutions were
prepared to obtain the number of colonies in 1 mL before testing. In the
diffusion test, the standard inoculation amount tested was 1-2 x 108
CFU/mL [30]. The dilution of Candida albicans was consistent with the
test standards (100 pL) applied using a micropipette, poured into Sabo-
uraud dextrose agar (SDA) media in a Petri dish and then flattened using
a spreader. Then, the cells were incubated for 2 x 24 h at room tem-
perature. Each pad was cut into a paper disc (6 mm) and then placed in
SDA media in a Petri dish containing the Candida albicans fungal culture.
Ketoconazole 2% was used as a positive control [31], and patch 100:0
was used as a negative control. Then, samples were incubated for 24 h at
37 °C. Furthermore, the inhibition zone was measured using calipers, and
the diameter was calculated.

2.8. Hemocompatibility test

A hemocompatibility test was performed to measure the compati-
bility of the film while in direct contact with blood and to assess the
potential of the film to be applied as a wound dressing. The anti-
coagulated horse blood was dissolved in 0.9% saline and centrifuged at
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3000 rpm for 10 min. In addition, the sample was soaked in a saline
solution for 2 h at 37 °C with agitation. All samples were then measured
at a wavelength of 540 nm, including blood diluted in distilled water and
normal saline, which were used as positive and negative controls in this
study. Hemolysis was then calculated with Formula (1).

Hemolysis (%) = (Af-Ac(-))/(Ac(+)-Ac(-)). 100 (€]

where
A¢ = Absorbance of the film.
Ay = Absorbance of the control (-)
Ac(+) = Absorbance of the control (+).

3. Results
3.1. Morphological analysis

CNFs isolated from OPEFB with the steam explosion method suc-
cessfully produced tiny fibers, as shown in Figure 1 (a). For further an-
alyses, TEM micrographs were obtained for CNFs, as presented in
Figure 1 (b). The micrograph strongly supported the hypothesis that the
CNF extraction process using acid hydrolysis to form a-cellulose removed
the amorphous part from the crystalline structure of the formed CNFs.
Based on the calculation using ImageJ analysis, the diameters of CNFs
were approximately 50 nm, and the lengths were several micrometers. A
similar result was obtained in our previous study, in which CNFs were
isolated from OPEFB using steam explosion [27, 32].

Figure 1 (c) shows the solution of AgNPs prepared in this study using
green synthesis. Several studies also mentioned the color transformation
of the colorless AgNO3 solution to a brown solution containing AgNPs.
The TEM images in Figure 1 (d) show that AgNPs were successfully
prepared in this study. The formed AgNPs exhibited spherical shapes
with a diameter distribution ranging from 10-50 nm, as displayed in
Figure 1 (e). UV-visible spectroscopy, which was performed on the AgNP
sample in this study, showed that the surface plasmon resonance (SPR)
value of AgNPs was 435 nm (Figure 1 (f)). This result was consistent with
a study reporting that the SPR value of AgNPs ranged from 410-450 nm
and that the nanoparticles presented spherical shapes [23].

The morphology of the samples was further studied using scanning
electron microscopy (SEM), as shown in Figure 2.

Figure 2 (a) shows the SEM image of pure CNF fibers. In the CNF
image, every nanosized cellulose fiber was clearly displayed. In addition,
CNF films lacking AgNP-chitosan were also analyzed in this analysis, as
shown in Figure 2. (b). The process of producing the CNF film with LiCl/
DMAC united several CNFs. Moreover, the morphology of the formed
CNF/AgNP-chitosan film is shown in Figure 2 (c). The incorporation of
AgNP-chitosan into the CNF matrix via straight film formation was suc-
cessful. Nanospherical AgNP-chitosan was trapped in the CNF matrix.
Further descriptions of the interaction of AgNP-chitosan with the CNF
matrix will be elaborated in the functional group analysis.

3.2. Functional group analysis

Samples produced from the straight film formation of CNFs and
AgNP-chitosan were analyzed using FTIR spectroscopy to assess the
changes in the intensity of functional groups that appeared on CNEF/
AgNP-chitosan pads compared to pure CNF. Based on the curves shown
in Figure 3, some specific peaks representing functional groups in CNF/
AgNP-chitosan pads were also found in cellulose macromolecules, i.e.,
peaks that indicated intramolecular and intermolecular hydrogen bonds
at 3332 cm ™! and 3298 cm ™" respectively, and the peak confirming O-H
bending at 1640 cm ™', Most importantly, peaks at 1428 cm ™' and 1165
em™! were attributed to saccharide molecule and C-O-C bridge
stretching, respectively. Meanwhile, C-O stretching was allocated to the
peaks at 1053 cm ™! and 1030 cm™!. Finally, the p-linkage of cellulose
was attributed to the peak at 897 ecm™* [9,33].
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Figure 1. (a) CNF Photograph; (b) TEM image of CNF; (c) AgNP Solution Photograph in Vial Bottle; (d) TEM image of AgNP; (e) Graph of AgNP diameter distribution;

and (f) UV-visible spectra of AgNP.

The curves for CNF/AgNP-chitosan pads are shown in Figure 3 (b),
(c), (d) and (e). The peak at 881 cm'in CNF/AgNP-chitosan was larger
than that in pure CNF, which suggested the hemiacetal bonding of
functional groups between the newly obtained aldehyde groups from
chitosan and the hydroxyl groups in cellulose. The C=0 bending vibra-
tions in amide I and N- H were assigned to the peak at 3300 cm L. The
O-H and N-H stretching vibrations for CNF/AgNP-chitosan were
assigned to peaks at approximately 1653 cm™* and 1599 cm™!, respec-
tively. NH, (3358 cm™ V) and NH secondary amide vibrations (3288
em™!) were visible in the stretching vibrations. The peak observed at
1612-1630 cm ! was attributed to carboxylates coordinated with AgNPs
[3].

Based on these results, chitosan and AgNPs were chemically bonded
and AgNP-chitosan was impregnated in CNFs. Thus, the prepared CNFs
had the potential to be used as wound dressings, as the presence of chi-
tosan and AgNPs in CNFs might accelerate the wound healing process.

3.3. XRD analysis

The XRD spectra of the pure CNF and CNF/AgNP-chitosan films are
presented in Figure 4. The XRD test performed on the CNF sample
showed specific peaks at 20 = 14°-18°, 22.5°, and 34.5°, which corre-
sponded to the (1-10), (110), (200), and (004) cellulose crystal planes,
suggesting the formation of cellulose crystal structures [34].

In a past study, the addition of chitosan and AgNPs seemed to affect
the crystallinity of CNFs with peak expansions of 25-40°. This expansion
might occur because the presence of chitosan and AgNPs in the CNFs
damaged the regularity of the CNFs. As a result, CNFs exhibited
decreased crystallinity [34]. However, in the present study, the presence
of AgNPs did not appear to affect the XRD spectra of the sample. The
crystallinity was maintained because the amount of AgNPs on the CNFs
was insufficient to alter the XRD pattern [2]. In wound dressing
manufacturing, high crystallinity of samples might lead to the formation
of microchannel structures, and large surface areas of polymer matrices
would potentially affect the drug release properties of the pads [26].

3.4. Thermal analysis

TGA and DTGA curves for pure CNF and CNF/AgNP-chitosan are
presented in Figure 5 (a) and (b).

As shown in Figure 5 (a), pure CNFs only experienced a 9% mass loss
at temperatures of 70-100 °C. Meanwhile, the largest mass loss (70%)
occurred in pads without the addition of AgNP-chitosan at the same
temperature. Interestingly, the addition of AgNP-chitosan actually
increased the thermal resistance of these pads. This property was
observed in CNF/AgNP-chitosan 60:40, which only exhibited 35%
weight loss. In this analysis, the derivative TGA (DTGA) curve was also
examined to further investigate the thermal properties of the samples
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Figure 2. SEM images of (a) Pristine CNF; (b) CNF Film; and (c) CNF/AgNP-chitosan Film.
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Figure 3. FTIR spectra of (a) pure CNF; (b) CNF/AgNP-chitosan (100:0); (c)
CNF/AgNP-chitosan (80:20); (d) CNF/AgNP-chitosan (60:40); and (e) CNF/
AgNP-chitosan (50:50).

(Figure 5b). The DTGA curve showed only one peak on the CNF curve,
while two peaks emerged for the CNF/AgNP-chitosan composite, indi-
cating that maximum mass loss had occurred twice.

As shown in Table 1, the addition of AgNP-chitosan improved the
thermal resistance of the pads at the end of the process, where 45%, 28%,
25% and 23% residual masses were detected for CNF/AgNP-chitosan
60:40, CNF/AgNP-chitosan 50:50, CNF/AgNP-chitosan 80:20, and
CNF/AgNP-chitosan 100:0, respectively. The higher residual mass of
CNF/AgNP-chitosan corresponded to the presence of AgNPs in pads,
where Ag experienced thermal degradation at a temperature greater than
600 °C. This result was consistent with previous studies showing that

Chitosan

Intensity (-)

CNFs/AgN PS;%\\’\«N

MMJ\_V.\

1 i 1 " 1 i 1 i 1 i 1 i

10 20 30 40 50 60 70
20 (degree)

Figure 4. XRD spectra of (a) pure CNF; (b) CNF/AgNP-chitosan (100:0); (c)
CNF/AgNP-chitosan (80:20); (d) CNF/AgNP-chitosan (60:40); and (e) CNF/
AgNP-chitosan (50:50).

thermal decomposition increased with increasing AgNP loading [35].
The decrease in the thermal resistance of pads was consistent with a
number of studies indicating that chitosan has a lower thermal resistance
than CNFs [36, 37].

3.5. Antimicrobial properties

Figure 6a shows the antibacterial activity of the CNF/AgNP-chitosan
pads compared to the negative control (P < 0.05). Among the samples,
CNF/AgNP-chitosan 80:20 produed the greatest inhibition zone when
incubated with P. aeruginosa and B. subtilis. The bacterial inhibition
power is classified into 4 categories, namely, weak inhibition (<5 mm),
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Figure 5. (a) TGA and (b) DTGA curves for CNF and CNF/AgNP-chitosan pad.

Table 1. Samples data of Ts, Trax and Residual Mass.

Sample Ts (°C) Tymax CC) Residual Mass (%)
CNF 53.75 354.8 10.5

Chitosan 47.61 277.2 39.42
CNF/AgNP-chitosan (50:50) 40.07 78.2 213.4 26.56
CNF/AgNP-chitosan (60:40) 46.82 82.4 238.3 42.4
CNF/AgNP-chitosan (80:20) 36.43 74.6 244.4 21.9
CNF/AgNP-chitosan (100:0) 51.49 93.6 233.6 20.74

(a) 30

Bl /scudomonas aeruginosa

- BB Bacillus subtilis

10 -

Inhibition zone (mm)
@
T

(50:50) (60:40) (80:20) (100:0) Gentamicin 0.1%

Sample

Thibition Zone (mm)

50:50 60:40 80:20 100:0  Ketokonazole 2%
Sample

Figure 6. (a) Antibacterial activity against Pseudomonas aeruginosa and Bacillus
subtilis, and (b) Antifugal activity on against Candida albican of CNF/AgNP-
chitosan pads.

Table 2. Hemocompatibility percentage of CNF/AgNP-chitosan in all variations
(n = 5).

Sample Hemocompatibility (%)
CNF/AgNP-chitosan (50:50) 1.68 + 0.02
CNF/AgNP-chitosan (60:40) 1.64 + 0.02
CNF/AgNP-chitosan (80:20) 1.51 £+ 0.03
CNF/AgNP-chitosan (100:0) 1.47 £ 0.02

moderate inhibition (5-10 mm), strong inhibition (10-20 mm), and very
strong inhibition (>20 mm) [38]. Thus, the CNF/AgNP-chitosan pads
had strong bacterial inhibitory activity. This result is consistent with a
previous study showing that the inhibitory effect of silver nanoparticles
on B. subtilis was stronger than on P. aeruginosa. A potential explanation
for this finding is that the gram-negative bacteria P. aeruginosa have an
effective permeability barrier, namely, a thin layer of lipopolysaccharide
on the outer membrane that limits the penetration of the silver nano-
particle solution. Meanwhile, the gram-positive bacteria S. aureus and
B. subtilis only have a peptidoglycan layer that is more accessible for
permeation by silver nanoparticles; therefore, the nanoparticles easily
penetrate and damage the bacterial cell walls [37].

Consistent with the antibacterial activity results, the CNF/AgNP-
chitosan matrix with a ratio of 80:20 had the greatest inhibition zone
when incubated with Candida albicans (Figure 6b). This result was sup-
ported by previous studies showing that chitosan and AgNPs have strong
antimicrobial properties [39, 40]. The results emphasized the use of
CNF/AgNP-chitosan films as wound dressings, since the films prevent the
growth of P. aeruginosa bacteria, which are commonly present in wounds.

3.6. Hemocompatibility

We determined the potential of the materials to be applied as a wound
dressing by performing a specific hemocompatibility test. The hemo-
compatibility test performed on samples referred to ASTM F756-00. All
pads showed a hemocompatibility percentage less than 2% (Table 2).
Thus, all pads are suitable for further testing in potential applications as
wound dressings because the pads produced in the present study meet
the requirements for classification as nonhemolytic materials.

4. Conclusions

CNF/AgNP-chitosan films were successfully prepared using straight
film formation with different concentration ratios of CNF/AgNP-
chitosan, i.e., 100:0, 80:20, 60:40, and 50:50 v/v. CNFs were extracted
from OPEFB using the pulping method, followed by acid hydrolysis in
10% HCI. The diameter of the CNFs was approximately 50 nm, while the
fiber length was measured in micrometers. The chemical structures of the
films, which was characterized by FTIR spectroscopy, showed hemiacetal
bonding between CNFs and AgNP-chitosan. The XRD analysis confirmed
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that the presence of AgNPs did not alter the crystallinity of the CNFs. The
largest thermal degradation was observed when the amount of AgNP-
chitosan added was up to 40%. The best antibacterial properties were
obtained for CNF/AgNP-chitosan 80:20. All CNF/AgNP-chitosan samples
also met the criteria to be classified as nonhemolytic materials. Based on
the results of this study, we concluded that CNF/AgNP-chitosan films
have great potential as wound dressings. However, further studies, such
as in vitro and in vivo tests, are required to elucidate the wound healing
properties of CNF/AgNP-chitosan pads.
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