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Abstract: This study demonstrated a controllable release properties and synergistic antibacterial
actions between orange essential oil (OEO) and silver nanoparticles (AgNPs) incorporated onto
cellulose (CL) nanofibers. The preparation of AgNPs attached on CL nanofibers was conducted
through multiple processes including the deacetylation process to transform cellulose acetate (CA)
nanofibers to CL nanofibers, the in situ synthesis of AgNPs, and the coating of as-prepared silver
composite CL nanofibers using OEO solutions with two different concentrations. The success of
immobilization of AgNPs onto the surface of CL nanofibers and the incorporation of OEO into the
polymer matrix was confirmed by SEM-EDS, TEM, XRD, and FT-IR characterizations. The tensile
strength, elongation at break, and Young’s modulus of the nanofibers after each step of treatment
were recorded and compared to pristine CA nanofibers. The high antibacterial activities of AgNPs
and OEO were assessed against Gram-positive B. subtilis and Gram-negative E. coli microorganisms.
The combined effects of two antimicrobials, AgNPs and OEO, were distinctively recognized against
E. coli.

Keywords: cellulose nanofiber; silver nanoparticle; electrospinning; orange essential oil; antibacte-
rial activity

1. Introduction

Cellulose is regarded as the most plentiful renewable bio-polymer on earth with the
chemical structure of d-glucopyranosyl units joined by (3-1,4-glycosidic bonds. Cellu-
lose can be harvested through plants, wood, marine organisms, and biosynthesis for the
manufacture of cellulose-based materials such as fibers, films, hydrogels, aerogels, and
composites. Cellulose presents crystalline regions where the chains are tightly packed
and with uniform cellulose molecular arrangements and amorphous domains with loose
hydrogen bonding [1,2]. The rich hydroxyl groups on cellulose provide chemical modifica-
tion to acquire cellulose derivatives and play a crucial role on controlling physicochemical

Polymers 2022, 14, 85. https:/ /doi.org/10.3390/polym14010085

https://www.mdpi.com/journal /polymers


https://doi.org/10.3390/polym14010085
https://doi.org/10.3390/polym14010085
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/polymers
https://www.mdpi.com
https://orcid.org/0000-0001-5171-8256
https://orcid.org/0000-0002-8560-3139
https://orcid.org/0000-0001-7068-2471
https://orcid.org/0000-0003-2187-0681
https://orcid.org/0000-0003-2244-4369
https://doi.org/10.3390/polym14010085
https://www.mdpi.com/journal/polymers
https://www.mdpi.com/article/10.3390/polym14010085?type=check_update&version=1

Polymers 2022, 14, 85

2 of 14

properties of cellulose [3,4]. Cellulose nanofibers with excellent mechanical properties,
highly thermostable due to the hydrogen bond intra macromolecules, have been used for
biomedical applications, filtration, and food packaging [5,6].

Nanofibers are one-dimensional materials with promising applications such as in
electronics, energy storage cells, catalysis, and filtering membrane [7,8]. The combination
of polymers, metal, metal oxides, and other substances grants nanofibers multifunctional
properties. Among many methods for nanofiber manufacture, electrospinning is a straight-
forward and versatile technique to fabricate nanofibers relying on electrostatic repulsion
between charged polymeric solution and collector [9-11]. The method has been used to
produce nanofibers or composite nanofibers with the diameters of tens to a few hundred
nanometers. CL nanofibers fabricated using electrospinning method showcase Young’s
modulus in the range of 120 to 170 GPa, 150 to 170 m?/g specific surface areas, high
crystallinities, and thermal stability at temperatures up to 300 °C [12].

AgNPs have been extensively studied and used in the field of medicine in recent
decades due to their broad spectrum of antibacterial, physical, chemical, and biological
properties [13]. AgNPs have diameters in the range of few to 100 nm with a large surface-to-
volume ratio, with low cytotoxicity for humans [14]. The mechanisms of silver antibacterial
effects can be summarized as ion release, increased cellular oxidative stress, reactions
with sulfur-containing cell membranes and phosphorus in DNA, and attraction of Ag
to the negatively charged cell membrane of microorganisms [15,16]. Moreover, AgNPs
are biocompatible with keratinocyte and fibroblasts and also display anti-inflammatory
properties, even at very low concentrations [17].

Sweet orange is one of the most popular citrus fruits with fragrant taste and health
promotion chemical compounds, largely available in many countries [18]. However, the
peel is mostly discarded as biowaste or landfilling, which can result in environmental issues
and is not economically desirable [19]. Orange essential 0il has bioactive components that
exhibit antioxidative, antimicrobial, and antiseptic activities against different pathogens
and bacterial strains [20]. The use of essential oils (EO) in food and cosmetic industries is
promoted due to health concerns of chemical substances [21].

Essential oil and silver-containing cellulosic scaffolds have valuable applications in
drug delivery, release systems, medicine, and food packaging. Moreover, there are growing
environmental concerns for synthetic polymers; therefore, biopolymers as cellulose and
EO used as biodegradable scaffolds show great interest for the food industry and facial
masks due to crack resistance, high porosity, and controllable compound release. In
order to evaluate the feasibility of fabricating cellulose nanofibrous webs for applications
related to antibacterial properties such as masks, wound dressings, food packaging, and
protective clothing, we engineered AgNPs and OEO to the CL nanofiber scaffolds. The
OEO contents were changed to explore the influence of OEO as coating material in CL
composite nanofibers regarding chemical, mechanical, and antibacterial activities.

2. Materials and Methods
2.1. Materials

Cellulose acetate (average Mn = ~50,000) was purchased from Sigma-Aldrich Chemi-
cal Co., Ltd. (St. Louis, MO, USA). Sodium hydroxide (NaOH, 97%), diethyl ether (99%),
and silver nitrate (AgNO3, 99.8%) were acquired from Shanghai Aladdin Bio-Chem Tech-
nology Co., Ltd. (Shanghai, China). Acetone (99.5%) and N,N-dimethylformamide (DMF,
99.8%) were purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). Sodium
borohydride (NaBHy, 95%) was obtained from BDH chemicals Ltd. (Poole, UK). Orange
essential oil was extracted from the peel of Vietham’s sweet orange (citrus sinensis) and
purchased from local company. All chemicals were used as received without further pu-
rification. Bacillus subtilis ATTC 6633 and Escherichia coli ATCC 25922 were obtained from
Microbiologics, Inc (Saint Cloud, MN, USA).
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2.2. Silver and Orange Essential Oil Integrated in Cellulose Nanofibers

Cellulose nanofibers were prepared through two steps, electrospinning CA nanofibers
and deacetylation process to convert CA nanofibers to CL nanofibers (Scheme 1). To prepare
CA solution, we dissolved CA polymer in a bi-solvent system of acetone/ DMF with the
volume ratio of 1:1 and polymer weight percentage of 15 wt %. The solution was vigorously
stirred for 12 h to dissolve the solute completely before being spun. The resultant CA
solution was loaded into a 5 mL syringe with a metallic capillary needle of 0.6 mm internal
diameter. The distance between the tip of the needle and the collector was fixed at 15 cm
and the supplied voltage was 20 kV. The power supplier (HVU-30P100) has voltage and
current capacity of 30 kV and 100 pA, respectively, and was purchased from MECC Co.,
Ltd., Fukuoka, Japan. The CA nanofibrous mats were collected after 24 h electrospinning.
Afterward, the CA nanofibers were deacetylated by NaOH 0.01 M for 48 h. The acquired
CL nanofibers were washed thoroughly with deionized water before being dried at 40 °C
for 8 h, and eventually the immobilization process of AgNPs onto the CL nanofibrous
webs occurred.

(a) Electrospinning CA nanofibers (b) Deacetylation (c) Cellulose nanofibers

i

(e) OEO integrated CL nanofibers holding AgNPs (d) AgNPs incorporated CL nanofibers

Scheme 1. Schematic representation of the fabrication of orange essential oil-integrated cellulose
nanofibers containing silver nanoparticles.

To prepare AgNP-incorporated cellulose nanofibers, CL nanofibers were firstly im-
mersed in 0.05 M AgNOj solution for 1 h. The AgNO3-CL nanofibers were subsequently
let to dry in an atmospheric environment for 24 h. The dried AgNO3-CL nanofibers were
then dipped in NaBHy4 0.01 M solution for 1 h to let all chemical reactions occur completely;
AgNOj3 was reduced to AgNPs and entrapped into the CL nanofibrous webs. The com-
posite Ag-CL nanofibers were collected, washed with DI water several times to remove all
residual chemicals, and dried in air for 24 h.

The OEO solutions were prepared with two concentrations of 5% and 10% (v/v) in
ethanol. CL nanofibers were soaked in 10% OEO solution; the sample was denoted as
OEO-CL nanofibers. Ag-CL nanofibers were soaked in 5% OEQO and 10% OEOQO solutions
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for 1 h, and the collected samples were indicated as Ag-OEO5%-CL and Ag-OEO10%-
CL nanofibers.

2.3. Characterizations

The qualitative chemical composition of OEO was identified using a gas chromato-
graph coupled with a single quadrupole mass spectrometry (Thermo Scientific model
TRACE 1310 Gas Chromatograph with an ISQ 7000 Single Quadrupole Mass Spectrometer,
GC-5Q-MS). The extract was prepared in diethyl ether. The experiment was performed by
using a Perkin Elmer Clarus 500 gas chromatography equipped with an Elite-5ms capillary
column (30 m x 0.25 mm x 0.25 um) as well as mass detector turbo mass gold of the
company, which was set in EI mode. The carrier’s gas flow was controlled at a rate of
1 mL/min. Simultaneously, the injector was managed at 250 °C. The oven temperature was
programmed as follows: 50 °C at 5 °C/min (held for 5 min) to 140 °C at 7 °C/min and to
275 °C (held for 10 min).

The morphology and diameters of nanofibers were studied using scanning electron
microscopy (SEM-JSM-6010LA, JOEL, Tokyo, Japan) at an accelerating voltage of 15 kV.
The surface of the nanofibers was coated with platinum (Pt) in a sputtering chamber for
120 s at 30 mA. The fiber diameters with standard deviations were calculated using Image]J
application for 50 strands of fiber each sample. In addition, elemental analysis was studied
on energy-dispersive X-ray spectroscopy (EDS).

The amorphous, crystalline, and semi-crystalline phases of all nanofibrous samples
were investigated by X-ray diffraction instrument (XRD, Miniflex 300, Rigaku Co., Ltd.,
Tokyo, Japan) with Cu-Ko irradiation, operating at 30 kV and 500 mA, at the 26 ranging
from 5 ° to 80 °.

The characteristic vibration of functional groups present on the nanofibrous mats was
analyzed using a Fourier transform infrared (FI-IR) spectrometer (Nicolet iS 50, FT-IR,
Thermo, Waltham, MA, USA) in the range of 4000 to 400 cm ! with accumulation over
20 scans.

The universal testing instrument (UTM, RTC-1250A, A&D Co., Ltd., Tokyo, Japan)
was utilized to acquire stress—strain diagrams. The tensile test was performed five times for
each sample, and the data were collected and used to calculate elongation at break, Young’s
modulus, and tensile strength. Specimens were cut into a rectangular shape of 70 x 10 mm
(length x width). The thickness of each specimen was measured before the pull testing,
and the cross-sectional area was calculated by multiplying the thickness and the width.
The working conditions of the instrument were 10 mm/min extensional rate and 50 mm
gauge length.

Nanofibrous specimens were prepared in pieces with the size of 2 x 2 cm for the water
absorption test. In detail, all specimens were weighed and then immersed in deionized
water for 1 h. Afterward, the specimens were removed and gently placed on filter papers
to discharge all dripping water. The specimens were weighed again, and water absorption
amount was calculated by gained mass over the original mass of the specimens.

Wi — W,
Water absorption (%) = (1]/\]70) x 100
0

where W is the specimen weight after water immersion and Wy is the original weight of
the specimen.

The silver release behaviors of silver-containing samples were examined in an aqueous
environment using inductively coupled plasma mass spectroscopy (ICP-MS; Shimadzu
ICPS-1000 IV; Shimadzu, Kyoto, Japan). In essence, 0.15 g of each silver-containing sample,
Ag-CL, Ag-OEO5%-CL, and Ag-OEO10%-CL, were immersed in screw cap vials, each
containing 50 mL deionized water, under gentle shaking and room temperature for 48 h. At
various time intervals, 2 mL of liquid specimens were extracted and subjected to ICP-MS
spectrometry to quantify silver concentrations. The release profiles were constructed by
recording silver concentrations over a period of 48 h.
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2.4. Antibacterial Assays

The antibacterial activities of CL as control sample, OEO-CL, Ag-CL, Ag-OEO5%-CL,
and Ag-OEO10%-CL nanofibers were assessed against two bacterial strains, E. coli ATCC
25922 and B. subtilis ATTC 6633 in triplicate. The method was adopted from our previous
publication [22]. In detail, E. coli was cultured in the LB liquid medium for 24 h at 37 °C,
and B. subtilis was cultured likewise but at 30 °C. The cultured mediums were diluted by
DI water to the concentration of 10° colony forming unit per milliliter—CFU/mL. For the
disk diffusion test, 200 pL of bacteria suspension was smeared over an agar plate. The
nanofibrous specimens were cut into 5 mm diameter round shape and placed on agar plates
seeded with bacterial cells in log phase. All plates were incubated at optimal conditions for
bacterial growth (37 °C for E. coli and 30 °C for B. subtilis) for 24 h. All disk diffusion test
processes were conducted in triplicate to measure the diameters of halo zones and calculate
the standard deviations.

3. Results and Discussion
3.1. Chemical Composition of the OEO

OEOQ was analyzed using GC-5Q-MS; the results showed the main constituents of OEO
are d-limonene (64.33%), 3-myrcene (8.84%), x-pinene (5.01%), a-phellandrene (2.82%),
linalool (2.77%), decanal (1.89%), and octanal (1.28%) in 18.83, 17.29, 15.27,16.72,20.94, 24.2,
and 17.68 (min), respectively (Table 1 and Figure S1). These seven compounds account for
86.94% of the total compounds identified. Limonene was also observed as the main com-
ponent in the peel of sweet orange in several previous reports [23-25]. Among 36 volatile
organic compounds detected, including monoterpenes, sesquiterpenes, aldehydes, alcohols,
and esters, D-limonene was found to be the major contributor to the orange aroma.

Table 1. GC-SQ-MS-analyzed chemical compounds of OEO.

No. Retention Time (min) Compounds Composition (%)
1 15.27 «-Pinene 5.01
2 16.72 o-Phellandrene 2.82
3 17.29 -Myrcene 8.84
4 17.68 Octanal 1.28
5 18.83 D-Limonene 64.33
6 20.69 2-Carene 0.57
7 20.94 Linalool 2.77
8 21.45 p-Cymene 0.13
9 21.7 2-Caren-4-ol 0.34
10 22.14 cis-p-Mentha-2,8-dien-1-ol 0.93
11 22.27 (+)-(E)-Limonene oxide 0.42
12 22.61 Citronellal 0.37
13 23.26 1-Indanone, 4,5,6,7-tetrahydro 0.28
14 23.92 a-Terpineol 0.71
15 24.2 Decanal 1.89
16 24.73 2-Cyclohexen-1-ol, 2-methyl-5 0.63
17 25.08 Carveol 0.32
18 25.32 Neral 0.32
19 25.52 (—)-Carvone 0.74

20 26.14 Citral 0.76
21 26.45 2-Caren-10-al 0.31
22 28.15 Limonene oxide, trans- 0.16
23 29.37 Copaene 0.41
24 29.71 y-Muurolene 0.46

N
[6)}

29.88 Dodecanal 0.39
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Table 1. Cont.

No. Retention Time (min) Compounds Composition (%)
26 30.63 Caryophyllene 0.31
27 30.83 Copaene 0.43
28 32.47 Caryophyllene 0.82
29 32.71 Butylated hydroxytoluene 0.86
30 33.1 Cadina-1(10),4-diene 0.42
31 33.72 a-Acorenol 0.18
32 37.04 a«-Longipinene 0.39
33 38.24 «-Sinensal 0.22
34 39.76 Nootkatone 0.15
35 42.35 m-Camphorene 0.16
36 43.05 1-Heptatriacotanol 0.1

Total 99.23

3.2. Morphology Study of Nanofiber Membranes

In Figure 1a, CA nanofibers are observed to be diverse in size; the average diameter
value with deviation was found to be 409 £ 157 nm. With the concentration of 15 wt %
CA in bi-solvent system of acetone and DMF, the polymer chains entangled enough with
each other to form a smooth and bead-free nanofibers. After treatment with NaOH, CL
nanofibers presented similar morphology with slightly smaller diameter, 399 + 134 nm,
due to the mercerization effects, which induced the nanofibers to be contracted in diameter
according to previous studies [26,27]. Similarly, OEO-CL nanofibers did not present any
significant difference compared to CL nanofibers, and the presence of OEO could not
detected due to the evaporation of essential oil in the vacuum chamber of SEM equipment.
In Figure 1d—f, the AgNPs could also be spotted as being attached to CL nanofibers. The
average diameters of these nanofibers increased to 430 & 109, 426 + 128, and 432 + 85 nm
due to the treatment process of AgNP immobilization and the incorporation of OEO; AgNPs
physically attached to the nanofibrous network structure. The morphology of Ag-OEO5%-
CL and Ag-OEO10%-CL presented similar morphology compared to the Ag-CL sample
because OEO was completely removed in the vacuum environment of the microscope
chamber.

Figure 1. SEM images of (a) CA nanofibers, (b) CL nanofibers, (¢) OEO-CL nanofibers, (d) Ag-CL
nanofibers, (e) Ag-OEO5%-CL nanofibers, and (f) Ag-OEO10%-CL nanofibers.
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3.3. FT-IR Spectral Analysis

Figure 2 presents the FT-IR spectra of pristine CA and CL nanofibers, and composite
CL nanofibers after various steps of treatment. For CA spectrum, the strong absorbance
peaks at 1735 ecm~1 1365 cm™1, and 1225 cm™! corresponded to C = O vibration, C-CHjs
vibration, and C-O-C stretching vibration, respectively [28-30]. After the deacetylation
reaction, the complete disappearance of the peaks at 1735 cm~! and 1225 cm~! and the
raising band at 3400 cm~! proved the successful conversion of CA to CL. The addition
of OEO gave rise to the peaks at 2920 cm ™! and 2860 cm ! assigned to -CH stretch, and
1735 cm~! was attributed to carbonyl stretch of alkanes (Figure 2a) [31]. The peak at
872 cm~! of AgNO;-CL spectrum was assigned to -NOj; bending, which can be referred to
the penetration of silver nitrate into the cellulosic polymer matrix. This peak was removed
after the redox reaction between AgNO3 and NaBHy (Figure 2b), attesting to the conversion
from silver salt to AgNPs.

®
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Figure 2. The FT-IR spectra of (a) CA, (b) CL, (c) AgNO3-CL, (d) Ag-CL, () OEO-CL, (f) Ag-OEO5%-
CL, and (g) Ag-OEO10%-CL; (A) magnified view of FTIR spectrum of OEO; and (B) magnified view
of FTIR spectrum of AgNOs.

3.4. X-ray Diffraction Study

The XRD patterns of CA and CL nanofibers, and AgNPs were identified using XRD
technique. CA nanofibers exhibited two typical diffraction bands centered at 26 of 9°
and 22.5°, which corresponded to the semi-crystallinity of cellulose acetate polymer
(Figure 3A(a)). The deacetylation process transformed CA to CL nanofibers completely,
which showed typical bands of cellulose II. With the addition of OEO into the CL nanofibers,
no characteristic bands or peaks could be detected. The presence of AgNPs attached to
CL nanofibers can be confirmed by diffraction peaks at 26 values of 38°, 44.5°, 64.5°, and
77.5° indexed to (111), (200), (220), and (311) crystal planes of the standard metal silver
pattern, respectively [32,33]. The reduction of silver ions to AgNP formation from the
nucleation thus were successfully conducted. As shown in Figure 3B, the TEM image
of Ag-CL illustrates the adhesion of AgNPs on to the surface of CL nanofibers with the
AgNPs’ diameter of 12.8 £ 4.4 nm. In contrast, neat CL nanofibers presented a particle-free
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Intensity (a.u.)

morphology. The coating of Ag-CL nanofibers with OEO did not affect the X-ray diffraction

(Figure 3A(e),(f)).
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Figure 3. (A) XRD spectra of (a) CA; (b) CL; (c) OEO-CL; (d) Ag-CL; (e) Ag-OEO5%-CL; and
(f) Ag-OEO10%-CL. (B) TEM image of Ag-CL nanofiber. (C) TEM image of CL nanofibers.

3.5. EDS Analyses

The elemental analysis was carried out by EDS study (Figure 4). The characteristic
results verified that CA and CL nanofibers are composed majorly of carbon and oxygen.
For the Ag-CL nanofibers, besides the presence of carbon and oxygen, the detection of
silver demonstrated the loading of silver in the samples. Moreover, the nitrogen was not
detected in Ag-CL, which verified the complete conversion of AgNO3 to AgNPs during the
reducing reaction. The elemental composition is given in Table 2, CA and CL nanofibers
were found to be composed of carbon, oxygen, and hydrogen elements. In the case of
Ag-CL, the silver element was 3.64%, clarifying the success of AgNPs synthesis.

Table 2. Elemental composition of CA, CL, and Ag-CL nanofibers using EDS analysis.

Element (at.%)
Sample
Carbon Nitrogen Oxygen Ag
CA 54.67 - 41.90 -
CL 52.44 - 47.56 -
Ag-CL 44.09 - 52.28 3.64
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Figure 4. EDS spectra of (a) CA, (b) CL, and (c) Ag-CL nanofibers.

3.6. Mechanical Properties

Table 3 and Figure 5 show the mechanical properties of CA, CL, OEO-CL, Ag-CL,
Ag-OEO5%-CL, and Ag-OEO10%-CL. The deacetylation process and mercerization ef-
fect increased the strength at break and Young’s modulus of as-spun nanofibers from
3.32 £ 0.84 MPa and 144.31 £ 37.74 MPa to 8.51 £ 1.93 MPa and 315.51 + 45.81 MPa, which
are the values of CL nanofibers, respectively. The effect was due to the -OH groups of CL
nanofibers, which form hydrogen bonding between inner polymer chains and possibly
bind different nanofibers together. The bonding formation led to the void space reduc-
tion and tightly packed effect, increasing crystallinity and making the nanofibrous mats
stronger and tougher [34]. The incorporation of OEO to CL nanofibers decreases the tensile
strength but increases the elongation at break of nanofibrous samples, possibly the integra-
tion of essential oil loosens the intermolecular interactions between the polymer chains.
Moreover, it could also be explained as the coating effect of OEO freed the linking nodes
between different nanofiber strands and helped them move more easily in the tensile tests.
However, after treating CL nanofibers with AgNO3; and NaBHjy, the Ag-CL nanofibers
present poorer mechanical strength and elongation at break. The adverse observation
demonstrated the negative effect of AgNPs formation on the interconnective fiber network
and the mobility [35,36].

Table 3. Tensile strength, elongation at break, and Young’s modulus of CA, CL, OEO-CL, Ag-CL,
Ag-OEO5%-CL, and Ag-OEO10%-CL nanofibers.

Sample Tensile Strength Elongation at Break Young's Modulus
(MPa) (%) (MPa)
CA 3.32 £0.84 17.33 £ 5.79 144.31 £+ 37.74
CL 8.51 +1.93 3.85 +0.98 315.51 £+ 45.81
OEO-CL 7.83 £+ 3.08 5.23 +2.38 254.95 + 50.16
Ag-CL 6.32 £2.81 3.63 £1.25 220.27 £ 66.08
Ag-OEO5%-CL 5.91 4+ 0.93 45+191 215.94 £ 30.15

Ag-OEO10%-CL 5.6 £1.03 4.96 + 1.65 204.9 £+ 40.48
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Figure 5. Stress—strain profiles of (a) CA, (b) CL, (c) OEO-CL, (d) Ag-CL, (e) Ag-OEO5%-CL, and (f)
Ag-OEO10%-CL.

3.7. Water Absorption and Silver Release Profile

Water absorption was evaluated to quantify the water amount can be absorbed into
CA nanofibers, as well as CL nanofibers before and after the incorporation of silver and
OEO (Figure 6A). The water holding capacity of CL nanofibers after deacetylation process
improved significantly and reached to 1126% compared to CA nanofibers at just 124%. For
composite nanofibers, the quantification of water absorption gives insight into the influence
of AgNPs and OEO to the hydrophilicity of treated CL nanofibers. The percentage of
weight gain of CL nanofibers and Ag-CL nanofibers showed a slight difference, which
means the adhesion of AgNPs did not significantly change the hydrophilic properties of
the CL nanofibers; AgNPs were considered hydrophobic but the added percentage of silver
content proved to be insufficient to change the absorption properties of CL nanofibers. By
contrast, OEO addition reduced the water absorption of the CL nanofibers from 1126%
to 923% for OEO-CL, and from 1133% to 847% and 776% of Ag-CL, Ag-OEO5%-CL, and
Ag-OEO10%-CL, respectively. These findings were in line with other publications [37,38].

The mechanisms of AgNP toxicity are closely related to Ag* ion release from the
polymer matrix into the cell, and controlling the release of silver over time is desirable
in wound dressing and other medical applications. Long-term silver release can lead to
long-lasting antibacterial activity. The silver release has been reported to correlate to silver
content, AgNPs size, water chemistry, and the surface coating of AgNPs. In Figure 6B,
AgNP dissolution was studied over a time course of 48 h. Ag-CL presented a speedy release
at first, followed by a gradual release curve. The silver discharge of Ag-OEO5%-CL was
slower in the first 6 h compared to Ag-CL, and followed by a stable increase, whereas the
discharge profile of Ag-OEO10%-CL showed a first-order linear relationship. It is surmised
that the phenomenon was ascribable to surface passivation that occurred in the case of
Ag-OEO5%-CL and Ag-OEO10%-CL due to the OEO coating effects. The rapid discharge of
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Ag at the 6 h time point of Ag-CL was in accordance with other already published articles,
which could be explained as the discharge of chemisorbed Ag* and the oxidative process
with Oy [39]. The coating effects of OEO cause the slow and sustained release of Ag from
the composite nanofibers [40,41].
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Figure 6. (A) Water absorption of CA, CL, OEO-CL, Ag-CL, Ag-OEO5%-CL, and Ag-OEO10%-CL.
(B) Silver release behavior of Ag-CL, Ag-OEO5%-CL, and Ag-OEO10%-CL.

3.8. Antibacterial Activity of Composite CL Nanofibers

The antibacterial effects of CL, OEO-CL, Ag-CL, Ag-OEO5%-CL, and Ag-OEO10%-CL
were evaluated against common microorganisms, E. coli and B. subtilis. The photos of the
inhibition zones were taken after incubation time and measured using Image] software.
Figure 7 and Figure S2 show the diameters of the halo area, generated by the disruption of
bacterial growth around the nanofibrous specimens. The CL nanofiber sample or negative
control sample presented no antibacterial activities. For all other samples containing AgNPs
or OEQ, the inhibitions zones were clear and visible, demonstrating the antimicrobial
properties against both Gram-positive and Gram-negative bacteria. In the case of E. coli,
the zone diameters were 7.0 & 1.0, 6.7 £ 0.8, 7.7 &= 1.6, and 9.8 = 1.7 mm for OEO-CL,
Ag-CL, Ag-OEO5%-CL, and Ag-OEO10%-CL. The combination effects of OEO and AgNPs
resulted in improved antibacterial action against E. coli, and the sizes of the halo zones
were significantly extended from 6.7 &+ 0.8 to 9.8 & 1.7 mm for Ag-CL and Ag-OEO10%-
CL, respectively. However, OEO at low content was not so potent against B. subtilis—
Gram-positive bacteria, when combined with AgNPs, adding OEO to Ag-CL composite
nanofibers, the diameters of the halo zones increased from only 7.0 + 0.5 to 7.4 £ 0.6 for
Ag-CL and Ag-OEO5%-CL, respectively. The consistent results were also reported in a
previous publication because of the bactericidal effects of OEO on diversities of bacterial
cell structures, and OEO is less potent against Gram-positive bacterial strains [42]. OEO
coating suppresses the silver release, thus leading to higher OEO concentrations, but the
low silver discharge will not effectively extend the sizes of the bacterial inhibition zones
against Gram-positive bacteria. The antibacterial properties of AgNPs can be assigned
to the reactive oxygen species generation, destroying cell membrane and disturbing the
DNA replication and protein synthesis. On the other hand, one of the most important
mechanisms of essential oil antibiotics is disturbing the lipid and protein interactions and
sabotaging their functions on the basis of their hydrophobicity. The highest inhibition zone
was by CL-OEO10% against E. coli, which has complex structure of cell wall composed of a
thin peptidoglycan layer. In a mixture, EO can interact with other compounds or antibiotic
agents, producing antagonistic, additive, indifferent, or synergistic effects [43,44].
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Figure 7. Diameter of inhibition zone with standard deviation of CL, OEO-CL, Ag-CL, Ag-OEO5%-
CL, and Ag-OEO10%-CL against (A) E. coli and (B) B. subtilis.

4. Conclusions

In recent years, customer interest in environmentally friendly, safe, and natural prod-
ucts has risen. Natural antimicrobial essential oils have antiviral, antimicrobial, and
fungicidal benefits; high levels of safety; and a very low impact on human health, with
great potential to replace synthetic chemical agents. The drawback can be remedied by
combining them with fibrous structures and other metallic antibiotics such as silver, copper,
or zinc oxide, which have been reported to offer many favors such as chemical and physical
stability. There is some research on essential oils integrated into nanofibers; however, there
are still many issues that need to be addressed such as the impacts of oil on mechanical,
chemical, and overall performance. Moreover, the synergism when combined with silver is
unclear and not yet well reported.

In the present paper, the success of AgNP in situ synthesis and the coating of OEO
onto the CL nanofibers was introduced. The good antibacterial properties of AgNPs
combined with OEO were demonstrated against E. coli and B. subtilis. The use of OEO
as the coating material represents a sustainable and controllable silver release over the
period of 48 h. Interestingly, the antibacterial synergism was great in the case of E. coli,
whereas OEO content difference did not affect the bactericidal effectiveness against B.
subtilis. It is concluded that OEO and AgNPs incorporated into CL nanofibers may have
the potential as a biomaterial for avoiding bacterial infections in applications such as facial
masks, protective clothing, and food packaging. However, more research is needed to
further apply EO and AgNPs in commercialized products.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/polym14010085/s1, Figure S1. The total ion chromatogram of OEO. Figure S2. Representative
photographs of inhibition zone of CL—as the negative control, OEO-CL, Ag-CL, Ag-OEO5%-CL, and
Ag-OEO10%-CL.

Author Contributions: D.-N.P.: conceptualization, investigation, formal analysis, and writing orig-
inal draft; M.Q.K.: formal analysis and writing original draft; V.-C.N.: formal analysis; H.V.-M.:
investigation and formal analysis; A.-T.D.: investigation and formal analysis; PT.T.: investigation
and formal analysis; N.-M.N.: formal analysis; V.-T.L.: formal analysis; A.U.: formal analysis; M.K.:
formal analysis; I.-S.K.: conceptualization, investigation, and editing. All authors have read and
agreed to the published version of the manuscript.

Funding: This research is funded by Hanoi University of Science and Technology (HUST) under
grant number T2020-PC-206.

Conflicts of Interest: The authors declare that there are no conflict of interest associated with the
work presented.


https://www.mdpi.com/article/10.3390/polym14010085/s1
https://www.mdpi.com/article/10.3390/polym14010085/s1

Polymers 2022, 14, 85 13 of 14

References

1. Leng, E,; Zhang, Y,; Peng, Y.; Gong, X.; Mao, M,; Li, X.; Yu, Y. In situ structural changes of crystalline and amorphous cellulose
during slow pyrolysis at low temperatures. Fuel 2018, 216, 313-321. [CrossRef]

2. Phan, D.-N,; Lee, H.; Huang, B.; Mukai, Y.; Kim, I.-S. Fabrication of electrospun chitosan/cellulose nanofibers having adsorption.

3. Ahmadzadeh, S.; Nasirpour, A.; Harchegani, M.B.; Hamdami, N.; Keramat, J. Effect of electrohydrodynamic technique as a
complementary process for cellulose extraction from bagasse: Crystalline to amorphous transition. Carbohydr. Polym. 2018, 188,
188-196. [CrossRef]

4. Phan, D.-N.; Khan, M.Q.; Nguyen, N.-T.; Phan, T.-T.; Ullah, A.; Khatri, M.; Kien, N.N.; Kim, L.-S. A review on the fabrication of
several carbohydrate polymers into nanofibrous structures using electrospinning for removal of metal ions and dyes. Carbohydr.
Polym. 2021, 252, 117175. [CrossRef]

5. Song, J.; Chen, C.; Yang, Z.; Kuang, Y,; Li, T;; Li, Y.; Huang, H.; Kierzewski, L; Liu, B.; He, S.; et al. Highly Compressible,
Anisotropic Aerogel with Aligned Cellulose Nanofibers. ACS Nano 2018, 12, 140-147. [CrossRef] [PubMed]

6. Wang, Y,; Guo, Z; Qian, Y.; Zhang, Z.; Lyu, L.; Wang, Y.; Ye, F. Study on the Electrospinning of Gelatin/Pullulan Composite
Nanofibers. Polymers 2019, 11, 1424. [CrossRef]

7. Barhoum, A.; Pal, K,; Rahier, H.; Uludag, H.; Kim, L.S.; Bechelany, M. Nanofibers as new-generation materials: From spinning and
nano-spinning fabrication techniques to emerging applications. Appl. Mater. Today 2019, 17, 1-35. [CrossRef]

8.  Phan, D.-N.; Dorjjugder, N.; Saito, Y.; Taguchi, G.; Ullah, A.; Kharaghani, D.; Kim, I.-S. The synthesis of silver-nanoparticle-
anchored electrospun polyacrylonitrile nanofibers and a comparison with as-spun silver/polyacrylonitrile nanocomposite
membranes upon antibacterial activity. Polym. Bull. 2020, 77, 4197-4212. [CrossRef]

9. Xue,]; Wu, T,; Dai, Y.; Xia, Y. Electrospinning and Electrospun Nanofibers: Methods, Materials, and Applications. Chem. Rev.
2019, 119, 5298-5415. [CrossRef] [PubMed]

10. Phan, D.-N.; Dorjjugder, N.; Saito, Y.; Khan, M.Q.; Ullah, A ; Bie, X.; Taguchi, G.; Kim, L.-S. Antibacterial mechanisms of various
copper species incorporated in polymeric nanofibers against bacteria. Mater. Today Commun. 2020, 25, 101377. [CrossRef]

11.  Phan, D.-N,; Rebia, R.A.; Saito, Y.; Kharaghani, D.; Khatri, M.; Tanaka, T.; Lee, H.; Kim, I.-S. Zinc oxide nanoparticles attached to
polyacrylonitrile nanofibers with hinokitiol as gluing agent for synergistic antibacterial activities and effective dye removal. J. Ind.
Eng. Chem. 2020, 85, 258-268. [CrossRef]

12.  Gaminian, H.; Montazer, M. Decorating silver nanoparticles on electrospun cellulose nanofibers through a facile method by
dopamine and ultraviolet irradiation. Cellulose 2017, 24, 3179-3190. [CrossRef]

13.  Yin,LX,; Zhang,J.; Zhao, 1.S.; Mei, M.L.; Li, Q.; Chu, C.H. The Antibacterial Mechanism of Silver Nanoparticles and Its Application
in Dentistry. Int. J. Nanomed. 2020, 15, 2555-2562. [CrossRef]

14. Panacek, A.; Kvitek, L.; Smékalova, M.; Vecetov4, R.; Koldt, M.; Roderovd, M.; Dycka, E; Sebela, M.; Prucek, R.; Tomanec, O.; et al.
Bacterial resistance to silver nanoparticles and how to overcome it. Nat. Nanotechnol. 2018, 13, 65-71. [CrossRef]

15. Burdusel, A.-C.; Gherasim, O.; Grumezescu, A.M.; Mogoanta, L.; Ficai, A.; Andronescu, E. Biomedical Applications of Silver
Nanoparticles: An Up-to-Date Overview. Nanomaterials 2018, 8, 681. [CrossRef]

16. Phan, D.-N.; Dorjjugder, N.; Saito, Y.; Taguchi, G.; Lee, H.; Lee, J.S.; Kim, I.-S. The mechanistic actions of different silver species at
the surfaces of polyacrylonitrile nanofibers regarding antibacterial activities. Mater. Today Commun. 2019, 21, 100622. [CrossRef]

17. Castangia, I.; Marongiu, F; Manca, M.L.; Pompei, R.; Angius, F.; Ardu, A.; Fadda, A.M.; Manconi, M.; Ennas, G. Combination
of grape extract-silver nanoparticles and liposomes: A totally green approach. Eur. . Pharm. Sci. 2017, 97, 62—69. [CrossRef]
[PubMed]

18. Giunti, G.; Palermo, D.; Laudani, F.; Algeri, G.M.; Campolo, O.; Palmeri, V. Repellence and acute toxicity of a nano-emulsion of
sweet orange essential oil toward two major stored grain insect pests. Ind. Crop. Prod. 2019, 142, 111869. [CrossRef]

19. Gavahian, M.; Chu, Y.; Khaneghah, A.M. Recent advances in orange oil extraction: An opportunity for the valorisation of orange
peel waste a review. Int. J. Food Sci. Technol. 2018, 54, 925-932. [CrossRef]

20. Evangelho, J.A.D.; Dannenberg, G.D.S.; Biduski, B.; el Halal, S.L.M.; Kringel, D.H.; Gularte, M.A.; Fiorentini, A.M.; Zavareze,
E.D.R. Antibacterial activity, optical, mechanical, and barrier properties of corn starch films containing orange essential oil.
Carbohydr. Polym. 2019, 222, 114981. [CrossRef] [PubMed]

21. Felix de Andrade, M.; Diego de Lima Silva, I.; Alves da Silva, G.; David Cavalcante, P.V.; Thayse da Silva, F; Bastos de Almeida,
Y.M.; Vinhas, G.M.; Hecker de Carvalho, L. A study of poly (butylene adipate-co-terephthalate)/orange essential oil films for
application in active antimicrobial packaging. LWT 2020, 125, 109148. [CrossRef]

22.  Phan, D.-N.; Dorjjugder, N.; Khan, M.Q.; Saito, Y.; Taguchi, G.; Lee, H.; Mukai, Y.; Kim, L.-S. Synthesis and attachment of silver
and copper nanoparticles on cellulose nanofibers and comparative antibacterial study. Cellulose 2019, 26, 6629-6640. [CrossRef]

23. Golmohammadi, M.; Borghei, A.; Zenouzi, A.; Ashrafi, N.; Taherzadeh, M. Optimization of essential oil extraction from orange
peels using steam explosion. Heliyon 2018, 4, e00893. [CrossRef]

24. Yang, C.; Chen, H.; Chen, H.; Zhong, B.; Luo, X.; Chun, J. Antioxidant and Anticancer Activities of Essential Oil from Gannan
Navel Orange Peel. Molecules 2017, 22, 1391. [CrossRef] [PubMed]

25. Liu, K; Deng, W.; Hu, W,; Cao, S.; Zhong, B.; Chun, J. Extraction of ‘Gannanzao’ Orange Peel Essential Oil by Response Surface

Methodology and its Effect on Cancer Cell Proliferation and Migration. Molecules 2019, 24, 499. [CrossRef]


http://doi.org/10.1016/j.fuel.2017.11.083
http://doi.org/10.1016/j.carbpol.2018.01.109
http://doi.org/10.1016/j.carbpol.2020.117175
http://doi.org/10.1021/acsnano.7b04246
http://www.ncbi.nlm.nih.gov/pubmed/29257663
http://doi.org/10.3390/polym11091424
http://doi.org/10.1016/j.apmt.2019.06.015
http://doi.org/10.1007/s00289-019-02969-8
http://doi.org/10.1021/acs.chemrev.8b00593
http://www.ncbi.nlm.nih.gov/pubmed/30916938
http://doi.org/10.1016/j.mtcomm.2020.101377
http://doi.org/10.1016/j.jiec.2020.02.008
http://doi.org/10.1007/s10570-017-1343-5
http://doi.org/10.2147/IJN.S246764
http://doi.org/10.1038/s41565-017-0013-y
http://doi.org/10.3390/nano8090681
http://doi.org/10.1016/j.mtcomm.2019.100622
http://doi.org/10.1016/j.ejps.2016.11.006
http://www.ncbi.nlm.nih.gov/pubmed/27825918
http://doi.org/10.1016/j.indcrop.2019.111869
http://doi.org/10.1111/ijfs.13987
http://doi.org/10.1016/j.carbpol.2019.114981
http://www.ncbi.nlm.nih.gov/pubmed/31320073
http://doi.org/10.1016/j.lwt.2020.109148
http://doi.org/10.1007/s10570-019-02542-6
http://doi.org/10.1016/j.heliyon.2018.e00893
http://doi.org/10.3390/molecules22081391
http://www.ncbi.nlm.nih.gov/pubmed/28829378
http://doi.org/10.3390/molecules24030499

Polymers 2022, 14, 85 14 of 14

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Hassan, M.Z.; Roslan, S.A.; Sapuan, S.M.; Rasid, Z.A.; Mohd Nor, A.F; Md Daud, M.Y.; Dolah, R.; Mohamed Yusoff, M.Z.
Mercerization Optimization of Bamboo (Bambusa vulgaris) Fiber-Reinforced Epoxy Composite Structures Using a Box-Behnken
Design. Polymers 2020, 12, 1367. [CrossRef] [PubMed]

Nakagaito, A.N.; Yano, H. Toughness enhancement of cellulose nanocomposites by alkali treatment of the reinforcing cellulose
nanofibers. Cellulose 2008, 15, 323-331. [CrossRef]

Lu, Y.; Wang, H.; Lu, Y. An architectural exfoliated-graphene carbon aerogel with superhydrophobicity and efficient selectivity.
Mater. Des. 2019, 184, 108134.

Ahmed, F.; Arbab, A A ; Jatoi, A W.; Khatri, M.; Memon, N.; Khatri, Z.; Kim, LS. Ultrasonic-assisted deacetylation of cellulose
acetate nanofibers: A rapid method to produce cellulose nanofibers. Ultrason. Sonochem. 2017, 36, 319-325. [CrossRef]

Lu, Y; Ye, G,; She, X.; Wang, S.; Yang, D.; Yin, Y. Sustainable Route for Molecularly Thin Cellulose Nanoribbons and Derived
Nitrogen-Doped Carbon Electrocatalysts. ACS Sustain. Chem. Eng. 2017, 5, 8729-8737. [CrossRef]

Cebi, N.; Taylan, O.; Abusurrah, M.; Sagdic, O. Detection of Orange Essential Oil, Isopropyl Myristate, and Benzyl Alcohol in
Lemon Essential Oil by FTIR Spectroscopy Combined with Chemometrics. Foods 2020, 10, 27. [CrossRef] [PubMed]

Li,J.; Ma, R;; Wu, Z.; He, S.; Chen, Y.; Bai, R.; Wang, J. Visible-Light-Driven Ag-Modified TiO, Thin Films Anchored on Bamboo
Material with Antifungal Memory Activity against Aspergillus niger. |. Fungi 2021, 7, 592. [CrossRef] [PubMed]

Li, J.; Ma, R.; Lu, Y,; Wu, Z; Su, M; Jin, K; Qin, D.; Zhang, R.; Bai, R.; He, S.; et al. A gravity-driven high-flux catalytic filter
prepared using a naturally three-dimensional porous rattan biotemplate decorated with Ag nanoparticles. Green Chem. 2020, 22,
6846-6854. [CrossRef]

Maroufi, L.Y.; Ghorbani, M.; Mohammadi, M.; Pezeshki, A. Improvement of the physico-mechanical properties of antibacterial
electrospun poly lactic acid nanofibers by incorporation of guar gum and thyme essential oil. Colloids Surf. A Physicochem. Eng.
Asp. 2021, 622, 126659. [CrossRef]

Alizadeh-Sani, M.; Khezerlou, A.; Ehsani, A. Fabrication and characterization of the bionanocomposite film based on whey
protein biopolymer loaded with TiO2 nanoparticles, cellulose nanofibers and rosemary essential oil. Ind. Crop. Prod. 2018, 124,
300-315. [CrossRef]

Jahed, E.; Khaledabad, M.A.; Bari, M.R.; Almasi, H. Effect of cellulose and lignocellulose nanofibers on the properties of Origanum
vulgare ssp. gracile essential oil-loaded chitosan films. React. Funct. Polym. 2017, 117, 70-80. [CrossRef]

Ullah, A.; Saito, Y.; Ullah, S.; Haider, K.; Nawaz, H.; Duy-Nam, P.; Kharaghani, D.; Kim, L.S. Bioactive Sambong oil-loaded
electrospun cellulose acetate nanofibers: Preparation, characterization, and in-vitro biocompatibility. Int. J. Biol. Macromol. 2021,
166, 1009-1021. [CrossRef]

Sharma, A.; Mandal, T.; Goswami, S. Fabrication of cellulose acetate nanocomposite films with lignocelluosic nanofiber filler for
superior effect on thermal, mechanical and optical properties. Nano-Struct. Nano-Objects 2021, 25, 100642. [CrossRef]

Dobias, J.; Bernier-Latmani, R. Silver Release from Silver Nanoparticles in Natural Waters. Environ. Sci. Technol. 2013, 47,
4140-4146. [CrossRef]

Boccalon, E.; Pica, M.; Romani, A.; Casciola, M.; Sterflinger, K.; Pietrella, D.; Nocchetti, M. Facile preparation of organic-inorganic
hydrogels containing silver or essential oil with antimicrobial effects. Appl. Clay Sci. 2020, 190, 105567. [CrossRef]

Wu, Z.; Zhou, W,; Pang, C.; Deng, W.; Xu, C.; Wang, X. Multifunctional chitosan-based coating with liposomes containing laurel
essential oils and nanosilver for pork preservation. Food Chem. 2019, 295, 16-25. [CrossRef]

Farahmandfar, R.; Tirgarian, B.; Dehghan, B.; Nemati, A. Comparison of different drying methods on bitter orange (Citrus
aurantium L.) peel waste: Changes in physical (density and color) and essential oil (yield, composition, antioxidant and
antibacterial) properties of powders. J. Food Meas. Charact. 2019, 14, 862-875. [CrossRef]

Amjadi, S.; Almasi, H.; Ghorbani, M.; Ramazani, S. Reinforced ZnONPs/ rosemary essential oil-incorporated zein electrospun
nanofibers by k-carrageenan. Carbohydr. Polym. 2020, 232, 115800. [CrossRef] [PubMed]

Vafania, B.; Fathi, M.; Soleimanian-Zad, S. Nanoencapsulation of thyme essential oil in chitosan-gelatin nanofibers by nozzle-less
electrospinning and their application to reduce nitrite in sausages. Food Bioprod. Process. 2019, 116, 240-248. [CrossRef]


http://doi.org/10.3390/polym12061367
http://www.ncbi.nlm.nih.gov/pubmed/32560539
http://doi.org/10.1007/s10570-007-9168-2
http://doi.org/10.1016/j.ultsonch.2016.12.013
http://doi.org/10.1021/acssuschemeng.7b01511
http://doi.org/10.3390/foods10010027
http://www.ncbi.nlm.nih.gov/pubmed/33374136
http://doi.org/10.3390/jof7080592
http://www.ncbi.nlm.nih.gov/pubmed/34436131
http://doi.org/10.1039/D0GC01709D
http://doi.org/10.1016/j.colsurfa.2021.126659
http://doi.org/10.1016/j.indcrop.2018.08.001
http://doi.org/10.1016/j.reactfunctpolym.2017.06.008
http://doi.org/10.1016/j.ijbiomac.2020.10.257
http://doi.org/10.1016/j.nanoso.2020.100642
http://doi.org/10.1021/es304023p
http://doi.org/10.1016/j.clay.2020.105567
http://doi.org/10.1016/j.foodchem.2019.05.114
http://doi.org/10.1007/s11694-019-00334-x
http://doi.org/10.1016/j.carbpol.2019.115800
http://www.ncbi.nlm.nih.gov/pubmed/31952599
http://doi.org/10.1016/j.fbp.2019.06.001

	Introduction 
	Materials and Methods 
	Materials 
	Silver and Orange Essential Oil Integrated in Cellulose Nanofibers 
	Characterizations 
	Antibacterial Assays 

	Results and Discussion 
	Chemical Composition of the OEO 
	Morphology Study of Nanofiber Membranes 
	FT-IR Spectral Analysis 
	X-ray Diffraction Study 
	EDS Analyses 
	Mechanical Properties 
	Water Absorption and Silver Release Profile 
	Antibacterial Activity of Composite CL Nanofibers 

	Conclusions 
	References

