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with Differential Substitution of Carboxymethyl Cellulose and
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ABSTRACT: Herein, cellulose pulp (CP), carboxymethyl cellulose
(CMC), and thymol-based eco-friendly, transparent, and flexible
composite films are prepared. These materials dissolved well in an
environment-friendly process in N-methyl morpholine N-oxide
(NMMO) ionic liquids using infrared heating. Fourier-transform
infrared spectroscopy (FT-IR), X-ray diffraction (XRD), and
scanning electron microscopy (SEM) analyses are used to study
the structure, microstructure, and morphology of the composite
films. The thermal properties of the CP/CMC/thymol composites irednestne chamber
are thoroughly studied by thermogravimetric analysis (TGA) and

differential scanning calorimetry (DSC). The thermal stability of

the composites (Ts—57.8—91.2 °C and T;5—216.6—284.1 °C)

significantly improves following the CMC addition. In each case, all

the composite film exhibits unique T, (140.5—143.1 °C) values, as confirmed by DSC. The tensile strength of the cellulose pulp is
66.5 MPa, increasing to 78.4 MPa for the CP/CMC-1:0.5 composites and steadily increasing to 93.8 MPa with increasing CMC
content. Similarly, CMC increases the EB of cellulose pulp from 9.3 to 7.4%. The water vapor permeability and swelling ratio values
of the CP/CMC/thymol composites are in the range of 1.9—2.11 X 107 g/(m*Pa-s) and 52.5—50.8° respectively. The CP, CMC,
and thymol-based composite do not exhibit cytotoxicity to the aneuploid immortal keratinocyte cell line and demonstrate excellent
antioxidant properties, for promising packaging and biomedical applications.

o oo

1. INTRODUCTION common derivatives of cellulose, used for preparing edible
films. CMC is a linear, long-chain, water-soluble, and anionic
polysaccharide, and its solution is highly viscous, nontoxic, and
nonallergenic. Additionally, CMC has a lot of hydroxyl and
carboxyl groups, which have a good affinity to paper materials
and work well as an effective carrier of antibacterial agents.
Conventionally, to improve the properties of composite films
and expand their function, a variety of materials were added to
the CMC film, such as starch/nisin, xanthan gum/polygo-
natum cyrtonema, hydroxyethyl cellulose (HEC)/nano zinc,
poly(vinyl alcohol) (PVA), and silica nanoparticles loaded with
caffeic acid to optimize the performance of cassava starch.'”~"*

Most of the previous studies have focused on hydrophilic
cellulose films, which are moisture-sensitive owing to the
presence of numerous hydrophilic hydroxyl groups. The
absorption of moisture results in swelling, reduced strength

Packaging materials derived from nonrenewable petroleum
resources and synthetic plastics constitute environmental,
health, and toxicity issues, owing to their nonbiodegradability.
These concerns and challenges have led to the development of
novel environment-friendly and biodegradable packaging
materials. Biomass-based nanocomposites are novel compo-
sites consisting of biodegradable biopolymers and bionano-
fillers.' ™ They are promising renewable resources addressing
serious environmental problems, which can also improve the
poor mechanical and thermal properties of existing materials.
Today, cellulose-based composite films are considered
important for packaging, owing to their excellent transparency,
mechanical properties, nontoxicity, high biodegradability, and
low economic cost, compared with synthetic polymers.”™”
Cellulose is the most abundant natural organic molecule on
Earth (constituting more than 50% of the total biomass
weight). Due to this, it is of great interest to the chemical
industry. There has been a strong desire to develop novel
polymers based on renewable resources that will compete with
synthetic polymers.'”"" Cellulose pulp is a renewable and
affordable raw material, widely used in paper and agro-
industries. Carboxymethyl cellulose (CMC) is among the most
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and stiffness, and higher water/air permeability of these films,
restricting their usage in high-moisture environments. There-
fore, it is critical to overcome this demerit. A chemical
modification of cellulose can effectively resolve this issue but
those methods often require heating, long reaction times, and
catalysts. Further, hydrophobic modification is ineflicient and
its scale-up is difficult."”~**

Along with purity, the degree of substitution (DS), which
averages 58 hydroxyl groups replaced with carboxymethyl
groups per anhydroglucose unit, has a significant impact on the
characteristics and hence the potential uses of CMC. By
efficiently reducing the number of hydroxyl groups in cellulose,
acetylation can increase the hydrophobicity of the material and
decrease the number of H bonds. The kind and quantity of
ester groups linked to the chain determine the physical
characteristics of cellulose esters. The material properties of
cellulose derivatives, in particular their thermal characteristics,
hydrophobicity, transparency, processability, and solubility, are
greatly influenced by changes in DS. This behavior is very
different from that of natural cellulose, which is challenging to
treat and does not dissolve in common solvents.”>~>*

Ionic liquids are also very promising for processing cellulose
into value-added products, such as fibers and films. They offer
several advantages over existing processes, such as averting the
emission of volatile organic or toxic compounds in a viscous
process, and higher thermal stability than N-methyl morpho-
line N-oxide (NMMO), a solvent used in the commercial
Lyocell process. However, the recyclability of ionic liquids has
not been fully characterized yet, and the development of
energy- and cost-efficient recycling strategies remains un-
certain.””**

Recently, Natural phenolic compounds have been used
extensively in the food industry because of their important
antibacterial roles and antioxidant activities. Due to its
antibacterial and antioxidant properties, thymol, one of the
most prevalent components of thyme and oregano essential
oils, has drawn a lot of attention. It is found in the essential oil
of the species Cinnamomum. It is a physiologically active
substance that gives cinnamon its distinct flavor and aroma and
is also a potent inhibitor of bacterial, yeast, and filamentous
development.*> ™ Those materials are particularly useful in
emerging technologies because they have better structural
integrity, barrier properties, and antimicrobial and antioxidant
properties. The incorporation of active substances with
antioxidant and antimicrobial properties transforms active
biological nanocomposites, which are structured hybrid
materials created by combining matrices, into biodegradable
polymers.

The objective of this study is to develop high-performance
active biological nanocomposites based on cellulose pulp for
sustainable packaging applications. For this, active compounds
were selected and thymol was incorporated into cellulose
pulp/CMC composites via a sustainable process.*’™*> We used
an infrared heating machine that processed at low temper-
atures and reduced time to compare with our previous
studies.””** In this study, a synergistic combination of cellulose
pulp (CP)/CMC/thymol-based composites was prepared
through simple dissolution in the NMMO solvent. This
unexplored sustainable composite was thoroughly studied by
Fourier-transform infrared spectroscopy (FT-IR), X-ray
diffraction (XRD), scanning electron microscopy (SEM), and
ultraviolet (UV) analyses. The thermal, mechanical, and water-
barrier properties are systematically investigated and discussed.

Moreover, the antimicrobial activity, antioxidant activity, and
cytotoxicity of the prepared CP/CMC/thymol composites
were examined. This study provides important guidelines for
packaging applications.

2. EXPERIMENTAL SECTION

2.1. Materials. Cellulose pulp composed of a-cellulose
(96.0%), hemicellulose (3.8%) and lignin (0.2 wt %) and
carboxymethyl cellulose (molecular weight, M, ~ 1,300,000)
were purchased from Moorim P&P Co., Ltd., (South Korea)
and Sigma-Aldrich (South Korea), respectively. NMMO
(99.0%) and thymol (99.5%) were purchased from Dajang
Chemicals (South Korea). A water-soluble tetrazolium salt
(WST-1, 98.0%) cat. No #EZ-1000 cytox was purchased from
Daeil Lab Service Co. (Seoul, Republic of Korea), for
measuring cytotoxicity. All the reagents in this study were
used as received.

2.2. Preparation of Cellulose Pulp/Carboxymethyl
Cellulose/Thymol Composite Films. CP (4 g), CMC (0.15
of DS) (4 g), and thymol (10 wt %) were mixed using a hand
blender. The CP/CMC/thymol mixture was dispersed in a
stainless-steel cup NMMO (92 g) and heated to 75 °C in an
infrared heating machine. The metal pot was rotated 360°
continuously at 400 rpm for 60 min, ensuring even mixing. The
infrared heating system helped the stainless-steel cup to avoid
the NMMO recrystallization and solvent loss, thereby saving
energy, cost, and time. The stainless steel cup was removed
after 60 min and maintained in a vacuum oven at 75 °C for 6 h
to eliminate air bubbles. Then, a glass plate’s surface was
evenly coated with the viscous CP/CMC/thymol solution that
had been heated to 75 °C. The water on the glass plate was
replenished with fresh water every hour, without disrupting the
film, in a coagulation bath for 6 h. The CP/CMC/thymol
composite film was free of solvent before being transferred to a
dried glass plate and allowed to air-dry for 48 h. The produced
translucent film has a thickness of about 0.02—0.40 mm.

After 60 min, the stainless-steel cup was removed and kept
in a vacuum oven for 6 h at 75 °C, to remove air bubbles.
Then, the viscous solution of CP/CMC/thymol at 75 °C was
uniformly spread on the surface of a glass plate. The glass plate
was immediately placed in a coagulation bath containing water
for 6 h; the water in the bath was replaced with fresh water
every 1 h, without disturbing the film. The solvent was
completely removed from the CP/CMC/thymol composite
film, which was transferred to a dried glass plate and dried at
room temperature for 48 h. The thickness of the obtained
transparent films was in the range of 0.02—0.40 mm. The
samples of composite films based on CP with different degrees
of substitution of CMC and thymol in the ratio of neat CP,
CP/0.15 DS of CMC-1:1, CP/0.20 DS of CMC-1:1, CP/0.25
DS of CMC-1:1, and CP/0.20 DS of CMC-1:1 with 10 wt %
of thymol were prepared. The Supporting Information Section
contains information on the characterization techniques used
for these composite films.

3. RESULTS AND DISCUSSION

3.1. FT-IR. Figure 1 illustrates the structural conformation
of the cellulose pulp/CMC and thymol-based composites.
Similar characteristic peaks were observed for CP and CMC,
owing to the structural backbone. The —CH symmetrical and
O—H stretching vibrations of the composite films were
observed at 2890 and 3010—3550 cm™, respectively. Addi-
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Figure 1. FT-IR spectra of (a) CP, (b) CP/0.15 DS of CMC-1:1, (c)

CP/0.20 DS of CMC-1:1, (d) CP/0.25 DS of CMC-1:1, and (e) CP/
0.25 DS of CMC-1:1 with 10 wt % of thymol.

tional peaks were attributed to —CH, symmetrical bending
(1418 cm™), cellulose C—O—C bridges (1156 cm™"), C—O
bond stretching (1056 cm™), ether C—O—C functionalities
(1016 cm™), and a band at 896 cm™" was observed, which was
attributed to p-linked glucose polymers. The CMC sub-
stitution yielded an extra absorption band at 1644 cm™’,
attributed to the stretching vibration of the introduced
carboxylate groups (COO7™). The modified band intensities
corresponded to the stretching vibrations of alkyl and OH
groups, respectively. The characteristic intense novel peak at
998 cm™! appeared, owing to the asymmetric C—O—C
stretching vibration. The characteristic intensity increased for
the 890 and 992 cm™ peaks and decreased for the 1151 and
1018 cm™ peaks associated with the C—O and —C—O—H—
groups, respectively. In the case of the cellulose pulp/CMC/
thymol-based composites, the characteristic peaks observed at
802 cm™! were attributed to aromatic C—H of thymol groups.
Nevertheless, some other thymol characteristic peaks were
masked by the cellulose bands. These results suggest that H-
bond interactions were present in the CP/CMC/thymol
composite films.”’ ™

3.2. XRD. The XRD patterns of the cellulose samples with
different degrees of CMC and thymol composite films are
shown in Figure 2. The characteristic diffraction peaks at 26 of
14.07, 18.59, 16.87, 25.49, and 28.51° were assigned to the
neat CP. The addition of different-DS CMC to CP altered the
CP crystal structure. The CP/CMC composites exhibited two
different diffraction peaks at 26 of 11.87 and 21.05°. The
addition of CMC significantly altered the CP crystallinity
structure. The peak intensity decreased with increasing CMC
in CP/CMC (high DS). This occurred because a reduction of
the cellulose crystallinity deteriorated its reinforcing efliciency.
These results indicate that intermolecular interactions are
mainly present in the surface and amorphous layers and do not
strongly affect the inner crystalline structure of cellulose.”” The
addition of thymol did not affect the CP/CMC structure. The
crystallinity or the XRD pattern of the CP samples with
different DS values of CMC composite films were fairly close,
with peaks at 11.87 and 21.05°, indicating that the DS did not

0 20 40 60 80 100
20 (degree)

Figure 2. XRD patterns of (a) CP, (b) CP/0.15 DS of CMC-1:1, (c)
CP/0.20 DS of CMC-1:1, (d) CP/0.25 DS of CMC-1:1, and (e) CP/
0.25 DS of CMC-1:1 with 10 wt % of thymol.

significantly affect the crystal and chemical structure of the
composite films.

3.3. UV/Color. The UV transmission characteristics of the
CP/CMC/thymol composites are shown in Figure 3 and
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Figure 3. UV transmittance spectra of (a) CP, (b) CP/0.15 DS of
CMC-1:1, () CP/0.20 DS of CMC-1:1, (d) CP/0.25 DS of CMC-
1:1, and (e) CP/0.25 DS of CMC-1:1 with 10 wt % of thymol.

Table 1. The light transmittance for the neat CP composite
films was 89.1% at 600 nm. The transmittances of the CP
composite films increased to 90.1, 90.9, 91.5, and 92%, for the
CP/0.15 DS of CMC-1:1, CP/0.2 DS of CMC-1:1, CP/0.25
DS of CMC-1:1, and CP/0.25 DS of CMC-1:1 with 10 wt %
of thymol composites. The addition of different-DS CMC
improved the transparency of the films by 50%, compared with
the neat CP film. Furthermore, the transparency did not
change significantly with the incorporation of thymol into the
CP/CMC composite films. Overall, the transmittances of the
prepared composite films were better than the reported values
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Table 1. Thickness, UV-Spectra, and Color Properties of CP, CMC, and Thymol-Based Composite Films

samples thickness (mm)

CP 85.08 + 0.82

CP/0.15 DS of CMC-1:1 83.98 + 0.46
CP/0.2 DS of CMC-1:1 84.44 + 047
CP/0.25 DS of CMC-1:1 84.81 + 0.46
CP/0.25 DS of CMC-1:1 with 10 wt % of thymol 84.68 + 0.24

T (%) at 600 nm

lightness (L*) redness (a*) yellowness (b*)

2.67 £ 0.11 =5.03 0.07 9.3
2.54 £ 0.15 —4.41 0.08 14.3
2.62 + 0.22 —4.05 0.09 18.9
241 + 0.19 —4.61 0.08 23.5
2.27 £ 0.29 —3.63 0.09 23.1

Table 2. Water Vapor Permeability, Contact Angle Swelling Ratio, and Mechanical Properties of CP, CMC, and Thymol Based

Composite Films

water vapor permeability
samples (X107~ g/m*Pa-s)

Cp 1.90 + 0.22

CP/0.15 DS of CMC-1:1 1.82 £ 0.14
CP/0.2 DS of CMC-1:1 2.04 + 0.18
CP/0.25 DS of CMC-1:1 226 £ 0.24
CP/0.25 DS of CMC-1:1 with 10 wt % of 2.11 + 0.20

thymol

water contact angle

swelling ratio  tensile strength  elongation at break

(deg) (%) (MPa) (%)
525 + 13 191 + 12 66.5 + 1.5 93+08
510 + 0.9 197 + 14 784 + 2.3 143 £ 08
SLS + 0.8 205 * 17 84.1 + 2.1 189 + 1.2
502 + 1.5 213 £ 12 88.3 +2.7 235 + L1
50.8 + 1.1 206 + 15 93.8 + 3.0 23.1 + 09

for composite films. Thus, transparent CP/CMC/thymol
composite films are suitable for packaging applications.

3.4. Swelling Ratio. The swelling behavior, ability, and
capability of the prepared CP/CMC composites were
investigated; the results are summarized in Table 2. The SR
values for the neat and pure CP composites were 191%. The
SR of a polymer composite depends on the cross-linking
density, hydrophilicity, and crystallinity of the underlying
polymer network. An experiment was conducted in water for
different time intervals and periods. The SR values of 197, 205,
213, and 206% were registered for the CP/0.15 DS of CMC-
1:1, CP/0.2 DS of CMC-1:1, CP/0.25 DS of CMC-1:1, and
CP/0.25 DS of CMC-1:1 with 10 wt % of thymol composites,
respectively. Moreover, the SR values decreased slightly to
55%, following the addition of thymol to the prepared CP/
CMC composites. The presence of CMC decreased the cross-
linking reaction and the crystallinity between the CP/CMC
polymer matrix and the polymer chain, thus lowering the SR
values of the prepared CP/CMC composites. The high degree
of swelling in the CP/CMC composites was possibly due to
the high CMC hydrophilicity.*®

3.5. Contact Angle. The surface hydrophobicity of a
biopolymer-based composite film is an essential parameter for
packaging applications. The surface wettability of the prepared
composite films was measured by the CA analysis (Table 2 and
Figure S1), which maps the hydrophilic and hydrophobic
properties of an analyzed film surface. Among the prepared
composites, CP exhibited the lowest CA of 52.5°, owing to its
hydrophilic nature. Following the CMC addition (high DS),
the CP/CMC composites exhibited the lowest CA values. This
may be owing to the substitution of hydroxyl groups by acetyl
groups and the corresponding decrease in the cellulose
polarity.’® The incorporation of thymol increased the CA
values from 50.2 to 50.8°. This may be attributed to the
hydrophobic nature of thymol and the covalent interactions
between the CP/CMC and polyphenol compounds present in
thymol.

3.6. Water Vapor Permeability. The water barrier
properties of biopolymers are important. These properties
prevent environmental moisture absorption, thus prolonging
the shelf life of the product. The neat CP exhibited the highest
WVP value of 1.9 X 10™° g/m*Pa-s. The value was slightly
reduced to 1.82 X 107° g/m*Pa's for the CP/CMC

composites and increased with the addition of high DS of
CMC (Table 2). Moreover, the addition of thymol reduced
the WVP values from 2.26 to 2.11 X 107 g/m*Pa-s. Water
molecules are repelled owing to the hydrophobic nature of the
thymol compound at the optimal concentration. The results of
this analysis were consistent with the SEM and CA results.
Similar results have been reported regarding the incorporation
of thymol-based polymer composites.*” >

3.7. Mechanical Properties. The mechanical properties of
polymer composites provide insights into their internal
structure and are strongly affected by the microstructure of
the composites.'” The tensile strength and break elongation
values of the CP/CMC composites are listed in Table 2. The
prepared CP/CMC/thymol composites exhibited excellent
film-forming ability, transparency, and flexibility. The TS value
of the neat composite was 66.5 MPa, which increased to 78.4
MPa following the CMC addition (0.15% DS). The prepared
CP/CMC/thymol composites exhibited the highest TS value
of 93.8 MPa, which was not significant compared with that for
the neat CP composite films. The mechanical properties of
cellulose materials depend on many variables, such as the DS
of CMC, and the crystallinity of the materials. Consequently,
the alignment of the CMC with the CP chain was better for
higher-DS CMC and was more improved for higher-DS CMC.
However, for higher-DS CMC, increasing the steric hindrance
through the attached acetyl groups impaired the alignment of
molecules along the molecular axis.”**” The EB of the neat CP
composite films was 9.3%, decreasing to 14.3, 18.9, 23.5, and
23.1% for CP/0.15 DS of CMC-1:1, CP/0.20 DS of CMC-1:1,
CP/0.25 DS of CMC-1:1, and CP/0.25 DS of CMC-1:1 with
10 wt % of thymol composites, respectively. The prepared
composite films exhibited considerable mechanical, contact
angle, and water resistance properties compared to various
composite films (Table S1). The results indicate that the
dispersion and compatibility properties of the prepared CP/
CMC/thymol composites were good and significantly affected
the TS and EB properties of the composites.

3.8. SEM Analysis. The SEM images of the prepared CP/
CMC composites revealed the dispersion and surface
morphologies of the corresponding polymer matrices. The
microscope images of all the composites exhibited smooth, flat
shapes without cracks or voids. The addition of CMC and
thymol does not alter the CP morphology and dispersal
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V 9.3mm x3.00k

Figure 4. SEM images of (a) CP, (b) CP/0.15 DS of CMC-1:1, (c) CP/0.20 DS of CMC-1:1, (d) CP/0.25 DS of CMC-1:1, and (e) CP/0.25 DS

of CMC-1:1 with 10 wt % of thymol.

Figure S. Cross-section SEM images of (a) CP, (b) CP/0.15 DS of CMC-1:1, (c) CP/0.20 DS of CMC-1:1, (d) CP/0.25 DS of CMC-1:1, and (e)

CP/0.25 DS of CMC-1:1 with 10 wt % of thymol.

homogeneity on the surfaces of the prepared CP/CMC/
thymol composites, as shown in Figures 4 and 5. These results
are consistent and are confirmed by the cross-sectional images
shown in Figure S. The cross-sectional CP images revealed
uneven, slightly rougher, and coarser surfaces without cracks
and morphological aggregates. However, the cross-sectional
images of the prepared CP/CMC and CP/CMC/thymol
composites revealed compact, uniform, and increasingly
homogeneous morphologies. The addition of CMC with
different DS and thymol components resulted in the formation

of homogeneous morphologies. The results showed that all the
materials were comparable and exhibited good adhesion
between the polymers. This reinforcement effect led to a
resistant interface, which enhanced the mechanical properties
of the polymer composites.*

3.9. TGA. The thermal stability of the prepared CP/CMC/
thymol composites was investigated; the data are summarized
in Table 3 and Figure 6. The 5 and 10% gravimetric losses of
the prepared composites were in the range of 57.8—91.2 and
216.6—284.1 °C, respectively. The initial degradation step was
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Table 3. Thermal Properties of CP, CMC, and Thymol-
Based Composite Films

TGA DSC
CY T, T
samples Tso Thom (%) (oé) (°C)
CP 57.8 216.6 12.0 140.5 186.1
CP/0.15 DS of CMC-1:1 69.4 266.5 16.3 142.8 186.4
CP/0.2 DS of CMC-1:1 82.4 267.8 17.1 144.2 190.1
CP/0.25 DS of CMC-1:1 90.1 282.6 18.8 142.6 192.5

CP/0.25 DS of CMC-1:1 with 912 284.1 22.6 143.1 196.3
10 wt % of thymol
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Figure 6. TGA curves of (a) CP, (b) CP/0.15 DS of CMC-1:1, (c)
CP/0.20 DS of CMC-1:1, (d) CP/0.25 DS of CMC-1:1, and (e) CP/
0.25 DS of CMC-1:1 with 10 wt % of thymol.

likely due to the presence of labile oxygen-containing
functional groups on the CP, CMC, and thymol components,
which were lost at temperatures ranging from 50 to 130 °C.
The CMC addition significantly improved the initial
degradation temperatures of the composites. A trend toward
increasing thermal stability was observed following the CMC
incorporation into the CP chains. The higher-DS CMC
exhibited excellent thermal stability, even compared with neat
CP, while the CMC incorporation increased the amount of
thermally labile oxygen functionalities. However, the thermal
behavior and the low DS of CMC may also indicate that the
sample had a smaller amount of CMC attached to the CP
backbone, leading to its distinctive thermal stability. The
covalently linked CMC is assumed to be homogeneously
distributed on the polymer backbone, forming thermally
insulating CMC layers, which could increase the thermal
stability of the composite films. The residual chars of the
composites increased following the addition of different DSs of
CMC and thymol. The amount of residual char commonly
increases for the composites loaded with different polymeric
materials. It has also been suggested that the interactions
between the CP and CMC materials lead to higher char
residues.

3.10. DSC. The DSC thermograms of the CP and CP/
CMC/thymol composites were studied; the data are presented
in Table 3. The neat CP and CMC-added CP composites
exhibited clear glass transition temperatures (Tg) and melting
temperatures (T,,), as typically observed for thermoplastic
products. The plain CP specimen exhibited T, of 140.5 °C,
while for different DS of CMC loadings the T, values shifted to
142.8, 144.2, 142.6 and 143.1 °C, respectively for CP/0.15 DS
of CMC-1:1, CP/0.20 DS of CMC-1:1, CP/0.25 DS of CMC-
1:1, and CP/0.25 DS of CMC-1:1 with 10 wt % of thymol.
The prepared CP/0.25 DS of CMC-1:1 with 10 wt % of
thymol composites exhibited the highest T, owing to the good

(i) §E)

Cell viability (%)

Control a b c d e

Figure 7. (i) Light microscopy images and (ii) cell viability of HaCaT cell line of (a) CP, (b) CP/0.15 DS of CMC-1:1, (c) CP/0.20 DS of CMC-
1:1, (d) CP/0.25 DS of CMC-1:1, and (e) CP/0.25 DS of CMC-1:1 with 10 wt % of thymol (scale bars are 100 ym).
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Figure 8. (i) DPPH radical scavenging activity of (a) CP, (b) CP/0.15 DS of CMC-1:1, (c) CP/0.20 DS of CMC-1:1, (d) CP/0.25 DS of CMC-
1:1, and (e) CP/0.25 DS of CMC-1:1 with 10 wt % of thymol; (ii) representative images showing the antibacterial activity of (a) A—negative
control (sterile distilled water in the agar well method and untreated composite film (CP/CMC/thymol) in the disc method), B—positive control
(10 ug of ciprofloxacin), and C—CP/0.25 DS of CMC-1:1 with 10 wt % of thymol composite film against Bacillus subtilis.

polymer—filler interaction. This may be explained by the
interaction of the polymers with the filler particles, which
decreased the flexibility and molecular mobility of the polymer
chains. As a result, a relatively high temperature was needed to
change the polymer from its glassy form to its rubbery state.
The T, value of plain CP was 186.1 °C, and following the
addition of CMC, this value significantly rose to 196.3 °C. This
rise could be explained by the development of cross-linked
structures and increased compatibility, which serve as crystal
growth’s nucleating sites. This effect might be brought on by
the rise in cross-linked structures between CP and CMC,
which decreased the mobility of the amorphous polymer
chains while enhancing interfacial compatibility.'****"*°

3.11. Cytotoxicity. The cytotoxicity of the CP, CP/CMC,
and CP/CMC/thymol composite films were studied using the
WST-1 assay on human keratinocyte cells (HaCat cell line);
the results are summarized in Figure 7. There was no
significant difference between the results for the control cells,
across all the studied CP and CP/CMC composite films.
However, the prepared CP, CP/CMC, and CP/CMC/thymol
composites exhibited only a very slight decrease in cell viability
compared to the control group. None of the five composite
films had any effect on the incubation medium. The cells
showed relatively high activity and proliferation ability in the
case of the thymolloaded composite films. These findings
indicate that cellulose pulp and CMC-based composites did
not detrimentally affect HaCat cells, suggesting that these
composites are safe to use in food and biomedical applications.
Summarizing the results obtained for the HaCat cells treated
with the new derivatives (compared with the parent
substances), we concluded that only the CP/CMC/thymol
derivative exhibited the lowest inhibiting capacity, making this
derivative attractive as an efficient antioxidant with negligible
cytotoxic effects.””**

3.12. Antioxidant Properties. Biopolymer-based compo-
site sheets for packaging applications have antioxidant
properties that reveal information about the product’s shelf
life as well as its aesthetic and nutritional aspects without
compromising its integrity. A well-known antioxidant, thymol
exhibits good antioxidant activity in polymer composites when

41264

measured by the suppression of the DPPH radical (Figure 8i).
The levels of thymol that are still present in the polymer
matrix, which can function as an active (antioxidant) agent, are
shown by the inhibition values. In addition, while creating and
using these biological nanocomposites, thymol can shield the
polymer matrix from oxidative deterioration. The results of the
evaluation of the DPPH radical scavenging abilities of the CP,
CP/CMC, and CP/CMC/thymol composites are displayed in
Figure 8a. As anticipated, neither the pure cellulose pulp nor
the CP/CMC composites showed any antioxidant activity. The
CP/CMC/thymol composite, on the other hand, demon-
strated good antioxidant activity at 56.2% for 1 h incubation
durations, respectively. Thymol has better antioxidant activity
as measured for lipids than carvacrol because it has more
phenolic steric hindrance. It is well-known that substances like
BHT, which have their hydroxyl groups sterically inhibited,
have strong antioxidant properties. DPPH radicals are reduced
by eugenol and BHT even if only one hydrogen is present in
the hydroxyl group. To explain the antiradical efficacies of
various monophenolic compounds, some theories have been
put forth. As a result, CP/CMC/thymol composites are
attractive materials for packaging applications due to their
antioxidant capabilities.*”**

3.13. Antimicrobial Properties. The antimicrobial
properties of the CP, CP/CMC, and CP/CMC/thymol
composites were studied using the good diffusion method;
the results for their inhibition zones are listed in Table S2 and
Figure 8ii. This study was broadly performed using Gram-
positive (Staphylococcus aureus, Bacillus cereus, Listeria mono-
cytogenes, and Bacillus subtilis) and Gram-negative (Salmonella
typhi and Cronobacter sakazakii) pathogens. As expected, the
neat CP and CP/CMC composites had no considerable
antimicrobial effect on these bacteria. However, following the
incorporation of thymol, the composites exhibited relatively
high antimicrobial activity against both Gram-positive and
Gram-negative bacteria. The CP/CMC/thymol composite
exhibited a high antimicrobial inhibition zone against the S.
aureus strain (17.1 mm) and weaker activity against the B.
cereus strain (10.3 mm). The addition of thymol significantly
improved the antimicrobial properties of CP/CMC/thymol
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composites and extended their potential scope of use in
packaging. It is quite likely that the presence of an extra outer
membrane, which prevents the dispersion of hydrophobic
substances across the cytoplasmic membrane, contributes to
the relatively high resistance of Gram-negative bacteria to CP/
CMC-thymol. Thymol’s antibacterial properties are mostly
linked to its active ingredients, eugenol and other hydrophobic
chemicals, which can penetrate cell walls and membranes to
destroy cellular structures and cause cell death. Additionally,
thymol prevents the production of cellular proteins necessary
for cell growth as well as the replication of DNA.

4. CONCLUSIONS

Cellulose pulp, CMC, and thymol dissolved well in the ionic
liquid NMMO without any fine particles; the resultant
solutions had good stability and fluidity. The CP/CMC/
thymol composite films were fabricated and characterized. The
structure and morphology of the composites confirmed by the
FT-IR, XRD, and SEM analyses demonstrated that the
incorporation of CMC significantly influenced the cellulose
pulp matrix. The prepared composite films’ apparent color and
UV transmittance properties were not significantly affected by
the CMC addition. CMC in the prepared CP/CMC/thymol
composites increased the initial thermal degradation temper-
ature of the cellulose pulp from 57.8—91.2 °C. The T, value of
the composite slightly increased from 140.5 to 143.1 °C, as
confirmed by DSC. The strong and brittle nature of the
cellulose pulp films was significantly modified by CMC as an
elastic and flexible CP/CMC composite film. The EB values of
the composites decreased by 152%. The CP/CMC and CP/
CMC/thymol composites exhibited good WVP (1.90—2.11 X
107 g/m*Pas) and SR (191-213%) values. CP/CMC/
thymol composites showed excellent antimicrobial activity
against Gram-positive (S. aureus, B. cereus, L. monocytogenes,
and B. subtilis) and Gram-negative pathogens (S. typhi and C.
sakazakii). This outstanding multifunctionality, noncytotox-
icity concerning the HaCat cell line, and good antioxidant
activity make CP/CMC/thymol composites promising for
food-packaging applications.
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