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ABSTRACT

In this study, the surface of cellulose nanocrystals was first modified with citric acid, and the resultant modified cellulose
nanocrystals (MCNC) were subsequently utilized as a reinforcement phase for polylactic acid (PLA). Findings indicated
that MCNC interacted with PLA through hydrogen bonding, resulting in improved thermal stability, mechanical prop-
erties, and surface hydrophobicity of PLA nanofiber films. Specifically, the thermal degradation temperature, tensile
strength, elongation at break, and contact angle of the nanofiber films increased by 19°C, 30.04%, 49.11%, and 11.22°,
respectively, with a 3% addition of MCNC. Subsequently, utilizing PLA/MCNC as the base material and kaempferol as the

active ingredient, a preliminary exploration into its potential as an active packaging material was carried out. When the

addition amount of kaempferol was 10%, the DPPH and ABTS free radical scavenging ability of the nanofiber film reached

more than 90%, demonstrating its application potential as an active packaging material. These results offer a promising
strategy for the effective dispersion of CNC within PLA matrices, thereby expanding the potential applications of PLA in

the field of active packaging.

1 | Introduction

Petroleum-derived plastics have emerged as essential mate-
rials in the packaging sector, owing to their cost-effectiveness
and outstanding performance (Karimi Sani et al. 2023; Li
et al. 2024). Nevertheless, the persistent accumulation of
plastic waste increasingly threatens both ecosystems and
human health (Li et al. 2024). Given this, there is an urgent
need to change the focus of research and development to
high-performance, renewable, biodegradable new packaging
materials.

Polylactic acid (PLA) is a renewable and biodegradable polymer
material with the potential to replace traditional commercial
plastics in various applications (Azka et al. 2024). PLA is synthe-
sized from lactic acid or lactide, and these precursor materials are
mainly fermented from renewable plant resources such as su-
garcane, potatoes, and corn (Malbos et al. 2024; Yanat et al. 2023).
Besides its renewable and degradable properties, PLA exhibits
excellent processing performance and high transparency
(Gazquez-Navarro et al. 2024). Notably, the US Food and Drug
Administration (FDA) has classified PLA as Generally Regarded
As Safe (GRAS) and approved it for use in food packaging
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(Gao et al. 2023). Although PLA possesses numerous advantages
compared with petroleum-based polymers, it still has deficiencies
in thermal stability and toughness, which to some extent restricts
the feasibility of its commercial application (N'a et al. 2023).
Therefore, further research is necessary to overcome these limi-
tations, with the use of nanofillers to enhance PLA's mechanical
properties being a promising solution (Niu et al. 2018).

Cellulose nanocrystals (CNC), derived from natural cellulose, not
only have a wide range of raw materials but also possess superior
characteristics such as high strength, modulus, crystallinity, and low
toxicity (Kataria et al. 2023; Liu et al. 2024; Zhou et al. 2021). As a
reinforcing material, CNC can enhance the mechanical and thermal
stability of PLA without sacrificing its environmental benefits
(Chaturvedi et al. 2023; Niu et al. 2022). However, the abundant
hydroxyl groups on the surface of CNC exhibit strong hydro-
philicity, which hinders its uniform dispersion within the hydro-
phobic PLA matrix, leading to a reduction in the enhancement
effect (Dhali et al. 2022). Therefore, modifying the CNC surface is
essential to improve its dispersibility in the PLA composite. Ester-
ification modification, which involves replacing the hydroxyl groups
on the surface with ester groups, is a key approach for surface
modification of CNC (Thompson et al. 2022). With growing con-
cerns about production safety and environmental impact, eco-
friendly and nontoxic esterification reactions have emerged as a
significant research focus. In this context, the use of citric acid, a
naturally occurring organic acid, for esterifying CNCs aligns with
people’s aspirations for health and safety (Lin et al. 2022).

In PLA-based packaging materials, nanofillers are commonly
incorporated to enhance their mechanical properties, while active
substances are added to impart specific functionalities. This study
aims to modify CNC using citric acid to achieve uniform disper-
sion in the PLA matrix. The potential application of modified
cellulose nanocrystals (MCNC) as a reinforcing material for PLA
was then explored. Subsequently, a nanofiber film was prepared
by mixing kaempferol as the active substance with PLA and
MCNC, and the effect of the matrix on the antioxidant capacity
was evaluated. With the expectation of providing a reference for
the research and development of PLA-based active packaging.

2 | Materials and Methods
2.1 | Materials

PLA (molecular weight :80,000, particle size: 3mm) and N,
N-dimethylformamide (analytical reagent, > 99.5%) were provided
by Macklin Biochemical Co. Ltd (Shanghai, China). CNC powder
was acquired from Zhengzhou Feiman Biotechnology Co. Ltd.
(Zhengzhou, China). Citric acid was bought from Tianjin Zhiyuan
Chemical Reagent Co. Ltd. (Tianjin, China). Dichloromethane was
purchased from Beijing Tongguang Fine Chemical Co. Ltd.
(Beijing, China). kaempferol and ABTS were acquired from
Yuanye Biotechnology Co. Ltd. (Shanghai China).

2.2 | Surface Modification of CNC

MCNC were prepared using the method outlined by Lin et al.
(2022) with some modifications. As demonstrated in Video S1,

a mixture of citric acid (1.25g) and a 0.50% CNC suspension
(50.00 g) was placed in a round flask. A distillation system was
then installed, and the mixture was stirred for 7 h at 130°C in an
oil bath. At the end of the reaction, the mixture was dialyzed
with pure water to pH neutral to eliminate unreacted citric acid.
Finally, the mixture was freeze-dried to obtain the MCNC.
Figure 1a illustrates the possible reaction mechanism between
CNC and citric acid, where the hydroxyl group of CNC reacts
with the carboxyl group of citric acid to form an ester bond.

2.3 | Preparation of PLA/MCNC Nanofiber Films

Figure 1b illustrates the preparation process of the nanofiber
film and the potential reaction mechanisms of MCNC and
PLA. When MCNC was incorporated into PLA, potential in-
teractions occurred between its surface functional groups and
the PLA matrix, thereby enhancing the reinforcement effect of
the PLA. Specifically, a solution of dichloromethane (DCM)
and N,N-dimethylformamide (DMF) in a 7:3 volume ratio was
mixed with a precise weight of PLA particles. This mixture
underwent magnetic stirring at room temperature until the
complete dissolution of the particles. Subsequently, varying
ratios of CNC and MCNC were incorporated into the PLA
solution. Continuous stirring for 12h ensured thorough dis-
solution. The spinning solution was obtained by ultrasonic
degassing for 20 min at 40 Hz and 360 W. The total solute mass
fraction was maintained at 12% (w/v), with the mass fractions
of CNC and MCNC at 1%, 3%, and 5% (w/w) of the overall
mass. These solutions were noted as PLA, PLA/CNC1%, PLA/
CNC3%, PLA/CNC5%, PLA/MCNC1%, PLA/MCNC3%, and
PLA/MCNC5%. The nanofiber films were prepared using the
ET-2535 electrospinning equipment (Beijing Yongkang Tech-
nology Development Co. Ltd., China). The spinning solutions
were filled into a 5 mL syringe fitted with an 18 G needle. The
following were the precise spinning parameters: temperature:
25 +2°C; relative humidity: 40%-50%; reception distance:
15cm; advance speed: 0.2 mm/min; roller drum collecting
speed: 30 r/min; moving distance: 60 mm; voltage: 15kV.

2.4 | Preparation of PMK Nanofiber Films

A total of 1.16 g of PLA and 0.04 g of MCNC were sufficiently
dissolved in 10 mL of DCM and DMF mixed solution. To the
above solution, various amounts of kaempferol—0%, 1%, 3%,
5%, and 10% (w/w)—were added and stirred for 12h, after
which the mixture was sonicated for 20 min at 40 Hz 360 W and
marked as PMKO, PMK1, PMK3, PMK35, and PMK10 according
to the content of kaempferol. The preparation of the nanofiber
films was consistent with Section 2.3.

2.5 | Morphology

The transmission electron microscope (TEM, H-7500, Hi-
tachi, Japan) was used to investigate the morphology of the
CNC and MCNC. An aqueous solution containing 0.05% CNC
and MCNC was placed in a carbon-coated copper grid and
observed after drying at room temperature (Sung et al. 2017).

29 of 124

85UB01 7 SUOLUWIOD aA1IeR1D) 9[ceoldde ay) Aq peuenob aJe sooiLe YO ‘8sn JO S9Nl 1o Aleld|18UIIUQ AB]IA UO (SUONIPUOD-PUR-SLUIB)LIOY AB |1 Afe.d||Bul [UO//ScY) SUORIPUOD pue sWie 1 8y} 88S *[9202/70/9T] o AkeiqiTauliuo AB|im * 8691790 9¥SIBAIUN - UOUIYL [Med A 0000L 2804/200T OT/I0P/W0D" A8 1M Aleiq 1 puljuo//Sdny wouy papeojumoq ‘T ‘5202 ‘18020222



o
(=]
g\\
=}

i i S G et =
| 8 L=
. R~ COH .
LrE_°on - /}
> =
Citric acid
CNC 130°C 7h MCNC
(b) MCNC
ol V;OH .
"()'7'0‘
Stirring -
ol % —
REA = = Roller
M Collector
Electrospinning
O
FIGURE 1 | Schematicdiagram of the CNC esterification reaction mechanism with citric acid (a), and the preparation process of nanofiber films
and possible reaction mechanism of MCNC and PLA (b).
A cold-field emission scanning electron microscope (SEM, 27 | XRD

SU8010, Hitachi, Japan) was used to observe the microscopic
structure of the nanofiber films. The films were fixed on the
conductive adhesive and observed after gold spraying. The
diameter distribution of nanofibers was determined by
examining around 100 fiber threads using Image J software
(Zhu et al. 2024).

2.6 | FTIR

The FTIR spectra of CNC, MCNC, and nanofiber films were
acquired using an FTIR spectrometer with an ATR accessory
(TENSOR27, Germany) within a scanning range of 4000-400 cm™*
with 64 scans (Ertan et al. 2023).

The materials’ crystallization was examined using the
X-ray diffractometry (Rigaku Ultima IV, Japan). The scan-
ning rate was 5°/min, and the 26 range was 5°-60° (Yang
et al. 2023).

2.8 | Thermal Stability

The thermal stability of all the specimens was evaluated
through thermogravimetric (TG) analysis (Perkin Elmer TG/
DTA, USA). Samples with a weight ranging from 3 to 5 mg were
heated from 30°C to 500°C at a rate of 10°C/min in a nitrogen
(N,) atmosphere (Yun et al. 2024).
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2.9 | Mechanical Properties

The films were divided into strips with dimensions of
(60.00 mm X 10.00 mm). The tensile strength (TS) and elongation
at break (EAB) of these strips were measured using a TA-XT-
PLUS (Stable Micro Systems Company, US) referring to previous
studies (Fan et al. 2023). The film's thickness was determined at
five distinct sites using a vernier caliper, and subsequently, the
mean value was computed. The instrument was set up with the
following measurement parameters: an original distance of
25.00mm and a test speed of 50.00 mm/min. A total of five
replicates were conducted.

2.10 | Water Contact Angle (WCA)

The WCA of the nanofiber films was determined using an SZ-
CAMC32 instrument (Shanghai Xuan Zhun Co. Ltd., China).
The video of 5min from the beginning of the droplet's low fall
was recorded, and the instantaneous images of 0 min, 1 min,
and 5min were intercepted by continuous shooting mode to
measure the contact angle.

2.11 | Water Vapor Permeability (WVP)

The WVP of nanofiber films was determined using a previous
method (Wu et al. 2023). The nanofiber films were fixed in
50.00 mL centrifuge tubes (inner diameter 27 mm) that con-
tained 20.00 +0.05 g of dried silica gel. The starting mass was
measured and subsequently transferred to a controlled en-
vironment with a consistent temperature of 25°C and a relative
humidity of 75%. The process of weighing was conducted at
24-h intervals until Day 7. The calculation formula for WVP was
as follows:

Am x d

WVP = —M—
S X TXxX AP

(gm~td1kPa).

The variables in the formula are as follows: Am represents the
mass increase of the centrifuge tubes (g), d represents the
thickness of the films (m), T represents the test time (d), S
represents the experimental area of the films (m2), and AP
represents the pressure difference between two sides of the
films (kPa).

212 | Antioxidant Properties

The antioxidant activity of the films was determined using the
DPPH free radical scavenging assay kit (BC4750, Solarbio,
Beijing, China). The measurement and calculation were per-
formed in accordance with the kit instructions.

The ABTS radical scavenging ratio was evaluated according to
the modified method (Gulzar et al. 2022). Equal volumes of
ABTS (7.4 mM) and potassium persulfate (2.6 mM) were blended
and reacted for 12 h in the dark. Thereafter, it was diluted with
ethanol until an absorbance value of 1.1 was attained, thereby
preparing the ABTS working solution. The 30 mg film samples

were placed in 3 ml of 95% ethanol and subjected to a 12h ex-
traction process. In brief, 190 uL of the ABTS working solution
was combined with 10 uL of the sample solution in each well of a
96-well microplate. Subsequently, the microplate was permitted
to react under dark conditions for 6 min, and the absorbance was
determined at 734 nm using a multifunctional microplate reader
(SuPerMax 3000FA, Shanghai Shanpu Biotechnology Co. Ltd.,
China). The rate of ABTS free radical scavenging was calculated
based on the following equation.

Ablank - (Atest - Acontrol)
b

ABTS scavenging rate (%) =
Ablank

Aplank 1S the working solution + 95% ethanol solution; Ay is
the working solution + sample solution; Acontrol iS the sample
solution + 95% ethanol solution.

2.13 | Statistical Analysis

All results were presented as mean + standard deviation. Using
SPSS (IBM, 26.0), analysis of variance (ANOVA) was carried
out, and multiple comparisons were carried out using Duncan's
test. Differences were considered significant at p <0.05. All
figures were generated using Origin 2021 software.

3 | Results and Discussion
3.1 | Morphology Analysis

The TEM images of CNC and MCNC are shown in Figure 2.
CNC exhibited a typical rod-like shape accompanied by signifi-
cant aggregation (Figure 2a), which was attributed to the strong
intramolecular hydrogen bonds within the CNC (Ojogbo
et al. 2025). Following modification with citric acid, the rod-like
shape was preserved without apparent aggregation (Figure 2b).
The introduction of citric acid to the CNC surface notably
reduced aggregation, which may help to improve the composite
film's performance. In addition, the contour part of the MCNC
was blurry, which may have resulted from the partial dissolution
of the cellulose molecules during esterification (Lin et al. 2011).

SEM images, fiber diameter distribution, and an illustrative
diagram of the nanofiber film were shown in Figure 3. All na-
nofiber films exhibited a typical porous network structure, devoid
of beads or spindles. The PLA fibers displayed a smooth surface
and a uniform diameter of approximately 1.10 + 0.20 um, with
overall good morphology. Upon the addition of CNC and MCNC,
the fiber surface remained smooth, with no discernible aggre-
gation of CNC or MCNC, indicating that the nanofiber films had
evenly encapsulated CNC and MCNC. Furthermore, the average
diameter of the nanofiber films with CNC and MCNC did not
change significantly, ranging from 0.95 um to 1.09 um.

3.2 | FTIR Analysis

The spectrum for CNC shows a wide and strong peak at
3342 cm~L, which was linked to the ~OH stretching vibration of
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(b)

FIGURE 2 | TEM images of CNC (a) and MCNC (b).
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FIGURE 3 | The SEM images of different films and the corresponding diameter distributions of nanofiber: PLA (a), PLA/CNC1% (b), PLA/CNC3%
(c), PLA/CNC5% (d), PLA/MCNC1% (e), PLA/MCNC3% (f), PLA/MCNC5% (g), and optical photographs of different nanofiber films (h).

the intramolecular hydrogen bonding of the CNC (Figure 4a). produced from the esterification process. This suggests that the
The peak at 2896 cm~! was attributed to the C-H stretching esterification reaction between citric acid and the hydroxyl group
vibration, whereas the peak at 1642 cm~! was indicative of water =~ on the CNC was successfully carried out (Lin et al. 2022).
molecules adsorbed by cellulose. The 1636 and 1164 cm~! peaks

were associated with the bending vibration of C-H and the As shown in Figure 4b, the characteristic peaks at 2994, 2944, and
stretching vibration of C-O-C, respectively (Etale et al. 2024; 1750 cm™" were related to C-H asymmetric, symmetric stretch-
Khanjanzadeh et al. 2018). In comparison with the CNC spec- ing, and C=O stretching vibration. The characteristic peaks at
trum, MCNC exhibited a new peak near 1730 cm™ Y, which was 1454, 1357, 1184, and 1086 cm ™, correspond to C-H asymmetric,
attributed to the stretching vibration of the carbonyl group (C=0) symmetric bending, C-O-C, and C-O stretching vibrations,
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respectively (Gao et al. 2023; Mo et al. 2022). These were typical
characteristic peaks of PLA. With the addition of CNC and
MCNC, no new characteristic peaks or noticeable peak variations
were observed, suggesting that no new covalent bonds were
formed. Through hydrogen bonding, CNC and MCNC were dis-
tributed throughout the PLA matrix (Huang et al. 2023).

3.3 | XRD Analysis

The XRD patterns of CNC and MCNC were shown in Figure 4c.
The CNC and MCNC exhibited similar diffraction peaks at
about 26=14.88°, 16.37°, 22.63°, and 34.19°, which corre-
sponded to (110), (110), (200), and (004) crystal faces, respec-
tively, for the cellulose I structure (Khanjanzadeh et al. 2018). A
comparison of the diffraction patterns of CNC and MCNC
revealed that the positions of their diffraction peaks were es-
sentially consistent, with only a slight increase in intensity
observed. This suggests that the esterification reaction primarily
occurred on the surface of the CNC and with no disruption to
its crystal structure.

The crystalline structure of nanofiber films was characterized
by XRD, as shown in Figure 4d. The PLA showed a charac-
teristic diffraction peak at 16.67°, which was consistent with the
findings of Liao et al. (2023). This characteristic peak also
appeared in the X-ray diffraction patterns of PLA/CNC and
PLA/MCNC, which indicated that CNC and MCNC did not
disrupt the crystalline structure of the PLA films. Furthermore,
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FTIR spectra of CNC and MCNC (a), and the different nanofiber films (b). X-ray diffraction patterns of CNC and MCNC (c), and the

a distinct diffraction peak belonging to CNC appeared at 20 of
22.66° after the incorporation of CNC and MCNC, which
proved that CNC was successfully loaded in the nanofiber films.

3.4 | Thermal Analysis

The TG and derivative TG (DTG) curves of CNC and MCNC
powder were shown in Figure 5. The thermal weight loss pro-
cess can be divided into three stages: first, water evaporation
(30°C-180°C), followed by the decomposition of CNC chain
segments (200°C-370°C), and finally, the decomposition of
carbon-containing substances (370°C-500°C) (Figure 5a). In
comparison to CNC, MCNC exhibited higher thermal decom-
position temperatures and maximum thermal weight loss rate
temperatures at 5 wt% and 50 wt% weight loss, with increases of
43°C, 13°C, and 53°C, respectively (Figure 5b). This indicates
that MCNC demonstrated superior thermal stability than CNC.
This could be the result of the introduction of sulfate groups
(0O-S0;) during the preparation process, which yields CNC by
hydrolysis of sulfuric acid. The thermal stability of the dehy-
dration reaction was lowered by the presence of sulfate groups
(Cheran et al. 2024). This phenomenon was also reported by Lin
and Dufresne (2014). After modification, the majority of the
surface sulfate groups were removed, resulting in an enhance-
ment of the thermal stability of MCNC.

The thermal stability of the nanofiber films was assessed using
TG analysis. As shown in Figure 5c, the TG curve of PLA
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FIGURE 5 | TG (a) and DTG (b) curves of CNC and MCNC, and TG (c) and DTG (d) curves of the nanofiber films.

showed a single-step degradation with rapid thermal degrada-
tion that began at about 290°C, which relates to the thermal
degradation of the main chains of PLA (Dhar et al. 2016;
Sucinda et al. 2021). The TG curves of the PLA/CNC and PLA/
MCNC nanofiber films were basically consistent with those of
PLA, and the rapid thermal degradation began at about 322°C
and 310°C, respectively. The DTG curve showed that the
maximum weight loss rate Tgyax temperature of PLA was
349°C. After loading with CNC and MCNC, T(nay) increased to
358°C and 357°C, respectively (Figure 5d). This indicates that
the entanglement of PLA molecular chains with CNC and
MCNC molecular chains, which raises the crosslinking density
and restricts the thermal motion of PLA molecular chains,
improves the heat resistance of PLA/CNC and PLA/MCNC
nanofiber films. This means that CNC and MCNC contribute to
inhibiting the thermal degradation of PLA.

3.5 | Mechanical Properties Analysis

The variations of the TS and EAB of nanofiber films with dif-
ferent CNC and MCNC content were shown in Figure 6a,b. It
was claimed that CNC significantly affects PLA films TS (Sung
et al. 2017). Similar outcomes were observed in this work: TS
increased dramatically to 3.11 MPa when CNC was introduced
to PLA nanofiber films, compared with the control group (PLA
2.23 MPa). In contrast, EAB did not change considerably, which
might be explained by the rigidity of CNC itself. The diagram of
the tensile process of the PLA/MCNC3% nanofiber films is

shown in Figure 6c. It could be seen that the nanofiber film has
good ductility, which was confirmed by the analysis of the EAB
results. PLA nanofiber films with MCNC added exhibited higher
EAB than both pure PLA (109.82%) and other nanofiber films,
particularly increased by 49.11% at PLA/MCNC3% (163.75%).
This result could be explained by the plasticizing effect of citric
acid molecules grafted on CNC. Studies have shown that citric
acid has a plasticizing effect on the film (Wahlstrom et al. 2024).
The increase in MCNC proportions typically resulted in a
decrease in the EAB of the nanofiber films. This could be at-
tributed to excessive MCNC agglomerates on the surface of the
fibers, which resulted in stress concentration and the strength of
interactions among molecules being reduced.

3.6 | Water Vapor Permeability and Contact
Angle Test Analysis

The WVP was a significant parameter for packaging materials,
which directly impacts the quality of packaging products. As
shown in Figure 6d, the WVP value of PLA was 10.38 x 10~>
g d™' m~'kPa~'. After adding 1% CNC and MCNC, the WVP
values of the films reduced to 10.24 x 10> g d™' m~" kPa™" and
10.19%x107% g d™* m™" kPa™", respectively. This may be due to
the gap in the film being filled by a uniform distribution of CNC
and MCNC. At this point, the film structure became denser,
making it more difficult for water vapor to pass through.
Overall, the addition of CNC and MCNC has no significant
effect on the WVP value of PLA films (p > 0.05).

34 of 124

Food Bioengineering, 2025

85UB01 7 SUOLUWIOD aA1IeR1D) 9[ceoldde ay) Aq peuenob aJe sooiLe YO ‘8sn JO S9Nl 1o Aleld|18UIIUQ AB]IA UO (SUONIPUOD-PUR-SLUIB)LIOY AB |1 Afe.d||Bul [UO//ScY) SUORIPUOD pue sWie 1 8y} 88S *[9202/70/9T] o AkeiqiTauliuo AB|im * 8691790 9¥SIBAIUN - UOUIYL [Med A 0000L 2804/200T OT/I0P/W0D" A8 1M Aleiq 1 puljuo//Sdny wouy papeojumoq ‘T ‘5202 ‘18020222



(a)

abc bed T

w
T
[}
o

Tensile Strength (MPa)
N

-
T

(b)

200 |

—

bc

— T

-

o

o
T

Elongation at Break (%)
o >

o o
-

cd

(d)

—
N~
T
- ®

w
T

WVP (x10°3 g m-1 d-1 kPa™1)
N -}
)

FIGURE 6 | Tensile strength (a), elongation at break (b), physical diagram of the tensile testing process before and after stretching (c), and WVP

of the nanofiber films (d).

Figure 7 presents the WCA measurements for three different
nanofiber films: pure PLA, PLA/CNC3%, and PLA/MCNC3%.
The graph demonstrated that all nanofiber films displayed a
hydrophobic surface (> 90°). The WCA decreased with the ex-
tension of time, potentially due to the porous network structure
of the nanofiber films, which facilitated the permeation of water
droplets into the films. The WCA of the PLA film was 107.89°,
which was consistent with the findings reported by Li et al.
(2022). The incorporation of CNC had no significant impact on
the WCA of the PLA film (p < 0.05). In the PLA/MCNC3% film,
the addition of MCNC increases the WCA value, indicating that
the hydrophobicity of the film was enhanced.

3.7 | Antioxidant Properties Analysis

The antioxidant capacity of nanofiber films was evaluated
through DPPH and ABTS free radical scavenging abilities. As
depicted in Figure 8, PMKO nanofiber films barely exhibit
antioxidant capacity. When the addition amount of kaemp-
ferol was 5%, the DPPH and ABTS free radical scavenging
abilities were significantly enhanced (p <0.05), higher than
those of PMKO nanofiber films. With the increase in the
addition amount of kaempferol, the DPPH and ABTS free

radical scavenging rates significantly increase to 92.19%
and 96.72%, respectively. This result indicates that kaempferol
can significantly enhance the antioxidant activity of the
films. This enhancement effect was mainly attributed to the
plentiful phenolic hydroxyl groups present in kaempferol
molecules. These groups can impede free radical chain
reactions by means of the electron-proton transfer mechanism
(Sheng et al. 2025). Therefore, PMK nanofiber films have the
potential to inhibit food oxidation when applied in food
packaging.

4 | Conclusion

In this study, the composite nanofiber film composed of PLA
and MCNC exhibits remarkable thermal stability, water resist-
ance, and mechanical properties. FTIR analysis confirmed the
successful introduction of the ester bond within MCNC. The TG
analysis, mechanical assessments, and contact angle measure-
ments demonstrate that incorporating MCNC enhances the
thermal properties of the PLA film, resulting in an increase in
thermal degradation temperature by 19°C and significantly
improving the mechanical properties and water resistance of
the PLA film. The TS, EAB, and contact angle exhibited
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increases of 30.04%, 49.11%, and 11.22°, respectively. Further-
more, the addition of kaempferol imparted higher antioxidant
capacity to the PMK nanofiber film. In conclusion, the PLA/
MCNC composite developed in this study exhibits significant
potential for application in high-performance active nanofiber
films, thereby broadening the use of biodegradable PLA com-
posites in food packaging and other industries.
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