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Abstract

Cellulose/ZnO (CZ) nanocomposites are promising antimicrobial materials known for their
antibiotic-free nature, biocompatibility, and environmental friendliness. In this study, cel-
lulose fibers extracted from lotus petioles were utilized as a substrate and decorated with
various shapes of ZnO nanoparticles (NPs), including small bean, hexagonal ingot-like,
long cylindrical, and hexagonal cylinder-shaped NPs. Increasing zinc salt molar concentra-
tion resulted in highly crystalline ZnO NPs forming and enhanced interactions between
ZnO NPs and -OH groups of cellulose. The thermal stability and UV-visible absorption
properties of the CZ samples were influenced by ZnO concentration. Notably, at a ZnO
molar ratio of 0.1, the CZ 0.1 sample demonstrated the lowest weight loss, while the opti-
cal band gap gradually decreased from 3.0 to 2.45 eV from the CZ 0.01 to CZ 1.0 samples.
The CZ nanocomposites exhibited remarkable antibacterial activity against both Staphy-
lococcus aureus (S. aureus, Gram-positive) and Escherichia coli (E. coli, Gram-negative)
bacteria under visible light conditions, with a minimum inhibitory concentration (MIC)
of 0.005 mg/mL for both bacterial strains. The bactericidal effects increased with higher
concentrations of ZnO NPs, even achieving 100% inhibition. Incorporating ZnO NPs onto
cellulose fibers derived from lotus plants presents a promising avenue for developing envi-
ronmentally friendly materials with broad applications in antibacterial and environmental
fields.

Keywords Zinc oxide - Cellulose fiber - Nanocomposites - Antibacterial - Lotus fiber

Ngoc Hong Nguyen and Truong Phi Le contributed equally to this work.

P< Ngoc Kim Pham

phamkngoc @hcmus.edu.vn

Faculty of Materials Science and Technology, University of Science, Ho Chi Minh City, Vietnam
Vietnam National University, Ho Chi Minh City, Vietnam

Faculty of Biology and Biotechnology, University of Science, Ho Chi Minh City, Vietnam

4 Center for Innovative Materials and Architectures INOMAR), Ho Chi Minh City, Vietnam

Published online: 21 February 2024 ) Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s12010-024-04868-9&domain=pdf

Applied Biochemistry and Biotechnology

Introduction

In response to diminishing resources, pollution, and climate challenges, the bio-circular
economy proposes a sustainable model transitioning from a carbon-intensive to a carbon-
light economy [1]. Biochemical processes are initiated using renewable materials to pro-
duce biodegradable goods, stimulating the growth of sectors such as electronics, packag-
ing, medical devices, and disposable products [2]. The emergence of scientific movements
advocating for renewable resources and environmentally benign materials has generated
considerable attention toward sustainable polymers, cellulose being a prominent illustra-
tion given its abundant presence in the natural world [3].

Cellulose, derived from many species, particularly plants, is a sustainable raw material
supply that exhibits growth via photosynthesis [3—5]. Numerous studies have effectively
isolated cellulose from agricultural waste and used it in many industrial applications [2].
The extensive use of this substance in many sectors, such as cosmetics, medicines, and
food, may be attributed to its notable characteristics, which include non-toxicity and bio-
compatibility [6, 7]. Moreover, cellulose’s distinctive structure allows alterations, expand-
ing its range of uses.

The flexible nature of cellulose, attributed to its large surface area, mechanical qualities,
and ability for modification, renders it a promising choice for a wide range of applications.
These applications include several fields, such as water treatment, catalysis, and drug deliv-
ery systems [8]. Cellulose and its derivatives have shown exceptional performance as drug
transporters and wound-healing agents within the medical domain, primarily owing to their
remarkable biocompatibility [9].

Among the many sources of biomass materials, cellulose from lotus fiber, isolated
from lotus petiole in Vietnam, can be justified by the following advantages. One of the
most important is that lotus petiole is a bio-renewable and eco-friendly source of cellu-
lose that has not been explored much before. Lotus petiole is rich in cellulose and has a
unique helical coiled structure that can enhance the mechanical and thermal properties of
the nanocomposites. The lotus fiber contains approximately 41.4+0.29% cellulose and
also exhibits high levels of hemicellulose, along with lignin (approximately 25.87 +0.64%
and 19.56 +0.32%, respectively) [10]. These components form a spiral twisted fiber struc-
ture organized in parallel along its length [11]. The diameter of lotus fibers ranges from
75 to 80 um [12], and their length can extend from 10 to 20 cm while maintaining their
shape [10, 11]. Due to the spiral twisted structure, lotus fibers possess excellent elasticity,
enduring strong tensile forces without breaking. This outstanding property primarily arises
from this unique structure, offering promising prospects for designing bio-materials with
extraordinary mechanical characteristics [11].

Besides, lotus petiole is easy to collect and process; it falls off naturally from the plant
and does not require harsh chemical treatments to isolate the cellulose. This reduces the
environmental impact and the cost of production compared to conventional sources of cel-
lulose, such as sugarcane bagasse, coconut husk fiber, and rice husk [13-15]. Nevertheless,
the limits of its solubility and absence of antibacterial capabilities have prompted research-
ers to explore the development of improved nanocomposites by integrating nanoparticles
[16].

Zinc oxide nanoparticles (ZnO NPs) are notable within metal nanoparticles due to their
extensive uses and favorable safety characteristics [2]. Due to their dimensions and inher-
ent characteristics, these entities possess the capacity to effectively initiate redox processes,
making them an essential constituent in several domains [6, 17]. Numerous investigations
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have examined techniques for fabricating zinc oxide nanostructures, aiming to achieve pre-
cise manipulation of their dimensions and morphology. Incorporating cellulose and ZnO
in nanocomposites can augment antibacterial and photocatalytic functionalities [18-20].
This composite material provides an ecologically sustainable and biocompatible solution
with exceptional mechanical qualities [21, 22]. Empirical evidence substantiates the com-
pound’s efficacy in combating bacterial strains, surpassing the performance of zinc oxide
in isolation [2, 23]. The synthesis process encompasses chemical reactions in solutions
containing alcohol or alkaline substances, offering a scalable and cost-effective alternative
to physical methodologies.

The current study explores the potential of incorporating cellulose generated from lotus
silk, a commonly accessible material, with safe metal salts to produce composites of CZ.
The objective of this strategy is to improve the characteristics of cellulose by incorporating
the antibacterial capabilities of ZnO, hence providing a cost-effective alternative to silver
nanoparticles. The effectiveness of antimicrobial agents is contingent upon their concen-
tration, therefore necessitating thorough examinations. The antibacterial processes of ZnO
nanoparticles are comprehensively explained by practical observations and a detailed anal-
ysis of their activity.

Materials and Methods
Materials and Chemicals

Cellulose was isolated from lotus petiole and purified by chemical treatment, outlined
briefly as follows. Lotus fibers (LF) were manually extracted from the petiole of lotus
plants. The petiole was split, a center section was taken, and the outer skin was cut to
reveal strands. These 2-cm-sliced strands were washed by ultrasonic treatment with various
solvents, such as deionized water and an ethanol solution, to remove dust and impurities
on their surface. Then, pre-cleansed fiber underwent bleaching with NaClO 8 wt% (7 h),
hydrolysis with H,SO, 60% (1 h), and finally immersion in a 1 M NaOH solution (2 h). All
experimental processes are carried out at room temperature (30 °C). After that, the result-
ing cellulose fibers were purified and dried at 70 °C. Finally, the entire process aimed to
obtain purified cellulose from lotus fibers.

Zinc acetate dihydrate (Zn(AC),-2H,0) and NaOH were produced by Xilong Chemical
Co., Ltd in China. Deionized (DI) water was utilized throughout all experimental proce-
dures. All chemicals employed in this investigation were of analytical grade and used with-
out additional purification.

Synthesis of Cellulose/ZnO Nanocomposites

Cellulose/ZnO nanocomposite materials were synthesized using chemical methods, as out-
lined in Fig. 1. A fixed amount of 0.02 g of cellulose was dispersed in 20 mL of deionized
(DI) water at room temperature for 1 h. Simultaneously, solutions containing varying con-
centrations (0.01, 0.05, 0.1, 0.5, and 1 M) of dissolved Zn(AC),-2H,0 were prepared and
subjected to magnetic stirring (details of ZnO molar concentration (M) and zinc acetate
mass (g) are mentioned in Table 1). The zinc acetate solution was then combined with the
cellulose matrix and heated at 90 ° C for 1 h using a magnetic stirrer.
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Fig. 1 Schematic diagram of CZ nanocomposites synthesis with ZnO nanoparticles

Table 1 The table summarizes

the ZnO molar concentration Sample ZnO molar concentration (M) Zégtcate

value and zinc acetate mass (g) mass (g)

of each CZ sample
Cellulose 0 0
CZ0.01 0.01 0.0439
CZ0.05 0.05 0.2195
CZ0.1 0.1 0.4389
CZ0.5 0.5 2.1959
CZ1 1 4.3898

As mentioned above, the synthesis of ZnO NPs involved the dropwise addition of 3 mL
NaOH 1M solution into the mixture. The progress of the reaction was monitored based on
the observed color change of the solution while maintaining a constant temperature of 90
° C and continuous magnetic stirring of 3 h. Subsequently, the resulting nanocomposites
were centrifugated at 5000 rpm for 15 min and washed until the pH value approached 7.
The CZ nanocomposites were then dried in an oven at 80 °C for 7 h. The resulting powder
samples of the nanocomposites were denoted as CZ 0.01, CZ 0.05, CZ 0.1, CZ 0.5, and CZ
1, corresponding to the respective zinc nitrate concentrations of 0.01, 0.05, 0.1, 0.5, and 1
M, respectively.

The Properties of Cellulose/ZnO Nanocomposites

The structural characterization of the CZ nanocomposites was conducted using powder
X-ray diffraction (p-XRD) with Cu Ka radiation and a Ni filter (A=1.5406) at room tem-
perature (RT). The measurements were performed on a D8 Advance Bruker system utiliz-
ing the Bragg—Brentano geometry. Fourier transform infrared analysis (FTIR) was carried
out using a Bruker Tensor 27 to identify the chemical functional groups present in the sam-
ple. The surface morphology and particle shape were examined using scanning electron
microscopy (SEM) with a Hitachi S4800 system, operating at an adjustable acceleration
voltage of 10 kV. Thermal degradation behavior was studied using a TA Q500 Thermal
Analysis system under a nitrogen atmosphere. The thermal stability of each sample was
conducted at 25-700 ° C with airflow at a rate of 10 ® C/min. The optical properties of the
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ZnO NPs were analyzed using ultraviolet—visible (UV-vis) spectroscopy with a Jasco 730
instrument. For UV-vis measurement, the synthesized CZ nanocomposites were dispersed
uniformly in deionized (DI) water through sonication for 5 min to obtain a homogeneous
solution.

Antimicrobial Testing Approach
Indicator Strains

Two different species of pathogenic bacteria, including Escherichia coli (ATCC 25922)
and Staphylococcus aureus (ATCC BAA-1708), were provided by the Department of Plant
Biotechnology and Biotransformation, University of Science, Ho Chi Minh City, Vietnam.

Determination of Minimum Inhibitory Concentrations (MICs) and Minimum
Bactericidal Concentrations (MBCs)

Minimum inhibitory concentrations (MICs) are defined as the lowest concentration of an
antimicrobial that will inhibit the visible growth of a microorganism after overnight incu-
bation, and minimum bactericidal concentrations (MBCs) are defined as the lowest con-
centration of an antimicrobial agent that will prevent the development of an organism after
subculture on to antibiotic-free media. MICs are often used as a research tool to determine
MIC breakpoints [24].

Resazurin MICs Procedure

MICs testing principle using resazurin (7-Hydroxy-3H-phenoxazin-3-one 10-oxide), an
oxidation-reduction indicator, involves color changes to indicate bacterial viability or
growth. Living bacterial cells maintain a reducing environment, containing dehydrogenase
enzymes that reduce resazurin (blue and low fluorescent) to form resorufin (pink and high
fluorescent) in Fig. 2. A pink color indicates a positive result, which also means that the
bacteria remain viable in the presence of the material at the corresponding concentration.
On the other hand, the blue color indicates a negative result, suggesting that the tested bac-
terial strains are inhibited or killed in the medium.

Antibacterial Test

The antibacterial efficacy of the CZ bio-nanocomposites against the bacteria E. coli (Gram-
negative) and S. aureus (Gram-positive) was determined by using the Minimum Inhibi-
tory Concentrations (MICs) and minimum bactericidal concentrations (MBCs) methods.
The bacterial strains were cultured in Muller Hinton Broth (MHB) nutrient fluid and incu-
bated on a shaker at 37 °C for 24 h in the standard atmosphere. The bacterial density was
adjusted to 10° CFU/mL by measuring ODg,,,, to ensure that a uniform number of bacte-
ria was always used. A set of graphs of viability curves for each strain of bacterial species
was prepared, resulting in highly active bacterial suspensions. The tested CZ samples were
weighed and mixed in a 10% DMSO solution at concentrations of 0.075, 0.038, 0.019,
0.009, and 0.005 mg/mL.
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Fig.2 MICs and MBCs were
tested for CZ products with dif-
ferent ZnO concentrations
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The tested CZ eppendorfs were prepared consisting of 100 ul inoculum (10° CFU/mL),
800 pL Muller Hinton Broth (MHB), and 100 pL tested CZ samples, incubated at 37 °C for
24 h. Positive controls contain 100 pL of 3% streptomycin, replacing the tested CZ sam-
ples; negative controls do not add them. After 24 h, 40 pL. of 0.01% resazurin reagent was
added to each eppendorf, and the color change was observed after 15 min. The percentage
of bacterial inhibition is determined using a specific formula Eq. (1):

Bactericidal ratio (%) = (1 - %)xlOO (1)

C (control population) is viable cells at 24 h, and T (treatment population) is viable after
the test. Subsequently, the tested CZ eppendorfs were evenly spread onto Muller Hinton
Agar (MHA) plates and incubated at 37 °C for 24 h. Visible colonies were counted and
reported as colony-forming units per milliliter (CFU/mL). The antibacterial activity was
assessed by evaluating bacterial survival after exposure to the tested CZ and control sam-
ples. All experiments were conducted in triplicate, and data analysis, including standard
deviation calculations and significance, was determined at a threshold of p <0.05.
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Results and Discussion
Microstructure of Cellulose/ZnO

The microstructures of cellulose and CZ nanocomposites influenced by the concentration
of zinc salt precursors are illustrated in Fig. 3 through X-ray diffraction (XRD) and Fourier
transforms infrared (FTIR) spectroscopy analyses. A sharp peak at 22° and broad peaks
spanning the range of 16—18° and 34.5° were assigned to cellulose (depicted by a black
line), as shown in Fig. 3a. The peaks at 16° and 34° are identified as secondary peaks
for the amorphous region of cellulose, while the primary peak at 22° signifies the crystal-
line cellulose region [25]. This correlation is associated with the crystalline phase of lotus
silk, aligning with the crystal structure found in the literature by Di Liu and colleagues
[26]. However, variations in peak intensity indicate alterations in cellulose crystallization
in lotus fibers during acid hydrolysis. It can be said that the dissolution of the amorphous
cellulose region in lotus fibers is evident during H,SO, treatment, accompanied by the
removal of low crystallinity non-cellulose components like pectin, lignin, and hemicellu-
lose. This process contributes to an increased ratio of the crystalline region, indicating a
restructuring of the crystal structure and an overall enhancement in cellulose crystallinity
[12]. The details of the XRD and FTIR results of the cellulose extraction process from
lotus silk are shown in Figure S1.

Each CZ pattern (Fig. 3a) revealed the presence of a consistent crystalline phase of ZnO
in all CZ samples, with characteristic diffraction peaks observed at 20 values of 31.7°,
34.5°, and 36.3°, corresponding to the (100), (002), and (101) lattice planes, respectively.

a)cz1 g

(101)
°
5
o
z
b

=) I x
S b) o o
= > >

Intensity (a.u.)

§<<f <
(@FES :} &

Intensity (a.u.)

: ' \ ALl Cellulose o’

Cellu!gg:gf PR T WA
‘ 385
M\_—_— /2920 16201047 >
D 3422 . 4407 680
10 20 30 40 50 60 70 4000 3200 2400 1600 800
20 (degree) Wavenumber cm™)

Fig.3 a XRD and b FTIR spectra of CZ nanocomposites samples with different molar concentrations of
ZnO NPs
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Additionally, weak intensity peaks were observed at 20 values of 47.7°, 56.7°, 62.8°, 66.4°,
67.9°, and 69.1°. These diffraction characteristics can be attributed to the hexagonal wurtz-
ite structure and are consistent with the reference pattern of JCPDS:36-1451 [27]. The
XRD peaks of the (101) and (200) lattice planes have poor intensity characteristics for cel-
lulose material that appear in both samples (CZ 0.01 and 0.05).

In the case of the CZ 0.01 sample, which contains the lowest amount of ZnO, the pri-
mary diffraction peak of cellulose at the (200) plane shifts towards higher Bragg angles
and demonstrates high intensity. Moreover, the diffraction peaks of cellulose in CZ 0.05
and CZ 0.1 are considerably weak compared to the prominent diffraction peak of ZnO,
which indicates a high concentration of ZnO particles and their extensive growth on the
cellulose surface within the CZ nanocomposites, making it challenging to obtain dis-
cernible diffraction data associated explicitly with cellulose. Another phase was identi-
fied in the CZ sample with the highest concentration of zinc salts (1 M and 0.5 M) at
diffraction peaks with 20 angles of 12.6°, 13.4°, and 20.1°, which were attributed to
zinc hydroxide acetate (ZHA) [28]. ZHA is a byproduct of direct precipitation achieved
by adding sodium hydroxide solution to an aqueous zinc acetate solution or stirring the
ZnO powder with a zinc acetate solution. The presence of ZHA in the powder sample
supports the proposed reaction mechanism, which is illustrated as follows [29]:

5Zn(CH;CO00), - 2H,0 — Zns(OH)g (CH;COO0), + 2H,0 + 8CH,COOH  (2)

Zns(OH)g(CH,CO0), - 2H,0 — 5ZnO + 2CH;COOH + 5H,0 3)

Hence, by analyzing the relative intensities of the peaks in samples CZ 1 and CZ 0.5,
it can be concluded that zinc oxide is the predominant phase. However, they also exhibit a
composite structure composed of zinc oxide, zinc acetate, and zinc hydroxide acetate inte-
grated within the cellulose material. These findings indicate that the intercalation of ZnO
nanoparticles (NPs) into the cellulose matrix does not alter the structural consistency but
affects the molecular arrangement within the amorphous region of the cellulose matrix [8].

The FT-IR analysis results depicted in Fig. 3b illustrate the confirmation of the incor-
poration of concentration-differentiated ZnO nanoparticles (NPs) into the cellulose fiber
structure, both before and after functionalization. The infrared spectra of the cellulose
(black line) demonstrate distinct peaks for various functional groups. The broad peak at
3700-3000 cm™! arises from stretching vibrations of the -OH group of absorbed H,0
and intramolecular OH group [30]. The stretching oscillations of—CH symmetric and
asymmetric are reflected by the minimum at 2920 cm™!. The characteristic vibrations
of non-cellulose components, such as an absorption band at 1730 cm™! correspond-
ing to the stretching vibration of C=0 groups [25] aromatic ring stretching vibrations,
do not appear in the FTIR spectrum of cellulose. The band at 1608 cm™' is assigned
to the bending vibrations of C=0 in the zinc acetate salt composition, and the bend-
ing oscillations of the in-plane OH bonds were determined at 1407 cm™! and for 1047
cm™!, a characteristic of the C-O stretched bond. The total CZ nanocomposites spectra
all display the characteristic peaks of pristine cellulose, along with an additional peak
at 473 cm™! corresponding to ZnO NPs. It is easy to observe that the vibration of the
Zn-0O bond increases significantly with the addition of zinc acetate salt in the synthesis
process [31]. However, at the highest zinc precursor content (CZ 1), the intensity of
the ZnO peak decreases again. This change is revealed by the dominance of byproducts
such as zinc hydroxide acetate (ZHA), as detailed in the discussion of XRD results [29].
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Besides, the medium peak corresponding to C-O—O vibration in CZ samples is signifi-
cantly less than that for the cellulose without ZnO NPs, confirming an oxidation process
involving C-6, C-OH, and the glucose rings during the synthesis. Moreover, in the FTIR
spectrum of the CZ nanocomposites, high-intensity bands at 1047 cm™! and 3422 cm™!
exhibited a shift towards higher wave numbers, possibly indicating the interaction between
ZnO nanoparticles (ZnO-NPs) and the OH group of cellulose fiber. The FTIR results com-
plement the findings from XRD and SEM analyses.

Morphology and Elemental of Cellulose/ZnO Nanocomposites

The unmodified cellulose surface exhibits a smooth texture, with visible macro fibrils
aligned along the fiber direction. The cellulose fiber prepared in this study demonstrated an
average diameter of 1.74+0.51 um across all nanocomposite samples (Fig. 4a). Through
the chemical precipitation method, ZnO nanostructures were successfully formed and
adhered to the cellulose fiber, resulting in integration. CZ bio-nanocomposites show a dis-
persed arrangement of small-sized ZnO metal oxide clusters that can relatively identify the
shape, size, and thickness of the cellulose fiber matrix. The concentration of Zn** influ-
ences the size distribution of ZnO NPs during synthesis. Figure 4b—f illustrate sparsely
dispersed ZnO nanoparticles on the cellulose material. Sample CZ 0.01 exhibits small
bean-shaped NPs with an average size of approximately 180 nm and random distribution.
In sample CZ 0.05, the ZnO NPs grow with polymorphism and denser distribution. They
gradually agglomerate into isolated large and small clusters due to the electrostatic attrac-
tion between Zn>* and O?~ [31]. The nanoparticle size and dispersion variation exhibited
significant differences as the concentration of ZnO in cellulose fiber increased. In the CZ
0.1 sample, the nanoparticles showed a more uniform and dense attachment to the cellulose
matrix than in the CZ 0.5 and 1 samples. The CZ 0.1 nanoparticles displayed hexagonal
ingot-like structures that fused, forming a 3.25-um-thick outer shell of cellulose.

On the other hand, CZ 0.5 and 1 samples showed separate long cylindrical and hexago-
nal cylinder-shaped nanoparticles. Furthermore, increasing the quantity of ZnO-NPs on the

Fig.4 SEM images of CZ nanocomposites samples: a cellulose, b 0.01, ¢ 0.05,d 0.1, e 0.5, and f 1 M
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cellulose surface enhanced the average particle diameter and length of ZnO-NPs. It should
be noted that there was limited control over the size and morphology of the nanoparticles
produced in all conducted experiments.

The constituents and distribution maps of the synthesized bionanomaterials were
analyzed using EDX mapping spectroscopy (Fig. S1). The atoms were characterized by
a monochromatic spot such as C (red) representing cellulose, Zn (blue) for ZnO, and O
(green) being common to both. The successful intercalation of ZnO NPs on cellulose fiber
was observed in both concentrations, as shown in Fig. S1(b, ¢). Zn atoms increased sig-
nificantly from 6 to 38% and were densely distributed on the fiber surface. The increase in
suspension due to zinc acetate salt content led to the severe aggregation of the Zn(OH);,
Zn(OH)i_), and ZnO NPs on the cellulose fiber surface, as discussed by SEM images.
Based on this study, CZ 0.01 was the most suitable condition for embedding ZnO NPs on
a cellulose matrix. Subsequently, the thermal properties of the CZ nanocomposites were
investigated in detail using TGA analysis.

Thermal Properties of Cellulose/ZnO Nanocomposites

The thermal behavior of the bio-material was investigated by monitoring its weight
changes as a function of temperature, as depicted in Fig. 5a. Thermogravimetric analysis
(TGA) curves of the CZ samples, scanned from 25 to 700 °C, revealed a three-stage ther-
mal degradation process [32]. Initially, the mass remained stable and approaching 100%.
Subsequently, in the temperature range of 50-150 ° C, the first stage of thermal decom-
position occurred, resulting in a weight loss of 1-5%. This reduction can be attributed
to the desorption of surface- or interstitial-bound water molecules and the release of low
molecular weight organic compounds through oxidation and depletion processes in cellu-
losic polymers. The substantial second weight loss was observed in the temperature range
of 250-400 ° C, with CZ 0.01 exhibiting the highest loss at 58.67% in all cellulose func-
tionalized with ZnO NPs. This significant weight reduction indicates the oxidative degra-
dation of the cellulose, involving polymerization, dehydration, and glycosyl unit degrada-
tion, ultimately leading to residue formation. On the other hand, the thermal decomposition
of Zn(OCOCH,), occurs upon heating at more than 147 ° C and is very sensitive to the
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Fig.5 a TGA curve from 10 °C to 700 °C and b weight loss at 600 °C of the difference molarity CZ sam-
ples
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humidity of the surrounding air. As shown by reaction formula (3), the decomposition of
zinc acetate and ZnO forming occurs through combustion or the release of acetic anhy-
dride, as described overall below [28]:

Zn(CH;C00), — ZnO + (CH;CO),0 @)

The thermal decomposition behavior of CZ and cellulose differed; in detail, the CZ
nanocomposite’s weight degradation curves initiate at a higher maximum decomposition
temperature than pristine cellulose (365 ° C). It indicates that nanocomposites CZ have
superior thermal stability due to the catalytic activity of ZnO nanoparticles (NPs), which
facilitated the accelerated decomposition of carbon cross-links within the cellulose matrix
and also strong H-bonding interactions between ZnO and cellulose present in nanocom-
posites films alter their thermal properties [31]. The more salt precursors in synthesis, the
higher the ZnO content embedded in the cellulose matrix, having fewer combustion resi-
dues. The loss weight percentages recorded at 600 ° C (Fig. 5b) were 75.86% (cellulose),
57.20% (CZ 0.01), 26.62% (CZ 0.05), 18.13% (CZ 0.1), 34.82% (CZ 0.5), and 39.31%
(CZ 1), respectively. As pointed out, the heat endurance improvement performance of CZ
material increases with high ZnO configuration and improves more than pristine cellulose
[33]. Beyond 700 ° C, the total samples reached a thermal equilibrium state. Negligible
mass losses of less than 1% were observed in this temperature range, indicating the release
of trapped gases formed during the decomposition of acetate ions. In summary, heat-sta-
ble inorganic ZnO (as a solid-heat resistance incorporation of cellulose) enabled higher
decomposition temperature and lower residual ash content.

Optical Properties

The optical properties of the cellulose and CZ samples, prepared at different ZnO con-
centrations, were investigated using UV—Vis absorption spectroscopy, as shown in Fig. 6a.
The cellulose sample exhibited absorption peaks at 283 nm and 376 nm. Previous stud-
ies in the literature have proposed various explanations for the absorption peak at 283 nm
in regenerated and acid-treated cellulose fiber, attributing it to the presence of carboxyl
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Fig.6 UV-vis absorption spectra (a) of synthesized CZ with various molar concentrations and the corre-
sponding E, result (b)
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groups generated during the treatment process. Additionally, the absorption peak at around
283 nm has been observed on the surface of cellulose treated with sulfate ions [34]. The
cellulose polymer also exhibits a maximum absorbance at 304 nm [35]. The CZ displayed
a distinct absorption peak at 360-377 nm, which can be attributed to ZnO’s fundamental
band gap absorption arising from the electronic transition from the valence to the conduc-
tion band (O 2p—Zn 3d) [31]. This confirms the successful formation of ZnO nanopar-
ticles on the surface of the cellulose fiber. Interestingly, a red shift in the absorption band
was observed with increased ZnO size, indicating that larger ZnO nanoparticles can be
obtained by increasing the concentration of Zn>* ions. The band gap energy of the biologi-
cal nano samples is according to the following Eq. (5):

ohv = A(hv - Eg)n/2

®)

The determination of optical properties involves the analysis of critical parameters such
as the band gap (Eg), light frequency (v), and constant (A). In the case of ZnO, a direct
transition is characterized by a value of n equal to 1. Utilizing this knowledge, we esti-
mated the bandgap energies and ZnO particle sizes embedded within the cellulose fiber, as
depicted in Fig. 6b. The findings demonstrate that the band gap of the hybrid material falls
within the range of approximately 3.0 to 2.45 eV (Fig. S2), with increasing Zn** concen-
tration. One plausible hypothesis for the reduction in bandgap as the concentration incre-
ment of ZnO is that the heightened concentration of ZnO results in an elevated amount
of doping, introducing a more significant number of electrons into the conduction band
[36]. This phenomenon results in a displacement of the Fermi level towards the edge of the
conduction band, leading to a decrease in the effective bandgap [36]. These values exhibit
a slight reduction compared to the reported band gap of pure ZnO films (3.23 eV), which
can be ascribed to the heterostructure effect induced by the presence of cellulose during the
mineralization process [3].

Antibacterial Activity of Cellulose/ZnO Nanocomposites

The antibacterial activity of the tested CZ nanocomposites mixture derived from lotus
silk-based cellulose was evaluated against both Staphylococcus aureus (Gram-positive)
and Escherichia coli bacteria (Gram-negative). These cellulose fibers incorporating ZnO
particles exhibited an inhibition rate expressed as a percentage of bacterial reduction, as
illustrated in Fig. 7. Bacterial quantification was performed using optical density measure-
ments (ODgyo) for both S. aureus and E. coli strains. The MIC results for both bacteria
strains showed that the decoration of ZnO-NPs on the cellulose fiber effectively introduced
antibacterial properties to the cellulose fiber (Fig. S4). In more detail, regarding the MIC
values of CZ samples diluted from 5 to 75 ppm for the control sample, the reduction in E.
coli populations was higher than that of S. aureus after 24 h under the same conditions.
The broth dilution assay is an accurate and reliable method for determining the antibacte-
rial activity of the examined nanoparticles.

The three samples with the highest ZnO concentration give information on the per-
formance of activity antibacterials, which get 100% at five ppm for both viruses (Fig. 7
a and d), which can demonstrate that the higher the concentration of ZnO, the more
influential the antibacterial activity. On the other hand, a minimal ZnO concentration
of 0.01 M of the CZ mixture was used to demonstrate that it can suppress the develop-
ment of E. coli and S. aureus between 38 and 75 ppm (Fig. 7 b and e). Likewise, the
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Fig. 7 MIC results for two bacterial strains, E. coli (a) and S. aureus (d), of all samples, bactericidal rate of
0.01 M CZ samples according to dilution concentrations (b, e) and the variation of bactericidal percentage
according to 0.005 mg/mL content of CZ samples (c, f)

efficient CZ antibacterial agents are indicated by the measured MBC values of 38 ppm
and 75 ppm for E. coli and S. aureus, respectively. Additionally, zinc oxide nanoparti-
cles display successful antibacterial activities against various bacterial strains at even
low concentrations, as demonstrated in work by Xie et al. [37]. The antibacterial effect
of ZnO particles on Gram-negative and Gram-positive bacteria can be different because
of the high susceptibility adjusted due to differences in the cell wall structure, exposure
level, and different electrostatic affinities together.

A linear curve was plotted to comprehensively compare the antibacterial efficacy
among all CZ samples, representing the percentage of antibacterial activity with a mini-
mum sample concentration of 0.005 mg/mL (Fig. 7 c and f). It was observed that both
bacterial strains tended to reach maximum bactericidal effects as the ZnO content in the
samples increased, ultimately achieving 100% inhibition. These findings align with pre-
vious studies highlighting the antibacterial properties of bio-nanocomposites, wherein
the presence of prerequisite inorganic nanoparticles, specifically ZnO, is supported and
anchored by the underlying cellulose matrix. Moreover, numerous studies have vali-
dated the antibacterial activity of ZnO nanoparticles, and their underlying mechanisms
of action have been extensively reported in the literature [8, 31, 38].

CZ nanocomposites have been investigated from various perspectives to elucidate
their antibacterial mechanism, including the following aspects: (i) the ability to gener-
ate reactive oxidizing radicals (ROS), (ii) the release of Zn**, (iii) membrane dysfunc-
tion, and (iv) cell internalization. This work carried out an antibacterial activity under
conditions without excitation light, and the size of ZnO particles was not tiny enough to
diffuse through the membrane. Therefore, the release of Zn>* and membrane dysfunc-
tion mechanism are proposed as the primary mechanism in this study. Typically, Zn**
ions are released into the solution, which can be adsorbed onto the bacterial surface,
facilitating their interaction with the cell membrane [39]. Another mechanism involves
the physical properties of ZnO NPs and their electrostatic interaction with bacterial
cells based on the principles of electrostatics. This electrostatic interaction promotes
the adhesion of ZnO NPs to the cell surface, disrupting the electrical charge balance
of the membrane and leading to structural distortions, morphological alterations, and,
ultimately, cell death [40].
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Conclusion

In conclusion, the investigation into CZ nanocomposites, specifically utilizing cellulose fib-
ers from lotus plants adorned with various configurations of ZnO nanoparticles, has demon-
strated their immense potential as antimicrobial materials. The synthesis process, influenced
by the molar concentration of zinc salt, resulted in the formation of highly crystalline ZnO
nanoparticles, fostering improved interactions with cellulose -OH groups. The CZ samples,
particularly CZ 0.1, exhibited enhanced thermal stability and distinct UV—visible absorption
characteristics. The optical band gap reduction observed with increasing ZnO concentration
indicates the tunability of the CZ nanocomposites for specific applications. Remarkably,
these materials exhibited outstanding antibacterial activity against Gram-positive Staphylo-
coccus aureus and Gram-negative Escherichia coli under visible light conditions, with an
MIC of 5 ppm for each bacterial strain. The bactericidal effects increased proportionally
with the concentration of ZnO NPs, reaching a maximum of 100% inhibition. This research
underscores the potential of incorporating ZnO NPs onto lotus plant-derived cellulose fibers,
offering a promising avenue for developing eco-friendly materials.
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