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Abstract: Nanocellulose contains a large number of hydroxyl groups that can be used to modify its
surface due to its structure. Owing to its appealing features, such as high strength, great stiffness,
and high surface area, nanocellulose is currently gaining popularity in research and industry. The
extraction of nanocellulose from the leftover bagasse fiber from sugarcane production by alkaline
and acid treatment was successful in this study, with a production yield of 55.6%. The FTIR and XPS
results demonstrated a difference in the functional and chemical composition of untreated sugarcane
bagasse and extracted nanocellulose. SEM imaging was used to examined the size of the nanocellulose
with ImageJ software v1.8.0. TGA, DTG, and XRD analyses were also performed to demonstrate
the successful extraction of nanocellulose in terms of its morphology, thermal stability, and crystal
structure before and after extraction. The anti-S. aureus activity of the extracted nanocellulose was
discovered by using an OD600 test and a colony counting method, and an inhibitory rate of 53.12%
was achieved. According to the results, nanocellulose produced from residual sugarcane bagasse
could be employed as an antibacterial agent.

Keywords: nanocellulose; sugarcane bagasse; characterization; anti-Staphylococcus aureus analysis

1. Introduction

Approx. 80% of the world’s sugar comes from sugarcane, which is grown in 120 coun-
tries, producing an average annual yield of 1.8–2.0 billion tons. In 2019, Thailand was the
fourth-largest producer of sugar, contributing 8.10% to the global overall sugar production.
In addition, it was the second-largest exporter of sugar, representing 16.95% of the world’s
sugar exports and reaching a value of USD 2.97 billion. Sugarcane production is becoming
increasingly important in Thai agriculture at the national level [1]. After crushing sugarcane
stalks to obtain juice for sugar manufacture, 32.4% of the bagasse and molasses become
waste every year [2], also producing a plant-based byproduct called lignocellulosic biomass.
This is a beneficial byproduct with a variety of applications, including dairy feed [3], bio-
fuel [4], bioethanol [5], renewable energy [6], paper and pulp manufacture [7], and so
on [8]. Cellulose, lignin, and hemicellulose are all significant components of lignocellulosic
biomass. These components can be recovered from residue using a variety of conventional
and modern processes and have applications in a variety of food processing businesses.
The proportions of cellulose, hemicellulose, and lignin in lignocellulosic biomass vary
based on the source of waste. Typically, agricultural waste contains 35–50% cellulose,
25–50% hemicellulose, and 5–15% lignin [9,10].
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Cellulose is one the most abundant biopolymers on Earth and serves as the primary re-
inforcing material in plant structures. For more than 150 years, materials based on cellulose
and its derivatives have been employed in a wide range of applications, including food, pa-
per manufacture, biomaterials, and pharmaceuticals. Furthermore, natural cellulose-based
materials, such as wood, hemp, cotton, and linen, have been applied as engineering materi-
als in society for thousands of years. A large number of industries throughout the world
engaged in the production of forest-based products, paper, textiles, and so on attest to the
material’s ongoing popularity [11–13]. Cellulose extraction can be accomplished by apply-
ing three methods: mechanical, chemical, and bacterial. Mechanical methods for extracting
cellulose include high-pressure homogenization, milling, pulverizing, and steam explosion.
Chemical retting, acid retting, alkali treatment, and degumming are chemical extraction
procedures. For bacterial cellulose, a range of techniques are employed, for example, static,
agitated, or shaking procedures, bioreactor-based cultivation approaches, etc. Depending
on the intended use, there is a variety of sizes for cellulose extraction. In fact, microcellulose
and nanocellulose are commonly utilized sizes in industrial applications [14].

Nanocellulose is described as a cellulose nanomaterial that has one or more nanoscale
dimensions. The morphology and qualities of nanocellulose depend on its natural source,
different pretreatments, and the separation and extraction processes. There are several
methods to extract nanocellulose from natural fibers, for example, chemo-mechanical,
cryocrushing, acid hydrolysis, etc. [15]. Recently, nanocellulose generated from sugarcane
bagasse has emerged as one of the most widely used sources raw materials because a large
proportion of cellulose (40–50%) contained in sugarcane bagasse is a valuable resource. It
is currently gaining popularity in research and industry due to its attractive properties,
such as its high strength, excellent stiffness, and high surface area [16]. Owing to its
structure, nanocellulose contains a large number of hydroxyl groups that are available for
surface modification. Nanocellulose has numerous applications in our daily lives, including
biomedical devices [17], nanocomposite materials [18], textiles [19], antibacterial [20], and
so on [21]. Nanocellulose for food packaging is currently reported as one of the advantages
of its use. Since the most significant function of food packaging is ensuring the quality and
safety of food throughout storage and food logistics, it is crucial to prevent spoilage caused
by microorganisms, chemical contaminants, water vapor, oxygen, carbon dioxide, volatile
compounds, moisture, and exposure to light and physical forces in order to extend the
shelf life of food products. Accordingly, packaging materials serve as physical protection
and generate appropriate physicochemical conditions to ensure food quality throughout
storage [22].

In both developing and developed nations, food poisoning has been recorded with
diverse causal factors. Staphylococcus aureus (S. aureus) is a significant pathogen of food
poisoning that can arise in both sporadic and epidemic forms. It has the potential to cause
life-threatening infections in children, the elderly, and immunocompromised people [23,24].
Therefore, researchers are interested in improving the avoidance of S. aureus transmission
in food. Antibacterial food packaging has emerged as an effective and promising packag-
ing technology. Several active substances have been effectively included in antibacterial
packaging, including silver, gold, and zinc oxide nanoparticles, etc. [25–27]. In addition,
several antimicrobial polymers are used in antibacterial applications, such as chitosan
and its derivatives, which are effective antibacterial agents. Antimicrobial materials based
on nanocellulose can be employed in a variety of applications, including drug carriers,
packaging materials, and wound care products [28].

In this study, we conducted modifications and extractions of nanocellulose from resid-
ual sugarcane bagasse fibers sourced from Northeastern Thailand, which is renowned as the
prime cultivation region for Saccharum officinarum. These efforts were aimed at formulating
innovative anti-S. aureus compounds suitable for integration into food packaging materials.
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2. Materials and Methods
2.1. Materials

Residual sugarcane bagasse fiber was sourced from Thong Pha Phum Fruit and
Vegetable Community Enterprise located in Kanchanaburi, Thailand. Sodium hydroxide
(NaOH) and hydrochloric acid (HCl) were purchased from S.N.P. General Trading Co., Ltd.,
(Bangkok, Thailand) and utilized for this experiment. Ethanol (99.5%, guaranteed reagent)
was provided by Fujifilm Wako Chemicals (Osaka, Japan), while supplementary solvents
and chemicals were analytical grade and employed without additional purification steps.
Microbiologics, Inc. (Saint Cloud, MN, USA) provided S. aureus derived from ATCC 25923.
Geno Technology Inc. (Saint Louis, MO, USA) provided the tryptic soy agar (TSA) and
tryptic soy broth (TSB). Greiner Bio-One International GmbH (Kremsmünster, Austria)
provided 96 mm-diameter Petri dishes for culture.

2.2. Extraction of Nanocellulose from Residual Sugarcane Bagasse Fiber

To gain the nanocellulose from the residual sugarcane bagasse fiber, the extraction
method from Gond et al. [29] was used with modifications. In the sample preparation step,
the residual sugarcane bagasse fiber was prepared and washed with DW water to remove
contamination from the post-harvest process. Subsequently, all the fibers underwent drying
in an oven for 2 or 3 days at 80 ◦C to eliminate any moisture adsorbed on the fibers. Initially,
10 g of the dried fibers were immersed in a 15%wt NaOH solution at room temperature
for 4 h. Following the 4 h immersion period, the fibers were washed repeatedly with DW
water to remove any remaining alkali from the fibers. This step aimed to eliminate the
presence of lignin, wax, and natural oils that covered the fibers’ surface. Additionally,
this process increased the surface roughness of the fibers. Afterwards, the fibers were
oven-dried at 80 ◦C for 1 d. In the second step, the fibers treated with alkali were immersed
in a 1 M HCl solution to help break up the cell wall and separate the microfibrils at 80 ◦C
for 4 h. Following this procedure, the HCl fibers were thoroughly rinsed with DW to get
rid of any remaining residue HCl, and then dried in the oven for 1 d at 80 ◦C. Next, 2 wt%
NaOH solution was added to the acid-treated fibers for 4 h at 80 ◦C to remove any residual
non-cellulosic materials from the fibers. After that, the fibers underwent another round of
washing and subsequent drying in the oven. Finally, the nanocellulose was obtained by
subjecting the treated fibers to a high-speed grinder for 3 min.

2.3. Yield Percentage

The percentage yield of the extracted nanocellulose was calculated through the gravi-
metric method, as shown in Equation (1) [30]:

The yield percentage of the extracted nanocellulose =
m2

m1
× 100 (1)

where m1 represents the initial weight of the sugarcane bagasse fiber, and m2 is the final
weight of the nanocellulose obtained.

2.4. Characterization
2.4.1. Fourier Transform Infrared Spectroscopy (FTIR)

The functional properties of the untreated bagasse fiber and nanocellulose were mea-
sured using Fourier transform infrared spectroscopy (FTIR-6100, JASCO Corporation,
Tokyo, Japan) combined with ATR (PRO ONE PKS-Z1, JASCO Corporation, Tokyo, Japan)
spectrometry using a Ge prism (PKS-G1, ASCO Corporation, Tokyo, Japan) in the range of
500–4000 cm−1.

2.4.2. Field-Emission Scanning Electron Microscopy (FESEM)

All the samples underwent platinum (Pt) coating using a spatter prior to examination
with FESEM (SU8020, Hitachi, Tokyo, Japan).
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2.4.3. Thermal Analysis

Thermogravimetric analysis (TGA) was performed utilizing a thermogravimetric
analyzer (TG/DTA7300, Seiko Instruments Inc., Chiba, Japan). The temperature was raised
to 550 ◦C with a heating rate of 15 ◦C/min, while argon gas flowed at a rate of 200 mL/min.

2.4.4. X-ray Diffraction (XRD)

The XRD profiles of each sample, including raw bagasse fiber and nanocellulose, were
analyzed using XRD (D8 Advanced, AXS-Bruker, Karlsruhe, Germany). The measurements
were conducted over a 2θ range from 10◦ to 60◦ at 40 kV and 40 mA, employing a Cu-Kα

radiation (1.5418 Å) source. The inter-planar separation (d-spacing) between atoms was
calculated using Bragg’s Law, expressed as Equation (2) [31]:

nλ = 2d sin θ (2)

where n (an integer) is the order of reflection, λ is the wavelength of the incident X-rays
(0.154 nm), d is the d-spacing, and θ is the angle of incidence.

The crystallinity index (CI) was determined using the peak height approach, calculated
according to Equation (3) [32]:

CI(%) =

(
IC − Iam

IC

)
× 100 (3)

where, IC and Iam represent the intensity of the crystalline peak (002) and the intensity
attributed to the amorphous peak, respectively.

2.4.5. X-ray Photoelectron Spectroscopy (XPS)

The surface compositions of the specimens underwent additional analysis through
XPS (JPS-9010TR, JEOL, Tokyo, Japan) with an AlKα radiation (1486.6 eV) source at 10 kV
and 20 mA. The high-resolution peaks of C1s and O1s were evaluated using XPSpeak41
v4.01. To avoid the charging effect, the C1s peaks of all samples were calibrated by shifting
to 248.8 eV. A Shirley-type background function was employed for spectrum fitting [33].

2.5. Anti-S. aureus Analysis

The extracted nanocellulose demonstrated anti-S. aureus activity, and the activity was
evaluated using an OD600 test and a colony counting method, as described in our previous
study [34]. The experimental details are as follows: Firstly, a glass tube (named the sample
tube) containing 4 mL TSB and 0.08 g of extracted nanocellulose was sterilized using an
autoclave (LBS-245, TOMY, Tokyo, Japan). For comparison, a control glass tube (named
the control tube) only containing 4 mL TSB was prepared. Subsequently, a pre-diluted
S. aureus inoculum was added to the sample and control tubes to achieve a final S. aureus
concentration of 1 × 104 cells mL−1. Afterwards, the sample and control tubes were placed
in a bio-shaker (BR-23FH, Taitec Corporation, Tokyo, Japan) for the cultivation of S. aureus
at a speed of 100 rpm min−1 and a temperature of 30 ◦C for 20 h. Finally, the OD600 values of
the cultivated S. aureus inoculums in the sample and control tubes were measured using an
ultraviolet-visible spectrophotometer (U-3900, HITACHI, Tokyo, Japan). Additionally, the
cultivated S. aureus inoculums in both the sample and control tubes were diluted 106 times,
respectively. Then, 20 µL of these diluted inoculums were spread onto TSA plates (sample
and control plates), respectively, followed by incubation at 37 ◦C for 24 h. The number of
S. aureus colonies on the TSA plate was then calculated. The inhibitory rate was determined
using the following formula:

Inhibitory rate (%) =
C − S

C
× 100

where S and C are the numbers of S. aureus colonies in the sample and control plates, respectively.
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2.6. Statistical Analysis

All values in this study were conducted in triplicate and reported as the
means ± standard deviation. The data were subjected to a one-way analysis of variance
(ANOVA) in SPSS v20. Statistical significance was at p < 0.05 using the least significant
difference (LSD) test.

3. Results and Discussion
3.1. Yield Percentage of Nanocellulose

The yield percentage was calculated using Equation (1), where an initial weight of
10 g of the bagasse fiber was measured and a final weight of 5.59 g of the nanocellulose
was obtained after all the extraction steps. The yield percentage of nanocellulose was
55.9%. To eliminate the hemicellulose and lignin from sugarcane bagasse fiber, the alkali
and acid treatment were efficiently removed [35]. The percentage yield was lower due to
the presence of 30–70% hemicellulose and lignin in the sugarcane bagasse produced in
Thailand [36]. The alkaline and acid treatment effectively removed the lignin, wax, and
natural oils, as well as the residue of non-cellulosic components from the sugarcane bagasse.
Lignin and hemicellulose were additionally removed during the second alkaline bleaching
process [29]. The lower yield percentage of nanocellulose extraction was supported by all
of the explanations.

3.2. FTIR

The changes in the functional properties of both the bagasse fiber and nanocellulose
were identified using FTIR, as shown in Figure 1. Bagasse fiber consists of three main com-
ponents: cellulose, hemicellulose, and lignin. These constituents are composed of alkanes,
ketones, esters, alcohols, and aromatics with distinct oxygen-containing groups [37]. The
broad peak at 2996–3703 cm−1 indicates the OH stretching vibration of the hydroxyl group
in the cellulose, hemicellulose, and lignin [38]. Additionally, the C-H group, primarily
found in the structures of cellulose, hemicellulose, and lignin, can be observed from 2776
to 2998 cm−1. In addition, a peak at 1732 cm−1 represents the C=O structure of the un-
treated bagasse fiber, indicating the C=O stretching vibration of the acetyl and uronic ester
groups present in the hemicellulose and lignin structure. However, after the extraction of
nanocellulose, the peak at 1732 cm−1 disappeared, confirming the successful removal of
hemicellulose and lignin [39]. Additionally, the aromatic skeletal vibration of lignin in the
untreated bagasse fiber was found at 1250, 1375, and 1518 cm−1 [40]. After the extraction of
nanocellulose, the intensity of the peak at 1250 cm−1 was significantly decreased due to the
removal of lignin [41]. In addition, the peak at the 1033 cm−1 increased after the extraction
of nanocellulose, signifying the improvement of the surface area of the nanocellulose. The
OH bending vibration of adsorbed moisture appeared at 1637 cm−1 due to the hydrophilic
properties of the fiber. Nevertheless, this peak was not detected in the nanocellulose after
extraction [42]. Furthermore, the broad peak of the OH stretching vibration of nanocellulose
at 3332 cm−1 was found to decline after the extraction. This supports the decrease in the
adsorption of moisture [43].

3.3. FESEM

The results of the morphological analysis using FESEM are shown in Figure 2a, repre-
senting the cellulose of the bagasse fiber; Figure 2b illustrates the nanocellulose obtained
from the extraction process from the bagasse fiber. Figure 2a displays the bagasse fiber
before the extraction process. It reveals that the cellulose of the bagasse fiber was sur-
rounded by the remaining materials and firmly stuck together in a pile. This observation
may be attributed to the presence of a wax layer, intact lignocellulose fragments, and a large
number of microfibrils. The nanocellulose treated with alkaline and acid hydrolysis after
the extraction process is shown in Figure 2b. The surface morphology of the nanocellulose
was a higher quality compared to the cellulose products. This superior quality can be
attributed to the treatment steps involved, including alkaline dewaxing, acid hydrolysis,
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and the second alkaline bleaching process, which led to the formation of microfibrils by
removing the lignin and hemicellulose. The nanocellulose in Figure 2b was measured
using ImageJ software v1.8.0 to determine its length, diameter, and aspect ratio (L/D) of
ten random areas. The mean measurements of the length, diameter, and L/D were 442.9,
142.2, and 3.12 nm., respectively (Table 1). The given nanocellulose has a favorable aspect
ratio, which indicates a higher potential for reinforcing. Hence, the morphological analysis
provides evidence that nanoparticles can be separated from bagasse using the method
presented in this study [29].

Polymers 2024, 16, x FOR PEER REVIEW 6 of 13 
 

 

peak was not detected in the nanocellulose after extraction [42]. Furthermore, the broad 
peak of the OH stretching vibration of nanocellulose at 3332 cm−1 was found to decline 
after the extraction. This supports the decrease in the adsorption of moisture [43]. 

 
Figure 1. FTIR spectra of bagasse fiber compared to the extraction of nanocellulose. 

3.3. FESEM 
The results of the morphological analysis using FESEM are shown in Figure 2a, 

representing the cellulose of the bagasse fiber; Figure 2b illustrates the nanocellulose 
obtained from the extraction process from the bagasse fiber. Figure 2a displays the bagasse 
fiber before the extraction process. It reveals that the cellulose of the bagasse fiber was 
surrounded by the remaining materials and firmly stuck together in a pile. This 
observation may be attributed to the presence of a wax layer, intact lignocellulose 
fragments, and a large number of microfibrils. The nanocellulose treated with alkaline and 
acid hydrolysis after the extraction process is shown in Figure 2b. The surface morphology 
of the nanocellulose was a higher quality compared to the cellulose products. This superior 
quality can be attributed to the treatment steps involved, including alkaline dewaxing, 
acid hydrolysis, and the second alkaline bleaching process, which led to the formation of 
microfibrils by removing the lignin and hemicellulose. The nanocellulose in Figure 2b was 
measured using ImageJ software v1.8.0 to determine its length, diameter, and aspect ratio 
(L/D) of ten random areas. The mean measurements of the length, diameter, and L/D were 
442.9, 142.2, and 3.12 nm., respectively (Table 1). The given nanocellulose has a favorable 
aspect ratio, which indicates a higher potential for reinforcing. Hence, the morphological 
analysis provides evidence that nanoparticles can be separated from bagasse using the 
method presented in this study [29]. 

Figure 1. FTIR spectra of bagasse fiber compared to the extraction of nanocellulose.

Polymers 2024, 16, x FOR PEER REVIEW 7 of 13 
 

 

 
Figure 2. FESEM images of (a) cellulose of the bagasse fiber and (b) nanocellulose after the extraction. 

Table 1. Particle sizes and aspect ratios of nanocellulose extracted from sugarcane bagasse. 

No. Length (nm) Diameter (nm)  Aspect Ratio (L/D) 
1 711 43 16.53 
2 230 27 8.52 
3 281 172 1.63 
4 129 12 10.75 
5 500 160 3.13 
6 352 203 1.73 
7 906 742 1.22 
8 887 47 18.87 
9 285 12 23.75 
10 148 4 37.00 

Average  442.9 142.2 3.11 

3.4. XRD 
The XRD patterns of both the cellulose from the bagasse fiber and the nanocellulose 

are depicted in Figure 3. Cellulose, hemicellulose, and lignin are the primary components 
of bagasse fiber. The crystalline structure of cellulose arises from its hydrogen bond 
structure. Hemicellulose and lignin, on the other hand, have an amorphous structure [44]. 
Two remarkable peaks of cellulose from bagasse fibers were exhibited at 16.3° and 22.1°, 
corresponding to the (1–01) and (002) planes, respectively. These peaks are characteristic 
of cellulose type 1, commonly observed in various types of fiber. Following the extraction 
of nanocellulose, a slight shoulder was clearly identified at 15.6°, corresponding to the 
(110) plane, showing success in removing the amorphous structure of cellulose from the 
bagasse pulp [29,45]. Furthermore, the comparison of the crystallinity index (%CI) between 
cellulose and nanocellulose from the bagasse fiber extraction process was calculated and 
confirmed using Equation (3). Cellulose and nanocellulose had %CI of 31.26 and 54.96, 
respectively. The %CI of nanocellulose after the alkaline and acid treatments was higher 
than that of the untreated bagasse fiber. This was a result of the breakdown of the 
amorphous area and the enhancement of the crystalline regions. Furthermore, the alkali 
treatment improved the CI by excluding amorphous non-cellulosic components and 
forming H-bonding, which restricts the free mobility of cellulose chains. The removal of 
non-cellulosic elements influenced the crystallinity properties [42,46]. 

Figure 2. FESEM images of (a) cellulose of the bagasse fiber and (b) nanocellulose after the extraction.

Table 1. Particle sizes and aspect ratios of nanocellulose extracted from sugarcane bagasse.

No. Length (nm) Diameter (nm) Aspect Ratio (L/D)

1 711 43 16.53
2 230 27 8.52
3 281 172 1.63
4 129 12 10.75
5 500 160 3.13
6 352 203 1.73
7 906 742 1.22
8 887 47 18.87
9 285 12 23.75
10 148 4 37.00

Average 442.9 142.2 3.11
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3.4. XRD

The XRD patterns of both the cellulose from the bagasse fiber and the nanocellulose
are depicted in Figure 3. Cellulose, hemicellulose, and lignin are the primary components
of bagasse fiber. The crystalline structure of cellulose arises from its hydrogen bond
structure. Hemicellulose and lignin, on the other hand, have an amorphous structure [44].
Two remarkable peaks of cellulose from bagasse fibers were exhibited at 16.3◦ and 22.1◦,
corresponding to the (1–01) and (002) planes, respectively. These peaks are characteristic of
cellulose type 1, commonly observed in various types of fiber. Following the extraction of
nanocellulose, a slight shoulder was clearly identified at 15.6◦, corresponding to the (110)
plane, showing success in removing the amorphous structure of cellulose from the bagasse
pulp [29,45]. Furthermore, the comparison of the crystallinity index (%CI) between cellulose
and nanocellulose from the bagasse fiber extraction process was calculated and confirmed
using Equation (3). Cellulose and nanocellulose had %CI of 31.26 and 54.96, respectively.
The %CI of nanocellulose after the alkaline and acid treatments was higher than that of the
untreated bagasse fiber. This was a result of the breakdown of the amorphous area and the
enhancement of the crystalline regions. Furthermore, the alkali treatment improved the
CI by excluding amorphous non-cellulosic components and forming H-bonding, which
restricts the free mobility of cellulose chains. The removal of non-cellulosic elements
influenced the crystallinity properties [42,46].
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3.5. Thermal Analysis

The percentage change in weight with temperature for both cellulose and nanocellu-
lose from the bagasse fiber extraction process was determined with the thermal analysis
(TGA and DTG), as depicted in Figure 4a,b. The decomposition of bagasse fiber occurs at
different temperatures ranges: moisture evaporation (50–100 ◦C), cellulose (229–344 ◦C),
hemicellulose (170–229 ◦C), and lignin (229–462 ◦C) [47]. The weight loss percentage was
noted at two primary degradation stages: the first, occurring at around 50–100 ◦C was
associated with moisture loss (2%), while the second, representing 96.3% of the weight
loss, occurred between 170 and 344 ◦C. This latter stage involved at least two reactions
(derivative curve), corresponding to the thermal decomposition of cellulose and hemicel-
lulose, which are the major components of bagasse fiber. Furthermore, the lignin peak is
broader and appears between 229 ◦C and 462 ◦C overlapping with the peaks of cellulose
and hemicellulose [48]. Figure 4a compares the TGA of cellulose and nanocellulose, with
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the initial temperature stage ranging from 100 to 229 ◦C (6.5%) due to the evaporation of
free moisture from the surface of the nanocellulose. This phenomenon is caused by the
elimination of hemicellulose and lignin post-extraction. Additionally, the nanocellulose
also shows the highest thermal stability [49]. At temperatures exceeding 229 ◦C, the second
stage shows a decrease in weight (93.5%) due to the decomposition of the fiber components,
such as cellulose, hemicellulose, and lignin. The results indicate that the bagasse fiber, after
the nanocellulose extraction process, had lower thermal stability compared to the untreated
fiber. This reduction in thermal stability is attributed to the removal of the hemicellulose
and lignin, which serve as protective thermal barriers. However, the results also indicate
that the weight loss of the nanocellulose after extraction was lower than that of the cellulose
before extraction [50].
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3.6. XPS

The chemical compositions of the cellulose and nanocellulose from the bagasse fiber
extraction process were determined using XPS. The full XPS spectra of C1s and O1s were
compared before and after the extraction of the nanocellulose, confirming the FTIR results.
Figure 5 shows the full XPS spectra of both of the cellulose and nanocellulose from the
bagasse fiber, with two associated peaks attributed to C1s (approximately 287 eV) and O1s
(approximately 534 eV).
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Figure 6a–d depicts the C1s and O1s spectra of the cellulose and nanocellulose from the
bagasse fiber. The C1s spectrum of the cellulose from bagasse fiber (Figure 6a) corresponds
to three groups: -CHx(287.1 eV), -C-O- (289.1 eV), and -C(=O)-O- (290.4 eV). For the
nanocellulose (Figure 6c), an additional of C1s peak was detected C-C=O (290.7 eV), which
confirms the successful extraction of nanocellulose [51]. Furthermore, three O1s peaks
of the cellulose from the bagasse fiber (Figure 6b) appear at 535.3, 534.5 and 533.4 eV,
corresponding to -O-, -OH and -C=O-, respectively. However, in the nanocellulose obtained
after extraction, the O1s peaks show a slight shift, and only -O- (535.2 eV) and -OH (533.8 eV)
(Figure 6d). This is consistent with previous research, confirming the successful extraction
of the nanocellulose [52].
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3.7. Anti-S. aureus Activity

The anti-S. aureus analysis of the nanocellulose was carried out via an OD600 test
and a colony counting method. The results of the OD600 values are presented in Table 2.
Clearly, the OD600 value of S. aureus inoculum in the medium containing nanocellulose
was lower than that of the control. This inhibitory effect the growth of S. aureus was
likely due to the antiadhesion effect of the nanocellulose, as adhesion is the initial stage of
bacterial biofilm formation [53,54]. The bacterial surfaces, which typically have a negative
charge, can interact with extracellular carriers through several mechanisms, such as van der
Waals forces, steric effects, and electrostatic interactions. Nevertheless, the carboxyl group
presenting in nanocellulose can dissociate and form a negatively charged carboxylate anion.
This anion can induce electrostatic repulsion toward bacterial cells, thus impeding their
attachment to surfaces and disrupting the formation of bacterial biofilms [55]. Furthermore,
nanocellulose with a lower molecular weight and an extremely small size has an enhanced
diffusion property and better interaction with bacteria, thus likely leading to an improved
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effect of bacteriostasis. As a result, the death of some S. aureus cells occurred in the medium
containing nanocellulose during incubation, resulting in a slight increase in the OD600 value.
Therefore, to obtain a more precise evaluation, a colony counting method was conducted,
determining an inhibitory rate of 53.12 ± 7.13%. This outcome suggests that nanocellulose
extracted from bagasse fiber holds potential for anti-S. aureus applications.

Table 2. OD600 values of S. aureus inoculum in the medium with and without nanocellulose.

With Nanocellulose Without Nanocellulose
(Control)

OD600 value 2.10 ± 0.06 3.44 ± 0.14

Note: OD600 of 1.0 ≈ 8 × 108 cells mL−1. Significant difference of two values is shown according to the LSD test
(p < 0.05).

4. Conclusions

This study successfully developed nanocellulose extracted from residual sugarcane
bagasse through alkaline and acid treatments, achieving a production yield of 55.6%. The
FTIR and XPS analyses indicated differences in both the functional and chemical composi-
tions between the untreated sugarcane bagasse and the nanocellulose after the extraction.
The particle size of the nanocellulose was affirmed by FE-SEM analysis and calculated using
ImageJ software v1.8.0. Additionally, TGA, DTG, and XRD analyses were also used and
confirmed the successful extraction of nanocellulose by assessing its morphological charac-
teristics, thermal stability, and crystal structure before and after extraction. Significantly,
an inhibitory rate of 53.12% against S. aureus was achieved, suggesting that nanocellulose
derived from sugarcane bagasse has potential as an antibacterial agent.
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Nanocellulose in Polymer Composite Materials: A Review. Polymers 2021, 13, 231. [CrossRef] [PubMed]

15. Daim, W.; Uyama, H.; Lim, S.A. Nanocellulose synthesized from sugarcane bagasse (S. officinarum) via alkaline-mechanical
process and its characterization. ASEAN J. Sci. Technol. Dev. 2024, 40, 8. [CrossRef]

16. Dufresne, A. Nanocellulose: Potential reinforcement in composites. In Natural Polymers Volume 2: Nanocomposites; John, M.J.,
Thomas, S., Eds.; Royal Society of Chemistry: Cambridge, UK, 2012; pp. 1–32. ISBN 978-1-84973-531-5.

17. Chinga-Carrasco, G. Potential and limitations of nanocelluloses as components in biocomposite inks for three-dimensional
bioprinting and for biomedical devices. Biomacromolecules 2018, 19, 701–711. [CrossRef] [PubMed]

18. Wang, J.; Han, X.; Zhang, C.; Liu, K.; Duan, G. Source of nanocellulose and its application in nanocomposite packaging material:
A review. Nanomaterials 2022, 12, 3158. [CrossRef] [PubMed]

19. Spagnuolo, L.; D’Orsi, R.; Operamolla, A. Nanocellulose for Paper and Textile Coating: The Importance of Surface Chemistry.
ChemPlusChem 2022, 87, e202200204. [CrossRef] [PubMed]

20. Norrrahim, M.N.F.; Nurazzi, N.M.; Jenol, M.A.; Farid, M.A.A.; Janudin, N.; Ujang, F.A.; Yasim-Anuar, T.A.T.; Najmuddin, S.U.F.S.;
Ilyas, R.A. Emerging development of nanocellulose as an antimicrobial material: An overview. Mater. Adv. 2021, 2, 3538–3551.
[CrossRef]

21. Phanthong, P.; Reubroycharoen, P.; Hao, X.; Xu, G.; Abudula, A.; Guan, G. Nanocellulose: Extraction and application. Carbon
Resour. Convers. 2018, 1, 32–43. [CrossRef]

22. Souza, E.; Gottschalk, L.; Freitas-Silva, O. Overview of nanocellulose in food packaging. Recent Pat. Food Nutr. Agric. 2020, 11,
154–167. [CrossRef]

23. Naettip, S.; Wongsuwanphon, S.; Khamsakhon, S.; Insri, C.; Kanyamee, O.; Siri, C.; Suphanchaimat, R. Staphylococcal Food
Poisoning Outbreak from a Community Gathering, Wang Nuea District, Lampang Province, Northern Thailand, July 2022.
Outbreak Surveill. Investig. Response (OSIR) J. 2023, 16, 93–104. [CrossRef]

24. Pal, M.; Ketchakmadze, D.; Durglishvili, N.; Ketchakmadze, K. Staphylococcus aureus: A major pathogen of food poisoning: A
rare research report. Nutr. Food Process. 2022, 5, 1–3.

25. Kim, I.; Viswanathan, K.; Kasi, G.; Thanakkasaranee, S.; Sadeghi, K.; Seo, J. ZnO nanostructures in active antibacterial food
packaging: Preparation methods, antimicrobial mechanisms, safety issues, future prospects, and challenges. Food Rev. Int. 2022,
38, 537–565. [CrossRef]

26. Min, T.; Zhu, Z.; Sun, X.; Yuan, Z.; Zha, J.; Wen, Y. Highly efficient antifogging and antibacterial food packaging film fabricated by
novel quaternary ammonium chitosan composite. Food Chem. 2020, 308, 125682. [CrossRef] [PubMed]

27. Huang, T.; Qian, Y.; Wei, J.; Zhou, C. Polymeric antimicrobial food packaging and its applications. Polymers 2019, 11, 560.
[CrossRef] [PubMed]

28. Li, J.; Cha, R.; Mou, K.; Zhao, X.; Long, K.; Luo, H.; Zhou, F.; Jiang, X. Nanocellulose-Based Antibacterial Materials. Adv. Healthc.
Mater. 2018, 7, 1800334. [CrossRef] [PubMed]

29. Gond, R.K.; Gupta, M.K.; Jawaid, M. Extraction of nanocellulose from sugarcane bagasse and its characterization for potential
applications. Polym. Compos. 2021, 42, 5400–5412. [CrossRef]

30. Sanuja, S.; Agalya, A.; Umapathy, M. Studies on magnesium oxide reinforced chitosan bionanocomposite incorporated with clove
oil for active food packaging application. Int. J. Polym. Mater. 2014, 63, 733–740. [CrossRef]

31. Rodríguez, F.J.; Coloma, A.; Galotto, M.J.; Guarda, A.; Bruna, J.E. Effect of organoclay content and molecular weight on cellulose
acetate nanocomposites properties. Polym. Degrad. Stab. 2012, 97, 1996–2001. [CrossRef]

32. Rambo, M.K.; Ferreira, M. Determination of cellulose crystallinity of banana residues using near infrared spectroscopy and
multivariate analysis. J. Braz. Chem. Soc. 2015, 26, 1491–1499. [CrossRef]

33. Tougaard, S.; Jansson, C. Comparison of validity and consistency of methods for quantitative XPS peak analysis. Surf. Interface
Anal. 1993, 20, 1013–1046. [CrossRef]

https://doi.org/10.1080/15440478.2022.2150924
https://doi.org/10.1080/23311916.2023.2200903
https://doi.org/10.2174/0929866525666180122144504
https://doi.org/10.1007/s10570-018-1723-5
https://doi.org/10.1002/pc.25379
https://doi.org/10.1016/j.jmrt.2020.01.013
https://doi.org/10.3390/polym13020231
https://www.ncbi.nlm.nih.gov/pubmed/33440879
https://doi.org/10.61931/2224-9028.1547
https://doi.org/10.1021/acs.biomac.8b00053
https://www.ncbi.nlm.nih.gov/pubmed/29489338
https://doi.org/10.3390/nano12183158
https://www.ncbi.nlm.nih.gov/pubmed/36144946
https://doi.org/10.1002/cplu.202200204
https://www.ncbi.nlm.nih.gov/pubmed/36000154
https://doi.org/10.1039/D1MA00116G
https://doi.org/10.1016/j.crcon.2018.05.004
https://doi.org/10.2174/2212798410666190715153715
https://doi.org/10.59096/osir.v16i2.263737
https://doi.org/10.1080/87559129.2020.1737709
https://doi.org/10.1016/j.foodchem.2019.125682
https://www.ncbi.nlm.nih.gov/pubmed/31655479
https://doi.org/10.3390/polym11030560
https://www.ncbi.nlm.nih.gov/pubmed/30960544
https://doi.org/10.1002/adhm.201800334
https://www.ncbi.nlm.nih.gov/pubmed/29923342
https://doi.org/10.1002/pc.26232
https://doi.org/10.1080/00914037.2013.879445
https://doi.org/10.1016/j.polymdegradstab.2012.06.003
https://doi.org/10.5935/0103-5053.20150118
https://doi.org/10.1002/sia.740201302


Polymers 2024, 16, 1612 12 of 12

34. Kong, P.; Thangunpai, K.; Zulfikar, A.; Masuo, S.; Abe, J.P.; Enomae, T. Preparation of Green Anti-Staphylococcus aureus Inclusion
Complexes Containing Hinoki Essential Oil. Foods 2023, 12, 3104. [CrossRef] [PubMed]

35. Seta, F.T.; An, X.; Liu, L.; Zhang, H.; Yang, J.; Zhang, W.; Nie, S.; Yao, S.; Cao, H.; Xu, Q. Preparation and characterization of
high yield cellulose nanocrystals (CNC) derived from ball mill pretreatment and maleic acid hydrolysis. Carbohydr. Polym. 2020,
234, 115942. [CrossRef] [PubMed]

36. Imman, S.; Khongchamnan, P.; Wanmolee, W.; Laosiripojana, N.; Kreetachat, T.; Sakulthaew, C.; Chokejaroenrat, C.; Suriyachai, N.
Fractionation and characterization of lignin from sugarcane bagasse using a sulfuric acid catalyzed solvothermal process. RSC
Adv. 2021, 11, 26773–26784. [CrossRef]

37. Oh, S.Y.; Yoo, D.I.; Shin, Y.; Seo, G. FTIR analysis of cellulose treated with sodium hydroxide and carbon dioxide. Carbohydr. Res.
2005, 340, 417–428. [CrossRef] [PubMed]

38. Melesse, G.T.; Hone, F.G.; Mekonnen, M.A. Extraction of Cellulose from Sugarcane Bagasse Optimization and Characterization.
Adv. Mater. Sci. Eng. 2022, 2022, 1712207. [CrossRef]

39. Trilokesh, C.; Uppuluri, K.B. Isolation and characterization of cellulose nanocrystals from jackfruit peel. Sci. Rep. 2019, 9, 16709.
[CrossRef] [PubMed]

40. Kargarzadeh, H.; Ahmad, I.; Abdullah, I.; Dufresne, A.; Zainudin, S.Y.; Sheltami, R.M. Effects of hydrolysis conditions on the
morphology, crystallinity, and thermal stability of cellulose nanocrystals extracted from kenaf bast fibers. Cellulose 2012, 19,
855–866. [CrossRef]

41. Jonoobi, M.; Khazaeian, A.; Tahir, P.M.; Azry, S.S.; Oksman, K. Characteristics of cellulose nanofibers isolated from rubberwood
and empty fruit bunches of oil palm using chemo-mechanical process. Cellulose 2011, 18, 1085–1095. [CrossRef]

42. Nacos, M.K.; Katapodis, P.; Pappas, C.; Daferera, D.; Tarantilis, P.; Christakopoulos, P.; Polissiou, M. Kenaf xylan–a source of
biologically active acidic oligosaccharides. Carbohydr. Polym. 2006, 66, 126–134. [CrossRef]

43. Abraham, E.; Deepa, B.; Pothen, L.; Cintil, J.; Thomas, S.; John, M.J.; Anandjiwala, R.; Narine, S. Environmental friendly method
for the extraction of coir fibre and isolation of nanofibre. Carbohydr. Polym. 2013, 92, 1477–1483. [CrossRef] [PubMed]

44. Johar, N.; Ahmad, I.; Dufresne, A. Extraction, preparation and characterization of cellulose fibres and nanocrystals from rice husk.
Ind. Crops Prod. 2012, 37, 93–99. [CrossRef]

45. Nishiyama, Y. Structure and properties of the cellulose microfibril. J. Wood Sci. 2009, 55, 241–249. [CrossRef]
46. Li, M.; Wang, L.-J.; Li, D.; Cheng, Y.-L.; Adhikari, B. Preparation and characterization of cellulose nanofibers from de-pectinated

sugar beet pulp. Carbohydr. Polym. 2014, 102, 136–143. [CrossRef]
47. Yang, H.; Yan, R.; Chen, H.; Lee, D.H.; Zheng, C. Characteristics of hemicellulose, cellulose and lignin pyrolysis. Fuel 2007, 86,

1781–1788. [CrossRef]
48. Teixeira, S.R.; Arenales, A.; De Souza, A.E.; Magalhães, R.d.S.; Peña, A.F.V.; Aquino, D.; Freire, R. Sugarcane bagasse: Applications

for energy production and ceramic materials. J. Solid Waste Technol. Manag. 2015, 41, 229–238. [CrossRef]
49. Sahu, P.; Gupta, M. Effect of ecofriendly coating and treatment on mechanical, thermal and morphological properties of sisal fibre.

Indian J. Fibre Text. Res. 2019, 44, 199–204.
50. Chen, X.; Yu, J.; Zhang, Z.; Lu, C. Study on structure and thermal stability properties of cellulose fibers from rice straw. Carbohydr.

Polym. 2011, 85, 245–250. [CrossRef]
51. Kuzmenko, V.; Wang, N.; Haque, M.; Naboka, O.; Flygare, M.; Svensson, K.; Gatenholm, P.; Liu, J.; Enoksson, P. Cellulose-derived

carbon nanofibers/graphene composite electrodes for powerful compact supercapacitors. RSC Adv. 2017, 7, 45968–45977.
[CrossRef]

52. Wang, Q.; Xie, D.; Chen, J.; Liu, G.; Yu, M. Superhydrophobic paper fabricated via nanostructured titanium dioxide-functionalized
wood cellulose fibers. J. Mater. Sci. 2020, 55, 7084–7094. [CrossRef]

53. Tian, H.; Li, W.; Chen, C.; Yu, H.; Yuan, H. Antibacterial Activity and Mechanism of Oxidized Bacterial Nanocellulose with
Different Carboxyl Content. Macromol. Biosci. 2023, 23, 2200459. [CrossRef] [PubMed]

54. El-Sheekh, M.M.; Yousuf, W.E.; Kenawy, E.-R.; Mohamed, T.M. Biosynthesis of cellulose from Ulva lactuca, manufacture of
nanocellulose and its application as antimicrobial polymer. Sci. Rep. 2023, 13, 10188. [CrossRef] [PubMed]

55. Dou, X.-Q.; Zhang, D.; Feng, C.; Jiang, L. Bioinspired Hierarchical Surface Structures with Tunable Wettability for Regulating
Bacteria Adhesion. ACS Nano 2015, 9, 10664–10672. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/foods12163104
https://www.ncbi.nlm.nih.gov/pubmed/37628104
https://doi.org/10.1016/j.carbpol.2020.115942
https://www.ncbi.nlm.nih.gov/pubmed/32070552
https://doi.org/10.1039/D1RA03237B
https://doi.org/10.1016/j.carres.2004.11.027
https://www.ncbi.nlm.nih.gov/pubmed/15680597
https://doi.org/10.1155/2022/1712207
https://doi.org/10.1038/s41598-019-53412-x
https://www.ncbi.nlm.nih.gov/pubmed/31723189
https://doi.org/10.1007/s10570-012-9684-6
https://doi.org/10.1007/s10570-011-9546-7
https://doi.org/10.1016/j.carbpol.2006.02.032
https://doi.org/10.1016/j.carbpol.2012.10.056
https://www.ncbi.nlm.nih.gov/pubmed/23399179
https://doi.org/10.1016/j.indcrop.2011.12.016
https://doi.org/10.1007/s10086-009-1029-1
https://doi.org/10.1016/j.carbpol.2013.11.021
https://doi.org/10.1016/j.fuel.2006.12.013
https://doi.org/10.5276/JSWTM.2015.229
https://doi.org/10.1016/j.carbpol.2011.02.022
https://doi.org/10.1039/C7RA07533B
https://doi.org/10.1007/s10853-020-04489-7
https://doi.org/10.1002/mabi.202200459
https://www.ncbi.nlm.nih.gov/pubmed/36575859
https://doi.org/10.1038/s41598-023-37287-7
https://www.ncbi.nlm.nih.gov/pubmed/37349573
https://doi.org/10.1021/acsnano.5b04231
https://www.ncbi.nlm.nih.gov/pubmed/26434605

	Introduction 
	Materials and Methods 
	Materials 
	Extraction of Nanocellulose from Residual Sugarcane Bagasse Fiber 
	Yield Percentage 
	Characterization 
	Fourier Transform Infrared Spectroscopy (FTIR) 
	Field-Emission Scanning Electron Microscopy (FESEM) 
	Thermal Analysis 
	X-ray Diffraction (XRD) 
	X-ray Photoelectron Spectroscopy (XPS) 

	Anti-S. aureus Analysis 
	Statistical Analysis 

	Results and Discussion 
	Yield Percentage of Nanocellulose 
	FTIR 
	FESEM 
	XRD 
	Thermal Analysis 
	XPS 
	Anti-S. aureus Activity 

	Conclusions 
	References

