
Citation: Hernández-López, R.;

López-Malo, A.; Navarro-Amador, R.;

Ramírez-Corona, N. Sustainable

Filters with Antimicrobial Action

from Sugarcane Bagasse: A Novel

Waste Utilization Approach. Waste

2024, 2, 122–135. https://doi.org/

10.3390/waste2010007

Academic Editor: Catherine

N. Mulligan

Received: 24 November 2023

Revised: 16 February 2024

Accepted: 29 February 2024

Published: 8 March 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

Sustainable Filters with Antimicrobial Action from Sugarcane
Bagasse: A Novel Waste Utilization Approach
Rosa Hernández-López 1 , Aurelio López-Malo 1 , Ricardo Navarro-Amador 2 and Nelly Ramírez-Corona 1,*

1 Department of Chemical, Food and Environmental Engineering, Universidad de las Américas Puebla,
San Andrés Cholula 72810, PU, Mexico; rosa.hernandezlz@udlap.mx (R.H.-L.);
aurelio.lopezm@udlap.mx (A.L.-M.)

2 Department of Chemical and Biological Sciences, Universidad de las Américas Puebla,
San Andrés Cholula 72810, PU, Mexico; ricardo.navarro@udlap.mx

* Correspondence: nelly.ramirez@udlap.mx

Abstract: Sugarcane bagasse (SCB) is a waste product from Mexico’s sugar industry that is generally
burned or discarded. It contains around 48% cellulose, representing a significant source of this
component from industrial waste. Eugenol is found in clove oil; it has been used for its medicinal
and antimicrobial benefits in the food and pharmaceutical industries. This study aims to develop
a filtering material using sugarcane bagasse (SCB) and encapsulated eugenol as an antimicrobial
agent. The study involves extracting cellulose from SCB using alkaline hydrolysis with ultrasound,
followed by forming composite materials encapsulated in alginate with eugenol concentrations from
0 to 1% v/v. These materials were characterized and tested for antimicrobial efficacy. The findings
indicate that the cellulose–eugenol–alginate composite displays high eugenol encapsulation efficiency
and effective short-term release. In well-diffusion assays, the material showed inhibition halos up
to 20.47 mm against S. aureus, suggesting its potential as an eco-friendly alternative to traditional
antimicrobial agents in filter materials.
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1. Introduction

Sugarcane bagasse is a fibrous residue generated during sugar extraction in sugar mills.
It consists of the woody stalks, leaves, and sugarcane tops that remain after the sucrose-rich
juice has been extracted [1]. In Mexico, one of the largest sugarcane producers globally,
bagasse is a significant waste byproduct of the sugar industry. However, it also presents
several opportunities for utilization in various sectors, contributing to waste reduction,
energy production, and the development of sustainable products [2].

Sugarcane bagasse contains around 48% cellulose, generally burned or discarded
in the industry. Cellulose extracted from sugar cane bagasse can serve as a component
for antimicrobial composites due to its abundance, renewability, and biodegradability [3].
These composites find applications in various fields, such as food packaging, medical
devices, and textiles [4].

In recent years, functionalized materials for packaging have been extensively stud-
ied, for instance, in nanofibers based on chitosan, carboxyl methylcellulose, or starch for
preserving meat, seeds, and fresh fruits [3,5,6]. In the food industry, nanocellulose (NC)
has been widely explored as an alternative polymer in membranes and filters, especially in
clarifying beverages and treating wastewater and human consumption [7].

In an era marked by increasing concerns about antimicrobial resistance, there is a
growing need to broaden the range of safe antimicrobials for use in the food industry.
This has led to an exploration of essential oils (EOs) as potential candidates for functional
materials to extend the shelf life of food products by preventing the growth of pathogens
and microorganisms. For instance, Sayed et al. [8] developed an active biofilm made of
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polyvinyl alcohol (PVA), cross-linked with alkaline cellulose, with different weight ratios
of essential clove oil (0.17, 0.33, or 0.67% v/v), demonstrated antimicrobial efficacy against
various pathogens, suggesting these biofilms are well-suited for packaging applications.
Cinnamon essential oil, as used by Paris et al. [9] to assess the encapsulation efficiency
at a 5% v/v concentration in sodium alginate beads and analyze its controlled release in
the vapor phase, showed enhanced antifungal activity against pathogens such as Botrytis
cinerea, Penicillium expansum, Alternaria alternata, and Colletotrichum gloeosporioides.

Consequently, recent studies have tested the antimicrobial properties of these oils both
in vitro and in food [10]. Staphylococcus aureus (S. aureus) is a bacterium that can cause
several infections in humans, and its presence in beverages can lead to health concerns.
While S. aureus is not typically associated with high-pH beverages, its presence might occur
due to improper handling, storage, or preparation practices. Even in more acidic conditions
S. aureus can survive to some extent; thus, the acidic nature of a beverage may affect its
growth and survival, but it does not completely eliminate the possibility of its presence.

Therefore, in recent years, there has been an increasing interest in studying the use of
functionalized materials for liquid food processing to reduce the number of microorganisms
present. For instance, some authors have used silica-based filters with carvacrol, eugenol,
thymol, or vanillin for the filtration of waterborne microorganisms from water [11], varying
the silica microparticles size and filtration layer thickness, achieving 3 to 5 log reduction
values for different microorganisms. Dikic et al. developed composites using natural
zeolite, thymol, and carvacrol through supercritical solvent impregnation; the materials
showed antibacterial activity against E. coli and S. aureus in spring water and lake water [12].
Peña Gomez et al. proposed silica microparticle-based filtering materials, functionalized
with essential oil components (eugenol and vanillin with a final concentration of 35.8
or 114.9 mg/g SiO2), as an alternative preservation approach for apple juice. The study
confirms the effective immobilization of antimicrobial compounds on the particle surface,
showcasing the filtration system’s ability to reduce Escherichia coli by at least 5-log in apple
juice [13].

This study aims to develop functionalized filters of cellulose obtained from sugarcane
bagasse, looking for innovative ways to reuse this waste material. Cellulose and a composite
of cellulose with polyvinyl alcohol (PVA) were utilized as a support for filters that were
functionalized with eugenol. These filters were evaluated by examining their physical
properties, chemical composition, and antimicrobial efficacy against S. aureus.

2. Materials and Methods
2.1. Materials

Sugarcane bagasse (SCB) was obtained from the Atencingo Sugarcane Industry in the
Izúcar de Matamoros region, Puebla, Mexico (18◦30′48′′ N, 98◦36′20′′ O). Ethanol (99.5%),
hydrogen peroxide (6%), sodium hydroxide, sulfuric acid, and eugenol (CAS 97-53-0) were
obtained from Sigma-Aldrich Co. (St. Louis, MO, USA). Alkaline hydrogen peroxide (PHA)
solution was prepared by adding 1 N NaOH in 3% H2O2 solution until reaching a pH
of 11.5.

2.2. Sugarcane Bagasse Preparation

The sugarcane bagasse was washed with hot water (70–80 ◦C) and dried in an oven
at 60 ◦C for 24 h (Food Dehydrator Excalibur, USA), cut into pieces of approximately
2 cm × 2 cm, and pulverized in a mill cutter (GX4100) or 900 W Nutribullet blender (Nu-
tribullet, Los Ángeles, CA, USA); the powder was sieved through mesh plates (30, 45, 60, 70,
and 80) and the diameter dispersion was determined. The grilling appliance was selected
according to the most suitable diameter for the extraction. The powders were stored in a
desiccator at room temperature until further use [2].
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2.3. Cellulose Extraction

Hydrolysis was performed with an alkaline hydrogen peroxide (PHA) solution ac-
cording to the method reported by Sahani et al. [1] to remove hemicellulose and the lignin
present in the sugarcane bagasse powder. The pulverized dry powder was continuously
stirred in a PHA solution using a magnetic stirrer at 150 rpm at 40 ◦C for 4 h, periodically
maintaining the pH of the solution at 11.5. Then, 300 g of the mixture was neutralized with
3 L of NaOH at a 2 N concentration for 3 h. The insoluble residue was vacuum-filtered
and subsequently washed with 80 ◦C water three times to remove all soluble materials.
The remaining cellulose pulp residue (AHP-hydrolyzed cellulose) was dried in the oven at
110 ◦C for 15 min and then cooled and weighed to function as the support material [1,14].

2.4. Beads Preparation

The following methodology was performed to obtain beads or pellets containing
eugenol (E1) as control (1% v/v) and the composite containing cellulose and eugenol (C0,
C1, C2 or C3) with different eugenol concentrations (0, 1, 0.5, or 0.1% v/v, respectively).

The concentrations of eugenol were chosen within ranges that exhibited the most
effective antimicrobial responses in the studies [8,13]. The highest eugenol concentration
was also tested with no cellulose in the composite formulation to verify the effect of the
addition of cellulose to the antimicrobial properties of eugenol beads (E1) [9].

A suspension of 0.5% (w/v) AHP-hydrolyzed cellulose in 1% H2O2 was prepared; it
was ultrasonically irradiated for 1 h with a low-frequency (20 kHz) ultrasound processor
(CP 505, Cole-Parmer, Vernon Hills, IL, USA) with a 13 mm diameter probe, using an
output power of 750 W, and an amplitude of 70% with an intermittent cycle: 15 s on–5 s
off [1,15].

The composite emulsion was prepared by mixing 60 mL of distilled water or cellulose
suspension with 0.9 g of alginate. The mixture was constantly stirred for 20 min at 50 ◦C.
Subsequently, 2 g of PVA, eugenol (0.1, 0.5 or 1% v/v), and 120 µL of tween 80 as emulsifier
were incorporated and stirred at 280 g (Ultraturrax, Janke & Kunkel, Staufen, Germany) for
4 min [4,16]. This eugenol in cellulose–water emulsion is used in the well-diffusion assay
in Section 2.7.

Approximately 3 g of the emulsion was loaded into a 10 mL syringe. The syringe was
adapted to a piston pump (110, Cole-Parmer), and the emulsion was pumped into a 30 mL
calcium chloride solution (1 M) at a 0.3 mL/min flow rate. The dropping height was 19.5 cm;
after 30 min of curation, the formed beads were recovered, rinsed with distilled water, and
softly dried with a paper tissue. Sodium alginate and calcium chloride concentrations were
chosen based on the work described by Paris et al. [9].

2.5. Bead Characterization
2.5.1. Size and Sphericity

The average diameter (D) and sphericity factor (SF) of the beads were determined using
a micrometer (MDC SB, Mitutoyo Corporation, Kanagawa, Japan) and Equations (1) and (2),
respectively [17].

D =
(dmax + dmin)

2
(1)

SF =
(dmax − dmin)

(dmax + dmin)
(2)

where dmax is the maximum diameter of a bead and dmin is the minimum diameter. The
experiments were repeated two times using 15 beads for each test.

2.5.2. Water Activity and Moisture Content

The beads’ water activity (aw) was assessed by employing a dew point hygrometer
(AQUA LAB, 4 TE V, Decagon Devices, Inc., Pullman, WA, USA), utilizing approximately
1 g of beads. Moisture content (MC) analysis was conducted according to the AOAC 926.08



Waste 2024, 2 125

method, employing an oven at 70 ◦C and 0.5 g of beads. These experiments were conducted
in duplicate [9].

2.5.3. FTIR Spectroscopy

Analysis of obtained cellulose, PVA, eugenol, and the bead C1 (with cellulose and
1% eugenol) was performed using an FTIR (Fourier-transform infrared spectroscopy)
spectrometer, equipped with an Attenuated Total Reflectance (ATR) FTIR diamond fixture
(Cary 630, Agilent Technologies, Santa Clara, CA, USA). The spectra were obtained at room
temperature with a resolution of 4 cm−1 and in the range of 4000–650 cm−1, 16 scans per
sample were conducted [18].

2.5.4. Encapsulation Efficiency

The concentration of eugenol encapsulated within the alginate beads was determined
by dissolving 0.1 g of the beads in a 20 g phosphate buffer saline solution (pH 7.4). After
24 h, the beads had fully dissolved, and the resulting suspension was vigorously stirred
until it became homogenous. Following that, the supernatant was subjected to filtra-
tion through a 0.45 µm filter, and the concentration of eugenol was quantified using
UV-spectrophotometry (UV-1900i, Shimadzu Cooperation Ltd., Tokyo, Japan) at a wave-
length of 282 nm (λmax). Encapsulation efficiency (EE%) was determined using Equation
(3). EE% is the total amount of eugenol retrieved from the encapsulation process to the
initial quantity introduced into the emulsion [19].

EE% =
Total weigth of loaded eugenol oil

Initial weigth of eugenol oil
× 100 (3)

2.5.5. Release Studies

The release pattern of composite beads was explored using a shaking incubator (Han-
shin Scientific Co., Ltd., Seoul, Republic of Korea). The beads (100 mg) were transferred
in 100 mL of deionized water; 10 mL of aliquot solution was withdrawn at different time
intervals; and then an equal volume of water was added to maintain a constant volume.
The concentration of eugenol was analyzed by UV spectroscopy (UV-1900i, Shimadzu
Cooperation Ltd., Tokyo, Japan) at a λmax of 282 nm [20].

2.6. Antimicrobial Activity
2.6.1. Well-Diffusion Assay

The beads’ antibacterial activity was evaluated with a well-diffusion inhibition zone
test. Staphylococcus aureus (S. aureus ATCC 29213) was obtained from the Food Microbiology
Laboratory of the Universidad de las Americas Puebla (Puebla, Mexico) and used as the
test’s model bacteria. A colony of S. aureus was transferred to a test tube with 10 mL of
Tryptic Soy Broth (TSB) and incubated at 37 ◦C for 24 h, to prepare the inoculum. Starting
from the previous inoculum, decimal dilutions were performed in sterile nutrient broth.
After 24 h at 37 ◦C, the standard count was conducted on each dilution using nutrient
agar, and the results were reported in terms of log10 CFU/mL. Nutrient broth with a
microorganism density of 104 CFU/mL was used for subsequent tests. For the first analysis,
100 µL of bacterial suspension of S. aureus and an equal amount of the beads forming
solution with different eugenol concentrations (from Section 2.4: C0, E1 (1%), C1 (1%), C2
(0.5%) or C3 (0.1%)) were evenly spread on nutrient agar plates, incubated at 37 ◦C for
24 h to visualize the direct inhibition of S. aureus. For the well-diffusion assay, inoculated
(100 µL) agar plates were punched to form 9 mm diameter holes in 5 positions, and each
hole was filled with the beads forming solutions C0, E1, C1, C2, or C3. The Petri dishes
were sealed and placed in an incubator at 37 ◦C for 24 h. The difference in antibacterial
performance was evaluated by measuring the diameter of the inhibition zone with a
micrometer (model MDC SB, Mitutoyo Corporation, Kanagawa, Japan). All assays were
performed in triplicate [21].
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2.6.2. Dilution Assay (In Bead Column) Analysis

To prepare the inoculum, an S. aureus colony was transferred to a test tube with 10 mL
of Tryptic Soy Broth (TSB) and incubated at 37 ◦C for 24 h. The inoculum was centrifuged
at 4000 rpm for 10 min, and the precipitated cells were resuspended in 1 L of nutritive
soy broth and diluted to obtain a microbial density of 104 CFU/mL [9]. The antimicrobial
analysis was evaluated for beads with different eugenol concentrations: C0, E1 (1%), C1
(1%), C2 (0.5%), or C3 (0.1%).

As shown in Figure 1, 0.5 g of beads (a) was placed into a plastic container (b), a
column was packed with the container as filtering material (d), and 5 mL of inoculated
broth was added to the column (c). It was kept for 1, 2, or 3 h at 37 ◦C; once the defined
time was reached, the bead’s packed column was removed from the liquid. A standard
plate count on nutrient agar was performed from the broth before (e) and after (f) being in
contact with the beads. After plating and incubating the collected samples in Plate Count
Agar (37 ◦C, 24 h), the count values were logarithmically transformed and expressed as
log10 CFU/mL [22]. The analyses were performed in duplicate.
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Figure 1. Column arrangement for the antimicrobial dilution assay, conformed by (a) composite
beads, (b) plastic containers, (c) inoculated broth, (d) column with beads and broth, (e) standard plate
count before filtration, and (f) standard plate count on the broth after filtration.

2.7. Statistical Analysis

The results were presented as mean values and standard deviation. The one-way
ANOVA and Tukey’s mean comparison test with a 95% confidence level were performed
by Minitab 19 software (Minitab Inc., State College, PA, USA).

3. Results and Discussion
3.1. Sugarcane Bagasse (SCB) Pretreatment

In this step, two grilling appliances were used. Figure 2 shows the dispersion and
the particle size of the grounded sugarcane bagasse (SCB) obtained by these two grilling
devices. It was found that the average diameter of the particles was 250 µm when using
GX4100 (mesh 60) and 354 µm obtained with Nutribullet blender (mesh 45). The particle
size used for further treatments corresponded to 250 µm, which is the size suggested by [1],
followed by ultrasonication for the fabrication of high-strength films from SCB.
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Figure 2. Size distribution of milled sugarcane bagasse using two grilling devices. The data shown
correspond to means from three independent measurements.

3.2. Cellulose Extraction

The first step of the extraction involved alkaline hydrogen peroxide (AHP) hydrolysis,
which changed brown sugarcane bagasse into the cellulose-rich creamy white pulp. Under
alkaline conditions, the intermolecular ester bond between lignin and carbohydrate is
broken [1]. The highly reactive −OH radicals formed during the degradation of H2O2
react rapidly with lignin into low-molecular-weight water-soluble oxidation products
responsible for lignin dissolution. The second step involves the ultrasonication of cellulose.
The cellulose extraction yield from sugar cane bagasse was 46.7 ± 0.4%, comparable
to the 45.9% reported by Sun et al. [2] or the 47.6% of cellulose by Alizadeh et al. [23]
for sugarcane.

3.3. Structural Characterization of Beads
3.3.1. Bead Characterization

Beads with an average diameter between 2.18 ± 0.29 mm and 2.66 ± 0.43 mm were
obtained, as shown in Table 1. Since the sphericity (SF calculated with Equation (2)) of
the beads approached zero, they were considered spherical beads [17]. The obtained
alginate/palm oil beads by Sihite et al. [4] had diameters of 2 mm, and beads with an SF
below 0.05 were considered spherical. The sphericity impacts the beads’ water sorption
properties, eugenol diffusion behavior, and consumers’ acceptability [24]. Furthermore, the
more spherical a bead is, the smaller its fracture risk [9].

Table 1. Physical characterization of the different bead materials, including diameter (D), sphericity
factor (SF), water activity (aw), and moisture content (MC).

C0 E1 (1%) C1 (1%) C2 (0.5%) C3 (0.1%)

D (mm) 2.18 ± 0.29 B 2.19 ± 0.25 B 2.37 ± 0.43 AB 2.62 ± 0.37 A 2.66 ± 0.43 A

SF (mm) 0.118 ± 0.021 AB 0.062± 0.038 B 0.157 ± 0.095 A 0.118 ± 0.057 AB 0.117 ± 0.078 AB

aw 0.970 ± 0.01 D 0.988 ± 0.092 A 0.979 ± 0.089 C 0.982 ± 0.101 B 0.978 ± 0.096 C

MC % (db) 93.48 ± 0.18 A 92.66 ± 0.11 B 92.67 ± 0.01 B 93.78 ± 0.06 A 93.5 ± 0.19 A

C0 represents the cellulose beads with no eugenol added; E1 represents beads with 1% v/v eugenol and no
cellulose; C1, C2, and C3 are the cellulose beads with 1, 0.5, or 0.1% (v/v) eugenol, respectively. The data shown
correspond to means ± standard deviations from 15 beads and experiments conducted in duplicate. Different
letters in a row indicate significant differences (p < 0.05) in bead characteristics.

The water activity changes between the samples with no specific behavior. As shown
in Table 1, all samples are significantly different (p < 0.05) in terms of this characteristic.
These values are higher than the water activity of alginate beads reported by Paris et al. [9]
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(0.966). This might be due to the lower eugenol concentrations reached in this study. On the
other hand, we observed that the beads with lower eugenol concentration have significantly
different moisture content (MC) from those with 1% v/v eugenol concentration, either
with cellulose or without it. In the study described by [9], the concentration of cinnamon
essential oil in the beads was 5%. Following a similar trend, the moisture content of the
beads decreased to 84.32%; this might be related to the initial ratio of water–oil in the
forming solution. The moisture content is an important parameter as it can affect the
stability and shelf life of the beads, especially when they are intended for storage or use
in various applications. High moisture content can lead to issues like microbial growth,
degradation of the essential oil, and changes in the physical properties of the beads [25].

3.3.2. Encapsulation Efficiency

The encapsulation efficiency (EE) of eugenol in the alginate beads is presented in
Table 2, finding EE ranging from 70.01 to 93.29%, assessed through UV-vis spectrophotom-
etry. The C1 beads exhibited the highest EE; this measurement involved determining the
final eugenol concentration in the liquid once the beads were completely dissolved. Consid-
ering the volatile nature of eugenol, the encapsulation process can benefit by protecting the
bioactive compounds and facilitating a target delivery [26,27]. As we will discuss in further
sections, the encapsulation efficiency influences the release kinetics and, consequently, the
effectiveness of the antimicrobial filter.

Table 2. Encapsulation efficiency of the different bead materials.

E1 (1%) C1 (1%) C2 (0.5%) C3 (0.1%)

Encapsulation
Efficiency % 84.82 ± 0.29 C 93.29 ± 0.31 A 70.01 ± 0.23 D 85.15 ± 0.21 B

E1 represents the cellulose beads with 1% v/v eugenol; C1, C2, and C3 are the cellulose beads with 1, 0.5, or
0.1% (v/v) eugenol, respectively. The data shown correspond to means ± standard deviations, experiments by
triplicate. Different letters in a row indicate significant differences (p < 0.05) in EE.

Encapsulation efficiency is crucial in using alginate beads as carriers for various
substances, particularly in the pharmaceutical and food industries. Alginate, a natural
polysaccharide derived from brown seaweed, has unique gel-forming properties that make
it suitable for encapsulation applications. The encapsulation efficiency measures how effec-
tively the desired substance is retained within the alginate beads during encapsulation [28].

The encapsulation efficiency can vary depending on the encapsulation method, such
as ionotropic gelation, emulsion, or coacervation, which can impact the release profile.
Different methods may result in varying degrees of encapsulation and release rates. The
properties of the encapsulating polymer, in this case, alginate, influence the release profile.
Factors like polymer concentration and cross-linking density can affect the permeability of
the matrix and, consequently, the release rate. The chemical composition of the compound
or essential oil, including its volatility, solubility, and molecular weight, plays a significant
role. More volatile components may exhibit faster release, while less soluble components
may be released slower. Matrix porosity and size of beads: The size and porosity of the
encapsulation matrix (alginate beads) influence the diffusion of essential oils. Smaller beads
and higher porosity may result in faster release [26,29].

Researchers often study the release profile through techniques such as in vitro disso-
lution testing, where the encapsulated material is exposed to specific conditions, and the
release is monitored over time.

3.3.3. FTIR Spectroscopy

Figure 3 shows FTIR spectra of cellulose, polyvinyl alcohol (PVA), pure eugenol,
and C1, which represent the bead containing all three compounds (cellulose, PVA, and
1% eugenol). In the cellulose spectrum, peaks at 1050 cm−1 correspond to the stretching
vibration of -C-O- bonds, the peak in the region of 2900 cm−1 represents the stretching
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vibrations of C-H bonds in the cellulose molecule, and the broad peak around 3300 cm−1 is
attributed to the stretching vibration of hydroxyl groups [2].
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Figure 3. FTIR spectra of cellulose, PVA, composite bead with 1% eugenol, pure eugenol.

The PVA spectrum shares peaks in the region of 1050, 2900, and 3300 cm−1 with
cellulose, corresponding to C-O in alcohol groups, C-H in the polymer chain, and O-H
stretching of the hydroxyl groups, respectively. The peaks at 1250 cm−1 are attributed to
the stretching vibrations of carbon–carbon bonds in the polymer backbone, while the peaks
around 1725 cm−1 are attributable to the stretching vibrations of carbonyl groups (C=O)
present in the acetate side groups of PVA.

In the FTIR spectrum of eugenol, characteristic peaks appear between 3000 and
2800 cm−1 related to the stretching vibrations of C-H bonds. Peaks in the region around
1600 and 1500 cm−1 are indicative of the C=C double bond present in the aromatic ring of
eugenol. Additionally, the bending of C=CH2 is observed between 1000 and 900 cm−1 [30].

When comparing the spectrum of C1 beads copolymer with that of pure components,
it is evident that the addition of peaks around 1050, 1250, and between 1055 and 1600 cm−1,
as well as the peaks between 2800 and 3000 and at 3300 cm−1 are hidden by the O-H bonds
from water in the region between 3200 and 3600 cm−1.

3.4. Eugenol Release

The release of eugenol is an important consideration, especially in applications where
controlled release of the active compounds is desired. The release profile refers to how
the encapsulated material is released over time under specific conditions [31]. Figure 4
presents the total release profile of eugenol from encapsulation systems alginate beads,
considering the initial concentrations C1, C2, or C3 (1, 0.5, or 0.1% v/v of eugenol in the
pellets forming solutions, respectively).

The release curves exhibit an initial burst release of eugenol within the first 20 min,
without an initial lag phase at the beginning of the release. After the burst release, the
release rate stabilized into a sustained phase characterized by a more gradual and controlled
release of the encapsulated substance over an extended period. The slope of this phase on
the release curve is lower than that of the burst release phase. Eventually, the release curve
reaches a plateau, indicating that a maximum release level has been achieved and further
release is minimal. This stage was reached about 20 min after the release process started.
This could be due to factors such as the depletion of the encapsulated substance within
the matrix or the establishment of equilibrium between the encapsulated material and the
surrounding environment [32].
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Figure 4. Release profile of eugenol from alginate bead encapsulation systems at different initial
concentrations. C1, C2, and C3—cellulose beads with 1.0, 0.5, or 0.1% (v/v) eugenol, respectively.

The release profile of eugenol from the composite beads is related to the encapsulation
efficiency (EE). We observed that C1 exhibited the highest EE at 93.29% and released almost
all eugenol after 80 min. In contrast, C2, with an initial eugenol concentration of 0.5%, had
an EE of 70.01% and released approximately this amount of eugenol after 150 min.

The kinetics of oil release from encapsulation systems, such as alginate beads or mi-
crospheres, involves studying the rate and mechanisms by which the encapsulated oil is
released over time. Understanding kinetics is crucial for optimizing the design of encapsu-
lation systems for specific applications. Several mathematical models are commonly used
to describe the release kinetics of oils or other substances [33,34].

Experimental release kinetics data from Figure 4 were regressed using MATLAB® version:
9.2.0 (R2017a). Data were fitted to pseudo-first and second-order rate laws using both linear
and nonlinear regression methods. The findings revealed that the release of eugenol for the
tree concentrations followed pseudo-second-order kinetics, as shown in Figure 5. The current
model showed that rate constants (k) can be predicted using Equation (4) [35].

1
C

=
1

C0
+ kt (4)

Pseudo-second-order kinetics describe a release process where the release rate is
directly proportional to the concentration of the encapsulated substance remaining in the
matrix. Table 3 presents the pseudo-second-order regression values of Equation (4) for the
release of beads with concentrations C1, C2, and C3.

This model is widely used to analyze the release of substances from matrices, where
the release is not solely governed by Fickian diffusion but also involves factors, such as
polymer relaxation, swelling, or matrix erosion [36]. The slope of the equations is given by
the parameter k as the liberation rate constant, and the 1/C0 corresponds to the inverse of
the initial concentration value. This model is consistent with the release models and release
mechanism of burst release of EO microcapsules obtained by the cross-linked method as
described in [19].

As shown in Table 3, the liberation constant k for C1 has the highest value, indicating
a faster release rate, followed by the constants for C3 and C2, respectively. This trend is
consistent with the decrease in encapsulation efficiency of these materials.
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Figure 5. Second-order kinetics of eugenol release for C1, C2, and C3 beads.

Table 3. Release parameters of the different bead materials.

C1 (1%) C2 (0.5%) C3 (0.1%)

1/C0 2.3703 ± 0.9829 C 4.8498 ± 1.2711 B 10.5430 ± 3.8006 A

k, (%v/v)−1(min)−1 1.020 ± 0.0124 A 0.1292 ± 0.0161 C 0.4420 ± 0.0481 B

R2 0.8806 0.8898 0.9028
Parameters 1/C0 and k represent the inverse of the initial concentration value and release constant, respectively.
C1, C2, and C3 are the cellulose beads with 1, 0.5, or 0.1% (v/v) eugenol, respectively. The data shown correspond
to means ± standard deviations. Different letters in a row indicate significant differences (p < 0.05).

3.5. Antibacterial Activity
3.5.1. Well-Diffusion Assay

Due to its common presence in non-processed foods or liquids, S. aureus was selected
for the antibacterial performance evaluation experiments [19]. In the antimicrobial test
in Figure 6a–c, it can be observed that in control (without eugenol) or with low eugenol-
loaded materials, the agar plate shows a large number of S. aureus colonies. However, when
cocultured with the E1 sample suspension containing eugenol at a 1% concentration, the
colony numbers are significantly reduced (p ≤ 0.05) due to the inhibitory effect of eugenol
on S. aureus growth.
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(c) C2 (eugenol 0.5%), (d) C1 (eugenol 1%), and (e) E1 (eugenol 1%).

Figure 7 presents the S. aureus inhibition halo when treated with the different pellet-
forming solutions (before being drop-poured into the CaCl2 solution). The C0 (pure
cellulose) solution is located at the center, where no inhibition zones were observed through
the tested method. Clear inhibition zones appeared near the C1 and E1 samples, and the
radius of the inhibition zone is shown in Table 4. These results demonstrate that C0 exhibits
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no antibacterial activity against S. aureus, and eugenol is responsible for the antibacterial
activity observed in E1 and the other composite materials.
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Table 4. Inhibition halo for the beads forming solutions.

C0 E1 (1%) C1 (1%) C2 (0.5%) C3 (0.1%)

Inhibition halo (mm) ND 18.16 ± 5.99 AB 20.47 ± 0.14 A 13.18 ± 0.43 B 12.82 ± 0.968 B

C0 corresponds to the beads forming solution of cellulose with no eugenol added; E1 is the solution for the
cellulose beads with 1% v/v eugenol; C1, C2, and C3 are the solutions for cellulose beads with 1, 0.5, or 0.1%
(v/v) eugenol, respectively. The data shown correspond to means ± standard deviations, measurement in two
directions, and experiments in triplicate. ND means inhibition halo not detected. Different letters in a row indicate
significant differences (p < 0.05).

3.5.2. Dilution Assay (Bead Column) Analysis

Initial counts of S. aureus ATCC 29213 were about 104 CFU/mL, and as shown in
Figure 8, the microbial population decreased by 0.34 log cycles after 1 h in contact with E1
and 0.35 log cycles with C1. There were no significant differences between beads with the
same high eugenol concentration. For C2 and C3, the inhibition in liquid media showed no
significant differences between each other (0.5 and 0.1% eugenol) but a difference (p < 0.05)
between C1 and E1. The high inhibition activity of C1 and E1 might be related to their
encapsulation efficiencies of 93.29% and 84.82%, respectively. Thus, even though both beads
started with the same eugenol concentration in the forming solution, the encapsulation
process was more efficient in the one containing cellulose, resulting in higher antibacterial
activity against S. aureus, although not significantly different.

In the work of [14] about the evaluation of tubular cellulose filters utilized for liquid
foods through microbiological analysis, they reported the decrease of Staphylococci to
concentrations lower than 1.3 log CFU/g. According to [13], the filtration system through
silica microparticles with eugenol to pasteurize apple juice inoculated with E. coli achieved
a reduction of 5-log CFU/mL.

As described by [37], the immobilization of natural antimicrobials as processing aids
to preserve fruit-derived foods in the past few years has attracted attention to developing
filtration systems with both the benefits of the antimicrobial compound and the particle size
pore action for the antimicrobial effect in liquid food filtration. Even if the antimicrobial
effect of the system proposed in this arrangement is not enough to guarantee disinfec-
tion [22,38], the obtained results incentivize looking for longer contact times and increase
the number of beads forming the column to be implemented as an alternative as a method
of microbial inactivation.
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4. Conclusions

Efforts to find innovative and sustainable uses for sugarcane bagasse are ongoing,
and research aims to maximize its value and reduce environmental impact. As it is a great
source of cellulose, it has gained attention as a promising reinforcement material for antimi-
crobial composites due to its abundance, renewability, and biodegradability. The cellulose
(46.7% yield) from sugarcane bagasse from Atencingo Puebla demonstrated properties like
those observed by other researchers and comparable to commercially available cellulose.
The encapsulation of eugenol within cellulose–alginate beads demonstrates significant
potential for antimicrobial use, offering controlled release, enhanced stability, and versatile
application possibilities. The beads exhibited high sphericity and encapsulation efficiency,
ranging from 70% to 93%. These parameters result in a burst release mechanism, described
by a pseudo-second-order kinetic model, where the release rate is proportional to the
concentration of encapsulated eugenol remaining in the bead.

The porous structure of cellulose beads further facilitates the diffusion of eugenol,
optimizing its contact with microbes, finding that the forming solution assessed in diffusion
assays showed inhibition halos up to 20.27 mm against S. aureus. Further research and
exploration may unveil additional dimensions of their antimicrobial properties and broaden
their practical use in various applications, as, in the dilution assays, the results obtained
encourage exploration of longer contact times and increase the number of beads forming
the column as an alternative method for microbial inactivation, as well as trying other
concentrations or antimicrobial agents.

Author Contributions: Conceptualization, N.R.-C. and R.N.-A.; methodology, R.H.-L. and R.N.-A.;
validation, R.N.-A., A.L.-M. and N.R.-C.; formal analysis, R.H.-L., R.N.-A. and N.R.-C.; investigation,
R.H.-L.; resources, A.L.-M.; data curation, R.H.-L.; writing—original draft preparation, R.H.-L.;
writing—review and editing, R.N.-A., A.L.-M. and N.R.-C.; supervision, R.N.-A. and N.R.-C.; project
administration, A.L.-M. and N.R.-C.; funding acquisition, A.L.-M. All authors have read and agreed
to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available in the article.



Waste 2024, 2 134

Acknowledgments: Author Rosa Hernández-López gratefully acknowledges the financial support
for her Ph.D. studies from Universidad de las Americas Puebla (UDLAP).

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Shahi, N.; Min, B.; Sapkota, B.; Rangari, V.K. Eco-Friendly Cellulose Nanofiber Extraction from Sugarcane Bagasse and Film

Fabrication. Sustainbility 2020, 12, 6015. [CrossRef]
2. Sun, J.X.; Sun, X.F.; Zhao, H.; Sun, R.C. Isolation and characterization of cellulose from sugarcane bagasse. Polym. Degrad. Stab.

2004, 84, 331–339. [CrossRef]
3. Arkoun, M.; Daigle, F.; Holley, R.A.; Heuzey, M.C.; Ajji, A. Chitosan-based nanofibers as bioactive meat packaging materials.

Packag. Technol. Sci. 2018, 31, 185–195. [CrossRef]
4. Sihite, R.E.M.; Fahma, F.; Sailah, I.; Yunus, M.; Kusumaatmaja, A.; Mukti, R.R.; Kadja, G.T.M. Production and characterization of

PVA/alginate composite filament with cellulose from oil palm empty fruit bunches. In Proceedings of the IOP Conference Series:
Earth and Environmental Science, Bogor, Indonesia, 9–10 October 2019; IOP Publishing: Bristol, UK, 2020; Volume 472, p. 012015.

5. Tian, F.; Chen, W.; Wu, C.E.; Kou, X.; Fan, G.; Li, T.; Wu, Z. Preservation of Ginkgo biloba seeds by coating with chitosan/nano-
TiO2 and chitosan/nano-SiO2 films. Int. J. Biol. Macromol. 2019, 126, 917–925. [CrossRef]

6. Youssef, A.M.; El-Sayed, S.M. Bionanocomposites materials for food packaging applications: Concepts and future outlook.
Carbohydr. Polym. 2018, 193, 19–27. [CrossRef]

7. de Farias, B.S.; Sant’Anna Cadaval Junior, T.R.; de Almeida Pinto, L.A. Chitosan-functionalized nanofibers: A comprehensive
review on challenges and prospects for food applications. Int. J. Biol. Macromol. 2019, 123, 210–220. [CrossRef] [PubMed]

8. Sayed, A.; Safwat, G.; Abdel-raouf, M.; Mahmoud, G.A. Alkali-cellulose/Polyvinyl alcohol biofilms fabricated with essential
clove oil as a novel scented antimicrobial packaging material. Carbohydr. Polym. Technol. Appl. 2023, 5, 100273. [CrossRef]

9. Paris, M.J.; Ramírez-Corona, N.; Palou, E.; López-Malo, A. Modelling release mechanisms of cinnamon (Cinnamomum zeylanicum)
essential oil encapsulated in alginate beads during vapor-phase application. J. Food Eng. 2020, 282, 110024. [CrossRef]

10. Lorenzo-Leal, A.C.; Palou, E.; López-Malo, A. Evaluation of the efficiency of allspice, thyme and rosemary essential oils on
two foodborne pathogens in in-vitro and on alfalfa seeds, and their effect on sensory characteristics of the sprouts. Int. J. Food
Microbiol. 2019, 295, 19–24. [CrossRef]

11. Ribes, S.; Ruiz-Rico, M.; Moreno-Mesonero, L.; Moreno, Y.; Barat, J.M. Natural antimicrobial compounds immobilised on silica
microparticles as filtering materials: Impact on the metabolic activity and bacterial viability of waterborne microorganisms.
Environ. Technol. Innov. 2021, 21, 101219. [CrossRef]
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