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Abstract

Cellulose-based hydrogels are valuable biomaterials used in drug delivery systems. Cellulose, a biopolymer found
in sources like agricultural waste, is abundant in countries such as Indonesia. PT Bromelain Enzyme in Lampung Province
generates roughly 20 tons of cellulose-rich pineapple core waste annually from bromelain extraction, providing significant
raw material for hydrogel production. This study explored the feasibility of using this waste for synthesizing hydrogels
and assessing their potential as drug-delivery agents through various experiments. TAPPI methods for composition
analysis revealed 38.5% cellulose, 25.05% hemicellulose and 12.99% lignin in the waste. The isolation of mangrove
actinomycetes on ISP 2 medium identified the ActM-DMB 7 isolate, which displays high xylanolytic activity. This isolate
was utilized in bio-pretreatment to remove amorphous portions, yielding highly crystalline cellulose with an increased
crystallinity index from 16.68 to 33.35. Cellulose resizing showed a bimodal distribution of particle diameters at 0.657
and 1.832 um. Hydrogel production utilized grafting, confirmed by FTIR analysis with characteristic N-H (3,183.14 cm™")
and C=0 (1,647.48 cm™') amide bands. The product was examined for absorption and delivery potential of ascorbic acid
and amoxicillin, exhibiting a high swelling ratio (plateauing at ~34 Sg/g) and significant water retention over 10 h. The
hydrogels efficiently absorbed and released ascorbic acid and amoxicillin, with amoxicillin showing antibacterial effects
against Escherichia coli and Staphylococcus aureus. This research emphasizes valuing pineapple processing waste for
sustainable, economically viable functional hydrogels for biomedical applications, including drug delivery, aligning with
circular economy principles by transforming an industrial byproduct into a high-value material.
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Introduction

Bio-based materials continue to garner increasing
interest due to their significant role in various
biomedical applications, including tissue engineering,
wound healing and drug delivery. Polysaccharides,
which are long-chain biopolymeric carbohydrate
molecules composed primarily of monosaccharide units,
have emerged as promising bio-based materials [1].
These polymers offer substantial advantages in
biomedical applications, as their inherent beneficial
properties surpass those of synthetic alternatives.

Among the diverse polysaccharides, cellulose is

regarded as a fundamental natural biopolymer due to its
widespread availability in nature [2].

Cellulose is a key component of lignocellulosic
composites found in numerous agricultural wastes.
Since the composite is arranged within a complex
matrix, cellulose has a microfibril structure. This
morphology enhances the mechanical properties,
providing  structural  stability that facilitates
modifications needed to fabricate advanced materials
[3]. Furthermore, the chemical structure of cellulose
allows for crosslinking with other molecules to form

molecular networks [4]. The advantageous physical and
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chemical properties make cellulose widely applicable in
advanced healthcare materials, including hydrogels [5].
Using cellulose from agricultural waste for hydrogel
synthesis significantly converts this byproduct into
valuable materials, thus promoting ‘waste-to-wealth’
strategies.

One potential source of cellulose in Indonesia is
PT Bromelain Enzyme, located in Lampung province.
This company extracts bromelain enzyme from
pineapple cores, which in turn produces a large quantity
of pineapple core residue (approximately 20 tons each
year) as waste. Notably, this significant residue
currently remains unutilized. This residue is rich in
cellulose [6] and therefore, offers the opportunity to use
a sustainable source of cellulose needed for hydrogel
production.

To enhance cellulose extraction from this residue,
the researcher can employ a promising approach: An
enzymatic process using actinomycete enzymes. These
enzymes facilitate partial degradation of the polymer
components within the residue, thereby simplifying
cellulose separation [7,8]. This enzymatic process has
demonstrated greater selectivity and efficiency in
breaking down complex biomass structures than
traditional chemical methods. Furthermore, enzyme-
assisted extraction is considered more environmentally
friendly and cost-effective while increasing the
extracted cellulose yield and purity.

Despite its availability and natural characteristics,
cellulose does not meet all requirements for direct use in
drug delivery systems; therefore, modification is still
necessary. In this context, grafting is recognized as the
most widely used method for improving the properties
of cellulose through chemical modification, with
acrylamide being a hydrogel [9]. Hydrogel with
significant potential in medicine is effectively
synthesized through the well-established technique of
grafting cellulose with acrylamide [10].

Cellulose-based hydrogels have the unique
capability that the network form is desirable for self-
healing capabilities and adjustable swelling ratios. The
presence of their polar or charged functional groups is
highly hydrophilic, enabling them to absorb water and
swell in various environments. A high value in a
swelling ratio of hydrogels, known for their
permeability and biocompatibility, is particularly
favored in medical applications [11,12]. Free hydroxyl

groups also play a significant role in enhancing the
hydrophilicity of the hydrogel, thus improving the water
retention capacity of the material, which is critical for
applications in drug delivery systems [13]. Moreover,
hydrogels can act as matrices that encapsulate molecules
like small peptides, proteins and nucleotides,
showcasing broad applicability due to their ability to
release entrapped compounds in a controlled manner
[14].

This research aims to synthesize hydrogels by
grafting cellulose derived from pineapple core waste
with polyacrylamide. The enhanced absorption
properties and potential applications for vitamin C
delivery and antibiotics were investigated. The
significance of this research lies in its potential to
develop hydrogels from environmentally problematic
industrial wastes and it simultaneously offers an

innovative contribution to health-related applications.

Materials and methods

Materials

Pineapple core waste was collected from PT
Bromelain Enzyme, Lampung, Indonesia. Laboratory
grade chemicals such as ISP-2, Yeast Extract Mannitol
Broth (YMB) media, Muller-Hinton Agar (MHA),
amoxicillin, birchwood xylan, congo red, sulfuric acid
(H2SOs)  72%, Acrylamide (AAm), N, N’-
methylenebisacrylamide (MBA), 0.2 N Na,HPOs-
NaH,POy4 buffer solution, ammonium persulfate (APS),
ethanol, methanol, aceton, distilled water were
purchased from diverse of commercial suppliers. E. coli
and S. aureus were obtained from the Indonesian
Culture Collection (Ina-CC), National Research and
Innovation Agency (BRIN).

Compositional analysis of pineapple core waste

The pineapple core waste obtained was dried using
an oven at 105 °C, then ground and sieved to get the
sample with a particle size of 40 mesh. TAPPI standard
methods were applied to determine its composition.
Specifically, cellulose content was quantified using the
standard method TAPPI T203 cm-99, hemicellulose
content was determined following TAPPI T223 cm-84
and lignin content was assessed using TAPPI T222 om-
02, with a subtle modification [15].
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Screening of mangrove sludge actinomycetes
isolate

Screening of actinomycetes isolates was carried
out to obtain bacteria that have xylanolytic activity. The
isolates were obtained from mangrove sludge collected
from Dwi Mandapa Beach, Pesawaran, Lampung
(—5.571883, 105.243494). Isolation and purification of
actinomycetes were subsequently conducted by pour
plates and single colony quadrant-streaking. The pure
single colony isolate was tested on ISP-2 on two
separate media. The first medium contains, 5 wt% of
Birchwood xylan to investigate the presence of
xylanolytic activity and the second medium contains
Carboxy Methyl Cellulose (CMC) to investigate the
presence of cellulolytic activity. The incubation period
lasts 5 - 7 days at 37 °C before being treated with Congo
red solution for 15 min to form a clear zone around the
colony. The sample was rinsed with 1 M NaCl to
enhance the visibility of the clear zone, making it easier
to observe. The clear zone around the bacterial colony
indicates xylanolytic and cellulolytic activity. The index
of xylanolytic or cellulolytic activities was quantified by
relating the diameter of the clear zone to the size of the

colony.

Bio-pretreatment and cellulose purification

Biological pretreatment was performed using
selected actinomycetes with xylanolytic activity to
hydrolyze pineapple core waste. The optimization of
hydrolysis time was conducted by hydrolyzing 50 wt%
of the pineapple core waste with selected actinomycetes
isolates in 250 mL of YMB medium. The medium
composition included (wt%) 0.4 dextrose, 1.0 malt
extract and 0.4 yeast extract. The hydrolysis process
lasted for 9 days at 120 rpm. The initial pH of the
medium was adjusted to 7.0 using a 0.2 N Na,HPOg4-
NaH,PO4 buffer solution [8]. After the process, the
cellulose was washed with distilled water and filtered to
remove residual bacterial cells [16]. The samples
obtained were then characterized using an X-ray
diffraction (XRD) instrument (PANalytical type
Empyran). The crystallinity index of the sample was

calculated according to the Segel method using Eq. (1).

Crl = "’"jﬂ x 100 )

002

Crl is the crystallinity index, ooz is the maximum
intensity of the crystalline peak (around 26 = 22° - 23°)

and Ilan is the minimum intensity of the amorphous area.

Cellulase and xylanase assay

To obtain the crude enzyme, 10 mL of culture
supernatant was collected and then centrifuged at 4 °C
and 10,000 rpm for 10 min. The resulting clarified
supernatant, representing the crude enzyme, was then
used for subsequent assays. Cellulase and xylanase
activities were quantified using established CMC-ase
and xylanase assay protocols [17,18]. For CMC-ase
activity, a 0.5 mL aliquot of the crude enzyme was
reacted with 0.5 mL of 1% soluble CMC in 0.05 M
sodium citrate buffer (pH 5.0) at 37 °C for 30 min. The
reaction was subsequently terminated by the addition of
1.0 mL of 3,5-dinitro salicylic acid (DNS) reagent,
followed by boiling at 95 °C for 15 min. The liberated
reducing sugars, expressed as glucose equivalents, were
then spectrophotometrically determined using the DNS
method [19] against a glucose standard. One unit of
CMC-ase activity (U/mL) was defined as the enzyme
quantity releasing 1 pmol of glucose per min under the
assay conditions. Xylanase activity was determined
analogously, with 0.5 mL of crude xylanase enzyme
filtrate incubated with 0.5 mL of 1% birch wood xylan
in the same buffer. The reaction was stopped with DNS
reagent and heated similarly. The released xylose was
quantified spectrophotometrically using a xylose
standard and one unit of xylanase activity (U/mL) was
defined as the enzyme amount yielding 1 umol of xylose

per min.

Reduction of cellulose particle size

To reduce the particle size of the cellulose, the
sample was subjected to partial acid hydrolysis and then
followed by sonication. In the partial acid hydrolysis, an
aliquot of 200 mL of 5 M H,SO4 was heated to 45 °C in
a 500 mL Erlenmeyer flask and then 10 g of cellulose
powder was added into the solution and hydrolyzed for
60 min. The suspension was centrifuged at 10,000 rpm
for 10 min and then decanted. The precipitate was
washed with distilled water and then neutralized using
5% Na,COs3 until the pH reached neutral (around 7,0).
Subsequently, the sample was subjected to sonication
treatment by diluting the sample using distilled water to
a 5% concentration and sonicated at 40 kHz for 60 min.
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The suspension sample was centrifuged at 10,000 rpm
for 10 min, decanted and dried using a vacuum freeze
dryer. The final product was characterized using a
Particle Size Analyzer (PSA) model Beckman Coulter
LS 13 320 to determine the particle size distribution of
the sample.

Hydrogel preparation

A mass of 1 g of dry cellulose was placed into a
three-necked flask with a condenser, thermometer and
stirring rod. Distilled water was added to the cellulose to
form a pulp and then heated at 95 °C for 30 min.
Afterward, the temperature was lowered to 60 °C, 0.05
g of APS was added and the solution was stirred for 15
min. Subsequently, a mixture of 5 g of Aam and 5 mg of
MBA dissolved in 40 mL of distilled water was added.
The temperature was gradually increased to 70 °C and
maintained for 3 h [20]. The resulting product was
precipitated using ethanol and methanol and the
precipitate was then refluxed with acetone for 1 h and
then characterized using Agilent Technologies model

Fourier Transform Infra-Red Spectroscopy (FTIR).

Determination of swelling capacity and water
retention

The extent of hydrogel swelling was determined
through gravimetric analysis of both dehydrated and
hydrated samples. Initially, precisely weighed,
thoroughly dried hydrogel was immersed in 50 mL of
deionized water within a 100 mL beaker to reach
equilibrium. The swollen hydrogel was carefully
removed at predetermined time points and any
superficial water was eliminated using absorbent filter
paper. The weight of the water-absorbed hydrogel was
then recorded using an analytical balance (GH-200,
A&D weighing, Tokyo, Japan). Subsequently, to assess
water retention, the equilibrated hydrogel was placed in
petri dishes at ambient temperature and their weight was
monitored at specific time intervals until a stable,
saturated weight was achieved. The swelling ratio (Sg/g)
and % of water retention can be calculated using the
following Egs. (2) - (3).

w-w,

Swelling ratio (Sg/g) = 2)

Wi—Wo

Water retention (%) = T—
d— "o

x 100 3)

W, is the swollen hydrogel weight at time intervals,
W, is the weight of the dried hydrogel and W, is the
initial weight of the swollen hydrogel.

Absorption and release test of vitamin C
(ascorbic acid/AAc) by hydrogel

The ability of the hydrogel to absorb and release
AAc was evaluated through a series of experiments. A
mass of 0.1 g of the dry hydrogel was soaked in 25 mL
of a 100 mg/L AAc solution for varying durations of 4,
8, 12, 24 and 48 h. The absorbed vitamin C was then
released by immersing the hydrogel in distilled water for
72 h. The released vitamin C was determined through
iodometric titration by mixing the sample with 10 mL of
20% (v/v) H2SO4 and 1.0 mL of 10% (v/v) KI, then
titrating with 0.002 M KIOs using 1% starch as an
indicator. The titration utilized a KIO; solution where 1
mL was equivalent to 0.8806 mg of AAc (CsHsOs)
[21,22]. The release of AAc was assessed using a
diffusion method, where the hydrogel was immersed in
25 mL of distilled water after absorbing vitamin C. The
release time was measured based on the hydrogel
optimal absorption duration and the change in AAc
concentration in the solution was observed after 2, 4, 6,
8, 12, 18 and 24 h. Each sample was filtered and the
released vitamin C content was quantified through
iodometric titration as in the previous procedure. The
Higuchi model was applied to the AAc release data by
plotting the cumulative percentage of AAc released

against the square root of time [23].

Bacterial inhibition test

The ability of the hydrogel to release antibiotics
was evaluated using the Kirby-Bauer disk diffusion
assay method with some modifications. A mass of 0.1 g
of dry hydrogel sample was soaked in 1 mL of a series
of concentrations of dilute amoxicillin (0, 25, 50 and 100
pg/mL) solution for 24 h. The swelling-hydrogel that
absorbs amoxicillin was placed onto swabbing MHA
with 24 h cultured E. coli and S. aureus [24].

Results and discussion

Composition of pineapple core waste

The main components of the sample are lignin,
hemicellulose and cellulose with the relative
composition as presented in Figure 1. As can be seen,

cellulose is the component with the highest contribution
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(38.50%), followed by hemicellulose (25.05%) and
lignin (12.99%)).

40

(3]
=]

b
]

Concentration (Wt%)

—
o

Lignin

Hemicellulose

Cellulose

Figure 1 The main biopolymer components of pineapple core residue investigated in this study.

The pineapple core waste groups into non-wood
material, which some researchers have examined and
reported the content of cellulose in the range of 30% to
50%, hemicellulose 20% to 35% and 15% to 30% on a
weight basis [25]. The composition variation is
attributed to plant species, cultivation technique and
geographical factors [26-29] concerning this variation in
composition, the composition of the sample investigated

in this study agrees with the results reported by others.

Mangrove sludge actinomycetes isolates

From screening experiments, one particular isolate
with high xylanolytic and low cellulolytic activity was
obtained and specified as ActM-DMB 7 isolate. This
isolate was then tested for xylanolytic and cellulolytic
activity, by cultivation experiment for five days on ISP-
2 medium supplemented with 5 %w/v Birchwood xylan
and CMC and visualized through Congo red staining to
produce clear zones around the colonies, as indicated in

Figure 2.

(a)

(b)

Figure 2 The results of screening experiments to identify xylanolytic activity (a) and cellulolytic activity of ActM-DMB

7 isolate (b), using Congo red.
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As can be observed in Figure 2, in both
experiments the clear zone was observed, implying that
the isolate has xylanolytic and cellulolytic activity.
Based on the clear zone observed, it can be seen that the
isolate tested has higher xylanolytic activity. For
quantitative comparison, xylanolytic index and
cellulolytic index were calculated relating the diameter
of the clear zone to the size of the colony [30] and it was
found the value of 1.054 for xylanolytic index and 1.003
for cellulolytic index. This xylanolytic index of ActM-
DMB 7 demonstrates its ability to degrade
hemicellulose effectively and therefore this isolate was
then applied in bio-pretreatment experiment for
hemicellulose degradation to facilitate cellulose

liberation. Enzymatic activity is crucial as it plays a role

in the depolymerization of hemicellulose, a key
structural component that often encases cellulose fibers
within lignocellulosic biomass. Previous studies have
shown that the effective removal of hemicellulose can
significantly enhance cellulose accessibility, making the
process more efficient for subsequent applications,
including hydrogel production [31].

Bio-pretreatment and cellulose purification

Bio-pretreatment aims to separate the cellulose
from the pineapple core waste. For this purpose, a
hydrolysis experiment was conducted for 9 days, then
the xylanase and cellulase activity of ActM-DMB 7

were measured, as can be seen in Figure 3.

%)
)

73]
o

Activity (U/mL)

10

Time (day)

Figure 3 Xylanase and cellulase activity of ActM-DMB 7 isolate as a function of hydrolysis times.

Figure 3 illustrates the profile of xylanase and
cellulase activity (U/mL) produced by the ActM-DMB
7 over a 9-day cultivation hydrolysis in YMB medium
enriched with 45 wt% pineapple core waste. The results
show that ActM-DMB?7 displays a strong capability in
the enzymatic degradation of hemicellulose, as
evidenced by the pronounced xylanase activity observed
from day 2 onward, reaching a peak of 36 (U/mL) on
day 5. ActM-DMB 7 has ability to produce xylanase
quickly and in large quantities, suggesting its significant
potential as a valuable agent for bio-pretreatment,
thereby facilitating cellulose extraction from
lignocellulosic biomass. The preferential degradation of

hemicellulose can significantly reduce the recalcitrant
nature of the biomass, thereby facilitating downstream
processes for cellulose extraction and utilization in
hydrogel production [32,33].

Interestingly, despite  significant xylanase
production, the cellulase activity = remained
comparatively low, peaking at only 8 U/mL on day 8.
This disparity could imply a strategic metabolic
adaptation of ActM-DMB 7, prioritizing hemicellulose
breakdown to enhance cellulose availability before
further cellulolytic action occurs. Literature suggests
that a focused approach to removing hemicellulose can
lead to a more porous structure in the lignocellulosic
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matrix, thereby improving enzymatic accessibility
during subsequent hydrolysis stages [34,35].
Furthermore, the advantage of late-stage cellulase
activity may hint at a sequential enzymatic action where
xylanase primes the biomass, setting the stage for
enhanced cellulolytic activity thereafter. This order
aligns with the theory of enzymatic synergy, where
combined xylanase and cellulase applications yield
improved overall biomass degradation efficiency.
Previous studies have demonstrated that such
synergistic interactions yield better saccharification
yields than cellulase alone [36]. Therefore, the observed
high xylanase activity and relatively low cellulase
activity support the selection of ActM-DMB 7 as a
promising agent for biomass bio-pretreatment. Its ability
to preferentially target hemicellulose, as evidenced by
the earlier and higher production of xylanase, could lead
to a more efficient and potentially less damaging
pretreatment process for cellulose recovery from
lignocellulosic biomass. The observed enzymatic
activities provide a promising avenue for improving
biomass (in this study is pineapple core waste) bio-
pretreatment strategies that ultimately enhance the
usability of  derived cellulose in  various
biotechnological applications, including hydrogel

production, rather than focusing only on fermentable
sugar yields [37,38].

The order of xylanase and cellulase work one after
the other to degrade biomass, emphasizing their
synergistic importance in enabling the breakdown of
complex lignocellulosic structures. The selective
removal of the hemicellulose fraction from biomass,
evidenced by weight loss, directly impacts the structural
organization of the remaining material. In this study, the
mass loss after bio-pretreatment was around 38%. This
significant mass loss can be primarily attributed to the
enzymatic degradation of the amorphous regions, which
are more susceptible to enzymatic attack than cellulose
densely packed crystalline regions. This condition
aligns with previous findings indicating that enzymatic
treatments preferentially cleave the amorphous portions
of lignocellulose, thereby facilitating the exposure of the
more crystalline portions to subsequent degradation
processes [39,40]. The critical aspect is that cellulose
structure consists of amorphous and crystalline regions,
which play an essential role in its biochemical
accessibility and the effective degradation of
hemicellulose, as indicated by the xylanase activity, also
aids in the liberation of these amorphous structures
[41,42].

(22.8051)

Intensity (a.u)

T T T

After Bio-treatment

Before Bio-treatment |

50 60 70 80

2 theta (°)

Figure 4 X-ray diffractograms of cellulose investigated (a) before and (b) after bio-pretreatment, illustrating changes in

crystalline structure.
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Changes in the cellulose crystalline structure due
to bio-pretreatment were evident in the X-ray
diffractograms (Figure 4). Peak identification, achieved
by matching the 2-theta angle with literature data from
the Joint Committee on Powder Diffraction Standards
(JCPDS) for cellulose, identified the major peak in pre-
and post-treated samples around 22.7° - 22.8°. This peak
corresponds to cellulose type I (alpha-cellulose), as
referenced by JCPDS 03-0289 [43]. However, a
significant difference was observed in the crystallinity
index (Crl), calculated using the Segal method (Table
1). The initial Crl value of the untreated sample was
16.86%, which increased substantially to 33.35% after
biological treatment by the ActM-DMB 7 isolates.

This notable increase in Crl suggests that the bio-
pretreatment process effectively removed amorphous
components such as lignin and hemicellulose. This
selective breakdown of amorphous regions leads to a
relative enrichment of the more ordered crystalline
cellulose. This finding aligns with observations by [44],
who emphasized that the removal of lignin and
hemicellulose can result in a Crl increase of 10% - 15%,
depending on the method. Furthermore, the observed
weight loss of 38% and the corresponding rise in
crystallinity underscore the dual action of the enzymatic
treatment: The removal of less ordered components and
the consequent increase in the proportion of the more
stable, albeit less enzymatically accessible, crystalline
cellulose [45,46].

Table 1 Crystallinity Index (Crl) of pineapple core waste before and after bio-pretreatment, calculated using the Segal
method based on looz (intensity at 260 ~22° - 23°) and Iam (intensity at 20 = 18°), refer to Eq. (1).

Sample Lam Crl (%)
Before Bio-pretreatment 496.29 412.59 16.86
After Bio-pretreatment 637.20 424.70 33.35

Particle size of cellulose

Characterization of the sample through the PSA
method revealed the particle size distribution shown in
Figure 5. This figure indicates that the data informs a
bimodal distribution with two distinct peaks in particle
diameter at 0.657 and 1.832 um. Observing a bimodal
particle size distribution after mechanically resizing the
cellulose derived from ActM-DMB 7 bio-pretreatment
suggests a varied population of cellulose structures. The
main peak at 0.657 um reflects the presence of smaller
particles, corresponding to the expected size of cellulose
fibrils [47]. This finding confirms that the sonication
step successfully reduced the cellulose size.

Conversely, the secondary peak at 1.832 pum
points to the existence of larger particles, likely

indicating cellulose agglomeration that occurred during
processing or analysis. Aligning with the research of
Mendoza [48], a bimodal distribution typically emerges
from the merging of two unimodal populations,
reinforcing the understanding of both micro- or nano-
scale fibrils and larger agglomerates within our sample.
This issue is a known challenge in nanocellulose
production, influenced by aspects like the effectiveness
of centrifugation steps [49]. Future endeavors may
optimize micro-cellulose properties for hydrogel
synthesis by incorporating downstream purification
methods, such as extended centrifugation or filtration, to
reduce these larger aggregates and achieve a more

uniform cellulose dispersion.
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Figure 5 The particle size distribution of the bio-pretreated and purified cellulose.

Hydrogel and characterization

This study synthesized the hydrogel by grafting,
which effectively crosslinks cellulose fibers with
additional polymeric components using a chemical
process known as radical polymerization. This approach
functions analogously to constructing a three-
dimensional scaffold capable of water absorption.
Grafting is particularly effective here because it allows
the polyacrylamide chains to grow directly from the
cellulose hydroxyl groups, forming strong covalent
bonds. This intimate chemical linkage ensures that the
cellulose acts as an integral part of the polymer network
rather than just a filler, significantly enhancing the water
absorption capacity of the resulting hydrogel [50].
Initially, the cellulose was subjected to thermal

treatment at 95 °C for 30 min, facilitating its dissolution

while eliminating any residual lignin or hemicellulose
that could interfere with the polymerization process
[51]. After lowering the temperature to 60 °C, APS was
introduced as an initiator, catalyzing the polymerization
between AAm and MBA, the latter serving as a
crosslinking agent [52]. MBA is a pivotal connector,
creating linkages that establish the hydrogel intricate
network structure, enhancing its water retention
capabilities [53]. Following the polymerization reaction,
a purification step was performed to remove unreacted
monomers and other impurities, yielding 3.14 g of
hydrogel from just 1 g of cellulose. Such a considerable
conversion demonstrates the power of this method to
turn cellulose from agricultural waste into a functional,
water-absorbing biomaterial, which is a very valuable

material in medicine and agriculture.
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Figure 6 FTIR spectral comparison between cellulose and the resulting cellulose-acrylamide hydrogel composite.

FTIR analysis of the synthesized hydrogels
manifests significant alterations in the chemical
structure due to the interaction between cellulose and the
polyacrylamide matrix. Figure 6 describes the FTIR
spectra exhibiting characteristic absorption bands for
cellulose and hydrogel, with peaks around 3,300 cm™
corresponding to the hydroxyl (—OH) groups and those
below 2,900 cm™! indicating C—H stretching vibrations.
Notably, the spectrum of the hydrogel composite
displays a distinct band at 3,183.14 cm™’, attributed to
N-H stretching vibrations from the polyacrylamide and
an additional peak at 1,647.48 cm™ associated with the
C=0 functional group of the amide linkages formed
during grafting. These peaks signify the successful
incorporation of polyacrylamide into the cellulose
matrix, indicating that the copolymerization process
through grafting and crosslinking has effectively
occurred [54,55]. Furthermore, the disappearance of the
prominent C—O peak in the cellulose spectrum suggests
a transformation of the cellulose structure into a more
complex hydrogel framework during the synthesis
process [16,56].

The presence of the new functional groups in the
FTIR spectrum confirms the successful modification of
cellulose to enhance the hydrogel properties, suggesting
their potential in various applications. Specifically, the
amide group indicates that the resulting hydrogels can
offer improved mechanical properties, bioactivity and
responsiveness to environmental stimuli [57,58]. These

modifications contribute to the hydrogel structural
integrity and performance and signify its suitability for
drug delivery and tissue engineering [59]. By
establishing apparent differences between the spectra of
cellulose and the hydrogel composites, FTIR analysis
helps validate the effective integration of
polyacrylamide in the hydrogels, laying the groundwork
for future studies focusing on tailored functionalities for
enhanced therapeutic applications.

The swelling behavior of the synthesized hydrogel
was thoroughly investigated, highlighting the hydrogel
capacity to absorb and retain water effectively, as

indicated in Figure 7.
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Figure 7 Swelling ratio (a) and (b) and water retention of the hydrogel as a function of immersion times at room

temperature.

The evolution of the swelling ratio, as depicted in
Figure 7(a), illustrates a significant increase in hydrogel
weight upon immersion in distilled water, showing an
exponential trend during the initial 6 h. During this
phase, the swelling ratio gradually increased, plateauing
near a constant Sg/g value of approximately 34,
indicating that the hydrogel reached a saturation point.
This result suggests the network can effectively
accommodate water molecules due to its crosslinked
structure. It is crucial for moisture retention applications
such as wound dressings or drug delivery systems [60].

Furthermore, the water retention capability of
these hydrogels was evaluated, as shown in Figure 7(b),
revealing that the material maintained significant water
content under similar osmotic pressure conditions even
after 10 h. This endurance is essential as it demonstrates
the hydrogel ability to preserve hydration and sustain its
functional properties over time, which is vital for
biological applications [61]. The results indicate that the
hydrogel can effectively balance swelling and water
retention, showcasing its potential for various
biomedical and material

applications  requiring

consistent hydrophilicity and moisture retention [62].

Absorption and release of vitamin C by
hydrogel

The results of absorption and release tests are
presented in Figure 8, showing the trends for 48 h for
absorption and 24 h for release experiments. The

absorption profile of ascorbic acid (AAc), representing

vitamin C in the produced hydrogel, was monitored over
48 h, as shown in Figure 8(a). Characterized by a
significant swelling capacity, the hydrogel achieved a
maximum swelling ratio (Sg/g) of 34 within the first 8
h. The kinetics of AAc absorption are notably correlated
with this swelling behavior. A rapid initial uptake of
AAc was observed, with concentrations in the hydrogel
increased from approximately 8.32 %w/w at 6 h to about
18.44 %w/w at 12 h. This trend indicates that as the
hydrogel expands, it effectively entraps the surrounding
AAc solution, facilitating efficient absorption [63]. The
optimal absorption timeframe for AAc appears to be
between 6 and 24 h, after which the uptake rate
significantly diminishes. During examination, the
concentration gradually increased to approximately
18.88 %w/w, reaching a plateau of 12 to 48 h. This
plateau suggests that the hydrogel has attained its
equilibrium state for AAc absorption under the rinsing
conditions employed, reached the equilibrium within 18
h and its subsequent sustained up to 24 h, highlighting
that extending the rinsing time beyond 24 h yields
minimal additional benefits in terms of increasing AAc
concentration within the hydrogel.
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Figure 8 Concentration of AAc absorbed (a) and concentration of AAc released (b), by hydrogel as a function of time.

The efficient loading of AAc during the maximum
swelling period is critical, underscoring its potential for
applications in vitamin delivery systems. Previous
studies indicate that hydrogel loading capacity can
significantly influence encapsulated nutrient release
dynamics, including ascorbic acid [64]. Hydrogel
formulations containing AAc enhance delivery efficacy
and improve stability and bioavailability in
physiological environments [65]. Given the essential
roles of vitamin C in biological processes, including its
antioxidant properties and contribution to collagen
synthesis, the development of such hydrogels has
important implications for nutritional and therapeutic
applications [66].

Figure 8(b) represents the data on AAc release
from the swelling-hydrogel matrix. The observed
release profile of ascorbic acid (AAc) from the hydrogel
over 24 h exhibits in two patterns, initially, a rapid burst
release occurs within the first 4 h, during which
approximately 64% of the loaded AAc is released, a

phenomenon indicative of a significant proportion of

AAc being situated near the surface of the hydrogel or
being weakly bound within the polymer network, thus
allowing for quick diffusion into the surrounding
medium [67]. Subsequently, from 4 h to 24 h, the release
rate slows considerably and by the end of the 24 h,
nearly 100% of the initially loaded AAc has been
released, suggesting that the AAc trapped deeper within
the hydrogel matrix requires a longer time for diffusion,
likely due to tortuous pathways within the crosslinked
structure. Consequently, this biphasic release pattern
confirms the hydrogel potential for applications
requiring both an initial rapid delivery of vitamin C and
a sustained release over a longer duration, as the initial
burst can provide immediate therapeutic effects, while
the subsequent gradual release helps maintain the
desired concentration over time; such controlled release
mechanisms are critical in developing effective drug
delivery systems, as they can enhance the bioavailability
and stability of hydrophilic drugs, including nutrients
like vitamin C [68,69].
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Figure 9 Presents the Higuchi kinetic plot, illustrating the cumulative percentage of AAc released from the hydrogel over

time, expressed as a function of the square root of time.

Figure 9 describes the release of AAc from the
hydrogel demonstrating strong linearity against the
square root of time (R?>= 0.961), indicating its adherence
to the Higuchi model, where diffusion is the dominant
release mechanism. From the regression equation (y =
29.599 + 15.457x), the Higuchi dissolution constant (kz)
was determined to be 15.457, quantifying the rate of
AAc diffusion through the hydrogel matrix. This kx
value is consistent with existing literature, such as Mir
et al. [70] report of 14.7 for metformin release from
cellulose-acrylamide. The observed initial burst release
(29.599%) is also typical for hydrogel systems with
hydrophilic drugs, as highlighted by Zhang et al. [71].
This initial rapid release, followed by diffusion-
controlled kinetics, is a common characteristic of

hydrogel-based drug delivery systems.

Antibiotic absorption and release assay by
hydrogel

In this experiment, a susceptibility test of
amoxicillin to E. coli and S. aureus was applied as a
laboratory procedure to determine whether these
bacteria are likely to be inhibited or killed by
amoxicillin, a commonly used penicillin-type antibiotic.
The standard Kirby-Bauer disk diffusion assay was
adapted using a weighted piece of antibiotic-
impregnated hydrogel instead of the conventional disk.
The evaluation of susceptibility refers to the Clinical and
Laboratory Standards Institute (CLSI), even though the
concentration of the antibiotic solution used to
impregnate the hydrogel was made higher than standard
(10 pg/mL) to evaluate the release of amoxicillin in the
diffusion method.

Figure 10 shows the examination result in a
modified Kirby-Bauer disk diffusion assay, showing the

formation of clear zones for both bacterial strains tested.
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Figure 10 Antimicrobial susceptibility testing against (a) E. coli and (b) S. aureus using hydrogels containing amoxicillin

at concentrations of (i) 0, (ii) 25, (iii) 50 and (iv) 100 pg/mL, respectively.

The formation of clear zones of inhibition around
both E. coli (a) and S. aureus (b) indicated their
susceptibility to amoxicillin based on established
interpretive criteria for zone diameter (CLSI). The
efficacy of amoxicillin against both bacterial strains was
evident across the tested concentrations (25, 50 and 100
pg/mL), as demonstrated by the clear zones of
inhibition. E. coli exhibited clear zones with diameters
of 23, 25 and 27 mm, while S. aureus displayed zones
with diameters of 24, 26 and 30 mm, respectively,
showcasing an apparent dose-dependent inhibitory
effect. In this assay, S. aureus consistently shows a
larger inhibition zone at each tested concentration than
E. coli. These results suggest that, under these testing
conditions, S. aureus might be more susceptible to
amoxicillin than the E. coli strain.

The swelling capacity of the hydrogel plays a
crucial role in its ability to load and release substances,
including antibiotics like amoxicillin. Several studies
support this relationship between swelling behavior and
drug release mechanisms. For instance, Gao [57]
demonstrated that hydrogels with higher swelling ratios
could accommodate more drug molecules, resulting in
improved delivery efficiency of therapeutic agents such
as antibiotics. Similarly, Simancas [72] and Tang [73]
highlighted the significant influence of swelling
capacity on the diffusion kinetics of drugs within
hydrogel matrices, as the swelling facilitates the
formation of channels that ease the escape of the loaded

substances. Furthermore, researchers [74-76] published
that a well-optimized swelling capacity in hydrogels can
lead to a controlled and sustained release of antibiotics,
thereby enhancing their therapeutic efficacy and
reducing the need for frequent dosing. This behavior is
particularly advantageous in combating infections, as it
allows for prolonged exposure of pathogens to the

antimicrobial agents.

Conclusions

The results obtained from this study demonstrate
the promising potential of pineapple waste as a source
of cellulose, based on its cellulose content, which
reaches 38.5%. A mangrove-derived actinomycete
isolate, ActM-DMB 7, exhibits preferential xylanolytic
activity, which can be utilized for bio-pretreatment to
obtain cellulose from pineapple waste. Subsequently,
successful hydrogel synthesis was achieved by grafting
acrylamide onto the refined cellulose, confirmed by the
presence of characteristic N-H (3,183.14 cm™!) and C=0
(1,647.48 cm™) amide bands in FTIR analysis. The
resulting hydrogels demonstrated significant swelling
capacity, reaching a plateau of around 34 g/g and
maintained substantial water retention over 10 h.
Furthermore, in the AAc absorption application, the
hydrogel has absorption capacity equilibrium within 18
h and its subsequent sustained release of AAc over 24 h.
The other application of antibiotic loading, using
amoxicillin, demonstrated apparent dose-dependent
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antibacterial activity against E. coli and S. aureus. This
research highlights the potential of utilizing pineapple
core waste to synthesize functional hydrogels with
biomedical applications. It contributes to a circular
economy model, promoting sustainability and

generating economic value from biomass byproducts.
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