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Nanocellulose-based hydrogels have emerged as promising platforms for drug delivery in the gastrointestinal
environment due to their biocompatible and biodegradable properties, aligning with the 3, 9, and 12 Sustainable
Development Goals (SDG). In this study, we investigated the modification of cellulose nanofibrils (CNF) with
glycidyl methacrylate and the subsequent synthesis of chemical hydrogels containing N,N'-dimethylacrylamide
(DMA), and sodium acrylate (NaAac). The structural and morphological characterization of the hydrogels was
carried out using techniques such as FTIR (Fourier-transform infrared spectroscopy), "H NMR (proton Nuclear
magnetic resonance), and SEM (scanning electron microscopy). The fluid absorption capacity and swelling
kinetics were evaluated, as well as the contribution of swelling mechanisms to these processes. Among the
formulations developed, H2 (50 mg of CNF, 50 mg of DMA, 50 mg of NaAac) was demonstrated to be responsive
to changes in pH and ionic strength, which can potentially generate a material capable of acting as a carrier for
controlled drug release systems in the gastrointestinal environment. This study suggests that modified CNF
hydrogels have potential applications as a controlled release device in the gastrointestinal environment and
contribute to achieving the SDG, offering a strategy to improve therapeutic efficacy, reduce side effects, and
promote responsible consumption and production practices.
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1. Introduction
The search for effective and sustainable drug delivery  especially when considering the use of materials from natural

systems is a crucial challenge in the biomedical field, and non-toxic origins. In this context, studies using hydrogels
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as a drug delivery system have gained prominence for their
ability to respond to external stimuli [1,2]. Hydrogels are
formed by a three-dimensional polymeric network [3-6].
These materials can retain water or biological fluids and act
as promising vehicles for controlled drug release [4,7]. For this
aim, it is necessary the use of biocompatible and non-toxic
materials, and for an eco-friendly approach, polysaccharides
such as xanthan gum, chitosan, starch, agarose, and cellulose
can be used for hydrogel synthesis [8-10].

Cellulose is the most abundant biopolymer in nature, can
be obtained from plants or bacteria and its chemical structure
consists of B-1,4-linked glucopyranose units [11-13]. It can be
used in nanoscale sizes, such as nanocrystals and nanofibril,
which present high mechanical strength [14,15]. These
nanoscale materials have aroused interest due to their
biocompatibility, biodegradability, and abundance of their raw
material in nature [16—18]. The synthesis of hydrogels from
cellulose nanofibril offers a promising approach for
developing more sustainable and effective drug delivery
systems [19-21]. Considering the global quest to achieve the
17 Sustainable Development Goals, the search for new drug
delivery devices meets SDG 3: Good Health and Well-being,
whose aims are to ensure healthy lives and promote well-
being for all at all ages. We can also consider that research
into new intelligent and responsive devices such as hydrogels
meets the perspective of SDG 9: Industry, Innovation, and
Infrastructure, bringing innovation to the pharmaceutical
sector dealing with new biomaterials based on
polysaccharides. Furthermore, the possibility of using waste
from the paper industry as a source for the extraction of
cellulose to produce new biomaterials, such as hydrogels, is
in line with SDG 12: Sustainable Consumption and Production,
which seeks to ensure sustainable standards of consumption
and production, giving a new application to a product that
would otherwise be discarded in the paper production cycle.

Therefore, in this work we investigated the modification of
nanocellulose with glycidyl methacrylate and the subsequent
synthesis of chemical hydrogels containing N,N*-
dimethylacrylamide and sodium acrylate as cross-linking
agents, aiming a controlled drug release system. The
morphology of the hydrogels and their water absorption
capacity in response to the pH and ionic strength of the
system were studied, in addition to the swelling kinetics. In
this way, this study not only advances knowledge on the
synthesis of cellulose nanofibril hydrogels, but also highlights
their potential to drive progress towards the SDGs by
promoting innovative and sustainable solutions in the
biomedical field.

2. Results and Discussion

2.1 Chemical Modification of Cellulose Nanofibril

For the synthesis of chemical hydrogels based on
cellulose nanofibril (CNF) via radical polymerization, a
chemical modification was initially carried out to insert vinyl
groups into the nanocellulose structure. The reaction was
carried out under acidic conditions, where the epoxide ring-
opening reaction resulted in two products: 3-methacryloyl-1-
glyceryl ether of CNF, and 3-methacryloyl-2-glyceryl ether of
CNF in higher concentration, and the mixture of these two
products were called as CNFEMA[22]. To confirm the chemical
modification, Fourier Transform Infrared spectroscopy (FTIR)
analysis was performed (Figure 1).
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Fig. 1. FTIR spectra of CNF and CNFSMA,

Characteristic bands, associated to chemical groups of
nanocellulose, are observed on both spectra (CNF and
CNF&MA) - showing the basic structure of cellulose was
maintained after chemical modification. The band at 3300 cm-
1, refers to OH stretching; at 2900 cm, is related to CH;
asymmetric stretching. The band at 1630 cm, indicates the
C-C stretching band and combined with OH bending, from
absorbed water. At 1430 cm, there is a band which is
attributed to CH» scissor vibration, from crystallized, and
amorphous cellulose. The bands at 1370 cm, 1265 cm™, and
1110 cm™ are assigned to CH deformation, C-O-C bridge
oxygen stretching, and C-O stretching, respectively. Finally, at
890 cm there is a band which refers to the B-glycosidic bond
between anhydroglucose units from cellulose. [23, 24].

The chemical modification of the polysaccharide with
GMA can be proved by the bands at 1720 cm', and 1630 cm-
1, which are attributed to stretching vibrations of carbonyl
groups (vC=0), and vinyl groups (vC=C), respectively. In this
way, in the spectrum of CNFSMA at 1630 cm, there is an
overlap of the C=C band of GMA, and the already existing band
related to the C-C stretching combined with OH bending from
absorbed water. The intensification of this band, as well as the
appearance of a band at 1720 cm™ in the CNFGMA spectrum,
confirms the chemical modification reaction. [22].

To obtain additional confirmation of the CNFGMA structure,
TH NMR was used to characterize the samples (Figure 2).

The TH NMR characterization for CNF in DMSO-Dg is
shown in Figure 2 as follows: 3.8-3.5 ppm for H2, H3, H4, H5
and H6; 4.4 ppm for C6-OH and 4.8-5.5 ppm for C3-OH, C2-OH
and H1 [25]. For the GMA spectra, also in DMSO Dg is 1.9 ppm
forH14,3.0-3.2 ppm forH12, 4.0 ppm for H11'and 4.5 for H11,
5.8 ppm for H7' and 6.1 ppm for H7. The addition of the vinyl
groups in the nanocellulose structure can be observed by the
chemical shifts at 6.1 and 5.8 ppm corresponding to H7 and
H7', respectively, in the GMA and CNFGMA spectra and
structures (Figure 2) [26-29]. The signal at 1.9 ppm,
corresponds to the hydrogens attached to the methyl carbon
at GMA and CNF®MA structures (H14, Figure 2) [26-28].
Considering that the chemical modification occurs via the
opening of the epoxy ring, the signals in 2.8 and 2.6 ppm
corresponding to H13 observed in the GMA spectrum and
structure are not in the CNF6MA[28,29]. The products obtained
from 3-methacryloyl-1-glyceryl ether of CNF can be indirectly
proven by the signals at 4.5 and 4.2 ppm that correspond to
H18 and H20 in their structure [28]. The signals referring to 3-
methacryloyl-2-glyceryl ether of CNF overlap the signals from
CNF in the region of 3.5 - 4.5 ppm, the determination of the
proportion between the products [22].
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Fig. 2. "TH NMR spectra of CNF, GMA, and CNF®MA_and the structures of cellulose nanofibril, GMA, and both products of the
nanocellulose chemical modification are shown along with their respective hydrogel assimilation.

2.2 Swelling in distilled water, ionic strength assays, and
response to the pH of the environment

To study the hydrogel matrix ionic groups’ behavior,
swelling experiments were carried out in distilled water. These
groups come from the sodium acrylate incorporated in one of
the formulations. The same experiments allowed to
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understand the influence of the increased cross-linking
density in the hydrogel matrix by increasing the concentration
of the spacer agents in the formulations (N,N-
dimethylacrylamide and sodium acrylate) in the swelling
process. Figure 3A shows the results of a swelling degree in
equilibrium (SW) for H1 e H2 hydrogels.
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Fig. 3. Time-dependent swelling degree curves of H1, and H2 (A) at distilled water, and (B) at NaCl solution, both at 37 °C.

Based on these experiments, the values of the SW were
calculated using Equation 5, and the results are presented in
Table 1. A noticeable contrast is observed between the SW
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values for H1 and H2. As expected, this difference could be
related to the inclusion of sodium acrylate (NaAac) as a
spacer agent in the H2 formulation, since in the H1 the only
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spacer agent is N,N-dimethylacrylamide (DMAam). The
NaAac pKa is 4.72 and it is negatively charged in aqueous
solution. The insertion of the negative charges from
carboxylate groups (COO") into this polymeric matrix triggers
the increase of the electrostatic repulsion leading to greater
separation among polymer chains and subsequently elevating
the SW value at equilibrium [30,31]. On the other hand, H1
contains only DMAam, a neutral spacer agent that can reduce
the process of the electrostatic repulsion in the hydrogel

Orbital: Electron. J. Chem. 2025, 17(2), 226-233

matrix, establishing hydrogen bonds between the functional
groups, thus interfering with the swelling capacity and water
retention since its contribution to swelling is only the presence
of the hydrophilic groups in the structure [32]. This swelling
behavior in distilled water can also be seen in hydrogels
containing carboxylic acid and amine groups in their structure,
since these are also found in the structure of the synthesized
material [32, 33].

Table 1. Values of SW at equilibrium, the k and d constants for the Weibull fit, and n and k coefficients for the Power Law for the swelling

assays in distilled water for H1 and H2 hydrogels.

Weibull Power Law Mechanism
SW k d R? n k
H1 15.12 +1.85 0.448 0.770 0.991 0.75+0.02 1.227 £+0.111
H2 62.93 +8.772 0.325 0.805 0.998 1.17 £0.03 1.827 +0.24

*Student's t test applied to samples H1 and H2 for SW values at distilled water solution with p < 0.05. Different letters in the column mean

a significant difference between the values of SW.

To study the swelling kinetics, an adjustment using a
Weibull function (Equation 1) was necessary to compare the
equilibrium time for the two materials.

L= (1— e (1)

Weq

Once this adjustment has been made, two constants were
calculated, denoted as d and k. The value of k is directly linked
to the swelling rate for the material. In Table 01 we can notice
that the k value for H1 in distilled water overcame the H2 value,
indicating a higher swelling speed in H1. The average time
taken by H1 to reach the equilibrium swelling was 11 hours,
whereas it took 13.5 hours for H2. Although H2 took longer to
reach the equilibrium, the difference between SW values can
suggest that the ionic charge in the hydrogel matrix could
contribute to the swelling process, since a difference in mass
close to 75% was observed, comparing the SW values
between the hydrogels, at the same time intervals.

To study the mechanism of water transport in H1 e H2 the
Power Law equation (2) was applied [34]:

=L = tn ()

Weq

where k is the constant related to the kinetic behavior and the
hydrogel matrix, and n is the diffusion coefficient that
determines the swelling mechanism. Considering that both
hydrogels were synthesized in a cylindrical shape, n < 0.45
refers to Fick’s diffusion, 0.45 < n < 0.89 corresponds to
anomalous transport, and n > 0.89 refers to supercase Il
transport. As shown in Table 1, the value of n determined for
H1 refers to anomalous transport, where both Fick diffusion
and macromolecular relaxation contribute to the swelling
mechanism. For H2, the n value refers to the supercase I
transport mechanism, where the contribution of Fick's
diffusion, macromolecular relaxation, and the erosion of
polymer chains is observed. Thus, the main difference
between the two hydrogels is the erosion in H2. In this
hydrogel, the high SW value at equilibrium, which corresponds
to 72 times the initial weight, can collapse the polymeric
matrix, since the material cannot support the excess fluid.

The same analyses were carried out in NaCl solution
aiming the study the hydrogel behavior in response to
electrolytes in solution, simulating the ionic strength of the
intestinal system. The swelling profile for H1 and H2 is shown
in Figure 3B. For these tests, Weibull fit was also performed,
and the water transport mechanism was studied using the
Power Law equation. The results are presented in Table 2.

Table 2. Values of SW at equilibrium, the k and d constants for the Weibull fit, and n and k coefficients for the Power Law for the swelling

assays in NaCl solution for H1 and H2 hydrogels.

Weibull Power Law Mechanism
SW k d R?2 n k
H1 21.59 +4.192 0.243 0.859 0.993 0.79+0.05 1.842+0.142
H2 17.84 +0.792 0.387 0.705 0.995 0.84 +0.04 1.489 + 0.029

*Student's t test applied to samples H1 and H2 for SW values at NaCl solution with p < 0.05. Equal letters in the column mean that there

is no significant difference between the values of SW.

Based on these experiments, the values of the SW on
equilibrium for H1 e H2 were statistically equal, as we can see
in Table 2, and the average time to reach the equilibrium was
19 hours for H1 and 18 hours for H2. The value of n
determined for both hydrogels refers to an anomalous
transport mechanism, since they were between 0.45 and 0.89,
indicating the presence of both Fick's diffusion and
macromolecular relaxation in the water transport process.
When we compare these results with those obtained from the
swelling in distilled water, no significant difference is
observed between the SW values at equilibrium for H1, which
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suggests that the ionic strength of the medium does not affect
the swelling process in this hydrogel. However, for H2, a 3.5x
decrease in the SW value is observed. This result may be
related to the neutralization of the carboxylate groups existing
in the hydrogel matrix by sodium ions in solution, which allows
the formation of hydrogen bonds between the polymer chains,
resulting in a reduction in their swelling capacity [35]. Thus, in
this environment, the SW value for H2 approaches the value
obtained for H1, whose matrix is naturally neutral.
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2.3 pH-responsivity assays

For swelling tests in a simulated gastrointestinal system,
the ability to swell in the gastric system and intestinal system
was evaluated separately. The SW values and swelling profile
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for the two formulations are shown in Figure 4. These tests
allow evaluation of the material's ability to act as a drug carrier
in a localized or controlled manner in simulated
gastrointestinal fluid (SGIF).
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Fig. 4. (A) Values of SW at equilibrium for H1 and H2 in the SGF and SIF systems; Swelling profile of (B) H1 and (C) H2 in SGIF and (D)
Fick's diffusion and macromolecular relaxation contributions to overall mechanism for H1 in SGF.

Both hydrogels showed significant differences between
SW values after swelling tests in simulated gastric and
intestinal fluid, as shown in Figure 4A. The H1 showed a higher
SW value in an acidic environment (Figures 4A and 4B),
indicating that this hydrogel would be a potential device for
drug release in the stomach. However, we can observe that, at
the initial times of the essay, H1 showed a very similar
swelling profile at both analyzed pHs, which could result in a
non-selective release of the drug. However, the H2 hydrogel
showed a higher SW value at pH 6.8 (Figures 4A and 4C). This

result may be related to the fact that at pH 1.2 the carboxylate
groups of the polymeric matrix are protonated (COOH), which
would help to establish intrachain hydrogen bonds, reducing
the ability of the material to swell. On the other hand, at pH 6.8
the carboxylate groups are negatively charged (COO"), causing
repulsion between the polymer chains and making the
swelling process easier [36]. To analyze the water transport
mechanism, the Power Law model was used, and the values
of the coefficients n and k are shown in Table 3.

Table 3. Values of SW at equilibrium. The coefficient n and the constant k of the Power Law equation were determined from the swelling

tests for the hydrogels H1 and H2 at SGIF.

SGF (pH 1.2) SIF (pH 6.8)
SW n k SW n k
H1 16.85+2.452 0.44 £ 0.07 1.090 + 0.229 8.53+1.61° 0.39+0.12 0.421 £ 0.097
H2 14.24 +1.72° 0.41+0.03 0.706 + 0.137 18.12 + 0.39° 0.39 +0.03 0.649 + 0.045

*Student's t test applied to samples H1 and H2 for SW values at pH 1.2 and 6.8 solution with p < 0.05. Different letters in the lines mean
that there is a significant difference in SW values at pH 1.2 and 6.8 for the same hydrogel.

As we can observe in the swelling assays at SGF, the n
values of H1 showed a water transport mechanism between
Fick's diffusion and anomalous transport while H2 showed a
Fick's diffusion transport mechanism. To analyze the
contribution of each mechanism to the overall water transport
in H1 (Fick's diffusion and macromolecular relaxation) in the
initial interval of the swelling process, the Peppas-Sahlin
model [37] was applied and its equation (3) is described as
follows:

Published by Federal University of Mato Grosso do Sul | www.orbital.ufms.br

2L = gt + kyt (3)
Weq
where kqs is the diffusion constant and k; is the

macromolecular relaxation constant. The value of k- found
was 0.027 and for kg was 0.238 with a correlation coefficient
of 0.935. With the values of both constants, it is possible to
analyze the general contribution of each mechanism in the
anomalous transport mechanism in the initial interval of the
swelling process in SGF. The Fick’s diffusion fraction was
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determined using equation 4 and the macromolecular
relaxation was determined withR=1 - F.

F=—p (4)

T iikrpos
1+kdt

The result of the contribution of each mechanism to the
overall water transport mechanism is shown in Figure 5D. At
the initial time of the assay, the swelling process only follows
the Fick diffusion mechanism. After 4 hours of experiment,
however, a 20% contribution from the macromolecular
relaxation mechanism in the swelling process was observed,
indicating that the water transport mechanism is an
anomalous transport. In SIF, both hydrogels showed a Fick’s
diffusion mechanism, despite a significant difference
between the SW value between H1 and H2. This result showed
that, in H1, the swelling mechanism changes with the change
in the pH of the medium, but there is no inversion in the
transport mechanism when it comes to the H2 formulation
hydrogel. Despite maintaining the same swelling mechanism,
in H2 there is a significant change in the swelling profile at the
initial times in SGF and SIF, which would result in a localized
release of the model drug.
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Hydrogels with pH-responsive behaviors based on
cellulose and its derivatives for the controlled release of drugs
using different anionic spacer agents have been previously
reported in the literature [38—40]. Materials containing acrylic
acid as a spacer agent presented a profile similar to H2
swelling tests, in which a greater release of drugs in SIF can
be observed [41-43]. Hydrogels cross-linked with DMAam
and an anionic spacer also showed similar behaviors, with
greater SW or drug release in the intestinal environment [44].

After reaching equilibrium at SIF, the internal morphology
of CNF, H1, and H2 was observed and is shown in Figure 5. It
is possible to observe that both H1 and H2 have a porous
structure, resulting from the cross-links between the spacer
agents and the nanocellulose chains. It is known that the
porous structure of hydrogels is responsible for allowing the
entry of fluids, which promotes the distension of the chains
and the swelling of the material [45]. Furthermore, pores act
as efficient sites for drug delivery when used as drug delivery
devices. The greater number of pores observed in the H2
formulation hydrogel at pH 6.8 results in the highest SW value
when compared to the result obtained for H1, which facilitates
the entry of the fluid and consequent release of the drug in this
formulation [46].
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Fig. 5. SEM images for CNF (A), H1 (B) and H2 (C) after swelling at pH 6.8.

As a result of all the experiments, considering that H1 did
not show a significant difference in the swelling process in the
SGIF tests over the first 3 hours of the experiment, we
understand that this material would not be suitable for
application as a drug carrier, since its behavior in the gastric
and intestinal systems are similar. The H2 swelling profile
showed responsive behavior to pH variation, making it a
potential vehicle for future studies in drug delivery. It can be
explained by the swelling profile influence in the speed with
which the drug would be released into the intestinal
environment or at least prevent its release in the stomach. In
this context, a technological application for cellulose
nanofibril waste was found to meet the need to create
materials that align with the needs of industrial innovation
(SDG 9) and population health and well-being (SDG 3), aiming
to achieve development using SDG 12 with the synthesis of
materials based on consumption and sustainable production
from industrial waste and cellulose recycling.

3. Material and Methods

3.1 Material

Monobasic potassium phosphate and sodium hydroxide
(NaOH) were obtained from Dinadmica (Brazil). Glacial acetic
acid and absolute ethanol were purchased from Perquim
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(Brazil), hydrochloric acid 37% from Reatech (Brazil), and
acetone and sodium chloride from Neon (Brazil). N,N*-
dimethylacrylamide 99% (DMAam), glycidyl methacrylate 97%
(GMA), sodium persulfate >98%, acrylic acid (AAc) was
purchased from Sigma-Aldrich. Cellulose nanofibril (CNF)
was obtained from the National Service of Industrial Learning
(SENAI - Teléemaco Borba, Parana, Brazil).

3.2 Cellulose nanofibril chemical modification

For the synthesis of chemical hydrogels, the cellulose
nanofibril structure was previously modified with vinyl group
addition [22]. For this reaction, 40 g of CNF suspension (0.028
g/g) were added to 100 mL of distilled water under stirring at
a temperature of 60 °C, and the pH of the solution was
adjusted to approximately 4.0, with glacial acetic acid. Then,
0.044 mol of glycidyl methacrylate (GMA) was added and the
solution was left under stirring for 24 h. The modified cellulose
nanofibril (CNFeMA) was precipitated with 300 mL of ethanol,
filtered, and dried at room temperature. To confirm the
chemical modification of CNF, FTIR spectra were recorded
(Shimadzu/IRPrestige-21 spectrometer). The samples were
analyzed as dry powders prepared into KBr pellets, with a total
of 64 scans per spectrum to achieve a resolution of 2 cm-,
covering the range from 4000 to 400 cm-'. The samples were
also characterized by Nuclear Magnetic Resonance
Spectroscopy. The 'H spectra were acquired using a Bruker
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400 MHz spectrometer (model AVANCE Ill), operating at
frequencies of 400.0 MHz for 'H nucleus. For the acquisition
of spectra, 20 mg of powdered samples were dissolved in 0.6
mL of DMSQ46 containing 0.05% of 3-(trimethylsilyl)propionic-
2,2,3,344 acid sodium salt (TMS) as an internal standard.

3.3 Sodium acrylate synthesis

Sodium acrylate (NaAac) was used as an anionic spacer
agent on the hydrogel synthesis. For its preparation, 0.71 mol
of acrylic acid was solubilized in acetone under mild stirring.
Then, 0.71 mol of NaOH was slowly added to the solution,
forming a white precipitate (NaAac). The salt was filtered and
left to dry in an oven at 40 °C.

3.4 Synthesis of CNFéMA based hydrogels

The radical polymerization method was used for the
synthesis of chemical hydrogels. [45]. Previously, for the
gelation reaction, 50.0 mg of CNFGéMA and different amounts
of N,N-dimethylacrylamide and NaAac (Table 4) were added
in distilled water reaching the final volume of 5.0 mL. The
mixture was kept under stirring and heated to 60 °C and 17.0
mg (6.2 x 10->mol) of potassium persulfate was added. After
the initiator was solubilized in the solution, the heating and
stirring were interrupted and the hydrogel was formed. The
hydrogels were then fractured, dialyzed against distilled water,
dried in an oven at 60 °C, and then stored.

Table 4. Hydrogel formulations based on CNF®™A DMAam and
NaAac.

Hydrogel  CNF®MA(mg) DMAam (mol) NaAac (mol)
H1 50.0 5.3 x 108 0
H2 50.0 4.8 x10% 5.3x10*

3.5 Hydrogel morphology

The internal morphology of the synthesized hydrogels was
analyzed using scanning electron microscopy (SEM/Tescan -
Mira 3). After reaching swelling equilibrium at pH 6.8, the
materials were frozen by immersion in liquid nitrogen and then
lyophilized for 72 h to preserve the material’s internal
morphology. The samples were fractured and coated with a
thin layer of gold and the images were obtained with an
acceleration voltage of 15 kV and a current intensity of 106
maA.

3.6 Swelling measurements,
responsivity analysis

ionic strength, and pH-

The swelling measurements were made to simulate the
hydrogel swelling at simulated gastrointestinal fluid [47]. For
the saline solution that simulated the same ionic force as the
gastric media, a sodium chloride solution of 10.85 g L' was
prepared. The simulated fluids were prepared following the
U.S. Pharmacopeia in the absence of enzymes. For this
purpose, simulated gastric fluid (SGF) of pH 1.2 was prepared
with a solution of 2.0 g L of sodium chloride and 0.08 mol L-
1 of hydrochloric acid, and the simulated intestinal fluid (SIF)
of pH 6.8 was prepared with 0.62 g L' of sodium hydroxide
and 6.80 g L' of monobasic potassium phosphate.

To obtain SW, a gravimetric assay was performed, where
a dried hydrogel sample was submersed to the SGF or SIF
solutions at a controlled temperature of 37 °C. In specific time
intervals, the hydrogels were withdrawn from the solution and
then weighed after removing the solution from the surface.
The swelling degree was obtained using equation 5, where w;
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is hydrogel weight in time and wy, the weight of the dried
hydrogel. The assays were performed in triplicate.

Swo= e (5)

4. Conclusions

The CNF was modified with the vinyl group using GMA as
the modifying reagent. This material exhibited potential for
use as a precursor for hydrogels displaying pH-responsive
behavior when synthesized with spacer agents DMAam and
NaAac. Hydrogel H1 demonstrated a similar swelling pattern
in distilled water and NaCl solution, indicating an anomalous
transport mechanism for water. On the other hand, hydrogel
H2 contains carboxylate groups that are in ionic form in
distilled water, leading to increased SW values due to
electrostatic repulsion within the polymeric matrix. In the NaCl
solution, the SW value decreases as a result of ion presence.
Regarding pH-responsive assays, only hydrogel H2 displayed
encouraging results for gastrointestinal delivery by exhibiting
greater release in intestinal media and higher SW values at pH
6.8.
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