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ARTICLE INFO ABSTRACT

Keywords: Hydrogels, 3D hydrophilic networks formed by oppositely charged biopolymers like chitosan and xanthan gum,

Chitosan offer a safe, non-toxic, and biocompatible option for delivery applications. Essential oil (EO) by-products, such as

Ea‘;thanlgum hydrosols and wastewater, are sources of antioxidant and antimicrobial compounds, but their high dilution can
ydroge

limit direct applications. In this context, this work focused on the development of hydrogels via electrostatic
complexation incorporating hydrosol and wastewater by-products from the steam distillation of Aloysia citrodora
Palau, using a two-stage approach: (a) initial loading during hydrogel formation and (b) subsequent reloading of
the hydrogels to further enhance the concentration of bioactive compounds. The effect of pH (4, 7, and 11) on
polymer complexation was evaluated, as it influences polymer-polymer and polymer-bioactive compound in-
teractions by modifying the protonation and deprotonation states of their functional groups. This effect was
evident in swelling, release kinetics, morphology, and rheological properties. Fourier-transform infrared (FTIR)
analysis confirmed the successful formation of the polymer complex. Neutral pH hydrogels showed the highest
hydrosol entrapment (70.3%) and were selected as the most promising systems. Biological characterisation
showed that the reloading process enhanced bioactivity. Wastewater-load-reload improved antioxidant capacity,
driven by the high phenolic content. Moreover, hydrosol-loaded-reload systems exhibited antimicrobial activity,
with bactericidal effects against Staphylococcus aureus and Escherichia coli, outperforming both unloaded and
loaded systems. These findings highlight the potential of loading and reloading steps to valorise EO by-products,
producing sustainable, functional hydrogels with high bioactivity, suitable for food, pharmaceutical, medical,
and biotechnological applications.

Essential oil by-products
Waste valorisation
Hydrosols
Antimicrobial activity

shaping [4]. Among various approaches, networks can be created
through the interactions of oppositely charged polymers, a safe and eco-
friendly method, to form polyelectrolyte complexes (PECs). PECs are

1. Introduction

Interest is growing in developing innovative biobased antimicrobial

systems as alternatives to conventional pharmaceuticals and pre-
servatives, aiming to combat the resilience and survival of microor-
ganisms exposed to antimicrobial agents [1,2]. Pathogenic bacteria such
as Staphylococcus aureus (Gram-positive) and Escherichia coli (Gram-
negative) are widely distributed across different environments. They are
major contributors to infections due to their biofilm-forming capabil-
ities, resistance, virulence factors, and toxin secretion [3]. In this
context, hydrogel systems have attracted attention for their versatility,
serving as a base material for a range of applications.

Hydrogels are flexible, three-dimensional hydrophilic networks that
retain water without dissolving, presenting high stretchability and easy

formed spontaneously through the ionic complexation of mixed poly-
electrolyte solutions without using organic solvents, chemical cross-
linkers, or surfactants [5]. Polysaccharides, composed of mono-
saccharide units linked by glycosidic bonds, are a key class of natural
polymers valued for their nontoxicity, biocompatibility, and biode-
gradability. Their abundant functional groups enable them to activate
their ionic character, promoting PEC formation [6,7].

Chitosan (CH), the only cationic polysaccharide, is a linear polymer
composed of p-(1,4)-linked D-glucosamine and N-acetyl-D-glucosamine
units, obtained through the deacetylation of chitin [5]. This distinctive
molecular structure, comprising glucosamine units, endows chitosan
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with exceptional biological properties [4]. Xanthan gum (XG) is a
naturally water-soluble polysaccharide produced during the fermenta-
tion of Xanthomonas campestris bacteria. It has a high molecular weight
and comprises a p-1,4-linked glucan backbone, with charged trisaccha-
ride side chains attached to alternating glucose residues. Acetate and
pyruvate groups on its backbone make XG an anionic polysaccharide
[8]. Due to their oppositely charged chains, CH and XG can form PECs at
certain pH values via electrostatic self-crosslinking, creating a biocom-
patible, non-toxic natural polymeric network that is ideal for controlled-
release systems.

Plant-derived extracts, rich in bioactive compounds such as carot-
enoids, phenolic acids, flavonoids, alkaloids, saponins, and terpenoids,
among others, exhibit various biological activities, including antibac-
terial, antifungal, antioxidant, and anti-inflammatory effects [9]. How-
ever, their instability and sensitivity to external conditions can limit
their use, making protective strategies essential. In this regard, encap-
sulation has proven to be an effective method for preserving their ac-
tivity and enhancing targeted delivery [10]. Aloysia citrodora, or lemon
verbena, is a perennial herb in the Verbenaceae family, renowned for its
aromatic characteristics and high essential oil (EO) content. It is
commonly used in aromatherapy, perfumery, and as a food flavouring
ingredient [11]. Its EO is recognised for its antimicrobial, anti-
inflammatory, and anti-tumour properties, making it a valuable source
of bioactive compounds [12].

Despite its global relevance, high citral content, and generally rec-
ognised as safe (GRAS) status, the characterisation and exploitation of
A. citrodora distillation by-products remain limited, as research has
predominantly focused on extracting essential oil and polyphenols
[13,14]. EO distillation yields rarely exceed 5%, leaving more than 95%
of the plant material as residual biomass, plus the hydrosol and waste-
water, which are often discarded without treatment. Therefore, valor-
ising these residues is a key strategy to enhance the environmental and
economic sustainability of the EO industry [15,16].

Hydrosols, secondary products of EOs' extraction, are complex mix-
tures of diluted hydrophilic bioactive compounds, containing trace
amounts of hydrophobic constituents from EOs. Due to their complex
composition, the bioactivity of these compounds is linked to functional
groups such as methyl, hydroxyl, carbonyl, and carboxyl [17,18]. Solid
residues and wastewater also exhibit complex compositions, containing
high-molecular-weight water-soluble compounds, mainly polyphenolic
compounds [19]. In this context, the high dilution of bioactives in the
distillation by-products makes encapsulation in hydrogels effective for
concentrating and protecting compounds, enhancing bioavailability,
and enabling direct use in green antimicrobial systems.

This study focuses on developing functional hydrogel systems based
on the electrostatic complexation of chitosan and xanthan gum to entrap
and concentrate bioactive compounds derived from A. citrodora distil-
lation by-products, namely hydrosols and wastewater. The influence of
pH on hydrogel formation was investigated, and hydrogel characteri-
sation included physicochemical, structural, rheological, and release
analyses, along with bioactivity evaluations using antioxidant and
antimicrobial assays against S. aureus and E. coli. A reloading strategy
was implemented to increase the accumulation of bioactive compounds
within the hydrogel matrix, highlighting the novelty of these systems in
valorising essential oil by-products and enhancing the biological activity
of the resulting products.

2. Materials and methods
2.1. Materials

Fresh plant (Aloysia citrodora Palau) supplied by Deifil Technology
Lda (P6voa de Lanhoso, Portugal) was received, cut, frozen, and stored
at —20 °C (Hotpoint-Ariston, Italy). Chitosan (CH; deacetylation degree
of 85%, viscosity of 10 mPa-s for 1% solution in acetic acid (1%), ash
content <1%) obtained from BioLog (Heppe GmbH, Landsberg,
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Germany) and xanthan gum (XG; viscosity of 1.45 to 2.00 mPa-s for 1%
solution at 20 °C) acquired from TCI Europe (Zwijndrecht, Belgium)
were chosen as polymers used in the hydrogels. Citric acid (99%),
methanol (99.8%), and sodium hydroxide were obtained from Merck
Millipore (Darmstadt, Germany), Riedel-de-Haén (Honeywell, Ger-
many), and Sigma-Aldrich (Merck, Germany), respectively. For the
antioxidant activity, free radical solutions were prepared using ABTS
(2,2-azino-bis-3-ethylbenzothiazoline-6-sulfonic acid) and DPPH (2,2
diphenyl-1-picrylhydrazyl) obtained from Sigma-Aldrich (St. Louis, MO,
USA). The microbial cultures selected in this study included the bacteria
Staphylococcus aureus ATCC 6538 and Escherichia coli ATCC 8739, both
purchased from Mistracon (Sharlab, Spain). The microorganisms' sub-
strates, brain-heart infusion (BHI) broth and nutrient agar, were pur-
chased from Liofilchem (Italy). Distilled water was used for all the
conducted experiments.

2.2. Hydrosol and wastewater production

The A. citrodora by-products, hydrosols (H) and wastewater (W) were
obtained by steam-distillation. Briefly, 100 g of the plant material was
placed in a cylindrical flask connected to the water vapour distillation
flask, where the vapourised water interacted with the plant, carrying a
complex mixture of vapourised water and oil. After 1.5 h of distillation,
the EO and its respective by-products (H and W) were separated and
collected, then stored at refrigerated conditions. Their complete char-
acterisation was previously reported in a work of the group [20]. Briefly,
the samples presented an acidic pH (H = 5.96 and W = 5.42) and a
strong odour. The main composition of the H consisted of the citral
isomers, namely neral (31.21%) and geranial (36.69%), and also showed
a lower content of phenolic compounds (20.5 pg/mL in the hydrosol).
The W presented a high content of phenolic compounds (120.0 pg/mL
wastewater), including luteolin-7-diglucuronide (39.7 pg/mL waste-
water), forsythoside H (13.8 pg/mL wastewater), and apigenin-7-
diglucuronide (13.1 pg/mL wastewater), as main compounds.

2.3. Hydrogel preparation

For the preparation of the hydrogels, two polymeric solutions (CH
and XG) were prepared using an adapted procedure from Martinez-
Ruvalcaba et al. [21], with some modifications, including the use of the
A. citrodora by-products (H and W) in the forming solutions. The CH
solution (1% w/v, total volume 100 mL) was prepared by dissolving the
CH in a 2% (w/v) citric acid solution, stirred magnetically at 60 °C
(overnight) until complete dissolution. XG dissolution was achieved at
room temperature under magnetic stirring at 1% (w/v) polymer con-
centration, with a total volume of 100 mL. The distilled water used for
the XG solutions was substituted with H or W to load the hydrogels with
the bioactive waste products during preparation (H and W were added
directly, without dilution). To cover different XG pH environments,
which influence the polymer's net charge, the pH was adjusted to 4, 7,
and 11 using 2% (w/v) citric acid and 0.5% (w/v) sodium hydroxide. To
form the hydrogels, the resultant CH- and XG-based solutions were
mixed and stirred (250 rpm) for 10 min at room temperature, and the
formed hydrogel was recovered by filtration. Each hydrogel was freeze-
dried (48 h, —106 °C, 5 x 10~* mbar) (Labogene, ScanVac CoolSafe,
Lillerod, Denmark). The lyophilised hydrogels were stored under
refrigerated conditions (4 °C) before further analysis.

The produced hydrogels were designated as base hydrogels and
labelled using the following nomenclature: XY, where X refers to the
used by-product (H, W, and C when distilled water was used for
comparative purposes), and Y is the final pH environment of the XG
sample (a-acid (pH 4), b-basic (pH 11), and n-neutral (pH 7)). For
example, sample Ha corresponds to the hydrogel formed using the XG
solution prepared with the hydrosol at acidic conditions.
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2.4. Hydrogel characterisation

The prepared base hydrogel systems were characterised for their
chemical structure to assess CH-XG interactions, H and W entrapment,
swelling, and release, as well as morphology and rheological properties.

To investigate the chemical structure and CH-XG molecular in-
teractions, and to evaluate the entrapment effects resulting from
polymer-bioactive compound interactions, Fourier-transform infrared
(FTIR) spectroscopy was performed using an MB3000 FTIR spectrometer
(ABB, Zurich, Switzerland) operating in attenuated total reflectance
(ATR) mode. The cell was equipped with a diamond crystal. The
following parameters were used: 32 scans at a resolution of 4 cm ™ in the
range from 4000 to 550 cm ™. The spectra were acquired and processed
with Horizon MB version 3.4. A small sample of each lyophilised
hydrogel was placed directly on the crystal surface for the analysis.

The H and W entrapment (ET) capacity of the produced hydrogel
systems was estimated using an indirect method [22]. After forming and
separating the hydrogel by filtration, 1 mL of the residual solution was
diluted (1:10) with water, then analysed using a UV-Vis spectropho-
tometer (Cary 50, Varian, Australia). Quantification was performed by
measuring absorbance at the maximum wavelengths (243 nm for H and
328 nm for W). The calibration curves for both by-products (Supple-
mentary Material) showed high correlation coefficients (R? values of
0.9997 and 1, respectively). ET was calculated according to Eq. (1).

W, — W;

t

ET (%) :< >><100 ¢}

where W is the total weight of H or W added to the hydrogel preparation
system (measured gravimetrically), and W is the amount of H or W in
the residual solution, estimated by UV-Vis.

The swelling capacity of the lyophilised hydrogels was determined
gravimetrically. Dried samples (0.05 g) were immersed at room tem-
perature in distilled water (15 mL), and the swelling was measured by
weighing the swollen hydrogel over time until constant weight was
achieved. The swelling ratio (SR) was calculated using Eq. (2).

WS_VVZ
1

SR (%) = ( ) x 100 )

where W and W refer to the weight of the swollen and lyophilised
hydrogel, respectively.

Following, the swelling kinetics was analysed using the Kors-
meyer—Peppas model (Eq. (3)). The model was applied to the initial
swelling stage, with a fitting range of My/M, < 0.8 to ensure statistical
robustness [23].

M,
w - kt" €)
where M and M, represent the amounts of water absorbed at time t and
at equilibrium, respectively, k is a kinetic constant related to the
swelling rate, and n is the swelling mechanism exponent. Specifically, n
< 0.5 indicates a pseudo-Fickian diffusion mechanism, n = 0.5 corre-
sponds to Fickian diffusion, while 0.5 < n < 1 represents a non-Fickian
(anomalous) mechanism.

To investigate the hydrogel's morphology, scanning electron micro-
scopy (SEM) coupled with energy-dispersive X-ray spectroscopy (EDS)
was performed using a high-resolution Schottky field-emission envi-
ronmental scanning electron microscope (FEI Quanta 400 FEG ESEM),
equipped with X-ray microanalysis and electron backscattered diffrac-
tion (EBSD) capabilities (EDAX Genesis X4M system). Dried hydrogel
samples were attached to carbon tape and sputter-coated with a thin
gold-palladium (Au/Pd) layer using an SPI module sputter coater.
Coating was carried out for 100 s at 15 mA to ensure adequate surface
conductivity.
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2.5. Hydrogel reloading

A reload step for the base systems with H or W was tested using the
swelling-diffusion technique to enhance the hydrogels' activity. Briefly,
freeze-dried hydrogel systems (0.05 g) were immersed directly in H or W
(10 g, without dilution) for 3 h at room temperature, as determined by
the swelling capacity analysis. This facilitated the penetration of the
bioactive components into the hydrogel structure and their adsorption at
the surface. The swollen hydrogels were filtered, frozen, and lyophilised,
then stored at 4 °C for further analysis. The designation +Z was added to
the previous nomenclature of the base hydrogels to highlight the reload
step. For example, sample Ha + H corresponds to the base hydrogel Ha
subjected to a reload step with H. The reloading capacity (RC%) of the
hydrogel using H or W was determined gravimetrically using Eq. (4).

RC (%) = <%) %100 4)

where Wy, is the total weight of the by-product (H or W) used in
reloading, W, is the weight of residual solution after reloading, and Wy, is
the initial weight of the lyophilised hydrogel.

To investigate the release capacity of loaded and reloaded hydrogel
systems for H- or W-bioactive compounds, a cumulative release assay
was performed in triplicate under controlled conditions. Dried samples
(0.1 g) were immersed in distilled water (30 g) under continuous stirring
(100 rpm) in a shaker-incubator (ES-20/80, BioSan, Latvia) at 25 °C. At
different time intervals (0.2, 1, 2, 4, 6, and 8 h), aliquots of 3 mL were
collected, and the released H or W was measured using a UV-Vis spec-
trophotometer (Cary 50, Varian, Australia) at 243 nm for the H and 328
nm for the W. The aliquots were then returned to maintain the total
volume. The concentration of the released H or W at each time point (Ct)
was calculated according to Eq. (5). The corresponding mass of the
released hydrosol or wastewater (m:) was calculated as:

m=CxV (5)

where V is the volume of the release medium.

The cumulative release was normalised with respect to the dry mass
of the hydrogel sample and expressed as milligrams of released hydrosol
or wastewater per gram of dry hydrogel (mgy; mg/g), according to Eq.
(6:

m,
M, =—
mdry

(6)

where M: is the cumulative amount of released H or W at time t.

The compounds' release from the hydrogel matrices is influenced by
multiple factors, as swelling plays a key role in diffusion-mediated
release. The release patterns were analysed using the pseudo-first-
order (Eq. (7)), Higuchi (Eq. (8)), and Korsmeyer—Peppas (Eq. (3))
models [24].

In(M, —M,) = In(My,) — kit @

where M, is the amount of H or W released at time t, M, is the maximum
experimental release, and k; is the pseudo-first order rate constant.

M, = kyt'/? (8)

where M; is the amount of H or W released at time t, and ky is the
Higuchi constant.

In the Korsmeyer-Peppas model, M; and M, represent the amounts of
H or W released at time t and at equilibrium, respectively; k is the release
rate constant; and n is the release mechanism exponent. Specifically, n
= 0.45 indicates a Fickian diffusion mechanism, while n > 0.45 but <1
indicates a non-Fickian (anomalous) transport mechanism.

The rheological characterisation was evaluated using a rotational
Rheometer Kinexus Prime lab+ (NETZSCH, Germany). The rheological
properties of hydrogels include viscosity (measured via flow tests) and
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dynamic properties, such as frequency- and amplitude-sweep tests.
Samples for rheological measurements were rehydrated by adding the
freeze-dried hydrogel to distilled water, allowing it to swell completely
(3 h). Assays were carried out at 25 °C using a parallel-plate geometry
with a 20 mm diameter and a 1 mm gap. Flow tests were performed by
increasing the shear rate from 10~ to 10% s1. The amplitude and fre-
quency sweeps were carried out over shear strain (%) between 10! and
10%% and frequency (Hz) between 107! and 10! Hz with a fixed shear
strain in the linear viscoelastic region (LVR).

2.6. Antioxidant activity: ABTS and DPPH assays

The antioxidant activity of the base and reloaded hydrogels was
evaluated through the discoloration and neutralisation of ABTS (2,2
azino-bis-3-ethylbenzothiazoline-6-sulfonic acid) and DPPH (2,2-
diphenyl-1-picrylhydrazyl) free radicals using spectrophotometric
methods with adaptations [25]. For both assays, samples were prepared
at a hydrogel-to-water ratio of 1:200 (w/w) and stirred for 15 min.
Distilled water was used as the control. For the DPPH assay, serial di-
lutions were prepared by adding 30 pL of the hydrogel solution, fol-
lowed by 270 pL of the DPPH methanolic solution. The samples were
kept in the dark for 1 h and then analysed by spectrophotometry (Epoch,
BioTek Instruments, USA) at 517 nm. For the ABTS assay, 150 pL of the
hydrogel solution were added to 4.85 mL of the ABTS solution. The
samples were kept in the dark for 15 min and then analysed by spec-
trophotometry (V-730 UV-visible, Jasco, Madrid, Spain) at 734 nm.
Samples' scavenging capacity (SC%) was calculated using Eq. (9).

SC(%) = (‘%) x 100 ©)

c

where Ac is the absorbance of the control, and Ag is the absorbance of
the sample.

To assess the effect of the reload step and its direct influence on the
antioxidant activity, for W-reloaded hydrogels, total phenolic and
flavonoid contents were determined and compared with those of the
base systems prepared with H and W. Briefly, hydrogel solutions (5 mg/
mL) were prepared, the phenolic content was measured by the Folin-
Ciocalteu assay (765 nm) and the flavonoid content by the aluminium
chloride assay (510 nm) following Barros et al. [26], with absorbances
recorded using a microplate reading (Epoch, BioTek Instruments, USA).
Results were expressed as mg gallic acid or mg catechin equivalents per
gram. Distilled water was used as a blank, and calibration curves showed
a high correlation (Supplementary Material).

2.7. Antimicrobial activity

The microbial cultures of Staphylococcus aureus ATCC 6538 and
Escherichia coli ATCC 8739, stored in an ultra-freezer (ThermoFisher,
STP, AS) at —70 °C, were activated in BHI broth and incubated for 24 h
at 37 °C in a bacteriological oven (Raypa, Incutterm, Barcelona, Spain).
The inoculum was then prepared in BHI broth by standardising the cell
density suspension at 550 nm in a densitometer (DEN-1 McFarland
densitometer, Grant-bio, UK) to achieve a final cell density of 1.5 x 108
cells/mL.

The antimicrobial potential of the hydrogels was determined using
the neutral systems (Cn, Hn and Wn) and two reloaded neutral systems
(Hn + H and Wn + H), chosen following preliminary tests (viable cell
counting method and agar diffusion assay; described in the Supple-
mentary Material) that pointed out the neutral systems prepared with H
as the most promising, considering antimicrobial activity. The samples
underwent microbial reduction assay using a standard method under
dynamic contact conditions, adapted from Fernandes and co-workers
[27]. Briefly, the standardised inoculum (1.5 x 108 cells/mL) was
diluted in sterile buffer (0.3 mM KH5POy4, pH = 7.2 + 0.1) to obtain a
working bacterial dilution for the assay, resulting in a final
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concentration of 1.5 x 10° cells/mL. For antimicrobial activity evalua-
tion, 333 mg of each lyophilised hydrogel was added to a sterile 100 mL
flask containing 50 mL of the working bacterial dilution. The flasks were
placed in a shaker-incubator (ES-20/80, BioSan, Latvia) at 37 °C and
100 rpm. After 1 min of stirring, 1 mL of the solution was aseptically
collected to determine the bacterial concentration using the viable cell
counting technique (via serial dilutions and the agar incorporation
method in Petri dishes with nutrient agar). This sampling represented
the bacterial concentration at the initial contact time (t0). After sam-
pling, the flasks were immediately returned to the shaker incubator. This
aseptic sampling step was repeated at different time points, namely 0.5,
1, 2, 4, 6, and 8 h (representing the t0.5, t1, t2, t4, t6, and t8 contact
times). A flask containing only the working bacterial dilution (without
hydrogel addition) was analysed in parallel as the control. The colony-
forming unit (CFU) counts were converted to CFU/mL and used to
calculate the bacterial decimal reduction (DR) and the percentage
reduction (PR%), using Egs. (10) and (11).

DR = log% 10)
t

where Cy represents the initial CFU count, and C; refers to the CFU count
at time t following the contact period with the sample.

1
7@) x 100 an

PR(%) = (1
where DR is the decimal reduction calculated using Eq. (10).

A concise schematic summarising the hydrogel synthesis, loading,
reloading, and the hydrogel's chemical and biological characterisation is
presented in Fig. 1, providing an overview of the experimental workflow
and proposed antimicrobial and antioxidant mechanisms.

2.8. Statistical analysis

Results were reported as mean =+ standard deviation of replicates (N
= 3). Data were analysed using ANOVA with Tukey's multiple com-
parison test in GraphPad Prism® 8.0 (San Diego, CA, USA) when
applicable. Kinetic model fitting was conducted in RStudio (version
4.3.0) using linear regression on transformed data. Model performance
was evaluated using the coefficient of determination (Rz), and the most
appropriate kinetic model for each hydrogel system was selected based
on the highest R? and the physical relevance of the fitted parameters.

3. Results and discussion
3.1. Hydrogel formation

Fig. 2 illustrates the schematic representation of the hydrogel for-
mation process. The effective formation of PECs depends on various
conditions, including polymer concentration, polymer ratio, and pH.
Regarding pH, for effective polymer complexation, the pH of the poly-
meric solutions should be far from the polymers' pKa values (lower than
6.5 for CH and higher than 3.1 for XG) to ensure the activation of
functional groups and subsequent electrostatic interactions upon contact
[5,28-30]. CH-XG hydrogels contain two ionisable functional groups:
the carboxyl group (anionic) from XG and the amino group (cationic)
from CH. The oppositely charged functional groups form electrostatic
interactions that lead to hydrogel formation and stabilisation, with
hydrogen bonding playing a significant role in stabilising the formed
polyelectrolyte complexes. This combination of forces allows the
hydrogel to remain stable over a broader pH range [31].

Besides polymer-polymer interactions, polymer-bioactive compound
interactions can also be significant. Both by-products are complex
mixtures; the hydrosol predominantly contains oxygenated mono-
terpenes, including citral, an acyclic monoterpene aldehyde, while the
wastewater primarily consists of phenolic compounds characterised by
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(1) Polymeric solutions preparation:
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Fig. 2. Schematic representation of the polyelectrolyte complex formation with and without the hydrosol and the wastewater.

aromatic rings and hydroxyl groups. Interactions such as hydrogen
bonding, ionic, and hydrophobic interactions may occur between the
bioactive compounds and the polymer, trapping them more effectively
within the hydrogel network and also helping to form a more stable
polymeric matrix [32-34].

The CH solution, prepared with citric acid, achieved a pH of 2.70,
facilitating the dissociation of chitosan's ionisable groups and making
the functional groups available for electrostatic interactions. In addition
to its biocompatibility, the citric acid used in the CH solution exhibits
promising properties, including the ability to facilitate the grafting and
conjugation of macromolecules. Its carboxylic and hydroxyl groups
participate in hydrogen bonding interactions, which is beneficial when
incorporating bioactive compounds into the polymeric network [35].
The XG solutions were adjusted to pH 4, 7, and 11 to investigate how pH
affects ionisation levels and, consequently, complexation with CH. At
pH 4, carboxyl groups are partially protonated, and XG chains maintain
a double helix in concentrated solutions, transitioning to disordered
coils as pH rises. At pH 6, carboxyl groups are fully deprotonated. In
alkaline solutions, this deprotonation causes repulsion among nega-
tively charged ions [36,37].

Polymer-bioactive compound interactions depend on several factors.
In the case of the by-products used in this work, H and W, the in-
teractions between the polysaccharides and aroma compounds associ-
ated with H, such as citral, may occur via hydrophobic interactions and
hydrogen or covalent bonding [38]. Regarding phenolic compounds,
which are mainly associated with W, non-covalent interactions can
modify their structure, function, and biological activities [39]. Since
phenolic compounds possess multiple hydrogen-bonding sites and are
pH-dependent, they can, in some cases, influence electrostatic repulsion
between molecules and modify the crystallinity of the polymeric matrix
[40,41]. In summary, pH can also influence interactions between H and
W compounds within the hydrogel structure, particularly by affecting
the ionisation of functional groups and the availability of active sites for
bonding and entrapment.

After the polymer complexation, all the produced systems exhibited
similar weights. Visually, the lyophilised systems displayed a porous
structure with a colour variation dependent on the used by-product, as
illustrated in Fig. 3.
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Fig. 3. Developed hydrogels with pH variation incorporating essential oil by-products: control (Ca, Cn, and Cb), hydrosol-based (Ha, Hn, and Hb) and wastewater-

based (Wa, Wn, and Wb) systems.
3.2. Hydrogel characterisation

3.2.1. Fourier-transform infrared spectroscopy

The FTIR spectra of the analysed hydrogels (Fig. 4) were similar,
presenting the characteristic vibration bands of CH and XG polymers.
The CH spectrum (Fig. 4 (A)) exhibited a broad band around 3200-3300
em™}, indicative of —OH groups overlapped with —NH stretching vi-
brations [42]. A peak at 2800-2900 cm ' was attributed to C—H
stretching vibration, while the distinctive vibrations at 1650, 1580, and
1320 em ™! were associated with the stretching of carbonyl (amide-I),
N—H (amide-II), and the C—N (amide-III) bonds, respectively [31,43].
The symmetric bending vibrations of CH; and CH3 were observed at
1425 and 1374 cm™}, respectively. The band at 1150 ecm™! corre-
sponded to the symmetric stretching of the C—O—C bond. The bands at
1020 and 1060 cm™! were also assigned to the C—O stretching vibra-
tions [42,44]. In the case of the XG, the spectrum featured a broad band
associated with the —OH stretching at 3300 cm ™!, followed by the C—H
stretching vibrations around 2900 cm~ ! [45]. The signal around 1720
em™! corresponded to the C=0 stretching of the carboxylic acids [46].
Vibrations at 1605 and 1400 cm ™! were attributed to the symmetric and
asymmetric stretching of carboxylate groups (—COO—), while the band
at 1020 cm™! was associated with the C—O—C stretching vibrations
[42,46].

Compared to the individual CH and XG spectra, the base hydrogels
prepared with distilled water (Fig. 4 (B)) were similar, but with band
shifts and the disappearance of signals between 1100 and 1700 cm 2,
associated with the amino, carboxyl, and hydroxyl groups. The observed

shifts indicated polymer complexation resulting from interactions be-
tween the anionic and cationic charged groups [31,47,48]. Across all
systems, the band observed at 1317-1370 cm ™' showed slight variations
and was attributed to C—H vibrations of —NHCOCH3 groups, confirm-
ing the presence of CH. The characteristic band at 1712-1720 c¢m
corresponded to the C=O0 stretching of the carboxylic acid moieties in
XG. Together, these spectral features supported the occurrence of in-
teractions between CH and XG, consistent with electrostatic attraction
between the —NH3 and the —COO™ groups [49]. Additionally, modi-
fications in the 3000-3600 cm™! region, attributed mainly to —OH
stretching, suggested changes in hydrogen-bonding intensity, as evi-
denced by the band broadening. More complex spectra were observed
for the base systems prepared with the by-products H and W (Fig. 4 (C)
and (D), respectively). Shifts in the bands between 1100 and 1700 cm !
and the appearance of new ones suggested interactions between func-
tional groups and may correspond to the intrinsic vibrations of the
bioactives, confirming their presence in the hydrogel matrix. In the H-
based systems (Ha, Hn, and Hb) (Fig. 4 (C)), pH effects were discernible
for Ha and Hb, reflected in the vibrations between 1060 and 1608 em L
These vibrations correspond to the volatile compounds, including al-
kenes (C—=C stretch), aromatics (C—C stretch), alkanes (—CH3 stretch-
ing), and carboxylic acids (C—O stretch). Additionally, —CHj
deformation modes around 1381 cm ™! indicated the presence of alde-
hydes, consistent with the citral molecule's structure, the major com-
pound in H [50-52]. The neutral system (Hn) showed fewer peaks,
indicating stronger interactions and more effective entrapment of
bioactive compounds. Slight shifts in the band positions for the Hn
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system further indicated citral's encapsulation within the system. The W-
based systems (Wa, Wn, and Wb) (Fig. 4 (D)) also exhibited band shifts
relative to the C-based systems, indicating interactions and the entrap-
ment of bioactive compounds. Signals at 1590 cm™! (C=C ring
stretching) and 1198 cm~! (C—OH stretching) correspond to the char-
acteristic bands of flavonoids, specifically luteolin-7-diglucuronide, the
W main component [53,54]. Similarly, the reloaded systems presented
the same trend as the initially loaded systems (Supplementary Material).
Systems reloaded with H, namely the neutral H- and W-based systems
(Hn + H and Wn + H), also evidenced the entrapment of bioactive
components, with characteristic peaks, further supporting the hydrogel
matrix's entrapment capacity.

3.2.2. Hydrosol and wastewater entrapment

H and W entrapment represents the percentage of each by-product
incorporated into the polymeric network. It is essential to have high
values for effective functional hydrogels, such as antimicrobial systems
[55]. Table 1 provides the values obtained for the hydrogels produced in
the presence of H or W.

The hydrogel systems containing A. citrodora hydrosol showed the

Table 1
Hydrosol and wastewater entrapment (ET%) of hydrogel systems produced in
the presence of A. citrodora hydrosol and wastewater.

Hydrosol-based hydrogel ET Wastewater-based hydrogel ET
systems (%) systems (%)

Ha 62.07 Wa 1.56

Hn 70.29 Wn 5.49

Hb 69.27 Wb 36.42

ET = hydrosol and wastewater entrapment in the hydrogel matrix; Ha, Hn, Hb
and Wa, Wn, Wb denote samples, where is H = hydrosol, W = wastewater, and a,
n, b = final pH (acidic: 4, neutral: 7, basic: 11).

highest entrapment capacity, with Hn achieving the highest value
(70.29%). This indicates an enhanced affinity of polymer-bioactive
compounds, with substantial penetration of H into the hydrogel
network, including the citral compound. Citral can act as a natural cross-
linking agent due to its aldehyde functional group, by reacting with the
amino groups of chitosan to form reversible imine (Schiff base) bonds.
Along with physical entrapment within the CH-XG network, this
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mechanism could promote a more stable hydrogel matrix and increase
citral retention [56,57]. Afzal and co-workers [34] also studied citral
entrapment in a chitosan-alginate hydrogel system prepared through
electrostatic complexation. Using a 1:1 polymer ratio, they reported
entrapment efficiencies of 68.1%, 71.5%, and 67.1% at pH 4, 7, and 10,
respectively, which are comparable to those observed in the present
study. In contrast, wastewater-based systems exhibited the lowest
entrapment capacity due to pH-dependent protonation, which modifies
interactions between polymers and bioactive components. At low pH,
protonated xanthan gum and strong phenolic binding enhance hydrogen
bonding, restricting effective entrapment and promoting aggregation
rather than homogeneous network formation [58]. Studies have shown
that non-covalent interactions between polysaccharides and poly-
phenols can induce aggregation and influence network stability [40,59].
At neutral pH, these interactions are partially reduced, though aggre-
gation persists, resulting in moderate entrapment. At high pH, flavonoid
deprotonation occurs, increasing the number of active sites and thereby
enhancing interactions [60]. This pH effect led to varying entrapment
capacities, with the alkaline Wb system demonstrating the highest ca-
pacity among the three studied systems (Wa, Wn, and Wb). From a
circular valorisation perspective, adding 100 g of by-product per
formulation was most effective for the H-based systems, which retained
the highest by-product fraction within the hydrogel (62-70%), demon-
strating a promising route for converting them into valuable functional
materials. Furthermore, the ability to reload these hydrogels with
additional hydrosol or wastewater further enhances their valorisation
potential.

3.2.3. Swelling capacity

Swelling is a fundamental property of hydrogels, driven by their
ability to absorb water. Fig. 5 illustrates the swelling equilibrium profile
of the hydrogels in distilled water at room temperature. All systems
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reached equilibrium after 48 h, with significant differences in swelling
capacity (3383% to 8107%)), reflecting their high water-absorption po-
tential. When PECs are submerged in water, the functional groups on
their chains dissociate, promoting swelling. This is due to ionisable or
protonated functional and hydrophilic groups interacting with water
molecules, such as hydroxyl, carboxylate, and quaternary amino groups.
Additionally, the relaxation of the polymer chains contributes to the
overall swelling behaviour [55,61]. The pH of the solution also affects
the swelling behaviour, as it influences the protonation and deproto-
nation of the functional groups [62]. In the C-based systems (Fig. 5 (A)),
FTIR analysis indicated polymer complexation in all systems, but their
swelling abilities varied significantly. The Ca and Cb systems showed
higher swelling (7786% and 5341% after 48 h, respectively), driven by
the pH effect on hydrogel formation, in which the polymeric matrix
featured available anionic and cationic groups for water interaction. For
example, at lower pH (Ca), ionised amino groups can repel each other,
leading to matrix relaxation and enhanced water uptake [63].
Conversely, the neutral system (Cn) had the lowest swelling capacity
(3383% after 48 h) due to fewer free ionisable groups. Rao and co-
workers [64] studied CH/XG polyelectrolyte hydrogels developed
under analogous Cn conditions. After 24 h, their system showed a
swelling capacity of about 2750%. Similarly, Ngwabebhoh et al. [65]
reported a swelling ratio of approximately 2000% in phosphate-buffered
saline solution at 37 °C for the same period. Both values are slightly
lower than the 3373% observed in the present Cn system, highlighting
its enhanced swelling capacity.

The pH also influenced the swelling behaviour of hydrogels incor-
porated with the by-product's H and W, affecting both polymer-polymer
and polymer-bioactive compound interactions. In this scenario, FTIR
analysis revealed the presence of entrapped compounds, which modified
the hydrogel's swelling capacity by adjusting the balance between hy-
drophilic and hydrophobic groups and their molecular interactions [66].
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This resulted in different swelling capacities, as shown in the H-based
systems (Fig. 5 (B)) and W-based systems (Fig. 5 (C)). After 48 h, the
swelling capacities were 7405%, 8107%, and 5868% for Ha, Hn, and Hb,
respectively, and 7764%, 6883%, and 6096% for Wa, Wn, and Wb,
respectively. Moreover, alongside changes in the hydrogel's internal
structure and the availability of free ionisable groups after polymer
complexation, water diffusion into the hydrogel causes swelling,
releasing the entrapped compounds and opening channels that generate
additional hydrogen-bonding sites with water [24,67].

Significant differences in the 48-h swelling ratio across the same base
systems at different pH values are evident in Fig. 5 (D). In the C-based
systems, Ca exhibited higher swelling than Cn (p < 0.0001) and Cb (p <
0.001). For H-based systems, Hn differed significantly from Hb (p <
0.001). In W-based systems, Wa differed from Wn (p < 0.01) and Wb (p
< 0.05). Multiple comparisons for all systems are provided in the Sup-
plementary Material. Based on the swelling profiles, 3 h was selected as
the swelling time, since all hydrogels reached a swelling equilibrium
within this period.

The swelling kinetics of all base hydrogel formulations were ana-
lysed using the Korsmeyer-Peppas (Table 2). The kinetic constant (k)
varied among formulations, with Ca exhibiting the fastest swelling, as
indicated by the highest k value. The diffusion exponent (n) was below
0.5 for all systems, confirming diffusion-controlled swelling as the
dominant mechanism. High coefficients of determination (R% > 0.955)
confirm the model's reliability and the derived kinetic parameters.
Swelling is governed by the polymer network, the presence of ionisable
groups, interactions with loaded compounds, and the pH of the sur-
rounding medium, making it a critical parameter for drug release, soft
actuation, stable implantable devices, wound management, and tissue-
regeneration scaffolds [68]. Overall, these results suggest that differ-
ences in swelling rate are primarily governed by water diffusivity
through the polymer network.

3.2.4. Morphological characterisation

The SEM images of the neutral base hydrogel systems (Cn, Hn and
Wn) are presented in Fig. 6. Cross-sectional analysis of fractured, dried
hydrogels revealed distinct microstructural changes in each system. Cn
exhibited a compact structure with small, distributed pores, while Hn
also showed a dense, compact morphology but with almost no pores,
suggesting tighter polymer packing and a higher crosslinking degree. In
contrast, Wn showed a porous network with interspersed larger voids
with regions resembling the Cn and Hn structures, indicating a hetero-
geneous porosity. These morphological differences, influenced by the
polymer packing and the presence of entrapped compounds, correlated
well with the observed swelling behaviour and were supported by FTIR
results. Similarly, Cheng et al. [69] reported a dense, rough surface in a
PEC hydrogel loaded with carvacrol, indicating effective protection of
the active compound, comparable to that observed in the Hn system

Table 2
Swelling kinetics of base hydrogel systems.
System k n R?

Ca 0.861 0.308 0.981
Cn 0.761 0.251 0.955
Cb 0.715 0.169 0.958
Ha 0.641 0.212 0.997
Hn 0.624 0.240 0.998
Hb 0.745 0.191 0.993
Wa 0.636 0.209 0.998
Wn 0.649 0.208 0.988
Wb 0.671 0.172 0.986

Ha, Hn, Hb, Wa, Wn, Wb, and Ca, Cn, Cb denote samples, where H = hydrosol,
W = wastewater, C = control, and a, n, b = final pH (acidic 4, neutral 7, basic
11). Swelling parameters fitted to Korsmeyer-Peppas (KP) model. The table in-
cludes kinetic parameters (k, n, and R?). Data highlight differences in swelling
behaviour among formulations.
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encapsulating citral, also an oxygenated monoterpene. Another study by
Barbosa et al. [48] reported a CH/XG polyelectrolyte system that yielded
a homogeneous, well-defined surface, comparable to the Cn system.

Summarising, the characterisation of the base hydrogel systems
provided insights into the effect of pH on hydrogel formation. This
parameter was crucial for understanding the potential interactions
within the system, as evidenced by FTIR, H and W entrapment, swelling
capacity, and morphological characterisation. Chemical structure anal-
ysis confirmed successful polymer complexation and the effective
entrapment of H and W within the hydrogel matrix, contributing to
enhanced swelling behaviour. These properties are fundamental for the
development of functional hydrogel systems.

3.3. Hydrogels reload step

The base hydrogels (C-, H-, and W-based) were reloaded with the H
and W by-products to increase performance. Upon contact with each by-
product, the hydrogels swell, creating channels that expose additional
binding sites, favouring polymer-bioactive compound interactions and
allowing more components to be entrapped into the polymeric matrix
[70,71]. The reloading capacity of the C- and H-based systems is shown
in Table 3. In this assay, H and W were used directly in their naturally
acidic forms. The reload effect can be observed in acidic systems (Ca and
Ha), where the CH-protonated amino groups strengthen their electro-
static interactions with anionic molecules, thereby enhancing the
overall loading capacity [46]. Neutral systems (Cn and Hn) demon-
strated lower reloading capacities due to the limited availability of
functional groups for extra binding sites, resulting from strong in-
teractions and chain entanglement between polymers and H bioactive
compounds. Conversely, in alkaline systems (Cb and Hb), the carboxyl
groups become more accessible, facilitating electrostatic interactions
with cationic molecules [72]. Excluding the Cn system, which exhibited
the lowest loading capacity, the higher compatibility of hydrogels with
H compared to W resulted in higher reloading capacities. This step not
only enhanced the incorporation of bioactive compounds into the
hydrogel matrix but also opened a second sustainable route for the
valorisation of otherwise discarded by-products.

3.3.1. Release studies

The release profiles of H and W from selected hydrogel systems were
investigated in distilled water at 25 °C, to confirm the successful
incorporation and elucidate their release mechanisms. Neutral loaded
systems (Hn and Wn) and reloaded systems (Hn + H and Wn + H) were
evaluated and values expressed per gram of dried hydrogel (Fig. 7).
Considering the hydrosol release profiles (Fig. 7 (A)), the reloaded sys-
tems showed the highest cumulative release after 24 h, reaching 17,908
mg/g for Hn + H and 20,554 mg/g for Wn + H, while the loaded system,
Hn, released 5795 mg/g. For the W systems (Fig. 7(B)), Wn and Wn + H
showed similar cumulative release profiles, reaching values of 31,446
and 42,154 mg/g, respectively.

Hydrogel release rates depend on network morphology, ranging
from faster to slower release patterns as the structure densifies [73,74].
This behaviour was evident in the results, as Hn exhibited the lowest H
release, aligning with its dense, highly crosslinked network observed by
SEM, which restricted diffusion. In contrast, reloaded systems (Hn + H
and Wn + H) showed significantly higher release, as the reloading
process involved hydrosol interactions with surface-accessible polymer
groups or swelling-induced channels, allowing an easier diffusion. Wn
and Wn + H released similar amounts of W-derived bioactives, reflecting
weaker polymer—phenolic interactions and a highly porous, heteroge-
neous morphology, as corroborated by SEM. Furthermore, FTIR spectra
of the reloaded systems confirmed the incorporation of bioactive com-
ponents, presenting characteristic peaks, complementing the findings
from the loading and release analyses. Overall, these results indicated
that both chemical cross-linking and network porosity governed the
release kinetics, while reloading increased release capacity by
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Fig. 6. SEM images of Cn, Hn and Wn systems observed at (A) 100x and (B) 1000x.

Table 3
Base hydrogel systems reloading capacity (RC%) with hydrosol and wastewater.
Reloading with H RC (%) Reloading with W RC (%)

Ca+H 42.0 + 0.65¢ Ca+W 34.1 + 0.70%
Cn+H 19.2 + 0.67%° Cn+W 16.8 + 0.80°
Cb+H 31.3 + 2,079 Cb +W 27.1 + 2.61>
Ha+H 41.2 +0.10¢ Ha + W 36.0 + 1.51%%
Hn + H 31.9 + 1.59% Hn + W 27.2 + 1.35"
Hb + H 35.5 + 5.33%¢ Hb + W 36.2 + 7.93%¢

Ha, Hn, Hb, and Ca, Cn, Cb denote samples, where H = hydrosol, W = waste-
water, C = control, and a, n, b = final pH (acidic 4, neutral 7, basic 11). ‘+H’ and
‘+W’ indicate reloading. Values are presented as Mean =+ SD. Different letters
indicate statistically significant differences between groups (Tukey's HSD, p <
0.05). Groups sharing at least one letter are not significantly different.

modifying the hydrogels' structure and by increasing the amount of
loaded compounds, which could be promising for improving the
hydrogels' bioactivity.

Release kinetics were analysed using pseudo-first order, Higuchi, and
Korsmeyer-Peppas (KP) models (Table 4). These models aimed to
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elucidate the mechanisms of release of active compounds from poly-
meric systems. First-order release kinetics depend on the amount of
compounds remaining in the matrix; the Higuchi model describes
Fickian diffusion—controlled release, and the Korsmeyer—Peppas model
characterises the release profile by identifying the dominant transport
mechanism. Pseudo-first-order and Korsmeyer-Peppas models describe
the kinetics effectively, whereas the Higuchi model captures only part of
the diffusion process, corresponding to the initial diffusion-controlled
stage of release [75]. Among the systems, Wn and Wn + H exhibited
higher release rate constants, indicating faster release than hydrosol-
based formulations. The KP diffusion exponent (n < 0.45) for all sam-
ples indicated Fickian diffusion as the dominant release mechanism,
with Wn + H showing borderline anomalous behaviour. The relatively
high coefficients of determination (R2 up to 0.93) indicate an adequate
model fit. Overall, the KP model provided the most suitable fit for most
systems (R2 = 0.84-0.93), except for Hn, which fitted better with the
Higuchi model (R? = 0.84), as shown in Fig. 8. Most hydrogels, there-
fore, exhibited diffusion-controlled release from the polymer matrix.
Reloaded hydrogels (Hn + H and Wn + H) showed faster and higher
cumulative release than the loaded systems, demonstrating enhanced
delivery of bioactives. These results aligned with the swelling and SEM
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Table 4

Release kinetics and transport mechanisms of loaded and H-reloaded hydrogel systems.

International Journal of Biological Macromolecules 342 (2026) 150368

System PFO R? Higuchi R? Kp n R? Transport mechanism
ki ky k
Hn 0.000723 0.391 121.266 0.840 0.173 0.186 0.627 Fickian diffusion
Hn +H 0.001838 0.455 462.475 0.685 0.222 0.225 0.835 Fickian diffusion
Wn + H (H release) 0.002256 0.870 549.640 0.759 0.149 0.286 0.909 Fickian diffusion
Wn 0.004743 0.891 675.232 0.646 0.396 0.133 0.932 Fickian diffusion
Wn + H (W release) 0.010301 0.751 1207.538 0.828 0.066 0.408 0.926 Fickian/borderline anomalous

Hn and Wn denote samples, where H = hydrosol, W = wastewater, and n = final pH (neutral 7). ‘+H’ indicate reloading. Release parameters fitted to pseudo-first order
(PFO), Higuchi, and Korsmeyer-Peppas (KP) models for hydrosol- and wastewater-based hydrogels. The table includes model constants, exponent n, goodness of fit

(R?), and inferred transport mechanism.
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Fig. 8. Hydrosol and wastewater release from hydrogel systems with best-fit kinetic model generated by RStudio (4.3.0).

results, highlighting the combined influence of the network structure,
polymer-bioactive interactions, and swelling behaviour.

3.3.2. Rheological characterisation

The rheological behaviour of the neutral base hydrogels (Cn, Hn, and
Wn) and two reloaded systems (Hn + H and Wn + H) was evaluated
through flow, amplitude, and frequency sweep tests at 25 °C, as shown
in Fig. 9. Flow curves (Fig. 9 (A)) revealed shear-thinning behaviour for
all systems, as evidenced by a decrease in viscosity with increasing shear
rate, in line with previous studies on polysaccharide-based hydrogels,
including CH-XG systems [29,34,76,77]. This response relates to the
structural deformation of the entangled polymer network, in which
higher shear rates elongate the chains, aligning them in the flow di-
rection [78,79]. In this context, the viscosity of each system depends on
polymer-polymer and polymer-bioactive compound interactions, which
sometimes result in higher viscosities for the H- and W-based systems

compared to the C-based and H-reloaded systems. Studies examining
samples incorporating natural compounds reported similar shear-
thinning behaviour [78,80-82].

Amplitude sweeps assay (Fig. 9 (B)) enables the determination of the
linear viscoelastic region (LVR) and the critical strain at the elas-
tic—viscous transition, reflecting the changes in storage modulus (G') and
loss modulus (G"). The LVR indicates the region where the moduli (G’
and G") are independent of the applied deformation [81]. At low strain,
all systems presented elastic gel behaviour (G' > G"). The G’ at 0.01%
strain was 975.6, 1544.5, 1126.2, 329.7, and 142.6 Pa for Cn, Hn, Wn,
Hn + H, and Wn + H, respectively. As the shear strain increased, G'
remained independent of strain until reaching the critical point, beyond
which it decreased considerably. Simultaneously, G” increased, indi-
cating a shift to a viscous behaviour (G" > G) associated with the
structure breakdown due to the applied deformation [46]. The critical
strain values (G' = G"), corresponding to the elastic-viscous transition
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Fig. 9. Rheological properties of the neutral hydrogel systems (Cn, Hn, and Wn) and reloaded neutral systems (Hn + H, and Wn + H) at 25 °C, including (A) flow

curves, (B) amplitude sweep tests and (C) frequency sweep tests.

point, varied among the loaded systems. Hn system showed the highest
critical strain (40.0%), indicating the most stable network, possibly due
to stronger polymer-citral interactions (present in the H), which
enhanced resistance to the gel-to-fluid transition, followed by Cn
(25.2%) and Wn (8.0%). Evaluation of the reloading step revealed
distinct rheological responses compared to the initially loaded systems.
In particular, Wn + H showed a higher critical strain (15.9%) than Wn
system, indicating increased resistance to deformation, which may be
attributed to further interactions between citral and previously available
active sites within the polymer matrix. In contrast, the Hn + H system
exhibited a lower critical strain (5.0%), suggesting increased suscepti-
bility to structural breakdown under low deformation, likely due to
reduced availability of active sites and weaker interactions following the
reloading step. The additional bioactive incorporation through the
swelling-diffusion reloading process appeared to partially relax the
original polymer-polymer network. These findings highlighted that
network stability depends on polymer-bioactive interactions, with Hn
exhibiting the strongest elastic properties, which correlate with a
denser, more compact microstructure, as observed by SEM.

For all hydrogels, the frequency sweep tests conducted within the
LVR (Fig. 9 (C)) confirmed a predominant elastic behaviour (G' > G")
across all frequencies, highlighting the hydrogel's dominant solid-like,
elastic nature and indicating retention of the network structure under
the applied deformation. Additionally, the results provided valuable
insights into the internal structures of the hydrogels in the LVR,
including the loading and reloading effect. The systems loaded with EO
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by-products showed higher G’ values than the control system, suggesting
network reinforcement through additional polymer-bioactive in-
teractions, such as hydrogen bonding, hydrophobic associations, and
n-7 stacking, thereby influencing the hydrogels' viscoelastic properties
[80,83-85].

The reloaded systems showed lower G’ values across all systems,
reflecting reduced crosslinking density and increased polymer chain
mobility. These results indicated that the initial loading step strengthens
the hydrogel matrix, while the reloading can soften the network.

Overall, the developed systems in this study presented promising
rheological properties, including a shear-thinning behaviour and
dominant elasticity (G' > G"), indicative of a primarily solid-like struc-
ture. This network structure is advantageous for applications requiring
structural integrity, such as wound dressings, topical formulations, and
food packaging materials [64,86-88]. Additionally, the softer, shear-
responsive characteristics of these systems may be beneficial for appli-
cations demanding enhanced spreadability or injectability [89,90]. In
the study of Cui et al. [91], a hydrogel system loaded with Satureja
montana essential oil exhibited G' > G” across the entire analysed fre-
quency range, confirming its predominantly elastic behaviour. The
incorporation of essential oil resulted in a denser gel network and
increased hardness compared to the control (without EO), suggesting its
potential as a carrier for volatile antibacterial agents in food packaging
applications to extend product shelf life. Similarly, Chen et al. [23]
incorporated thyme oil into hydrogel matrices and observed that its
inclusion increased the network density, an effect confirmed by SEM
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analysis. Their findings further supported the suitability of such

enriched hydrogels as packaging materials. Another study by Suflet et al.

[92] examined chitosan/pullulan hydrogels loaded with clove oil and
found that the oil-loaded hydrogels exhibited improved mechanical

properties and rapid shape recovery, indicating their potential as
promising wound-dressing materials. These results highlight the versa-
tility of hydrogel systems, in which rheological properties can be
tailored through controlled loading of bioactives to meet desired prop-
erties and application requirements.

3.4. Antioxidant activity: ABTS and DPPH assays

The antioxidant potential of all hydrogel systems, assessed via DPPH
and ABTS assays, is shown in Fig. 10. The results corroborated the reload
step's positive effect when analysing the C-based systems (Fig. 10 (A)).
The unloaded systems (Ca, Cn, and Cb) did not demonstrate antioxidant
activity; however, a noticeable effect was observed following the reload
step, which enhanced the bioactivity due to the entrapped bioactive
compounds. Similar behaviour was observed in the H- and W-based
systems (Fig. 10 (B) and (C)), with higher antioxidant potential after
reloading. Overall, hydrogels loaded and reloaded with wastewater
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exhibited the highest antioxidant capacity, consistent with the high
phenolic content of the wastewater by-product, known to efficiently
neutralise free radicals and reactive oxygen species [13,93-96].

These findings corroborated the release behaviour, confirming that
the hydrogel systems can effectively incorporate and release bioactive
compounds by diffusion through the polymer matrix. The reloading step
increased the bioactive concentration, reflected in an enhanced anti-
oxidant potential. This high bioactivity observed in H- and W-based
systems can be attributed to their phenolic content, as shown in Table 5.
For example, the neutral system Wn increased phenolics from 1.27 to
2.37 after reloading (Wn + W). Among all systems, the H-based systems
reloaded with W (Ha + W, Hn + W, Hb + W) showed the highest
scavenging capacity (85-91% for ABTS and 59-70% for DPPH) and
phenolic/flavonoid content (3.77-6.04 mg/g for phenolics and
3.39-5.29 mg/g for flavonoids), highlighting the advantage of
combining and valorising EO by-products to develop antioxidant
hydrogel systems. Significant differences between the systems were
observed, highlighting the influence of pH on the bioactivity, in agree-
ment with the hydrogel characterisation results. Multiple comparisons
for all systems are provided in the Supplementary Material.
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Fig. 10. Antioxidant activity of all developed hydrogel systems (unloaded, loaded and reloaded), namely (A) control-based systems, (B) hydrosol-based systems, and
(C) wastewater-based systems, assessed by their ability to scavenge free radicals ABTS and DPPH. Significance levels are indicated as **** (p < 0.0001); *** (p <
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Table 5
Total phenolic and flavonoid content of hydrogel systems after reloading with
A. citrodora EO by-products.

Hydrogel Phenolic content Flavonoid content
systems (mg gallic acid equivalent/g (mg catechin equivalent/g
dried hydrogel) dried hydrogel)
Wa 0.73 £ 0.02f 0.04 + 0.01f
Wn 1.27 £ 0.03¢ 0.58 + 0.11¢
Wb 0.21 + 0.03¢ 0.02 £ 0.11f
Wa + W 2.76 + 0.03¢ 2.75 + 0.07¢
Wn + W 2.37 £ 0.094 1.95 +0.134
Wb + W 2.88 £+ 0.16¢° 2.51 £ 0.04¢
Ha + W 6.04 + 0.132 5.29 + 0.082
Hn + W 3.93 £0.110 3.47 £ 0.320
Hb + W 3.77 £ 0.10° 3.39 + 0.07°

Ha, Hn, Hb, and Wa, Wn, Wb, denote samples, where H = hydrosol, W =
wastewater, and a, n, b = final pH (acidic 4, neutral 7, basic 11). ‘+W’ indicate
reloading. Values are expressed as mean + SD (n = 3). Different superscript
letters indicate significant differences among groups within each dataset (phe-
nolics or flavonoids) according to one-way ANOVA followed by Tukey's HSD test
(p < 0.05).

3.5. Antimicrobial activity

The adapted method under dynamic contact conditions was used to
evaluate the antimicrobial effectiveness of the neutral systems against
planktonic microbial cultures (S. aureus and E. coli), as shown in Figs. 11
and 12. Statistical analysis was used to identify significant differences
between selected samples (Cn, Hn, Wn, Hn + H, and Wn + H) to
determine whether the bioactive compounds from EO distillation by-
products can contribute to microbial reduction. The impact of each
hydrogel system on bacterial activity over time was compared with that
of a control group (without hydrogel). It is known that CH possesses
inherent antimicrobial properties due to electrostatic interactions that
damage cell structures, increase membrane permeability, or form an
impermeable layer on pathogens, blocking nutrient uptake and altering
metabolite excretion [97,98]. The microbial reduction of the unloaded
system (Cn) against both microorganisms corroborated this inherent
characteristic associated with CH.

The samples reduced the S. aureus bacterial activity from the initial
time (to), being stronger over time (Fig. 11 (A)). Statistical multiple-
comparison analysis confirmed significant time-dependent differences
among systems at each studied interval (Fig. 11 (B)). The most effective
system was the Hn + H reloaded hydrogel, which exhibited a bacteri-
cidal impact resulting in 100% bacterial reduction after 8 h. After 1 h, its
potential was significantly greater than that of all other systems (p <
0.0001). The Hn resulted in the second-most effective system, achieving
a significant 3-log reduction in CFU count after 8 h compared with the
control (p < 0.0001). These results emphasised the significance of
bioactive compounds in EO by-products, particularly hydrosol, entrap-
ped within the hydrogel structure, providing antibacterial activity, as
demonstrated by comparison with the unloaded system (Cn). The Hn
system showed a significant difference (p < 0.0001) after 0.5 h, while
the Hn + H system proved to be effective from the initial contact (t0) (p
< 0.001). Furthermore, these findings highlighted the benefits of the
reloading step, where the increased H concentration enhanced the sys-
tem's antimicrobial effectiveness. In contrast, the Wn and Wn + H
(systems holding W) showed no significant differences from the unloa-
ded system (Cn), suggesting that their antimicrobial potential may be
attributed only to the chitosan. W's lower entrapment and antimicrobial
activity could explain this outcome. The antimicrobial activity of the
studied systems against E. coli (Fig. 12(A)) also showed enhanced anti-
microbial activity over time, with statistically significant differences
(Fig. 12(B)). However, E. coli showed greater resistance than S. aureus,
resulting in lower microbial reduction after 8 h. Between 0.5 and 4 h, the
Hn showed the highest microbial reduction, achieving a significant 1-log
reduction in CFU count compared to the control (p < 0.0001). At the end
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of the assay (8 h), the most effective system, Hn + H, achieved a 2-log
reduction in CFU count compared to the control (p < 0.0001). These
findings also supported the effectiveness of H bioactive compounds in
hydrogel systems, an effect not observed with the W-loaded systems.
Although phenolic compounds can exhibit antimicrobial activity, their
effectiveness depends on molecular interactions, bioavailability, and the
surrounding matrix [99]. At neutral pH, weaker interactions reduce
entrapment and bioactivity. Morphological analysis showed that W-
based systems have a porous, heterogeneous structure, leaving phenolics
exposed on surface-accessible polymer groups, thereby rendering them
less effective. Even after reloading with H, the antimicrobial activity
remained limited, likely due to insufficient retention and availability, as
well as bacterial cell structure, compound concentration, and exposure
time [23]. These results indicated that polymer—phenolic interactions in
W-systems preserved antioxidant capacity but restricted antimicrobial
efficacy.

The hydrogel systems generally demonstrated greater antimicrobial
activity against Gram-positive bacteria, which may be related to dif-
ferences in the structural features of their cell walls, compared to Gram-
negative bacteria. Gram-negative bacteria have a double membrane
structure, with the outer membrane containing lipopolysaccharides. In
contrast, Gram-positive bacteria have a single membrane with a thicker
peptidoglycan layer in their cell wall [100]. Ma et al. [101] investigated
a chitosan/carboxymethyl cellulose hydrogel system loaded with citral,
the main bioactive compound in the hydrosol of this study. Their results
showed more potent antibacterial activity against Gram-positive bac-
teria than against Gram-negative bacteria, particularly against S. aureus,
followed by E. coli. These findings aligned with our results, as the similar
loaded-hydrogel system showed comparable antibacterial -effects.
Particularly, citral has been recognised to show high levels of reactive
oxygen species in cells, induce morphological changes, disrupt cell
membrane fluidity and permeability, and compromise membrane
integrity, leading to dysfunction, leakage of intracellular macromole-
cules, and rapid cell death [102]. Hydrosols containing citral isomers as
their primary compounds have been reported to exhibit antimicrobial
activity [103,104]. Additionally, hydrogel systems incorporating
essential oil bioactives, being released via diffusion (as observed in
release profile modelling results), exhibited antimicrobial activity
against S. aureus and E. coli, highlighting their potential for intelligent
food packaging applications to extend shelf life and prevent microbial
contamination [23,69]. Another study, conducted by Stoleru et al.
[105], evaluated chitosan-based hydrogels loaded with essential oils,
which markedly enhanced antimicrobial activity compared with
unloaded counterparts. The hydrogels (freshly prepared) were more
effective against S. aureus than E. coli, initially inhibiting 74% of
S. aureus growth and retaining 51% of inhibition after six months of shelf
storage. This sustained activity indicated a successful EO embedding and
highlighted the potential of these systems for wound dressings and food-
packaging applications.

All hydrogel systems in this work demonstrated significant antimi-
crobial efficacy over the longer test time (8 h), reducing microbial cul-
tures by more than 96%. The antimicrobial effectiveness of H-systems
(loaded and reloaded) correlated with the release assays, as increased
diffusion of the hydrosol bioactives, namely citral to exert its effect.
These systems successfully concentrated bioactive compounds from a
diluted mixture obtained as a by-product (i.e., avoiding the need for
additional concentration steps during the obtention of H and W by-
products), demonstrating a more efficient direct use of the active com-
ponents. Overall, these findings highlighted the combined effect of
chitosan's inherent antimicrobial potential and citral isomers, effectively
targeting cellular changes and disruptions, showing the hydrogel sys-
tems' potential as natural antimicrobial agents.

4. Conclusions

This work demonstrated that electrostatically cross-linked
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chitosan-xanthan gum hydrogels successfully entrapped bioactive
compounds from A. citrodora distillation by-products, with H-based
systems (Hn) exhibiting the highest entrapment efficiency (70.3%), and
structural integrity. pH and reloading strategies have been shown to
modulate hydrogel network density, porosity, and polymer-polymer and
polymer-bioactives interactions, directly influencing swelling, release
kinetics, antioxidant capacity, and antimicrobial efficacy. All systems
(C-, H-, and W-based) exhibited high swelling capacities (3383-8107%),
while rheological analysis confirmed shear-thinning behaviour and a
dominant solid-like, elastic hydrogel nature.

The reloading approach effectively concentrated highly diluted
bioactive compounds from hydrosol and wastewater by-products,
thereby enhancing both radical-scavenging activity and microbial in-
hibition. Reloading with W further boosted antioxidant activity, while H
reloading increased antimicrobial capacity. H-based systems (Hn and
Hn + H) exhibited effective antimicrobial action against S. aureus and
E. coli within 30 min, outperforming the control system (Cn). These
findings emphasised the improved bioactivity achievable from EO by-
products (through their direct use) and the clear advantages of reload-
ing to maximise hydrogel functionality.

In conclusion, the CH-XG polyelectrolyte hydrogels integrating green
bioactive compounds represent a sustainable, value-added platform for
waste valorisation, combining significant antioxidant and antimicrobial
potential. Looking ahead, the most promising systems should be
assessed for biofilm inhibition and longer-term antimicrobial perfor-
mance, alongside further optimisation of W-based formulations and
exploration of synergistic combinations of both by-products. Their ver-
satile properties make them highly suitable for applications in food
packaging, wound dressings, and eco-friendly antimicrobial systems.
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