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Extracellular polymeric substances (EPS) are essential for the structural and functional stability of aerobic
granular sludge (AGS). Their complexity makes comprehensive characterization challenging and dependent on
the recovery approach. This study thus investigates how alkaline extraction conditions influence the recover-
ability and properties of AGS-derived EPS, especially regarding structural EPS (sEPS) and related hydrogels. An
advanced methodological framework was applied to compare NaOH- and Nap,COs-based extractions through a
holistic assessment of multi-scale characterization data. The biochemical composition, molecular weight distri-
bution and thermal behavior of EPS and/or sEPS were studied by complementary techniques (e.g. methods for
protein/carbohydrate determination, size exclusion chromatography and thermogravimetry). An innovative
physicochemical approach coupling small-angle X-ray scattering (SAXS) and rheology was employed to inves-
tigate the nano-scale arrangements and mechanical features of sEPS hydrogels. The NaOH-based extraction
resulted in lower EPS/SEPS yields, promoting a shift towards lower molecular weight sEPS fractions. The
NayCOs-based method preserved larger and more thermally resistant macromolecules, suggesting milder
chemical effects on the recovered EPS/sEPS. SAXS revealed that the sEPS hydrogel network consisted of 3D mass
fractals and highly ordered lamellar, multilayered domains — more pronounced for NasCOs-based protocol —
potentially associated with lipopolysaccharide assemblies. NaOH-extracted sEPS formed stiffer hydrogels. The
NaOH-based protocol likely induced harsher hydrolysis/partial degradation of specific EPS constituents (e.g.
large proteins and lipidic fractions), which may not significantly contribute to, or even compromise, the hydrogel
stiffness. Overall, this work demonstrates the critical role of alkaline extraction in determining EPS/sEPS yield
and properties, providing valuable insights for the rational design of EPS-based biomaterials and recovery
strategies.

1. Introduction all biofilms, microorganisms are embedded in a matrix of hydrated EPS,

mostly produced by the microorganisms themselves [1]. EPS largely

In the field of environmental biotechnology, particularly in the
context of wastewater treatment, increasing attention is being paid to
extracellular polymeric substances (EPS) from the perspectives of both
bioprocess engineering and resource recovery. EPS are a complex
mixture of biopolymers, mainly comprising polysaccharides, proteins
and other constituents such as lipids and humic-like substances [1-3]. In
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participate in the formation and stability of biofilms: they contribute to
initial adhesion/aggregation of cells and provide structural integrity,
protection and other functional properties to microbial aggregates
[1-3]. Despite the huge effort made in recent years to solve the
composition and structure of EPS, there is still a lack of knowledge
regarding their fine characterization. The high complexity and diversity
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of EPS, together with the challenges in isolating and processing key EPS
components, hinders a comprehensive understanding of their structure,
composition and functionality, pointing out the need for more advanced
and integrated approaches [3]. Depending on the method applied to
extract EPS and measure their major constituents, the quantification and
characterization of EPS fractions can vary, thus hindering a consistent
comparison among literature data. However, there is a consensus that
proteins (PN) and carbohydrates (PS) are among the main EPS compo-
nents [2,4]. Colorimetric methods commonly applied to measure PN and
PS in EPS are generally considered reference techniques for cross-
comparison among scientific studies, providing an overall assessment
of the EPS biochemical composition. However, the outcome of these
analyses is strictly dependent on the selected standard compounds and
prone to interference from other EPS components [5]. Moreover, these
approaches alone do not allow the detection of individual EPS constit-
uents. A combination of improved analytical methods and possibly the
use of a broader suite of fluorescence-binding proteins coupled with
microscopy enabled significant progress towards better resolution of
EPS characterization [6], leading to the identification of specific con-
stituents such as glycoproteins [7], amyloids [8,9], sialic acids [10],
hyaluronic acid-like and sulfated glycosaminoglycans-like polymers
[11].

Elucidating the composition and properties of EPS not only enables
greater control of chemistry and biology in bioprocess engineering but
also increases opportunities for sustainable resource recovery and cir-
cular bioeconomy. Thanks to their versatile properties, EPS are recog-
nized as a valuable resource for the development of highly effective
biomaterials such as flame retardant [12] and water-proof coating [13]
for textile and paper industries, adsorbent media [14,15] and flocculants
[16] in wastewater treatment, functionalized products for sustainable
agronomic practices [17] and additives for cement curing in construc-
tion sector [18]. The recovery of EPS from waste sludge allows not only
to yield valuable biomaterials but also to reduce the mass of sludge to be
handled, thus potentially increasing the overall environmental and
economic sustainability of wastewater treatment.

Due to the development of aerobic granular sludge (AGS) technolo-
gies, large research interest was devoted in recent years to the recovery
and industrial valorization of AGS-extracted EPS. Among the advantages
of AGS processes (such as better settling properties, simultaneous car-
bon, nitrogen and phosphorus removal, more compact treatment facil-
ities, etc. [19,20]), a high potential for resource recovery, including EPS,
is evidenced. With respect to conventional activated sludge (CAS), waste
AGS can be concentrated by simple draining up to about 11 wt% thanks
to its dense granular structure, providing a concentrated feedstock for
downstream recovery processes [17]. AGS-derived EPS exhibit peculiar
physicochemical properties that make them suitable for the design of
high-value biomaterials. Of interest is the feasibility of forming ionically
cross-linked hydrogels with solid-like rheological features and high
water-holding capacity [17,21-25]. Within the scientific community,
the hydrogel-forming capacity is usually associated with a subset of EPS
that are referred to as structural EPS (SEPS) due to their primary
contribution to the formation of the tertiary network structure and thus
to the structural integrity of microbial aggregates [22]. Differences in
the hydrogel-forming behavior of CAS- and AGS-derived EPS have been
linked to their distinct chemical structure. Specifically, EPS from AGS
have been reported to form self-standing hydrogels with superior
rheological properties compared to EPS from CAS. Lin et al. [26]
attributed the enhanced hydrogel-forming capacity and post-gelling
mechanical features of AGS-derived EPS to their higher relative con-
tent of poly(guluronic acid) blocks (GG-blocks). More recently, Li et al.
[27] stated that the differences in the composition and structure of li-
popolysaccharides (LPS) from CAS and AGS (e.g. inverted structures
with the water phase in between versus bilaminar multilayered ar-
rangements in LPS-Ca aggregates) may also play a crucial role. The
hydrogels formed by AGS-derived sEPS were primarily studied by me-
chanical testing [21,23-26,28,29]. A lower number of contributions
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employed complementary techniques, such as microscopy [25] and
thermogravimetric analysis [23], or experimental approaches aimed to
address other relevant physicochemical properties (e.g. swelling ca-
pacity [17]). However, the structural characteristics of AGS-derived
sEPS hydrogels at nano-scale level are still poorly investigated. A
comprehensive understanding of the structural and functional features
of sEPS hydrogels is useful to fully exploit their applicative potential.
Advancing knowledge in this area would thus facilitate the development
of sEPS hydrogels tunable for specific uses. These bio-based materials
may contribute to increase the overall environmental sustainability of
industrial sectors currently dominated by synthetic polymeric products.

To characterize EPS and explore their applicative potential, it is
typically necessary to extract them from sludge samples. To this aim,
extraction methods based on physical approaches (e.g. centrifugation
[30], heating [30-32] and sonication [22,30,33]), chemical protocols
(using acids [33], ethylenediaminetetraacetic acid (EDTA) [22,30,33],
cation exchange resins (CER) [30,33], etc.) and biological processes
(enzymatic treatments [34]) are generally applied individually or in
combination. These methods are characterized by distinct mechanisms,
recovery efficiencies and impacts on cell lysis and polymer integrity
[35]. Chemical protocols typically enable higher recovery yields than
physical extractions [2,35] and can provide lower degrees of cell lysis
and EPS degradation than some biological approaches [35]. Among
these, EDTA- and CER-based methods are reported to be effective in
minimizing the release of intracellular polymers when extracting EPS
[2] but could be expensive and generally less feasible on industrial scale
[36]. In recent years, physicochemical methods based on alkaline
extraction (eventually coupled with heating) followed by acidic pre-
cipitation have gained increasing attention due to their effectiveness in
recovering EPS/sEPS suitable for both characterization studies and
downstream valorization processes [9,13,22,29,36]. Focusing on EPS
from AGS, Felz et al. [22] proved that an alkaline extraction using
NayCOs, combined with heating and mixing, enhances EPS solubiliza-
tion, leading to higher recovery yields compared to centrifugation,
sonication, EDTA, formaldehyde + NaOH and formamide + NaOH
methods. It is worth noting that even minor modifications in the re-
covery approach applied (e.g. in terms of chemicals and/or operative
conditions) can influence the EPS/sEPS compositional and functional
properties, such as molecular weight distribution, biochemical charac-
terization, elemental composition, thermal behavior, etc. [17,29,36],
with noticeable implications for both characterization and recovery
purposes. Similarly, both EPS/sEPS extraction and hydrogel-forming
protocols could affect the overall behavior and applicative effective-
ness of sEPS hydrogels. In this regard, the effect of different recovery
conditions (e.g. in terms of alkaline and acidic reagents such as NaOH/
NayCO3/K2CO3/(NH4)2CO3 and HCI/HNOg, respectively) and/or ionic
cross-linking agents (e.g. Ca?" — by using CaCly/Ca(NO3),-4H,0/Ca
(C2H5CO0), cross-linker solutions — or other divalent cations M2") was
typically addressed in the literature with reference to a subset of
chemicals/operating conditions and mainly focusing on mechanical
properties [24,25,29], elemental composition [17] and swelling capac-
ity [17].

Bearing in mind the above, a comprehensive characterization of
EPS/sEPS and related hydrogels is therefore made challenging by their
inherent complexity and diversity and further complicated by their high
sensitivity to the extraction method adopted. Tailoring the recovery
approach depending on the specific research objectives thus remains a
central issue in EPS studies.

In this perspective, this study aims to get insights into the complex
nature of AGS-derived EPS/sEPS and elucidate key structural and me-
chanical features of their hydrogels in response to different alkaline
extraction conditions. Specifically, this work is primarily intended to
verify a research hypothesis widely discussed within the scientific
community, namely that the alkaline extraction chemistry plays a major
role in determining the chemical composition and physicochemical
characteristics of recoverable biopolymers, thus ultimately influencing
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their overall functional properties. Such an extraction-driven effect is
expected to cause changes in the supramolecular arrangements and
mechanical features of the resulting sEPS hydrogels. In this regard, this
study systematically compared different alkaline extraction strategies,
exploring the reasons behind the different EPS/SEPS yields and prop-
erties typically observed in the case of physicochemical recovery ap-
proaches using sodium hydroxide (NaOH) instead of sodium carbonate
(NayCOg) as alkaline solubilization agent [29,36]. To this aim, a pro-
tocol widely adopted in the literature was selected as reference method
for the EPS/sEPS extraction [22]. This well-established procedure cou-
ples a thermo-alkaline treatment, leading to higher EPS extraction yields
compared to other chemical approaches, with a subsequent acidic pre-
cipitation stage for the recovery of the gel-forming EPS (or sEPS) [22].
While maintaining the same method operations, different extraction
conditions were tested by alternatively using NaOH and NayCOj3 as
alkaline reagents to solubilize the EPS matrix. The choice of applying
NaOH- and NayCOs-based protocols was guided by their literature
relevance and proven effectiveness in EPS/SEPS recovery for funda-
mental and application-oriented investigations, thus allowing compar-
isons across different works [22,29,36]. An advanced methodological
framework that combined multi-scale characterization data into a
coherent system-level perspective was applied to compare NaOH- and
NayCOgs-based extractions. This integrated approach helped to address
the structural and functional complexity of the targeted EPS while
shedding light on the critical role of extraction chemistry. The molecular
weight distribution, biochemical composition and thermal behavior of
the recovered EPS and/or sEPS were addressed by combining multiple
techniques such as size exclusion chromatography (SEC), colorimetric
methods for total protein (PN) and carbohydrate (PS) content determi-
nation and thermogravimetric and derivative thermogravimetric anal-
ysis (TGA-DTG). To get further insights, SEC-derived sEPS fractions were
analyzed to evaluate their PN and PS concentrations and characterized
by Fourier transform infrared (FT-IR) spectroscopy, while staining
techniques were employed to visualize the presence and structure of
lipopolysaccharides in the sEPS extracts. An innovative physicochem-
ical, multi-scale approach integrating small-angle X-ray scattering
(SAXS) and rheology was employed to synergistically investigate the
supramolecular arrangements and mechanical features of ionically
cross-linked sEPS hydrogels. By combining scattering-derived structural
insights and rheological data, this approach would go beyond single-
technique analyses, enabling a holistic assessment of sEPS hydrogel
nano-scale assembly and mechanical behavior under different extraction
conditions. Overall, this study allowed to elucidate key mechanistic
relationships between EPS/sEPS extraction chemistry and resulting
characterization, advancing fundamental knowledge on these complex
and diverse systems. From an applicative perspective, the findings of this
work would support the rational design of more efficient and targeted
EPS/sEPS production chains while contributing to increase the yield,
functionality and practical applicability of EPS-based biomaterials
within the broader context of sustainable resource recovery.

2. Materials and methods
2.1. Extraction and hydrogel-formation

The extraction method developed by Felz et al. [22] was applied in
this study with minor modifications in terms of chemicals and operative
conditions used. While maintaining the same operational steps (i.e.
thermo-alkaline extraction followed by acidic precipitation) proposed
by Felz et al. [22], comparative extractions were conducted by alter-
natively using NaOH and NayCOg3 to solubilize the EPS matrix in the
thermo-alkaline stage. To this aim, 200 pm-sieved AGS mixed liquor
sludge was kept into 2 mM NaOH or 47 mM NayCO3 aqueous solutions at
a concentration of 0.12 g WWgs/mL (WW: Wet Weight) under stirred
conditions (about 400 rpm) for 1 h at a controlled temperature of 80 °C.
The temperature (80 °C), initial pH (~ 11.3) and NayCO3 concentration
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(47 mM) adopted in this phase were selected to match those used in the
reference method mentioned above [22]. Accordingly, the NaOH con-
centration (i.e. 2 mM) was chosen to achieve the same initial pH of
approximately 11.3 as in the NapCOs-based extraction while avoiding
harsher alkaline conditions that could potentially increase the risk of
uncontrolled chemical effects (e.g. more pronounced polymer hydroly-
sis/degradation). This approach allowed both extractions to start from
equivalent pH conditions while maintaining consistency with the
reference literature protocol for Na;CO3 [22]. Even in the absence of pH
control strategies, the pH values at the end of the thermo-alkaline stage
were recorded and reported as average value + standard deviation
among the extraction replicates carried out for each protocol.

For both NaOH- and NayCOs-based extractions, the supernatant
containing the solubilized EPS was collected after centrifugation (4000 -
g, 4 °C, 20 min) and further processed via dialysis in demineralized
water (SnakeSkin™ Dialysis Tubing, 3.5 kDa molecular weight cut-off
MWCO, 35 mm, Thermo Scientific™; dialysis time ~ 24 h with a
liquid bulk replacement after approximately 12 + 2 h). The aqueous
dispersion thus obtained, referred to as EPS, was partially used for
analysis and partly employed for the recovery of the hydrogel-forming
EPS (the so-called structural EPS, sEPS). sEPS were extracted by acidic
precipitation, by dosing 1 M HCI into the dialyzed EPS aqueous sus-
pension up to pH = 2.20 + 0.05 was achieved. To obtain homogeneous
and stable sEPS aqueous suspensions, 1 M NaOH was progressively
added to the acidic pellets of SEPS recovered after centrifugation (4000 -
g, 4 °C, 20 min) up to pH = 8.5. This re-suspension stage influences the
physicochemical and structural properties of sEPS, promoting the
establishment of more extended polymer chain conformations with
enhanced exposure of reactive functional groups. This structural
arrangement is beneficial for the subsequent ionic cross-linking process,
ultimately affecting the formation and stability of the hydrogel network.
The main reason for using NaOH for both extractions was that NaOH,
being a strong base with high solubility in water, allows pH regulation
with the addition of a significantly lower volume of base solution,
therefore minimizing the dilution of the sEPS extracts.

Referring to the thermo-alkaline stage, it is worth noting that,
although the NaOH- and NayCOgs-based extractions were initiated at
approximately the same pH, NaOH and NayCOs exhibit substantially
different buffering capacities and intrinsic chemical properties, which
could reasonably influence the extraction process. The experimental
design was therefore conceived to reflect practical recovery scenarios, in
which extraction agents were applied without active pH control.
Consequently, the comparison presented in this study should be inter-
preted as descriptive of the overall extraction behavior under the tested
conditions, rather than as a strictly controlled assessment of the intrinsic
chemical effects of the reagents at identical buffering capacities or
constant pH.

Total solids (TS) and volatile solids (VS) of AGS, EPS and sEPS were
determined according to standard methods [37]. Concentrations of both
EPS and sEPS aqueous suspensions were expressed as TS to WW mass
ratios (i.e. wt% = g TS/g WW - 100 %) and the extraction yields were
therefore calculated on a VS basis as mass ratio of extracted EPS/sEPS to
initial AGS. Each extraction was carried out in triplicate and the results
were hence expressed as average value + standard deviation. EPS and
sEPS aqueous suspensions obtained with both NaOH- and Na;COs-based
protocols were analyzed by a Varian 720-ES Inductively Coupled
Plasma-Atomic Emission Spectrometer (ICP-AES) equipped with a
pneumatic nebulizer to determine their concentrations of Ca, Cu, Fe, K,
Mg, Mn, Na, Ni, P and Zn (expressed as mmol/g TS) and hence provide
further information regarding the elemental composition of both EPS
and sEPS resulting from the comparative extractions.

sEPS hydrogels of about 2 mm thickness and 26 mm diameter were
formed via ionic cross-linking, by providing Ca®* diffusion from an
external aqueous solution into the polymeric matrix through a dialysis
membrane. To this aim, sEPS aqueous suspensions at increasing sEPS
concentrations (i.e. 0.6, 1.2 and 1.9 wt%) were placed into hollow
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plastic supports having a disk-like geometry which were covered on the
bottom through dialysis membrane sheets (SnakeSkin™ Dialysis
Tubing, 3.5 kDa MWCO, 35 mm, Thermo Scientific™) and kept
immersed into 2.5 % (w/v) CaCl; solutions for about 24 h [23,24].

2.2. Fractionation by size exclusion chromatography (SEC)

The sEPS samples (in the form of acidic pellets) from both NaOH- and
NayCOs-based extractions were solubilized in demineralized water to a
concentration of 10 mg TS/mL, adjusting pH to 10 with NaOH. All so-
lutions were centrifuged (3180 - g, 20 °C, 20 min) and then filtered
through a 0.45 pm membrane filter before application to the column to
ensure that the samples remained as dissolved as possible.

Size exclusion chromatography (SEC) was conducted by using a
Hiload 16/600 Superose 6 prepacked column (Cytiva Lifesciences,
Marlborough, MA) fitted on a Gilson system containing a UV (280 nm)
detector, as described by Chen et al. [38]. Calibration of the column,
upon which the elution volume was determined, was carried out
through a Cytiva high-molecular weight marker set (Cytiva Lifesciences,
Marlborough, MA). This consisted of ovalbumin (44 kDa), conalbumin
(75 kDa), aldolase (158 kDa), ferritin (440 kDa), thyroglobulin (669
kDa) and blue dextran (2000 kDa). Blue dextran is typically included to
evaluate the void volume, but Superose 6 has a very high fractionation
range: fractionation range MW ~ 5-5000 kDa (globular proteins) and
exclusion limit MW ~ 40,000 kDa (globular proteins); even blue dextran
is retained in the column [38].

15 mL of solubilized sEPS samples were run through the column with
a flow rate set to 1 mL/min, using a running buffer containing 0.15 M
(NaCl) and 0.05 M (glycine) brought to pH 10 by adding NaOH. Three
different fractions were selected based on the retention times of the
different proteins in the high-molecular weight marker kit and the
extrapolation of the calibration line. sEPS fractions were then dialyzed
to remove excess salts through a 3.5 kDa MWCO dialysis bag (Snakeskin,
ThermoFisher Scientific, Landsmeer), frozen at —80 °C and freeze-dried
[38]. The freeze-dried samples thus obtained were stored at room
temperature until use in further analysis.

The freeze-dried sEPS fractions from both NaOH- and Na,COs-based
extractions were characterized by Fourier transform infrared (FT-IR)
spectroscopy to assess their main functional groups. FT-IR spectra were
collected with a FTS-40 BioRad (USA) spectrometer (with a resolution of
4 cm™! and 64 scans). The freeze-dried sEPS samples were homoge-
neously dispersed in a KBr pellet to collect their FT-IR spectra.

2.3. Determination of total protein and carbohydrate contents

Freeze-dried EPS, sEPS and sEPS fractions from SEC fractionation
were dissolved in 0.01 M NaOH to 0.5 mg TS/mL prior to analyses. The
total protein content was determined through the BCA protein assay
according to the manufacturer's instruction by using bovine serum al-
bumin (BSA) as a standard (Pierce BCA protein assay Kit, Thermo Sci-
entific). Protein absorbance was measured in duplicates at 562 nm by
employing a multimode plate reader (TECAN Infinite M200 PRO,
Mannedorf, Switzerland) [38]. The total carbohydrate content was
determined, after diluting the EPS / sEPS / fractionated sEPS solutions
2.5 times, through the phenol sulfuric acid method by using glucose as a
standard. The carbohydrate absorbance measurements were carried out
in cuvettes at 490 nm in duplicates with a VIS-spectrophotometer
(HACH DR3900, Ames, IA) [38]. Concentrations of proteins (PN) and
carbohydrates (PS) in the samples were expressed as BSA and glucose
equivalents, respectively.

2.4. Thermogravimetric (TG) and derivative thermogravimetric (DTG)
analysis

Thermogravimetric (TG) and derivative thermogravimetric (DTG)
analyses of freeze-dried EPS and sEPS samples from both NaOH- and
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NayCOs3-based extractions were carried out with a Q5000 TA In-
struments thermogravimetric analyzer. The samples were heated from
room temperature up to 600 °C at 10 °C/min under a nitrogen atmo-
sphere (flow rate equal to 100 mL/min). The deconvolution of the DTG
curves was performed by using the Multipeak fitting function of IGOR
Pro software. The multiple Gaussian model that gave the highest R-
square value was chosen to fit the experimental DTG curves [23].

2.5. Lipopolysaccharides (LPS) visualization using the polymyxin B-based
fluorescent probe

Liposaccharides (LPS) were recently recognized as EPS components
that could potentially contribute to the overall hydrogel-forming ca-
pacity of AGS-derived EPS [27]. In this regard, LPS were visualized
through staining techniques in sEPS from both NaOH- and NayCOs-
based extractions to support the outcome of both rheology and SAXS
measurements. LPS visualization was carried out by using the polymyxin
B-based fluorescent probe, as reported by Li et al. [27]. Polymyxin B
labelled with Rhodamine B was used to verify the presence of LPS and
visualize their structure and morphology in the extracted sEPS. The
mechanism of the staining is that polymyxin B interacts with LPS mol-
ecules via their cationic l-a-y-diaminobutyric acid (Dab) side chains and
the hydrophobic residues [27,39]. sEPS acidic precipitates were washed
with 1xPBS twice and then incubated with polymyxin B labelled with
Rhodamine B solution (1.1 pg/mL) at room temperature for approxi-
mately 2 min. The pellets collected after centrifugation were washed 4
times with 1xPBS to remove the residual probes. The samples were
finally resuspended in 100 pL of 1xPBS to immediately collect fluores-
cence imaging. The images of polymyxin B with fluorescent probe
Rhodamine B were captured with a CY3 filter [27].

2.6. Small-angle X-ray scattering (SAXS)

For both NaOH- and NayCOs-based extractions, synchrotron small-
angle X-ray scattering (SAXS) measurements were carried out on sEPS
hydrogels formed at increasing sEPS concentrations (i.e. 0.6, 1.2 and 1.9
wt%) to investigate their network structure at nano-scale. The experi-
ments were carried out at the IDO2 beamline of the European Syn-
chrotron Radiation Facility (ESRF, The European Synchrotron, 71
Avenue des Martyrs, CS40220, 38043 Grenoble Cedex 9) [40]. A scat-
tering Q vector range of 0.003 < Q < 0.4 A~! was achieved using two
sample—detector distances (1 m and 10 m) with a single-beam setup for
monochromatic X-ray radiation at a 1 A wavelength (12.46 keV). The
beam size was 50 pm x 120 pm (vertical x horizontal) with a divergence
of 5 prad x 10 prad. A 2 mm beamstop was used. The detector was a 2D
Rayonix MX-170HS with a 44 x 44 pm? pixel size, positioned in an
evacuated flight tube at either 1 m or 10 m from the sample. Exposure
times were 0.5 s for the 1 m distance and 0.3 s for the 10 m distance.
Scattering patterns were normalized to an absolute intensity scale after
standard detector corrections and azimuthally averaged to obtain one-
dimensional intensity profiles, I(Q) SAXS profiles were collected at
25 °C, in a solid sample-holder.

2.7. Rheology

For both NaOH- and NayCOgs-based extractions, the rheological fea-
tures of sEPS hydrogels formed from sEPS suspensions with increasing
sEPS concentrations (i.e. 0.6, 1.2 and 1.9 wt%) were assessed through
frequency sweep measurements carried out with a Discovery Hybrid
Rheometer (Disc.HR-3, TA Instruments) working in a controlled shear
stress mode by using a plate-plate geometry (20 mm diameter, 400 pm
gap). The trend of the storage modulus G' and loss modulus G" as a
function of the oscillation frequency was studied in the linear visco-
elastic region (LVR) of deformations. The LVR was preliminarily deter-
mined for all tested samples through amplitude sweep measurements of
G' and G" performed at a constant frequency of 1 Hz by progressively
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increasing the strain amplitude (Fig. S1). The normal force was set equal
to 0.5 N in all measurements. All these experiments were carried out at a
constant temperature of 25.00 + 0.01 °C.

3. Results and discussion
3.1. Extraction performance

The extraction performance of the NaOH- and NayCOs-based
methods are compared in Table 1. The average EPS/sEPS extraction
yields observed by using the Nap,COs-based extraction were in line with
those reported in previous studies applying similar NapCOs-based pro-
tocols [17,23]. Conversely, the average EPS and sEPS extraction yields
decreased by about 67 % and 71 %, respectively, by using NaOH instead
of NayCOs in the thermo-alkaline treatment (Table 1). In this regard, it
should be considered that pH decreased down to values of approxi-
mately 6.89 + 0.52 at the end of the thermo-alkaline stage in the NaOH-
based extraction. Conversely, the use of NapCO3 ensured more stable
alkaline conditions during the biomass incubation period, resulting in a
final pH of about 10.20 + 0.24. The decrease in pH occurring during the
EPS solubilization stage in the NaOH-based extraction could be
reasonably ascribed to the progressive neutralization of the base by the
biomass. This effect was much less pronounced when using Na;CO3 due
to the well-known buffering capacity of carbonate. The increase in pH is
reported to be effective in solubilizing the EPS matrix [29,41], thus
potentially contributing to the higher recovery yield observed for the
NayCOs-based extraction. Since no pH control strategies were applied in
the EPS solubilization phase, the differences observed in extraction
performance may arise from the combined influence of both pH evolu-
tion during extraction and inherent chemical properties of NaOH and
NapCOs. Distinguishing these contributions would require dedicated
experiments that are encouraged in future research. Particularly, setting
equivalent and controlled pH conditions along the entire thermo-
alkaline stage could help to get valuable insights on the effects exerted
by the different reactivity and base strength of the reagents employed.
While the final recovery yield related to sEPS was significantly lower for
the NaOH-based extraction (66 + 1 mg VS/g VSags vs. 227 + 26 mg VS/
g VSags for NaOH and NayCOs, respectively), the sEPS to EPS mass ratio
did not significantly vary between the tested protocols (42 + 2 vs. 43 +
4 % by using NaOH and NayCOs, respectively). Further considerations
can be made looking at the biochemical characterization of the extracted
biopolymers in terms of concentrations of proteins (PN) and carbohy-
drates (PS) (Table 1). For both NaOH- and Na;CO3-based protocols, total
EPS had significantly higher PN concentrations than sEPS. Consistently,
the average PN to PS mass ratios (PN/PS) decreased in sEPS with respect
to EPS indicating an increase in the relative content of PS: this evidence
would suggest that acidic precipitation was more selective towards
carbohydrates. It can be noticed that the average PN concentration in

Table 1

Extraction yields and total protein (PN) and carbohydrate (PS) contents of EPS
and sEPS recovered by both NaOH- and Na;COs-based extractions. Extraction
yields are reported on a VS basis as average value + standard deviation among n.
3 extractions carried out for each protocol. Concentrations of PN and PS are
expressed as BSA and glucose equivalents, respectively.

NaOH Na,CO3
EPS sEPS EPS sEPS
Extraction yield (mg VS/g 165 + 66+ 1 499 + 227 +
VSags) 14 58 26
909 + 886 + 883 +
VS/TS (mg VS/g TS) 29 64 843 +7 13
+
PN (mg/g VS) 47150 328 +8 522 +9 392+5
PS (mg/g VS) 245+ 9 205 £ 204 + 3 226 +
11 10
Average PN/PS (g/g) 1.94 1.60 2.56 1.73
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EPS from NaOH-based extraction was lower than that observed by using
NayCOg3; a reduction in the PN concentration was also detected for SEPS
by applying the NaOH-based protocol. While polysaccharides are
generally relatively more stable to alkali, proteins are reported to be
sensitive to degradation under alkaline conditions [29]. The extent of
PN degradation may be even higher by using a strong base as NaOH
coupled with high temperatures that could induce, above certain
threshold conditions, hydrolysis of peptide bonds and reduction of
polypeptide size [29,42]. In line with these observations, the average PN
to PS mass ratios observed for the NaOH-based extraction were lower
than those measured for the NapCO3s-based method, with a more pro-
nounced difference in EPS than in sEPS. In this regard, different PN and
PS recovery efficiencies via acidic precipitation could be predicted for
the tested extraction protocols, especially regarding carbohydrates.
Referring to the average PN and PS concentrations listed in Table 1, it
was inferred that the acidic precipitation allowed to recover approxi-
mately 28 and 33 wt% of PN and PS, respectively, from solubilized EPS
in the NaOH-based protocol. Conversely, the acidic stage in the NayCOs-
based extraction led to higher recovery efficiencies of PN and PS from
solubilized EPS - accounting for about 34 and 50 wt%, respectively —
thus evidencing a higher effectiveness especially in precipitating car-
bohydrates. These results therefore suggested that the extraction con-
ditions applied in the alkaline stage may influence the precipitation
ability of the distinct polymeric classes under acidic conditions. Dena-
turation, degradation and/or structural alterations of polymers —
resulting in changes in molecular weight distribution and/or spatial
conformation — may occur depending on the alkaline solubilization
conditions applied, thus affecting the efficiency of the final (acidic) re-
covery stage [29]. NaOH, due to its strong base nature and higher
reactivity, is expected to exert harsher effects on characteristics, such as
molecular weight, chain conformation and intermolecular interactions,
of certain EPS fractions, thus potentially reducing the efficiency of their
subsequent recovery via acidic precipitation [29]. For instance, the
higher protein hydrolysis likely promoted by NaOH would reduce the
molecular weight of protein-carbohydrate complexes, thus reasonably
decreasing their precipitation yield. In contrast, Na,CO3, thanks to its
milder chemical effects, could help to preserve the integrity of protein-
carbohydrate complexes, with positive implications for their recover-
ability during the acidic stage, thus ultimately contributing to an in-
crease in the PS precipitation efficiency.

Experimental findings from the literature reveal a lack of consensus
on the extraction effectiveness of NaOH- and Na,CO3-based protocols
[29,36]. Bou-Sarkis et al. [29] observed that the use of NaOH instead of
NayCO3 can more efficiently solubilize the EPS matrix of AGS, while
decreasing the final yield of gel-forming EPS (i.e. sEPS). Conversely, Le
et al. [36] reported higher recovery yields of sEPS from activated sludge
by applying NaOH-based extractions rather than similar methods using
NayCOs. In this regard, it should be considered that even minor differ-
ences in terms of operative conditions applied (e.g. pH, reagent dosage,
etc.) could significantly affect the extent and characteristics of recov-
erable EPS. For instance, in contrast with the present study, both Bou-
Sarkis et al. [29] and Le et al. [36] carried out comparative thermo-
alkaline extractions under different initial pH conditions (about 13.40
/ 13.01 for NaOH and 11.30 / 10.01 for NayCOs, respectively): in these
previous works, the higher pH associated with the NaOH-based pro-
tocols could have contributed to increase their extraction performance
in the alkaline stage. Moreover, it should be noted that the use of a
strong base as NaOH, combined with high pH conditions, could enhance
cell lysis processes [36], with implications for the estimation of recovery
yields.

When NaOH was used as alkaline solubilization agent, the resulting
sEPS (acidic) pellets qualitatively appeared more loosely structured than
those obtained from the Nay,CO3-based extraction. Following centrifu-
gation, the lower apparent cohesion of the sEPS precipitates hindered
efficient solid-liquid separation, thus hampering the pellet recovery
from supernatant. Consequently, the sEPS obtained from the NaOH-
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based extraction could not be concentrated above about 1.9 wt% by
centrifugation (even applying consecutive centrifuges, as described by
Pagliaccia et al. [17]), while significantly higher sEPS concentrations
were achieved when NapCOs; was used as alkaline extraction agent.
Although this evidence regarding the cohesion of acidic pellets resulted
only from qualitative observations rather than dedicated quantitative
measurements, it was reproducible across independent extraction rep-
licates and systematically noted during sample handling. Furthermore,
this observation was in line with differences in the sEPS composition and
structural arrangement inferred from subsequent analyses. A potential
reason could be found in the more intensive hydrolysis/degradation of
certain EPS fractions (e.g. proteins) reasonably caused by NaOH [29],
likely resulting in the partial loss of their tertiary structure and in a
reduction in their molecular weight, as reported in the following section
regarding SEC fractionation. Moreover, it should be pointed out that the
molar ratio of divalent to monovalent ions in SEPS, calculated based on
the predominant valence of the elements measured by ICP-AES
(Table S1), was significantly higher for the extractions using NaOH
instead of NayCOj3 in the thermo-alkaline stage (i.e. about 0.92 vs. 0.10
mol M2t/mol M™). As detailed in Section 3.5, this may have more
readily contributed to a partial (albeit limited) cross-linking of NaOH-
extracted sEPS even in the absence of exogenous Ca2", thus poten-
tially hindering dehydration by centrifugation.

3.2. Molecular weight-based fractionation of sEPS by size exclusion
chromatography (SEC)

SEC fractionation of freeze-dried sEPS revealed different molecular
weight (MW) profiles depending on the extraction conditions applied, as
detailed in Table 2. For both NaOH- and Na;COgs-based protocols, the
relative abundance of the different MW-based fractions decreased in the
following order: F3 (3.5-100 kDa) > F1 (738-5500 kDa) > F2 (100-738
kDa) (with mass percentages of F1 only slightly higher than F2 for
NayCOg). The abundance of polymeric fractions between 3.5 and 100
kDa was already reported by Chen et al. [38] for EPS from both aerobic
and anaerobic granular sludge. Overall, the use of a NayCOs-based
alkaline stage resulted in a higher relative content of MW-based frac-
tions >100 kDa in the fractionated sEPS (F1 + F2 ~ 55 vs. 40 % on a
mass basis for NapCOs- and NaOH-based extractions, respectively;
Table 2). The lower mass percentage of high-molecular weight constit-
uents recovered via SEC fractionation for the NaOH-based protocol is
consistent with literature data. As previously discussed, the combination
of a strong base such as NaOH and high temperatures (e.g. 80 °C) can
significantly alter the macromolecular structure and integrity of some
EPS compounds. These harsh conditions could reasonably promote hy-
drolysis/partial degradation of high-MW biopolymers (e.g. large pro-
teins), leading to a more pronounced shift in the molecular weight
distribution towards smaller molecules. This size reduction effect was
also documented by Bou-Sarkis et al. [29] for SEPS extracted from AGS
through a NaOH-based protocol. It is worth noting that the mass per-
centage of the non-soluble fraction was higher for the NaOH-based
extraction (18 vs. 10 % for NaOH- and NayCOs-based protocols,

Table 2
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respectively). The non-soluble fraction excluded from SEC fractionation
is expected to contain a heterogeneous ensemble of macromolecular
structures, reasonably including slightly cross-linked aggregates, insol-
uble carbohydrate-protein complexes and other recalcitrant macromo-
lecular assemblies. In line with that described in the previous section,
the higher M?* concentrations of sEPS resulting from the NaOH-based
protocol (Table S1) could support the hypothesis that a partial, albeit
limited, polymer chain cross-linking may occur without dosing exoge-
neous divalent metal cations, hence potentially hindering polymer sol-
ubilization. Furthermore, NaOH-induced hydrolysis can break down
certain molecular structures and favour the release of insoluble com-
ponents, thus possibly increasing the overall mass fraction of non-
soluble sEPS.

For the fractionated sEPS samples, PN and PS were detected in each
MW fraction with variable concentrations (Table 2). For both NaOH-
and NayCOs-based extractions, the PN to PS ratio decreased as MW
increased, as evidenced by Chen et al. [38]. The highest PN concentra-
tions were found in F3 (437 + 5 and 465 + 5 mg/g VS in the cases of
NaOH and NayCOs, respectively, as BSA equivalents), hence associated
with the lower MW constituents, while PS were more abundant in the
high-MW fraction F1 (292 + 5 and 256 + 5 mg/g VS for NaOH and
NayCOs, respectively, as glucose equivalents). For each MW-based
fraction, fractionated sEPS obtained via the NayCOs-based protocol
had higher PN to PS ratios compared to those observed for the NaOH-
based extraction (1.37-2.20 vs. 1.10-1.92 g/g), in line with that evi-
denced above for non-fractionated sEPS (Table 1).

Regardless of the EPS recovery approach applied, FT-IR spectra of
the distinct MW-based fractions of sEPS (Fig. S2) revealed the main
functional groups related to proteins and polysaccharides, in line with
literature data on AGS-derived sEPS [18,23]. For more details on peak
assignment refer to Table S2. FT-IR analysis showed similar spectral
features for both NaOH- and NayCOjs-based extractions. Similarly, Le
et al. [36] found that the FT-IR spectra of EPS extracted from activated
sludge through NaOH- and NayCOs-based thermo-alkaline treatments
exhibited similar functional groups. The above hence suggested that the
core biochemical signature of sEPS fractions would be mostly main-
tained regardless of the (alkaline) extraction conditions applied.

3.3. Thermogravimetric (TG) and derivative thermogravimetric (DTG)
analysis

For both EPS and sEPS obtained by NaOH- and NayCOs-based ex-
tractions, thermograms from TG and DTG analysis recorded between 25
and 600 °C (Fig. S3) revealed two main stages of thermal decomposition:
(i) evaporation of residual moisture up to about 132-150 °C (i.e.
dehydration leading up to 11 wt% weight loss), and (ii) pyrolysis of
organic matter, in the temperature range between approximately 150
and 550 °C [23,43]. Decomposition of minerals present in EPS/sEPS was
not significantly appreciated in the TGA and DTG curves, since it usually
occurs at higher temperatures (typically in the range of about 600 °C to
800 °C [43]). It is worth noting that the thermal degradation of organics
of both EPS and sEPS from Na;COs-based extraction started at slightly

Fractionation yields by size exclusion chromatography (SEC) of sEPS (after freeze-drying) from NaOH- and Na,COs-based extractions and characterization of each
molecular weight (MW)-based fraction in terms of total protein (PN) and carbohydrate (PS) contents. Fractionation yields are reported as percentage on a mass basis of
fractionated sEPS. Concentrations of PN and PS are expressed as BSA and glucose equivalents, respectively.

Fractionation yield (%) PN PS Average PN/PS
(mg/g VS) (mg/g VS) (g/8)
Fraction (#) MW (kDa) NaOH NayCOs3 NaOH NayCO3 NaOH NayCOs3 NaOH NayCOs3
1 738-5500 22 28 320+ 8 350 + 4 292 +5 256 £ 5 1.10 1.37
2 100-738 18 27 298 + 10 352+9 263 + 2 228 + 4 1.13 1.54
3 3.5-100 42 35 437 £5 465 £ 5 228 + 8 211+7 1.92 2.20
Non-soluble 18 10

# The non-soluble fraction was not part of the SEC-based fractionated samples, as also reported by Chen et al. [38].
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higher temperatures than those observed for samples obtained through
the NaOH-based protocol (149 and 137 °C for EPS and sEPS, respec-
tively, by using NayCOs, vs. about 132 °C for both EPS and sEPS from
NaOH-based extraction). This evidence would suggest that the Na;CO3-
based protocol may have enabled the extraction of more complex
macromolecules that reasonably required higher energy to be thermally
decomposed.

Further insights into the thermal behavior of EPS/sEPS were gath-
ered from the deconvolution of the DTG curves in the temperature range
from 125 to 500 °C (Fig. 1). Regarding total EPS, deconvolution of DTG
signals revealed the presence of four partially overlapping thermal
events, which can be associated with distinct pyrolytic processes.
However, these events were not fully resolved from each other, indi-
cating a partial simultaneity in the degradation of different EPS com-
ponents. Although a precise deconvolution into four discrete chemical
species was not feasible based solely on the observed thermal transi-
tions, hypothesis on the EPS fractions contributing to the recorded DTG
signals can be made thanks to the comparison with previous scientific
reports. Particularly, for increasing temperatures, contributions from
low thermal resistant proteins (PNI), PS and high thermal resistant
proteins (PNII), respectively, could be reasonably predicted in agree-
ment with literature data [23]. In the case of SEPS, deconvolution of the
DTG curves revealed two predominant thermal events. Similar to total
EPS, these thermal events were partially overlapping, again suggesting
the partial simultaneity in the observed pyrolytic processes. The first
event, exhibiting a peak at approximately 280 °C for both NaOH- and
NayCOs-based extractions, could be reasonably attributed to the
degradation of PS. This assignment is consistent with literature data,
according to which the thermal decomposition of carbohydrates typi-
cally occurs in the temperature range from 220 to 300 °C [23,36,43]. A
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broader DTG signal was associated with the second thermal event, with
a peak centered at around 311 and 344 °C for NaOH- and NapCOs-based
protocols, respectively. This process covered a wider temperature
domain and could be reasonably ascribed to the pyrolytic breakdown of
high-molecular weight fractions, potentially including proteins with
complex tertiary structures and/or glycosylated proteins, that are ex-
pected to have greater thermal stability. Glycoproteins, whose presence
in EPS was documented in the literature [7], are indeed reported to have
peak degradation temperatures in the range between 320 °C and 350 °C
[44,45]. According to literature evidence, potential contributions to the
DTG signals in this temperature domain could also arise from lipids [46],
phospholipids [47] and lipopolysaccharides [48].

When interpreting thermograms, it should be considered that all
chemical assignments here suggested for the deconvoluted DTG curves
are purely speculative since no complementary analytical techniques
were employed for validation. DTG deconvolution was indeed intended
to provide a qualitative interpretation of the observed thermal profiles
rather than a definitive identification of individual EPS/sEPS
components.

It is worth noting that, for both EPS and sEPS, most of the detected
pyrolytic events exhibited a shift towards higher temperature domains
when the NayCOs-based protocol was employed (Table S3), thus
potentially indicating the extraction of more thermally resistant poly-
mers. This evidence was consistent with the results from SEC fraction-
ation (Table 2), revealing that the NayCO3-based protocol enabled the
recovery of larger quantities of high-molecular weight fractions: these
larger macromolecules are expected to have more complex structures,
therefore requiring increased thermal energy for thermal degradation.
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Fig. 1. Derivative thermogravimetric (DTG) curves (black lines) and corresponding deconvoluted signals (red lines) for EPS / sEPS from NaOH-based extraction (a /
¢) and for EPS / sEPS from Na,COs-based extraction (b / d). The red solid / dashed lines refer to the Gaussian contributions whose area is higher / lower than 5 % of
the total area subtended by the DTG curve, respectively. The latter (dashed lines) are therefore marginal contributions that were not considered in the discussion.
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3.4. Structural insights on sEPS hydrogels through small-angle X-ray
scattering (SAXS) measurements

SAXS measurements enabled structural investigation of sEPS
hydrogels across multiple length scales — from the molecular level,
captured at high scattering vector (Q) values, to the larger-scale network
architecture, revealed at low Q [49]. To capture these distinct structural
features, SAXS profiles of sEPS hydrogels at different SEPS concentra-
tions were recorded over a wide Q range (Figs. 2a and b for NaOH- and
NayCOs-based extractions, respectively), and their low-Q and high-Q
regions were analyzed separately (Figs. 2¢c and d, respectively).

Fig. 2c displays SAXS profiles of sEPS hydrogels at different SEPS
concentrations (log-log scale plots) restricted to the low-Q region
(0.0035-0.06 A™). In this regime, scattering intensities of sEPS hydro-
gels from NaOH-based extraction lacked a plateau at lowest Q values,
indicating the absence of a Guinier region [50]. This would indicate that
the characteristic size of hydrogel structural components was larger than
the captured Q-range, i.e. > 21/Quin = 180 nm (where Qmin is the lowest
recorded scattering vector), meaning that the scattering radiation pri-
marily probes the local network structure. In this low-Q regime, the
scattering intensity followed a power law behavior, I(Q) « Q™, where
the exponent n is graphically given by the slope of the log-log plot in
Fig. 2c. For hydrogel systems, n typically represents the fractal
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dimension, reflecting the degree of self-similarity within the hydrogel
network and describing how mass scales with volume [50]. Fitting the
experimental data with this model yielded a fractal dimension of n ~ 2.6
for all sEPS concentrations (Table S4), indicating that the hydrogel
network was likely composed of three-dimensional mass fractals with
intermediate compactness, which remained almost invariant with
respect to the sEPS concentration [51]. For more details on the model
fitting refer to Section S1 in Supplementary material. Fractal dimensions
in this range are associated with heterogeneous, space-spanning net-
works in which the polymer mass is distributed in a non-uniform
manner, reflecting a relatively high degree of compactness typical of
physically cross-linked hydrogel systems [52].

In contrast, SAXS profiles of sEPS hydrogels from NayCOs-based
extraction displayed a two-power law behavior, visible by the presence
of two nearly linear regions in the log-log plots with different slopes,
occurring across different Q-intervals. These profiles were fitted ac-
cording to a two-power law empirical model (Section S1 in Supplemen-
tary material), yielding sEPS concentration-independent n values of
approximately 2.8-2.9 in the 0.018-0.035 Al Q range and about 2 in the
0.0035-0.015 Al Q range (Table S4). Consistent with the analysis of
sEPS hydrogels from NaOH-based extraction, the n value in the
0.018-0.035 A™! Q range indicated the presence of three-dimensional
mass fractals, with slightly higher compactness than those observed
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Fig. 2. SAXS profiles (log-log scale plot) of sEPS hydrogels from both NaOH-based extraction (a) and Na,CO3-based extraction (b) for increasing SEPS concentrations,
together with the corresponding profile analysis performed in the low-Q (c) and high-Q (d) regions. In panel (c), the experimental profiles (data shown as symbols)
are reported together with the corresponding best-fit curves (solid black lines), obtained using a single power law empirical model for sEPS hydrogels from NaOH-
based extraction and a two-power law empirical model for sEPS hydrogels from Na,COs-based extraction (see Section S1 in Supplementary Material). The slopes of the
linear regions in the log-log plots extracted from the fits are indicated by dotted black lines, along with the corresponding power law exponents. In panel (d), black
arrows indicate the Bragg peak of the sEPS hydrogels, whose intensity increases with increasing sEPS concentrations for both NaOH- and Na,COs-based extractions.
The Q value corresponding to the Bragg peak maximum is also reported in the figure. In all panels, SAXS profiles are offset for the sake of clarity.
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for the NaOH-based protocol. However, the emergence of an additional
power law behavior at lower Q values suggested the coexistence of this
fractal network with an additional structural motif, which was not
observed in SEPS hydrogels from NaOH-based extraction. Specifically,
the I(Q) x Q2 functional behavior can be associated with scattering from
two-dimensional structures with a lamellar shape [51]. Interestingly, a
similar lamellar, multilayered morphology was recently reported for
LPS-Ca aggregates from AGS-derived EPS and positively linked to the
formation of self-standing sEPS hydrogels [27]. This aggregation pattern
was attributed to the unique molecular composition of LPS in aerobic
granular sludge, where the hydrophobic and hydrophilic components of
LPS (lipid A and glycans, respectively) have comparable effective mo-
lecular cross-sectional areas, favoring a lamellar packing [27]. Based on
these findings, it is reasonable to hypothesize that similar lamellar
structures — likely associated with LPS assemblies — could be present in
the sEPS hydrogels from NayCOs-based extraction.

To complete the morphological and size-related analysis, the inves-
tigation also involved the high-Q region (0.06-0.30 Al) of the SAXS
profiles (Fig. 2d), which encodes smaller, molecular-scale structural
information. In this regime, SAXS profiles of SEPS hydrogels from both
NaOH- and NayCOs-based protocols displayed a diffraction correlation
peak, commonly referred to as a Bragg peak, indicating the presence of a
highly ordered, periodic arrangement. The corresponding characteristic
spacing can be calculated using Bragg's law: d = 21/Qmax, where Qmax is
the position of the peak maximum [50]. Qmax values for different sEPS
hydrogels were located at approximately 0.135 A}, revealing a consis-
tent d-spacing of about 47 A across all samples. Surprisingly, the d-
spacing observed in this study closely matches values previously re-
ported for EPS hydrogels from anammox granular sludge [9]. This
scattering feature here detected would suggest the presence of well-
defined structural motifs with a characteristic periodic spacing.
Notably, this Bragg peak feature would be consistent with the lamellar,
multilayered LPS structures inferred from the low-Q SAXS profiles of
SEPS hydrogels from NayCOs-based protocol and previously observed by
Lietal. [27] in LPS-Ca aggregates from AGS-derived EPS. In this context,
the observed d-spacing likely corresponded to the center-to-center dis-
tance between adjacent LPS bilayer stacks arranged in a layered
configuration. A similar Bragg peak was also observed in SAXS profiles of
other polysaccharide gels, where it was ascribed to the presence of or-
dered bilayer-like structures interconnecting polymer chains into a
three-dimensional network [53], thus further supporting the proposed
data interpretation.

In sEPS hydrogels from NapCO3-based extraction the intensity of the
Bragg peak increased with rising SEPS concentration, while its position
remained unchanged. This suggested that higher sEPS concentrations
led to an increased presence of lamellar multilayered structures within
the hydrogel, likely due to a corresponding enrichment in the LPS
component responsible for their formation. Interestingly, a Bragg peak
was also observed in sEPS hydrogels from NaOH-based extraction (at the
same Q value) despite the absence of lamellar-related features in the
low-Q region. However, the peak exhibited a significantly lower in-
tensity, suggesting that, while multilayered structures can still be pre-
sent, their concentration would likely be much lower. Hypothesizing
that these lamellar, multilayered domains were largely associated with
LPS assemblies, the lower degree of ordering in sEPS hydrogels from
NaOH-based extraction might be due to a lower concentration of LPS
components within the cross-linked matrix, or, alternatively, to a
different chemical composition profile of LPS recovered with the two
protocols, leading to diverse molecular packing and final structure. For
instance, NaOH, being a strong base, could induce reactions similar to
saponification, such as alkaline hydrolysis of ester bonds of lipidic
portion of LPS, thus potentially leading to hydrolysis-like processes of
LPS themself.

In this regard, further insights were obtained from the analyses
aimed at visualizing LPS in sEPS by using the polymyxin B-based
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fluorescent probe (Fig. 3). Polymyxin B specifically binds to the lipid A
in LPS. By labelling with Rhodamine B as the fluorescence probe, the
presence and specific morphologies of LPS can be clearly visualized with
the fluorescence signal [27]. Significant differences were observed in
sEPS depending on the applied recovery approach. Only weak fluores-
cence signals were observed from the sEPS extracted with the NaOH-
based protocol, meaning that they had a relatively low content of LPS.
Contrarily, sEPS obtained through the NayCOs-based extraction
exhibited a strong fluorescence signal, suggesting the presence of bila-
minar multilayered structures (onion-like) and an overall higher abun-
dance of LPS assemblies. This evidence hence corroborated the
hypothesis inferred from SAXS analysis. The use of complementary
techniques such as cryogenic electron microscopy (cryo-EM) and/or
small-angle neutron scattering (SANS) is encouraged in future studies to
provide additional support for the structural arrangements deducted
from the SAXS-based interpretation. Notably, SANS could offer further
insights through contrast variation, enabling a more selective assess-
ment of LPS-rich assemblies within the complex EPS matrix.

3.5. Rheology of sEPS hydrogels

Fig. 4 shows the frequency sweep curves obtained in the LVR for sEPS
hydrogels formed from sEPS suspensions at 0.6, 1.2 and 1.9 wt% sEPS
concentrations. For both NaOH- and Na,COs-based extractions, the
storage modulus G' and loss modulus G" did not considerably vary with
increasing frequency in the log-log scale plot visualization. As observed
in previous studies [23,24], for all SEPS concentrations investigated, G’
was higher than G" in the applied ranges of frequencies while no
crossover between G and G" profiles was detected. This rheological
evidence suggested that all tested sEPS-based systems exhibited a solid-
like behavior, thus being classified as gels from a rheological standpoint
[54].

While hydrogels exhibiting solid-like mechanical responses across
the entire range of sEPS concentrations explored, their G’ (and G") values
significantly varied depending on the sEPS concentration. At a fre-
quency of 1 Hz, G' increased up to 318 and 1373 Pa for NayCOs- and
NaOH-based extractions, respectively, by increasing the sEPS concen-
tration to 1.9 wt% (Fig. 5). Such an increase in G' as SEPS concentration
rises is well-documented in the literature [23,24] and can be mainly
ascribed to a progressive increase in cross-linking density. Even if based
on a limited interval of sEPS concentrations, the conclusions drawn from
the observed mechanical profiles can be considered robust and reliable
under the hydrogel-forming conditions here tested. The trends identified
are indeed supported by consistent rheological evidence in agreement
with literature data [23,24]. However, the above interpretations should
be considered strictly valid only within the interval of SEPS concentra-
tions here studied and cannot be directly extrapolated to significantly
different conditions for which rheological data are not available. It
should be noticed that the choice to investigate such a restricted spec-
trum of SEPS concentrations was guided by practical constraints. The
lower limit (i.e. 0.6 wt%) was slightly above the minimum concentration
required for hydrogel-formation in comparable sEPS-based systems
[17]. The upper limit (i.e. 1.9 wt%) was instead imposed by the NaOH-
based extraction, which yielded a maximum sEPS concentration of
about 1.9 wt%, as detailed in Section 3.1.

For all tested concentrations, sEPS from NaOH-based extraction
formed stiffer hydrogels compared to those obtained by using Na;CO3 in
the EPS alkaline solubilization stage (Figs. 4 and 5). Many consider-
ations could be made to explain this experimental evidence.

As highlighted above, sEPS extracted through NaOH- and NayCOs3-
based protocols exhibited different concentrations of divalent metal ions
M?2" (Table S1), resulting in M?*/M " molar ratios of approximately 0.92
vs. 0.10 mol M2t /mol M*, respectively. Since the hydrogel-formation of
AGS-derived sEPS relies on M*"-mediated ionic cross-linking mecha-
nisms, these differences could partly contribute to the distinct rheolog-
ical profiles observed for the comparative extractions. M?" intrinsically
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Fig. 3. Visualization of lipopolysaccharides (LPS) in SEPS extracted through the protocols employing NaOH (a) and Na,COj3 (b) in the thermo-alkaline stage by using

polymyxin B labelled with Rhodamine B staining.

10000
1000 4
) ]
Q\:/ 4
= 100 4
© ]
O ] .
A
10 AAMAAA—AAAAﬁAAAAAAAﬁAAﬁAAAAA
l T T rrrrrrg T T rrrrrrg T T rrrrrrg T 1
0.01 0.1 1 10
Frequency (Hz)

10000 -
1 (b)
1000 -
ED 100 < ml“l“'“l"lll““...
ED“ ‘ooooooooooooooooggﬁ@ﬁ@@@ﬁﬁggag
| DDDDUDDDDDEQEQEE
103 spsansansts - o 19wt%
] - O 12wt%
) A A 0.6 Wwt%
1 T T T T T T T T T T T T T T ™
0.01 0.1 1 10
Frequency (Hz)

Fig. 4. Trend of storage modulus G' and loss modulus G" of sEPS hydrogels at different sEPS concentrations as a function of oscillation frequency for both NaOH-
based extraction (a) and NapCOs-based extraction (b). G' and G" values are reported as filled and open symbols, respectively. Both X- and Y-axes are shown on a
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Fig. 5. Trend of storage modulus G' of sEPS hydrogels as a function of sEPS
concentration for both NaOH- and Na,COs-based extractions. G' values were
obtained from the frequency sweep curves in Fig. 4 for a frequency of 1 Hz.

associated with the sEPS extracts could reasonably induce partial cross-
linking, thus potentially affecting the final hydrogel mechanical
response. However, this contribution is expected to be secondary
compared to that arising from the exogenous Ca>" intentionally added
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during hydrogel-formation. Indeed, the diffusion of Ca®" ions into the
polymeric matrix during ionic cross-linking typically leads to Ca®*
concentrations in the hydrogels significantly higher than those origi-
nally present in the pristine sEPS [17,23]. As documented in the liter-
ature, in the case of ionically cross-linked sEPS hydrogels, the storage
modulus G' - directly correlated to the cross-linking density [55] —
typically increases as Ca?t concentration increases (at least up to a
threshold concentration) [21]. Consequently, the overall mechanical
behavior of sEPS hydrogels is expected to be primarily governed by the
cross-linking induced by exogenous Ca?', while only a marginal
contribution would be driven by M2 originally present in the pristine
sEPS. Referring to the NaOH-based protocol, it is therefore reasonable to
suppose that the higher M?* concentrations in the extracted sEPS
(Table S1) may marginally contribute to the increased G values
observed for the resulting hydrogels, by providing an additional, albeit
lin;ited, cross-linking density to that induced by exogenously added
Ca**.

Further research hypothesis may be proposed to explain the revealed
rheological differences. Polysaccharides are known to be key EPS com-
ponents involved in the hydrogel-formation [56]. In this regard, it
should be noted that the NaOH-based protocol yielded slightly higher
relative contents of carbohydrates in the extracted sEPS and related
molecular weight-based fractions, as suggested by the average PN to PS
ratios listed in Tables 1 and 2. One of the potential reasons for the lower
G'values observed for sEPS hydrogels from the Na;CO3-based extraction
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could be therefore associated with the presence of relatively large
macromolecules (e.g. proteins) interpenetrated within the 3D polymeric
network of the hydrogel without significantly contributing to its cross-
linking density and strength. Large proteins could hence potentially
interfere with the polysaccharidic 3D network by reducing the overall
elastic response of the hydrogel. Thus, the harsher hydrolysis of the
proteinaceous fraction likely induced by NaOH could contribute to in-
crease the mechanical properties of cross-linked sEPS. This mechanistic
hypothesis would be supported by both SEC fractionation (Table 2) and
TGA-DTG analysis (Fig. 1) that suggested the higher abundance of large
macromolecules (> 100 kDa) and high thermal resistant compounds in
SEPS extracted through the Na;COs-based protocol. SAXS measurements
could also provide another potential explanation for the different
rheological features observed. These analyses suggested that sEPS
hydrogels were characterized by the presence of 2D objects (such as
lamellae) arranged into multilayered assemblies (Fig. 2): such a struc-
tural motif resulted more abundant in the case of Na,COs-based
extraction and it was consistent with previous findings by Li et al. [27].
These characteristic structures, potentially associated with LPS assem-
blies, would contribute to the establishment of more ordered 3D net-
works, but could also make hydrogels mechanically weaker, as the
lamellae could tend to align along the direction of the applied shear
stress. In line with this interpretation, previous literature on surfactant-
based systems has shown that 2D lamellar structures exhibit lower G’
values than other supramolecular assemblies [57].

In summary, for both recovery approaches applied, AGS-derived
sEPS formed self-standing hydrogels with solid-like mechanical prop-
erties. The rheological differences here highlighted in terms of hydrogel
stiffness (G' values) between the NaOH- and NayCOs-based protocols
could be hence actually ascribed to modifications induced in the sEPS
chemical, physicochemical and structural features by the overall
extraction chemistry. In this regard, the use of a strong base such as
NaOH may be reasonably associated with more intensive hydrolysis-like
processes of specific components, such as proteinaceous and lipidic
fractions, thus exerting a sort of selective “purification” of the sEPS
extracts. These phenomena may have helped to reduce the presence of
macromolecules and supramolecular arrangements that potentially do
not contribute to, or even interfere with, the post-gelling mechanical
strength (e.g. proteinaceous portion of glycoproteins, large proteins and
LPS lamellar assemblies). Overall, these factors may have contributed to
an increased hydrogel stiffness for the NaOH-based extraction.

While the above explanations regarding the hydrogel rheological
differences observed for the NaOH- and Naj;COs-based extractions
remain largely speculative, they are supported by the overall consis-
tency of results obtained from the different methodologies applied.
However, dedicated studies will be essential to validate the proposed
mechanistic hypotheses. Future research could explore the role of
macromolecule interpenetration within the cross-linked network by
subjecting extracted sEPS to selective enzymatic treatments prior to
hydrogel-formation. In line with experimental approaches already suc-
cessfully applied [55], the targeted and controlled degradation of spe-
cific sEPS constituents, followed by the preparation and mechanical
testing of single-fraction hydrogel-like systems, may help to elucidate
the relative contribution of different polymeric classes to the overall
rheological behavior. This methodological strategy would also provide
insights into the neutral or potentially detrimental effect of non-gelling
compounds on the sEPS hydrogel mechanics. Furthermore, coupling
selective enzymatic treatments with MW-based fractionation could offer
additional information on the combined influence of MW distribution
and macromolecular identity on the viscoelastic response of sEPS
hydrogels. Finally, the selective isolation of the LPS fraction from sEPS,
followed by rheological and SAXS-related structural characterization of
both LPS-depleted sEPS hydrogels and isolated LPS-derived cross-linked
systems, would help to understand the influence of LPS assemblies on
the mechanical properties of sEPS hydrogels.

Considerations on the gelling mechanisms could be typically inferred
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from rheological data. Based on the observed rheological profiles, pre-
vious works suggested a percolation model [58,59] to describe the
hydrogel-formation of AGS-derived sEPS [23,24]. This model assumes a
critical phenomenon of connectivity, according to which the formation
of an “infinite” cross-linked 3D network occurs when the fraction of
connected objects is above the so-called percolation threshold [60].
According to this percolative mechanism, in the formation of sEPS
hydrogels, clusters composed of sEPS would be first established, fol-
lowed by their progressive interconnection, ultimately giving rise to an
“infinite” 3D network extended to the whole sample volume [23]. The
gelation thresholds of AGS-derived sEPS were expressed in previous
studies through conceptual phase diagrams in terms of minimum M?*
concentration in the cross-linker solution and minimum sEPS concen-
tration that allow to form hydrogels [17,24]. In this work, all tested sEPS
concentrations enabled the formation of self-standing hydrogels with
solid-like mechanical properties (G' > G”), indicating that they would be
above the gelation threshold, in agreement with what has been previ-
ously observed for similar sEPS hydrogels through phase diagrams [17].
According to these literature data [17], it is reasonable to suppose that,
under the Ca?" concentrations here applied, the minimum sEPS con-
centration above which the formation of a hydrogel network occurs
would be close to 0.5 wt%. More in general, SEPS and M2 concentration
thresholds for hydrogel-formation can vary depending on the origin of
microbial aggregates [17,24]. It is worth noting that, in previous works
on AGS-derived sEPS hydrogels, a discontinuity in the slopes of the
graphs plotting G' (or complex viscosity) vs. SEPS concentration was
observed and ascribed to a concentration limit (about 2.5 wt% [24] — 4
wt% [23]), above which G' (or complex viscosity) more drastically
increased. However, as shown in Fig. 5, this discontinuity was not here
observed, likely due to the too low sEPS concentrations tested (< 2 wt
%).

3.6. Practical implications

The main findings regarding the comparison between NaOH- and
NayCOs-based extractions are here interpreted within an integrated
framework that brings together recoverability, fundamental character-
ization, profitability for biomaterial development and operational as-
pects. In this regard, Table 3 provides a concise summary of the main
advantages and limitations of each tested protocol, highlighting key
elements emerged from the comparative analysis. This focused overview
not only helps to clarify the relative performance of the two extraction
approaches but would also provide a basis for guiding future research
into more applicative-oriented studies. The main practical constraints of
the used NaOH-based protocol would be associated with the extraction
process itself, and particularly with its lower recovery yield (Table 1).
Since such reduced NaOH-induced extraction efficiency may have been
due to the rapid decrease in pH during the biomass incubation period,
the adoption of pH-controlled strategies could help to enhance treat-
ment effectiveness. However, this approach would imply a more inten-
sive dosage of chemicals, potentially increasing risks of polymer
degradation and operative costs. Another critical aspect linked to the
NaOH-based extraction was the relatively low solid-liquid separation
efficiency by centrifugation, resulting in the recovery of more loosely
structured sEPS (acidic) pellets with concentrations <1.9 wt%. This
would represent a technical constraint for industrial facilities, which
should employ coagulating/flocculating agents to enhance the sEPS
separation efficiency after acidic treatment. As highlighted in Table 3,
while NayCOs-based extraction would appear more effective in terms of
recovery yield and easier process operations, further considerations
should be made regarding the resulting EPS/sEPS potential for product
development. Indeed, the use of NaOH in the thermo-alkaline stage
promoted the formation of stiffer SEPS hydrogels at relatively low sEPS
concentrations (< 2 wt%) (Fig. 4), with profitable implications from an
industrial valorization perspective. On the other hand, the NayCOs-
based protocol would allow to easily increase concentrations of sEPS
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Table 3

Practical advantages and limitations associated with the NaOH- and Na,CO3-
based protocols used in this study for the recovery of EPS/sEPS from AGS. It
should be noticed that the considerations regarding the extraction process are
specific to the experimental conditions here applied, particularly with respect to
reagent dosage and pH (initial pH ~ 11.3; not controlled pH during the incu-
bation period).

NaOH

Advantages Disadvantages

Feasibility of forming hydrogels with
superior mechanical features at
relatively low sEPS concentrations (<
1.9 wt%)

Lower extraction yield

Loosely structured sEPS acidic pellets,
resulting in a lower solid-liquid
separation efficiency by centrifugation
Impossibility of increasing the
concentration (TS/WW mass ratio) of
sEPS acidic pellets by centrifugation
above about 1.9 wt%
Lower content of high thermal resistant
compounds
Highly corrosive, requiring strict safety
measures
Strong base likely leading to more intensive hydrolysis/partial degradation of specific
EPS constituents

Na,CO3

Advantages Disadvantages

Formation of weaker hydrogels at
relatively low sEPS concentrations (<
1.9 wt%)

Higher extraction yield

Well-structured sEPS acidic pellets,
leading to a higher solid-liquid
separation efficiency by centrifugation
Possibility of easily increasing the
concentration (TS/WW mass ratio) of
sEPS acidic pellets by centrifugation
Feasibility of tailoring the hydrogel
mechanics by playing with a wider
range of sEPS concentrations
Larger content of high thermal resistant
compounds
Less hazardous, easier to be handled and
potentially more cost-effective
Weaker base with a milder effect on the extractable EPS constituents

extracts via centrifugation. Since a strong increase in the post-gelling
stiffness is typically reported for SEPS concentrations higher than 2 wt
% [23,24], the NayCOs-based protocol would potentially enable the
formation of even stiffer hydrogels by simply playing with a wider range
of sEPS concentrations. In this perspective, the Na;CO3-based approach
would favour an easier design of SEPS hydrogels with tunable rheolog-
ical features. Moreover, the NayCOgs-based protocol would allow to
extract more thermally resistant compounds that reasonably provide
higher thermal stability to the recovered sEPS (Fig. 1), with potential
benefits in the development of flame-retardant materials [12,36].
NaOH, being a strong base, is expected to induce more intensive
hydrolysis/partial degradation of some EPS constituents (e.g. proteina-
ceous and lipidic fractions), reasonably altering the molecular weight
profile (Table 2) and functional properties of the recovered biopolymers.
The NaOH-based protocol would also limit the formation of supramo-
lecular assemblies that are more prone to shear-induced deformation (i.
e. lamellar structures). These phenomena could be advantageous in
processes that require a sort of selective “purification” of EPS/sEPS ex-
tracts, especially when an improvement in the hydrogel mechanical
features is requested. Conversely, NapCO3 would exert milder chemical
effects on the recoverable EPS constituents, thus helping to preserve
their molecular weight distribution, structural arrangements, etc.
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Furthermore, considering the well-documented toxic effect of LPS
associated with its Lipid A moiety [61-63], the fact that NaOH-based
extraction may reduce the presence of LPS (and/or more intensively
hydrolyze their lipidic portion) could likely contribute to a decrease in
the potential toxicity of the extracted EPS/sEPS with respect to the
NayCOs-based protocol. Depending on the targeted EPS/sSEPS valoriza-
tion pathways, all the aspects highlighted above can contribute to the
pros/cons analysis, again remarking the importance of fine-tuning the
recovery processes according to application-related criteria.

When comparing the NaOH- and NayCOs-based extractions, opera-
tional factors (Table 3) - together with life cycle and techno-economic
considerations — should be also taken into account. NaOH is highly
corrosive, thus requiring stringent safety measures and careful handling
strategies, including the wuse of corrosion-resistant equipment.
Conversely, NayCOs is less hazardous and might be hance associated
with more efficient logistics due to the simpler storage and handling
requirements, thus potentially contributing to more cost-effective
chemical treatments. However, the higher base strength of NaOH
could allow lower chemical dosages, potentially offsetting part of its life
cycle and economic impacts depending on the specific application
conditions. It is worth noting that the carbon footprint associated with
the production of NaOH and Nay,CO3 — which on industrial scale pri-
marily involves chlor-alkali and Solvay processes, respectively — could
vary depending on several factors, including energy source (fossil or
renewable), electricity mix (especially for the electricity-intensive chlor-
alkali process) and plant configuration [64-66]: thus, referring to both
conventional and emerging technologies, these variables should be
considered when comparing the NaOH and NayCOs life cycle impacts.
All the aspects highlighted above should be carefully evaluated when
the overall economic and environmental sustainability of the EPS/sEPS
extraction process is addressed. Aware of the qualitative nature of the
above considerations, dedicated life cycle assessment and techno-
economic analysis studies will be strongly encouraged in future works
to quantitatively assess the impacts of the proposed extraction processes.
These analyses would provide a robust framework to identify trade-offs
and optimization pathways, thus supporting the scalability of EPS/SEPS
recovery processes in a technically feasible, economically viable and
environmentally sustainable manner.

In summary, Nay;COs-based extractions would appear more suitable
to balance high recovery yields and operational advantages (e.g. safety,
handling, etc.), while exerting milder chemical effects on the extractable
EPS/sEPS. However, considering the potential reference market for the
recovered biopolymers, evaluations on a case-by-case basis should be
made to support the design of more efficient EPS/SEPS production
chains. The choice of chemicals and extraction conditions to be
employed should be hence driven by techno-economic and environ-
mental considerations, taking the specific requirements of the targeted
applicative solution into account.

Beyond the practical implications related to the recovery process, the
research findings of this study in terms of physicochemical, structural
and rheological features also suggested valuable applicative potentials
for the EPS/sEPS extracted with both NaOH- and NayCOs-based pro-
tocols. The feasibility of forming hydrogel-like systems with tunable
nano-scale architecture and mechanical properties would pave the way
for the rational design of effective biomaterials in multiple valorization
scenarios. Hydrogels that retain large quantities of water while main-
taining solid-like rheological behavior could serve as carriers for
controlled release of targeted compounds [17]. In this regard, they may
be applied in the development of soil conditioners or agrochemical de-
livery systems, where the network strength protects encapsulated com-
pounds from degradation and preserves hydrogel integrity over time,
while the water-holding capacity contributes to improve soil hydration.
The observed structural features coupled with scalable mechanical
characteristics may support the use of EPS-based systems as rheology
modifiers or thickeners [24]. Additionally, the abundance and avail-
ability of functional groups able to interact with (divalent) metal cations
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could make these systems suitable as adsorbent media for the removal of
targeted contaminants (such as many heavy metals) from wastewater
[14,15]. While the above only outlines a selection of potential
application-oriented strategies suggested by the observed physico-
chemical and functional properties of the recovered biopolymers, it
would provide a rationale for further exploring targeted valorization
pathways towards more sustainable environmental and industrial
solutions.

4. Conclusions

This work provided valuable insights into the complex nature of
AGS-derived EPS/sEPS and related hydrogels, contributing to a novel,
multi-scale perspective on their characterization under different (alka-
line) recovery conditions. The main findings emerged from the
comparative analysis of NaOH- and NayCOs-based extraction protocols
are summarized below.

i. EPS/sEPS recovery and composition

The NaOH-based extraction determined a significant reduction in the
EPS recovery yield, reasonably influenced by the rapid decrease in pH
during the incubation period. The NaOH-extracted sEPS exhibited a shift
in the MW distribution towards smaller fractions. Conversely, the
NayCOs-based protocol provided better extraction performance, while
enabling the recovery of larger and more thermally resistant polymers.
These results suggested that the NaOH-based extraction likely induced
more extensive hydrolysis/degradation of specific EPS components (e.g.
proteinaceous fractions), while the NayCOs-based alkaline stage had
milder chemical effects on the recoverable EPS.

ii. Structural and mechanical features of sEPS hydrogels

SAXS measurements revealed that the SEPS hydrogel network likely
consisted of 3D mass fractals and highly ordered lamellar, multilayered
configurations — potentially attributable to LPS assemblies — which were
more abundant in the case of NayCOs-based extraction. Despite the
higher degree of structural order, sEPS hydrogels from NayCO3-based
protocol exhibited reduced mechanical features. The NaOH-based
extraction may have helped to purify sEPS extracts by more inten-
sively hydrolyzing/degrading specific EPS constituents, such as large
proteins and lipidic fractions, which may not significantly contribute to,
or may even compromise, the hydrogel stiffness. The use of NaOH also
limited the formation of supramolecular arrangements that more readily
deform under shear (e.g. lamellar structures). These phenomena may
therefore have contributed to an increase in the hydrogel stiffness for the
NaOH-based protocol.

iii. Operational aspects

The use of NaOH could be associated with more stringent re-
quirements in terms of safety measures, handling and storage, while
potentially allowing lower dosages. Future life cycle and tecno-
economic assessment studies are encouraged to frame NaOH- and
NayCOs-based extractions from an operational perspective.

The above highlighted the critical role of alkaline extraction in
determining EPS/sEPS recovery yield and fundamental properties. The
need for tunable recovery strategies was thus emphasized as pivotal for
advancing knowledge of EPS/sEPS in both characterization- and
application-oriented studies. Overall, this work would extend the cur-
rent understanding of AGS-derived EPS systems, while providing a solid
scientific base to guide future research into the rational design of
effective biomaterials within the broader context of sustainable resource
recovery.
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