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A B S T R A C T

Hydrogels offer tunable mechanical properties that can be enhanced through tailored polymer–colloidal filler 
interactions. This work examines the interfacial behavior in gellan gum/sodium alginate soft polymeric networks 
reinforced with commercial polydisperse amine-functionalized mesoporous silica particles, and glutaraldehyde 
(GTA) or genipin (GN) as bifunctional surface activators. The reinforcement mechanism was elucidated through 
quantitative in-line pH kinetics and surface charge evolution analysis. A critical ‘electrostatic window’ was 
identified where the surface charge of the amino-functionalized silica transitions from +20.9 mV to − 11.5 mV, 
minimizing particle–polymer repulsion and facilitating interfacial anchoring. Furthermore, particle-size het
erogeneity was found to broaden the linear viscoelastic regime by creating a distributed, particle-bridged 
interfacial network. Surface activation by GTA or GN introduced additional stiffening. While both activators 
reduce surface charge, GN produced the largest mechanical enhancement due to its slower, more controlled 
reaction pathway. Scanning electron microscopy (SEM) revealed the growth of rod-like structures at the particle- 
polymer interface in GN-activated systems, providing a physical interlocking mechanism that substantiates the 
observed 15% increase in storage modulus, G'. While FT-IR detected only subtle chemical changes, X-ray 
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diffraction revealed a significant shift in the amorphous silica reflection from 23◦ to 13◦, indicating structural 
rearrangements consistent with covalent interfacial coupling. These results demonstrate that synchronizing re
action kinetics with the electrostatic landscape provides a data-backed strategy to optimize the robustness of 
hybrid polymeric networks.

1. Introduction

Hydrogels are mechanically stable, three-dimensional soft polymeric 
networks characterized by high water content and a predominant elastic 
response within the linear viscoelastic region [1]. Their structural ca
pacity to withstand and recover from deformation makes them suitable 
candidates for advanced applications, including soft electronics [2,3], 
biomedicine [4–7], wearable sensors [8], and optics [9].

A primary challenge in the development of these materials is the 
precise tuning of their mechanical performance. The integration of 
colloidal particles into the polymer matrix represents a conventional 
strategy for mechanical reinforcement, where the viscoelastic moduli 
are governed by particle-network interactions and interparticle forces. 
This reinforcement is driven by size-dependent effects, as described, for 
instance, in the case of PAAM hydrogels with silica inclusions. The 
elastic modulus rapidly increases when the particle size decreases to
ward the nanometer scale, however no relevant changes in the modulus 
are observed when particles are within the micrometer range [10]. In 
blends of soft polymer colloids, specifically latex, and calcium carbonate 
powders of different sizes as fillers, the mechanical reinforcement was 
improved for lower filler:polymer ratios, i.e. smaller filler sizes. How
ever, fillers at the nanoscale also introduced more brittleness to the 
blend [11].

The particle size distribution is also a critical determinant of the final 
rheological profile. For instance, the transition from larger, polydisperse 
fillers to smaller particles with narrow size distributions has been shown 
to provide significantly stronger reinforcement of the storage modulus 
[12]. Parallel to particle size and particle size distribution, the volume 
fraction is also a critical parameter. At intermediate particle volume 
fractions, increasing polymer concentration favors depletion attraction 
between particles, driving a structural transition from a liquid of 
colloidal clusters to a heterogeneous, space-spanning colloidal gel 
network. This transition shifts the rheological response from diffusion- 
based relaxation to a solid-like state where the elastic modulus in
creases linearly with attraction strength [13]. This suggests that the 
mechanical properties can be systematically engineered by controlling 
the colloidal assembly and the range of particle-particle interactions 
within the aqueous environment of the gel.

While suggested mechanical improvements are driven by particle 
sizes and particle volume fractions, the reinforcing mechanisms can be 
further refined at the individual colloidal level, for instance, by intro
ducing electrostatic interactions. These interactions can occur at the 
particle-polymer interface, and can be modulated to facilitate robust 
particle-polymer linkages to reinforce the mechanical behavior [14], or 
to introduce new advanced features such as the self-healing abilities 
[15]. But electrostatic interactions play also a fundamental role when 
particle-particle assemblies are considered contributing, for example, in 
the creation of stable space-spanning networks to build colloidal gels 
[16]. Another conventional route to induce reinforcement at the 
colloidal level is to introduce particle-polymer covalent bonds, as 
demonstrated for ethylene-octene copolymer and nanosilica composites 
[17].

The majority of existing research focuses on reinforcement within 
medium to high particle volume fractions, where even electrostatic and 
covalent interactions are typically analyzed at volume fractions that 
allow colloidal space-spanning networks. However, the mechanical 
behavior of these systems in the dilute regime remains poorly under
stood, particularly regarding the synchronization between surface re
action kinetics and the electrostatic landscape. While structural integrity 

is influenced by localized electrostatic interactions, the transition from 
purely physical association to covalent interfacial anchoring requires 
precise timing between the polymer gelation and the particle surface 
activation. Without a quantitative characterization of this interfacial 
evolution, the underlying mechanism for synergistic reinforcement re
mains speculative. This transition aligns with recent findings on the 
modulation of electrostatic interactions between fillers and polymer 
chains [18], yet the potential for chemical activation in these dilute 
systems remains untapped. To address this, a part of this work in
troduces an alternative application for glutaraldehyde (GTA) and geni
pin (GN). Rather than their traditional role as bulk polymer crosslinkers, 
we utilize them as surface activator agents.

GTA is a synthetic compound widely used as a crosslinker in the 
hydrogel field, owing to its effectiveness in covalent crosslinking that 
stems from its rapid and efficient reaction kinetics [19] via Schiff base 
formation. GTA is often used with chitosan, for example, in double 
network hydrogels where chitosan is covalently crosslinked with GTA, 
while sodium alginate (SA) is physically crosslinked by Ca2+ ions [20]. 
Although GTA is an effective crosslinker, it also presents cytotoxicity 
[21], limiting its use in biomedicine or in applications requiring contact 
with living tissue. The natural compound GN is also used in hydrogel 
syntheses as a crosslinker. Compared with GTA, GN exhibits slower re
action kinetics due to its multistep reaction, which involves ring opening 
followed by the formation of a secondary amine. However, GN has low 
cytotoxicity [22] and has emerged as a viable alternative to GTA. GN is 
commonly combined with chitosan [23] for biomedical and pharma
ceutical applications, and it is also utilized in hydrogel composites for 
tissue engineering [24].

The application of GTA or GN generally relies on the presence of 
amino groups at the particle-polymer or polymer-polymer interface. 
Consequently, their use is typically confined to polymers that naturally 
carry amino functionalities or must undergo prior chemical modifica
tion, as is the case for gellan gum (GG) and SA. In this work, we inves
tigate the mechanical reinforcement of GG/SA hydrogels by quantifying 
the relationship between surface reaction kinetics and electrostatic 
evolution at the particle-polymer interface. By integrating real-time in- 
line pH monitoring with Zeta potential analysis, we move beyond 
qualitative observations to provide an empirical basis for the interfacial 
anchoring mechanism. Finally, we employ scanning electron micro
scopy (SEM) and X-ray diffraction (XRD) to probe the resulting network 
microstructures. As will be shown, these investigations revealed the 
unexpected formation of rod-like structures at the interface (Fig. 1), 
providing a physical basis for the observed viscoelastic stability and 
offering a data-backed strategy for optimizing hybrid hydrogel 
robustness.

2. Materials and methods

2.1. Materials

Glucono-δ-lactone (GDL, Cat. No. G2164-100G), mesoporous MCM- 
48 particles (< 15 μm particle size, pore size 3 nm, amine- 
functionalized, Cat. No. 900769-5G), and GTA in 50% aqueous solu
tion (GTA, Mw = 100.12 g/mol, Cat. No. 340855-25ML) were supplied 
by Merck. GN in powder form (GN, Mw = 226.23 g/mol, Cat. No. 
OR932863-5G) was purchased from Apollo Scientific, and its solvent 
dimethyl sulfoxide (DMSO, Cat. No. A3672.0100) was supplied by 
PanReac AppliChem. Calcium carbonate (CaCO3, Cat. No. 33295) and 
gellan gum (GG, Cat. No. J63423.30, Mw = 1.83 ± 0.07 × 106 Da) were 
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purchased from Thermo Scientific. Sodium alginate (SA, Cat. No. 
A3249,0250, Mw = 6.105 ± 0.007 × 105 Da), with high guluronic acid 
(G) residue content and a corresponding mannuronic-to-guluronic acid 
(M/G) ratio of 1.38, was supplied by PanReac AppliChem [25]. GG and 
SA came from the same lots used in our previous publication, where Gel 
Permeation Chromatography (GPC) experiments were carried out to 
estimate their corresponding molecular weights [26].

2.1.1. Preparation of unfilled hydrogels
The preparation procedure followed the steps described in our pre

vious publication [26]. The corresponding amounts of the different 
chemicals were selected to prepare 100 ml batches. Into a 150 ml bo
rosilicate beaker (VWR), 90 ml of Milli-Q water was poured and then 
heated to 80 ◦C using a magnetic stirring heating plate (VWR Advanced 
VMS-C7). At a constant temperature (T) of 80 ◦C, a total concentration of 
2% (w/v) polymers was added. For the hydrogel composed of GG and 
SA, the ratio was 8:2. For the pure GG, the ratio was 10:0. The beaker 
was sealed with a plastic sealing film (Seal-R-film™) to retain evapo
rated water. After 3 h of moderate continuous stirring to ensure com
plete hydration of the polymers, T was set to 50 ◦C. The addition of GDL 
and CaCO3 was as follows: 0.5 g of GDL was dissolved in 5 ml of Milli-Q 
water, and 0.3 g of CaCO3 was dispersed in 5 ml of Milli-Q water. The 5 
ml GDL solution was poured into the polymer solution, and the mixture 
was vigorously stirred. Then, the 5 ml CaCO3 dispersion was added to it 
and stirred vigorously again. After 30 min, the sample was cooled to 
room temperature (RT) to reach the final gel state. The hydrogels were 
stored in a refrigerator until measurements were performed.

2.1.2. Preparation of hydrogel filled with particles
Filled hydrogels, without GTA or GN, were prepared by incorpo

rating amine-functionalized mesoporous silica particles (0.7% (w/v) 
final content) into the polymer solution [26]. The particles were first 
dispersed in 4 ml of Milli-Q water using an ultrasonic bath at low power 
until visible aggregates disappeared. The dispersion was added to the 
fully dissolved polymers in water at 80 ◦C and magnetically stirred until 
homogenization. The mixture was cooled down to 50 ◦C, and a 3 ml GDL 

solution and a 3 ml CaCO3 dispersion were added following the pro
cedure described above. After 30 min, the sample was again cooled to RT 
to reach the final gel state. Hydrogels were then stored in a refrigerator 
until use.

The synthesis of filled hydrogels including GTA is described in the 
following. Prior to the addition of GDL and CaCO3, with the particle- 
polymer suspension at 50 ◦C, 217 μl of the 50% GTA solution, equiva
lent to 0.12 g of pure GTA, was poured into the mixture. The chemical 
reaction was maintained for 1.5 h, resulting in the characteristic 
yellowish coloration (Fig. 3a) of GTA reactions [27]. Then, the 5 ml GDL 
solution and the 5 ml CaCO3 dispersion were added as previously 
described. After 30 min, the sample was cooled to RT and stored in a 
refrigerator.

Filled hydrogels including GN were synthesized as follows. First, 
0.27 g of GN was dissolved in 6 ml of DMSO in a vial. DMSO was used 
due to the low solubility of GN in water. To match the final volume of 
100 ml, the polymers were dissolved in 84 ml of Milli-Q water at 80 ◦C. 
Then, the 4 ml particle suspension was added to the solution at 80 ◦C. 
The mixture was cooled to 50 ◦C, and the GN-DMSO solution was sub
sequently poured in. The chemical reaction was maintained for 3 h, 
resulting in the typical dark blueish coloration observed in GN reactions, 
as shown in Fig. 3b. Then, the corresponding 3 ml GDL solution and 3 ml 
CaCO3 dispersion were added. After 30 min, the sample was cooled to 
RT and stored in the refrigerator. Importantly, the amounts of GTA and 
GN were selected to ensure an excess number of molecules available to 
interact with the amino groups on the particle surface. The surface 
density of amino groups was assumed to be 1 group/nm2 [28].

2.1.3. Sample preparation for Fourier-transform infrared (FT-IR) 
spectroscopy

Cylindrical cutouts of 1 cm diameter were obtained from the 
hydrogel blocks. Using a cutter, the cylinders were manually cut into 
thin slices. These were then placed on a non-stick surface and dried at RT 
for 3 days. The dried slices were stored at RT in a low relative humid 
environment prior to measurements.

Fig. 1. Representation of the soft polymeric network with the typical “eggbox” structure of SA and plausible polymer-colloid interactions following the addition of 
GTA or GN.
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2.1.4. Sample preparation for X-ray diffraction (XRD) analysis
Hydrogels were freshly prepared and pre-frozen for 4 h at − 20 ◦C 

before lyophilization. The hydrogels were then placed in a dry freezer 
(Christ Alpha 1–4) preset at − 54 ◦C. An external pump was used to apply 
a vacuum of 5 × 10− 3 Torr. These conditions were maintained for at 
least 2 days to ensure complete lyophilization. A significant reduction in 
the original volume of the hydrogels was observed due to the absence of 
water, while the original shape was retained. Thin slices were cut from 
the dried samples (Fig. 2) and used in the XRD experiments.

2.1.5. Sample preparation for scanning electron microscopy (SEM)
Freeze-dried hydrogels prepared for XRD analysis were also used to 

performed SEM experiments. Small cutouts of the dry samples were 
placed onto carbon adhesive disks (no gold coatings were applied), 
transferred to the SEM, and evacuated directly to ESEM conditions (100 
Pa chamber pressure, medium = water).

2.1.6. Sample preparation for zeta potential analysis
Three solutions at pH 5.14, 6.16, and 7.02 were prepared by 

combining an acetic acid/distilled water solution, and a sodium hy
droxide/distilled water solution. The pH was monitored during the 
addition of small aliquots of the basic solution into the acidic solution 
until the desired pH was reached. Roughly 20 mg of the particles were 
dispersed in the solution of defined pH by ultrasonic treatment for 5 min. 
The particles were then filtered with a 5 μm cellulose acetate membrane 
filter, and transferred into an Omega cuvette (Anton Paar) for the 
measurement.

2.1.7. Sample preparation for in-line pH monitoring of the reactions
For pH monitoring prior to gelation, starting polymer solutions were 

prepared according to the protocol for filled hydrogels outlined in 
Subsection 2.1.2. However, direct pH monitoring during the gelation 
stage itself is unfeasible, as the transition from a liquid to a solid matrix 
interferes with sensor accuracy and risks damaging the probe. To 
circumvent this, the gelation process was simulated using standard 
acetic acid/sodium hydroxide buffer solutions. These buffers were 
calibrated to an initial pH matching that of the actual polymer pre
cursors immediately before the addition of GDL and CaCO3, enabling the 
precise measurement of the chemical environment while maintaining a 
liquid state.

2.2. Rheometric characterization

All experimental rheometric measurements were performed using an 
MCR 702e Space MultiDrive Rheometer (Anton Paar GmbH) with the 
necessary accessories. Hydrogel samples were cut into cylinders (Fig. 3c) 
with a length (L) and a diameter (D) of approximately 40 mm and 6.7 
mm respectively and clamped in the geometry inside a CTD 180 
temperature-humidity chamber (Fig. 3d). T was set at 30 ◦C, and the 
relative humidity (RH) was maintained at 90% to prevent rapid water 
loss from the hydrogel due to evaporation. The sample shape and 
environmental conditions were set to mimic the experimental conditions 
applied in our previous study [26]. The results presented are averages of 
at least three different measurements with fresh samples. The error bars 
correspond to the standard deviation. These general conditions always 
apply, unless specified otherwise.

2.2.1. Torsional-extensional dynamic mechanical tests (DMA)
The samples were subjected to dynamic extensional and torsional 

loadings. The specific L/D ratio was selected to ensure the estimated É
and É́ were independent of the ratio itself. This offers a distinct advan
tage over classical parallel plate squeeze flow tests [29]. Additionally, 
cylindrical samples do not exhibit warping deformations due to torsion; 
hence, corrections of the complex shear modulus were unnecessary 
[30–36]. Therefore, the setup provided absolute values for torsional (G', 
G") and extensional moduli (E', E") in a continuous measurement run.

2.2.1.1. Amplitude sweeps. Amplitude sweeps in shear and extension 
modes were performed individually at a constant angular frequency of 
ω = 1 rad/s. In shear mode tests, the shear strain varied from 0.01 to 
1000%. For the extension mode, forces varied from 1 to 1000 mN. Re
sults are shown in Fig. 8.

2.2.1.2. Frequency sweeps. Frequency sweeps were conducted in shear 
and extension modes during the same measurement run. The angular 
frequency sweeps were set to start at 100 rad/s and end at 1 rad/s. The 
sample was first subjected to shear mode with a constant shear strain of 
0.1%, followed by extension mode with a constant strain force of 30 mN, 
equivalent to strain amplitudes between 0.1% and 0.15%. These am
plitudes remain within the linear viscoelastic range during the experi
ment. Results are presented in Fig. 9.

2.2.2. Breaking rod tests
The tests were performed in torsion with an angular deformation rate 

Fig. 2. Freeze-dried filled hydrogels a) without GTA or GN, b) with GTA, and c) with GN for XRD experiments. The characteristic yellowish reaction coloring (GTA) 
and the dark bluish reaction coloring (GN) are clearly visible.
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of φ = 1◦/s. The sample was monitored and manually terminated when 
breakage or slippage occurred. Results are depicted in Fig. 10. Each 
curve corresponds to a single measurement with a fresh sample.

2.3. Particle characterization: size and shape

Particle sizing was first performed using the laser diffraction particle 
size analyzer Litesizer DIF 500 (Anton Paar). Additionally, particle size 
and shape were estimated using the dynamic image analyzer Litesizer 
DIA 700 (Anton Paar). In both instruments, particles were dispersed in a 
chamber containing water flowing toward the measuring cell. 
Fraunhofer model was used for diffraction data reconstruction. The re
sults are shown in Fig. 4, in Fig. S1 in the Supplementary Material, and in 
Tables 1 and 2.

2.4. FT-IR

The experiments were performed using a Lyza 7000 Fourier- 
transform infrared (FT-IR) spectrometer (Anton Paar) with an internal 
reflection infrared spectroscopy (IRIS) single-reflection diamond atten
uated total reflectance (ATR) accessory (PIKE Technologies). The 
resulting spectra in Fig. 7 correspond to the average of 24 scans. The 
error bars are negligible.

2.5. XRD

Experiments were carried out using a D8 Advance (Bruker), equip
ped with a position-sensitive detector (PSD) Lynxeye® using θ-θ geom
etry. A slit of variable divergence and a Soller slit of 2.3◦ were utilized. 
Data acquisition was performed in a 2θ range from 5◦ to 85◦ at 0.5 s per 
0.013◦2θ step, resulting in a total count time of 96 s per step using the 
PSD. Anodes of Cu, with Cu Kα1,2 radiation (λ = 0.154018 nm), were 

used. The resulting data are shown in Fig. 6.

2.6. SEM

SEM images were recorded using a Quanta 400 ESEM (FEI, Ger
many). Freeze-dried samples were placed onto a carbon adhesive disk 
(no gold coating was applied). The samples were transferred to the SEM 
and evacuated directly to ESEM conditions (100 Pa chamber pressure, 
medium = water). Imaging was done using a Large Field Detector (LFD). 
Magnifications and acceleration voltages are shown in each micrograph 
(Fig. 5).

2.7. Zeta potential

The surface charge evolution of the functionalized silica was 
measured using a Litesizer DLS 701 (Anton Paar) equipped with a 
module FM 11. Smoluchowski approximation was used for calculation. 
The temperature was adjusted to 25 ◦C, and the measuring angle was 
15◦. The estimated Zeta potentials at each pH (5.14, 6.16, and 7.02) are 
an average of four measurements of the Zeta potential distributions.

2.8. pH monitoring

To quantify the reaction kinetics between the activators and the 
amino-functionalized silica, the pH of the particle-polymer dispersions 
was monitored in real-time using a pH electrode SY pH 325 (IKA) in 
combination with a measuring device ALMEMO 2490–2 (Ahlborn), at 
reaction temperatures (80 ◦C and 50 ◦C). This setup captured the acid
ification associated with the consumption of primary amines. However, 
as it was previously mentioned, direct monitoring during the gelation 
stage is unfeasible as the transition from a liquid to a solid matrix 
compromises sensor accuracy and probe maintenance. To circumvent 

Fig. 3. Filled hydrogels with a) GTA and b) GN. c) A cylindrical sample cutout from the GTA hydrogel, where L and D indicate the length and diameter of the sample 
respectively. d) A clamped cylindrical sample in the DMA geometry. Arrows indicate the different types of dynamic deformations that can be applied.

J.P. Segovia-Gutiérrez et al.                                                                                                                                                                                                                  Journal of Colloid And Interface Science 723 (2026) 140912 

5 



this, the process was simulated using standard acetic acid/sodium hy
droxide buffer solutions calibrated to an initial pH matching that of the 
actual polymer precursors. For these simulated trials, the pH was 
monitored continuously under identical temperature conditions until a 
constant value was reached, ensuring a precise and complete measure
ment of the chemical environment while maintaining the liquid state 
required for reliable sensor electrode performance.

3. Results and discussion

3.1. Particle characterization

The particle size distributions and particle shapes are presented in 
Fig. 4. The particles were investigated in liquid dispersion in water. For 
the laser diffraction experiments (Fig. 4a), the particles were measured 
before (green line) and after ultrasonication at 30 W for 5 min (red line), 
and 15 min (blue line). The particle size distributions showed clearly 
how the agglomerates were dispersed into primary particles by ultra
sound (Fig. 4a and Table 1). The number-weighted particle size distri
bution obtained from dynamic image analysis (Fig. 4b) revealed that 
most of these primary particles had a diameter of 2–3 μm. Here, the 
particle diameter, or the equivalent area diameter xA, corresponds to the 
diameter of a circle with the same area as that of the detected particle. 
The equivalent area diameter can be defined as xA =

̅̅̅̅̅̅̅̅̅̅̅
4A/π

√
, where A is 

the area of the cross-section of the detected particle. The volume- 
weighted size distribution obtained from dynamic image analysis co
incides with the distribution obtained from laser diffraction after 
ultrasonication (see Table 2 and Fig. S1 in Supplementary Material). 
These results align with the supplier description and present a size dis
tribution with a degree of polydispersity. The polydispersity was esti
mated using the span parameter, which measures the distribution width 
and is defined as 

(
Dv,90 − Dv,10

)
/Dv,50 (see Table 1; analog calculation of 

the span from the Q values in Table 2). The span was reduced by 
ultrasonication, however, after 15 min it was still 2.7, suggesting that 
the size distribution was still broad, i.e., polydisperse [37]. The particles 
shape can be characterized via the aspect ratio which was studied using 
dynamic image analysis (Fig. 4c). The aspect ratio ranges from 0 to 1, 
where 1 corresponds to the aspect ratio of a perfect sphere. The majority 
of particles (~ 62%) had an aspect ratio > 0.7, and therefore, could be 

Fig. 4. a) Volume-weighted particle size distribution obtained from laser diffraction without (green line) and with ultrasonication at 30 W for 5 min (red line), and 
15 min (blue line), b) number-weighted particle size histogram obtained from dynamic imaging, c) volume-weighted cumulative distribution of the particles aspect 
ratio determined by dynamic imaging, and d) particle shape obtained from dynamic imaging. (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.)

Table 1 
Volume-weighted particle sizes obtained from laser diffraction measurements. 
The D values (D10, D50, D90) indicate the particle diameter that is undercut by 
10%, 50% and 90% of the particles (e.g. D10 ➔ 10% of the particles have a 
smaller diameter than this value).

Duration of ultrasound 
at 30 W

D10 

[μm]
D50 

[μm]
D90 

[μm]
Mean size 
[μm]

Span

0 s 4.19 65.83 240.11 101.86 3.58
5 min 2.59 5.26 19.03 8.32 3.13
15 min 2.33 3.97 13.32 5.82 2.77

Table 2 
Particles sizes (xA) obtained from dynamic image analysis measurements. The Q 
values (Q10, Q50, Q90) indicate the particle diameter that is undercut by 10%, 
50% and 90% of the particles (e.g. Q10 ➔ 10% of the particles have a smaller 
diameter than this value).

Weighting Duration of 
ultrasound at 30 
W

Q10 

[μm]
Q50 

[μm]
Q90 

[μm]
Mean 
size 
[μm]

Span

Number 7 min 1.8 2.2 3.9 2.6 –
Volume 7 min 2.4 6.9 24.8 10.7 3.23
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considered to be quasi-spherical. Fig. 4d shows representative particles 
of different sizes and aspect ratios.

3.2. Reaction kinetics and surface charge evolution

The reinforcement mechanism was elucidated through quantitative 
in-line pH kinetics and surface charge evolution analysis. To move 
beyond qualitative observations of color changes, the reaction kinetics 
between the amino-functionalized silica particles and the bifunctional 
activators (GTA and GN) were quantified via in-line pH monitoring. As 
shown in Fig. S3, the addition of amino-functionalized silica to the 
initial GG/SA solution (pH ≈ 5.4) caused an immediate shift to an 
alkaline environment (pH ≈ 8.8). Subsequent addition of the activators 
induced acidification. GN exhibited a slower, more controlled pH 
decrease compared to the rapid drop observed with GTA. The chemical 
environment during the gelation stage was further validated using 
model acetic acid/sodium hydroxide solutions, which captured the pH 
drop upon the addition of GDL and CaCO3 (Fig. S4). This pH evolution 
directly governs the electrostatic landscape at the particle-polymer 
interface. Zeta potential distributions (Fig. S2) revealed the surface 
charge transitions at critical pH values encountered during the reaction. 
These values are summarized in Table 3.

The synchronization of pH-dependent surface charge with the onset 
of gelation is the primary driver for the observed reinforcement. As 
shown in Fig. S3, the onset of gelation, triggered by the addition of GDL 
and CaCO3, occurs at different pH baselines depending on the surface 
activator used. For the control polymer solution (without GTA or GN), 

gelation begins at a highly alkaline pH of approximately 9.0. In the GG/ 
SA hydrogel with GTA, the baseline pH at the onset is approximately 8.0. 
However, for the hydrogel with GN, the baseline pH at the moment of 
crosslinker addition is significantly lower, at approximately 6.3. This 
distinction is critical when viewed alongside the Zeta potential data in 
Table 3. Among the three scenarios, the hydrogel with GN is the only one 
that shifted the environment into the “electrostatic window” (pH 6–7) 
prior to gelation. In this range, the silica particles exhibited their min
imum negative charge magnitude (− 11.5 ± 1.5 mV). Although both the 
silica particles and the polymer chains remained negatively charged, the 
GN-induced acidification effectively reduced the electrostatic repulsive 
barrier between them more than in the other hydrogels. By bringing the 
surface charge closer to the point of zero charge during the critical 
period of network formation, GN facilitated a higher degree of interfa
cial proximity. This reduction in repulsion allowed for the transition 
from simple physical entrapment to the likely covalent anchoring. 
Consequently, part of the superior mechanical performance of the GN- 
activated hydrogels was attributed to the ability to prime the electro
static landscape, ensuring that the particles were effectively integrated 
rather than repelled during the gelation process.

3.3. Interfacial morphology (SEM)

The interfacial characteristics of the freeze-dried hydrogels were 
examined via SEM to evaluate the distribution and integration of the 
amino-functionalized silica particles within the polymer matrix (Fig. 5). 
In the GG/SA hydrogel (Fig. 5a), the polymer matrix exhibited a layered 
morphology, likely resulting from the sublimation of ice crystals during 
the freeze-drying process. The amino-functionalized silica particles 
appeared as discrete, spherical entities that were embedded within the 
polymer matrix walls. While the particles were clearly covered by a thin 
layer of the polymer, their quasi-spherical shape remained well-defined. 
This visual evidence suggests a mechanism dominated by physical 

Fig. 5. SEM images of freeze-dried hydrogels containing silica particles for a) GG/SA hydrogel, b) GG_GTA/SA_GTA hydrogel, c) and d) GG_GN/SA_GN hydrogel. HV 
as 5.0 kV for all the experiments. Magnification of 8000× is shown for a), c) and d). Magnification of 1600× is shown for b). Scale bar for a), c), and d) corresponds to 
10 μm. Scale bar for b) corresponds to 50 μm.

Table 3 
Zeta potential of amino-functionalized silica particles at critical pH points.

pH 5.14 6.16 7.02

Zeta potential [mV] 20.9 ± 0.9 − 11.5 ± 1.5 − 15.3 ± 1.19
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entrapment [38,39]. In this framework, the particles appeared to be 
immobilized, with the polymer matrix acting as a physical cage rather 
than a covalent cage.

For the GG/SA hydrogel with GTA (Fig. 5b), a morphological shift is 
observed. The layered structure seen in the GG/SA hydrogel is replaced 
by a different texture that suggests a higher degree of structural disor
ganization. Interestingly, the amino-functionalized silica particles were 
no longer visible at the surface. This could be interpreted as an inte
gration state where the rapid reaction kinetics of GTA potentially pro
moted a high-efficiency but disorganized encapsulation of the particles. 
It is hypothesized that the bifunctional nature of GTA facilitates an 
immediate cross-linking that buries or “mask” the particles deep within 
the polymer matrix. This effect, combined with the lack of a defined 
porous network, was assumed to reflect a more fragile or less structur
ally optimized interfacial state compared to the hydrogel with GN.

In contrast, the hydrogel with GN (Fig. 5c and d) exhibited a 
significantly more complex and textured morphology. The polymer 
surface showed a distinctly increased roughness compared to the rela
tively smooth walls of the GG/SA hydrogel without GTA or GN. This 
texture could be a consequence of the localized GN-mediated cross- 
linking, which could alter the assembly of the polymer chains during 
gelation. Furthermore, it is also observed the formation of rod-like 
structures localized specifically at the particle–polymer boundaries. 
These elongated, anisotropic protrusions could indicate a transition to a 
polymer-directed assembly or seeded growth mechanism [40], where 
the silica particles would be the seeds. It is hypothesized that the 
“electrostatic window” at pH 6.3 allowed for a slower, more organized 
assembly of GN-polymer complexes. This ordered growth might facili
tate a more effective interfacial interlocking, related to both surface 
roughness and rods. These features could be the physical manifestation 
of a deeper structural transformation, likely correlated with the signif
icant shift observed in the XRD diffraction patterns.

3.4. XRD

The X-ray diffraction (XRD) diffractograms (Fig. 6) were used to 
characterize the crystalline structures of the lyophilized hydrogels (both 
unfilled and filled) and the pure CaCO3 powder. All patterns exhibited 
sharp, characteristic diffraction peaks for CaCO3 in the 2θ range 29.4◦ to 
65.7◦, with the most prominent reflection appearing at approximately 
29.4◦ [26,41]. This finding confirms the highly crystalline nature of the 
incorporated CaCO3. For the polymer matrix components, the GG and 

GG/SA samples showed broad peaks spanning from 5.5◦ to 21.5◦, 
consistent with the semi-crystalline structure reported for GG [42]. 
Significantly, the patterns indicate that no novel crystalline phases were 
generated.

The filled GG/SA hydrogel exhibited a broader peak centered at 
approximately 23◦, which is a characteristic feature of amorphous silica 
(SiO2) and supports the findings from our previous work [26]. Inter
estingly, the presence of amine-functionalized particles suppressed 
smaller peaks located at angles below 23◦, which were present in the 
unfilled hydrogel diffraction pattern. This could indicate a subtle tran
sition toward more disordered arrangements as the particles are physi
cally embedded within the layered polymer walls observed in SEM.

Notably, the addition of GTA or GN introduced significant modifi
cations in the XRD patterns. In the case of GTA, the peak at 23◦ dis
appeared, and a new, broader peak emerged at around 13◦. The 
disappearance of the characteristic peak for amorphous silica at 23◦

could be related to the existence of covalent bonding between the amino 
groups on the surface of the particles and GTA. In a fundamentally 
equivalent case, the gelation of chitosan and GTA resulted in a sub
stantial decrease of the crystalline peak associated with pure chitosan at 
20◦ [43]. These observations indicate a rapid and aggressive reaction, 
which is common for GTA, as mentioned before. The appearance of the 
peak at lower angles is likely related to a new structural order where 
GTA and silica particles increase the interchain spacing, potentially 
signifying a new hybrid phase at the interface between the particles and 
the surrounding polymer matrix. This suggests that despite the fragile 
appearance seen in SEM, a substantive chemical integration has 
occurred, albeit in a potentially disordered manner.

On the other hand, the addition of GN substantially reduced the in
tensity of the peak and broadened it. These changes can be attributed to 
the GN-silica reaction, which leads to more amorphous states and an 
increase in structural tension [44]. In contrast to GTA, no new peaks 
were observed with GN, indicating the slower and milder reaction na
ture of GN. It is hypothesized that the distinct surface roughness and rod- 
like structures observed in SEM were the morphological manifestations 
of this increased tension and the more controlled assembly of GN- 
polymer complexes. This suggests that GN facilitates a more localized 
and organized interfacial interlocking compared to the rapid phase 
transition seen with GTA, providing the structural basis for the me
chanical reinforcement observed in the hybrid network.

3.5. FT-IR

Results from FT-IR experiments are presented in Fig. 7. Main peaks 
corresponding to the common vibrational modes of GG and SA mole
cules appeared for all hydrogels at 1030 cm− 1, 1400 cm− 1, 1600 cm− 1, 
and 2911 cm− 1 corresponding to C–O, symmetric carboxyl group, 
asymmetric carboxyl group, and C–H bonds, respectively. Additionally, 
the common stretching band for O–H appeared for all spectra between 
3137 cm− 1 and 3460 cm− 1. This suggests there was no significant 
interaction between GG and SA networks. Interestingly, the presence of 
silica particles was only identified due to the appearance of a fifth peak 
in the interval 400–500 cm− 1, which was absent in unfilled hydrogels. 
These peaks correspond to δ Si–O, an internal O-Si-O bending [45,46], 
and are indicated by arrows in Fig. 7. The addition of GTA or GN did not 
introduce new peaks, as could be expected for C––N bonds, which 
typically appear between 1640 and 1690 cm− 1 [47]. However, as evi
denced by the change in color during the reaction and the increases in 
storage moduli, the formation of covalent linkages is plausible. Notably, 
the FT-IR results suggest that the number of covalent links formed is too 
low to be detected but enough to enhance mechanical improvements. 
This limited detection threshold is consistent with the masking and 
interfacial phenomena discussed in the previous sections. In the case of 
the hydrogel with GTA, the absence of clear C––N bonds despite the 
aggressive reaction suggested by XRD and the fragile morphology in 
SEM further supports the assumption that the covalent integration is 

Fig. 6. XRD patterns, with background subtracted, for the unfilled and filled 
lyophilized hydrogels and pure CaCO3 powder. Dashed lines highlight the 
alignment of corresponding characteristic peaks across the different diffracto
grams. The vertical scale bar represents 10 counts per second (cps). Data 
marked with * corresponds to results from our previous study [26].

J.P. Segovia-Gutiérrez et al.                                                                                                                                                                                                                  Journal of Colloid And Interface Science 723 (2026) 140912 

8 



confined to a dense, localized hybrid phase at the particle surface. 
Conversely, for the hydrogel with GN, while the molecular bridging 
remains below the FT-IR detection limit, the distinct surface roughness 
and rods observed in SEM, coupled with the structural tension indicated 
by peak broadening in the XRD pattern, provide the physical evidence 
for these subtle chemical changes. The overlapping of the Si-O-Si 
asymmetric stretching band with the C–O band at 1030 cm− 1 may 
further obscure the specific interfacial signatures of the silica-polymer 
bond, yet the totality of the evidence strongly points toward a success
ful, albeit spatially restricted, covalent bridging. The corresponding 
stretching bands are shown in Table 4.

3.6. Amplitude sweeps

Results for strain amplitude sweeps are depicted in Fig. 8, where the 
torsional and extensional storage moduli are shown as functions of shear 
strain and extensional strain respectively. The loss moduli are not pre
sented in the graphs because relevant information was absent.

In both torsional (Fig. 8a) and extensional (Fig. 8b) deformations, the 
pure GG hydrogel exhibited the highest storage moduli, related to the 
longer polymer chains of GG. This finding aligns with results for the GG/ 
SA hydrogel, which showed the lowest storage moduli. The presence of 
SA weakens the microstructure due to its shorter polymer chains. 
However, the pure GG hydrogel has both LVRs in torsion and extension 
restricted to smaller strain amplitudes. The interpenetrating network 
created between the two polymers provides two main benefits: the GG 
network provides stiffness, determining the magnitude of the storage 
moduli, while the SA network offers softness and ductility, reflected in 
an extended LVR. For isotropic materials, as is the case here, the abso

lute complex Young's modulus, |E*| =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(E’)
2
+ (E”)

2
√

≈ |E’| , is 2–3 

times higher than the absolute complex shear modulus |G*| =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(G’)
2
+ (G”)

2
√

≈ |G’| [35], where G” and E” are neglected compared 
with their elastic counterparts. The mechanical behavior of the hydro
gels can also be described in terms of the absolute complex Poisson's 
ratio, |ν*|, defined as 

|ν*| =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
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2

4|G*|
2 −

|E*|

|G*|
cos(δE − δG) + 1

√

(1) 

where δG and δE are the phase shift angles for torsional and extensional 
measurements, respectively [35]. For the pure GG hydrogel, Poisson's 
ratio estimated in the LVR was 0.32 ± 0.03, which is below the Poisson's 
ratio of 0.44 ± 0.06 obtained for the GG/SA hydrogel [26]. Higher 
values of the absolute complex Poisson's ratio, closer to the maximum of 
0.5, are associated with more compliant, ductile, and soft materials, as is 
the case with the GG/SA hydrogel. Lower values of the absolute complex 
Poisson's ratio, as observed for the pure GG hydrogel, reflect a less 
compliant, stiff, and brittle nature.

When particles were added without GTA or GN, increases in the 
storage moduli of 10% in torsion, and 15% in extension were observed 
compared with the unfilled hydrogel. This enhancement in storage 
moduli for the filled systems could be a direct macroscopic consequence 
of the interfacial reinforcements observed in SEM. Specifically, the 
modest increase in stiffness is likely related to the simple physical 
entrapment of the amino-functionalized particles within the multilayer 
polymer walls. Notably, the increase in the extensional storage modulus 
was proportionately higher than that in torsion. This difference may be 
related to the particles acting as stress concentrators and load-bearing 
elements [52,53]. In extension, polymer chains tend to align along the 
stretching direction and occasionally align around the particles. Here, 
the particles act as bridges through which tensile stress could be trans
ferred. This leads to a more pronounced increase in the extensional 
storage modulus compared with its torsional counterpart, where the 
polymer matrix circumvents the particles more easily, thereby reducing 
their contribution to mechanical improvement. The estimated absolute 
complex Poisson's ratio has an average value of 0.48 ± 0.02 in the LVR, 
which is slightly higher than the corresponding value for the unfilled 
GG/SA hydrogel. The presence of fillers enhances the mechanical 
properties of the hydrogel while simultaneously introducing a more 
ductile (higher Poisson's ratio) character to the hydrogel. This is evi
denced by the results in Fig. 8, where the LVRs for torsion and extension 
were clearly extended, especially in extension. The significant extension 
of the LVR in these filled systems likely reflects a more robust, particle- 
bridged network that can accommodate larger deformations before 
structural breakdown. This expansion could be explained by the poly
dispersity of the particle sizes: as the mechanical failure of different 

Fig. 7. Relative absorbances for FT-IR experiments on the filled and unfilled 
dried hydrogels are presented. Prominent pattern peaks are identified by their 
corresponding wavenumbers and highlighted using vertical dashed black lines. 
The shaded area represents the interval of 400–500 cm− 1, where peaks corre
sponding to silica are observed. Colored arrows indicate the peak for each 
spectrum. Each pattern was normalized by its highest value and displaced along 
the Y-axis. Data marked with * corresponds to results from our previous 
study [26].

Table 4 
Stretching band assignments for FT-IR spectra peaks shown in Fig. 7.

Wavenumber 
[cm− 1]

Material Stretching band Reference

400–500 
(shaded area)

Silica δ Si-O: Internal 
O-Si-O bending

Ellerbrock et al. [45]; Ulfa 
et al. [46]

1030 Alginate & 
Gellan; 
silica

C-O; asymmetric 
stretching Si-O-Si 
(band 
overlapping)

Modrogan et al. (2020) 
[48]; Sarker et al. (2014) 
[49]; Panday et al. (2023) 
[50]; 
Wang et al. (2021) [51] 

1400 Alginate & 
Gellan

Symmetric 
carboxyl group

Modrogan et al. (2020) 
[48]; Sarker et al. (2014) 
[49]; Panday et al. (2023) 
[50]; Wang et al. (2021) 
[51]

1600 Alginate & 
Gellan

Asymmetric 
carboxyl group

Modrogan et al. (2020) 
[48]; Sarker et al. (2014) 
[49]; Panday et al. (2023) 
[50] 
Wang et al. (2021) [51]

2911 Alginate & 
Gellan

C-H Panday et al. (2023) [50]

3137–3460 Alginate & 
Gellan

O-H Modrogan et al. (2020) 
[48]; Panday et al. (2023) 
[50]
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particle bridges depends on the available surface area, this leads to 
gradual yielding and a broader transition into the non-linear viscoelastic 
region [54].

The addition of GTA or GN to the filled hydrogels contributed to 
further increases in both torsional and extensional storage moduli 
(Fig. 8). GTA and GN molecules interact with the amino groups on the 
particle surface, forming covalent bonds. GTA reacts via Schiff base 
formation, forming C––N bonds [55], while GN triggers ring opening 
and subsequent ester linkage [44,47]. The increments in storage moduli 
for the hydrogel with GN were observed to be larger than those for the 
hydrogel with GTA. This difference appears to be less a result of simple 
particle-particle bridging and more a manifestation of the distinct 
morphologies and crystallographic states previously discussed. It is hy
pothesized that the fragile appearance of the GTA matrix in SEM reflects 
a poorly integrated state, where rapid covalent masking, associated with 
the specific XRD peak shift to 13◦, prevents the formation of an orga
nized interface between the particles and the polymer matrix. This 
aggressive reaction likely results in a dense, brittle shell that fails to 
effectively distribute stress into the bulk network. Conversely, the 
slower reaction kinetics of GN allows for the formation of the rod-like 
structures and surface roughness seen in SEM, which could facilitate 
superior mechanical interlocking. This rod-like growth provides a 
higher effective surface area for interaction, creating a more cohesive 
hybrid network. This is macroscopically evidenced by the hydrogel with 
GN exhibiting the most stable storage moduli and a highly resilient LVR. 
In terms of the absolute complex Poisson's ratio, both hydrogels with 
GTA and GN exhibited very similar average values of 0.32 ± 0.04 and 
0.34 ± 0.02, respectively. These values indicate a return to a less 
compliant, stiff, and brittle nature similar to pure GG, yet the LVRs 
remained expanded compared with the unfilled hydrogel. This signifies 
that the interfacial chemistry, whether through aggressive particle 
masking or organized growth, successfully creates a hybrid network 
capable of delaying the onset of non-linear behavior by successfully 

transferring load through the covalent-organic interface.

3.7. Frequency sweeps

The experimental results are presented in Fig. 9. The values observed 
for both torsional and extensional storage moduli follow similar trends 
to those observed in the strain amplitude sweeps. The presence of par
ticles alone introduced mechanical enhancement, and further im
provements were observed when either GTA or GN were added, as 
explained in the case of strain amplitude sweeps. Despite the presence of 
particles and GTA or GN, the hydrogels exhibited the conventional 
behavior observed for interpenetrating polymer networks [56], where 
viscoelastic properties demonstrate minor dependency on angular fre
quency and follow nearly ideal power-law trends. The Poisson's ratios 
estimated at ω = 1 rad/s align with those obtained from amplitude 
sweeps in the LVR, confirming consistency between the two 
experiments.

3.8. Breaking rod tests

Breaking rod test results for all hydrogels are shown in Fig. 10. The 
pure SA hydrogel was excluded from these experiments due to diffi
culties concerning reproducibility and stability due to extreme softness. 
Differences were observed at strains where the shear stresses reached a 
maximum. For unfilled and filled GG/SA gels without GTA or GN 
(Fig. 10a and c, respectively), average maximum shear stresses were 
found around 12 kPa, with corresponding shear strain γ ∼ 19–20%. In 
the case of the pure GG gel, the maximum shear stress was between 14 
kPa and 17 kPa, with an average strain γ ∼ 15–16% (Fig. 10b). In the 
case of the filled GG/SA gel with GTA (Fig. 10d), the maximum shear 
stress oscillated between 12 kPa and 15 kPa, with an average strain of 
24–26% at this point. Finally, for the filled GG/SA gel with GN 
(Fig. 10e), higher maxima for shear stress were observed, ranging from 

Fig. 8. Strain amplitude sweep tests in a) torsion and b) extension for the unfilled and filled hydrogels. Torsional storage modulus (G') and extensional storage 
modulus (E') are shown as functions of shear strain (γ) and extensional strain (ε), respectively, for T = 30 ◦C and RH = 90%. Data marked with * corresponds to results 
from our previous study [26]. These results highlight the strengthening of the elastic properties as a function the hydrogel composition.

Fig. 9. Angular frequency sweeps in a) torsion and b) extension for the unfilled and filled hydrogels. Torsional storage modulus (G') and extensional storage modulus 
(E') are presented as functions of the angular frequency sweep (ω) for T = 30 ◦C and RH = 90%. Data marked with * corresponds to results obtained in our previous 
study [26]. Dashed lines indicate a power-law fitting. All coefficients of determination R2 are larger than 0.85.
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20 kPa to 24 kPa, with an average strain of 30–32% at this point.
Upon reaching the maximum shear stress, the hydrogels experienced 

breaking or slippage. Slippage can be a direct consequence of the water 
expelled through the cylinder surface due to applied deformation 
[57,58]. Excess water wets the hydrogel surface at the clamp positions, 
reducing friction and consequently inducing slippage. In our previous 
work [26], we performed breaking rod tests, which, as described there, 
showed slippage due to sweating or breaking. The breaking tests indi
cated that breaking was often observed for pure GG hydrogels, with the 
maximum stress reached at lower strains. The polymeric structure of 
pure GG hydrogels appeared harder but more brittle, withstanding 
smaller deformations.

The addition of particles without GTA or GN (Fig. 10c) did not 
significantly change the response in this test compared with the unfilled 
hydrogel. As previously noted, the maximum stress and strain were like 
those of the unfilled GG/SA gel (Fig. 10a). This minimal impact on ul
timate strength aligns with the layered morphology observed in SEM, 
where particles are physically trapped within the polymer walls but lack 
a chemically integrated interface to reinforce the network against high- 
strain failure.

The use of GTA (Fig. 10d) introduced slight reinforcement by 

increasing the maximum stress, but more importantly by shifting the 
maximum strains to higher values, as indicated by the arrow. However, 
there was no significant increase in stress compared to the hydrogel 
without GTA or GN. This limited reinforcement is likely a consequence 
of the masking and fragile morphology discussed in previous sections. 
The aggressive reaction of GTA creates a rigid particle-particle network, 
but the rapid encapsulation of the silica surface hinders the formation of 
a cohesive, organized interface with the surrounding polymer matrix. 
This results in a localized hybrid phase that, while providing some 
ductility, lacks the structural integration required to significantly in
crease the stress at break.

The most significant changes were observed for the hydrogel with 
GN (Fig. 10e). The maximum stress was increased by a factor of around 
1.8 with respect to the GG/SA hydrogels. Additionally, the maximum 
strain was again shifted to higher values (see arrow), and breaking 
events were again visible. Hence, the hydrogel with GN demonstrated 
the highest strain and stress at break, exhibiting excellent toughness. 
This superior performance is directly linked to the formation of the rod- 
like structures and increased surface roughness identified in SEM. These 
features facilitate a robust mechanical interlocking between the silica 
and the GG-SA network. Furthermore, the structural tension indicated 

Fig. 10. Breaking rod tests in torsion for a) GG/SA, b) GG, c) filled GG/SA without GTA or GN, d) filled GG/SA with GTA, e) filled GG/SA with GN. Pictures of a 
cylindrical sample of GG f) before and g) after the breaking point are also shown. Data marked with * corresponds to results obtained in our previous study [26]. The 
results highlight the dependence of the strain at break on the different hydrogel compositions.
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by the amorphous broadening in XRD suggests that the hydrogel with 
GN creates a more resilient, highly integrated hybrid network. Unlike 
the brittle masking seen with GTA, the slower kinetics of GN allow for a 
more spatially distributed and organized covalent bridging, enabling the 
hydrogel to effectively dissipate energy and withstand significantly 
higher loads before failure.

4. Conclusion

This study examined the role of amine-functionalized mesoporous 
silica particles as active structural modifiers within GG/SA-based soft 
polymer networks, and the effect of the surface activation agents GTA 
and GN. We demonstrated that the mechanical reinforcement of these 
systems is governed by a dual-mechanism of interfacial structural as
sembly and covalent bridging.

Strain amplitude sweeps showed that the mere presence of particles 
without surface activation increases both torsional and extensional 
storage moduli. This enhancement is attributed to the physical entrap
ment of particles within the polymer walls, as identified in SEM. 
Furthermore, the particles induced a significant expansion of the linear 
viscoelastic regions (LVR), which can be attributed to the creation of a 
robust, particle-bridged network. The polydispersity of the particle sizes 
leads to gradual yielding, thereby broadening the transition into the 
non-linear viscoelastic region.

The addition of GTA or GN further increased the storage moduli and 
ultimate strength. The results indicate that the macroscopic mechanical 
response is strongly dictated by the reaction kinetics at the particle 
interface. In the case of GTA, the faster reaction kinetics lead to 
“masking”, where a dense, localized hybrid phase encapsulates the silica 
particles. While this provides a rigid particle-particle network, the XRD 
shift to 13◦ and the fragile morphology observed in SEM suggest a 
disorganized interface that limits energy dissipation, resulting in a more 
brittle reinforcement. In contrast, the slower reaction kinetics of GN 
facilitates the growth of rod-like structures and increased surface 
roughness. This morphology, coupled with the structural tension indi
cated by XRD amorphous broadening, promotes superior mechanical 
interlocking between the particles and polymer matrix. Consequently, 
the hydrogel with GN demonstrated the highest response in breaking rod 
tests, exhibiting excellent toughness and a significantly higher stress at 
break compared to the GTA system. Remarkably, we found that FT-IR 
could not detect the C––N bonds associated with the covalent linkages, 
suggesting that the number of covalent bonds, while sufficient to modify 
macroscopic properties, remains below the infrared detection threshold 
or is obscured by band overlapping. In summary, this work demonstrates 
that the mechanical properties of a model biocompatible hydrogel can 
be tailored by controlling the interfacial assembly. By utilizing GN as a 
natural, slower-reacting substitute for GTA, it is possible to transition 
from simple particle “masking” to a highly integrated, hybrid network, 
offering a pathway toward the design of high-performance, drug-car
rying scaffolds with optimized mechanical resilience.

CRediT authorship contribution statement

Juan Pablo Segovia-Gutiérrez: Writing – review & editing, Writing 
– original draft, Methodology, Formal analysis, Conceptualization. José 
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[28] M. Gil, I. Tiscornia, Ó. de la Iglesia, R. Mallada, J. Santamaría, Monoamine-grafted 
MCM-48: an efficient material for CO2 removal at low partial pressures, Chem. Eng. 
J. 175 (2011) 291–297.

[29] S.L. Wingstrand, N.J. Alvarez, O. Hassager, J.M. Dealy, Oscillatory squeeze flow for 
the study of linear viscoelastic behaviour, J. Rheol. 60 (2016) 407–418.

[30] C. Dessi, Analysis of dynamic mechanical response in torsion, J. Rheol. 60 (2) 
(2016) 275–287.

[31] J. Diani, P. Gilormini, On necessary precautions when measuring solid polymer 
linear viscoelasticity with dynamic analysis in torsion, Polym. Test. 63 (2017) 
275–280.

[32] D. Fauser, J.A. Rodríguez Agudo, H. Madadi, J. Haeberle, J. Renner, H. Steeb, 
Complex Poisson’s ratio for viscoelastic materials: direct and indirect measurement 
methods and their correlation, Proc. R. Soc. A: Math. Phys. Eng. Sci. 481 (2309) 
(2025) 20240543.

[33] Y.S. Kim, J.A. Rodríguez-Agudo, M.P. Wistuba, J. Büchner, M. Schäffler, 
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