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Gelation kinetics and viscoelastic properties are critical for the biomedical application of hydrogel composites.
Specifically, gelation time dictates the injection or processing window. In this study, we aimed to develop me-
chanically strong, viscoelastic gellan gum-bioactive glass composites by investigating their crosslinking behavior
at physiologically relevant pH and temperature. We examined how small variations in pH and bioactive glass
loading influence gelation time, stiffness, and elasticity. Using strain-controlled rheology, we found that gelation
occurred from 7.5 to 28 min for composites containing 20-30 wt% glass, demonstrating their suitability for
injection and 3D printing. Rheological characterization further confirmed an elastically dominant behavior (G’ >
G’’) at all conditions. The strongest crosslinking was observed at 20 wt% glass loading (at pH 6.5 and 6.8) and
30 wt% glass loading (at pH 7.0). Increasing the glass loading and pH broadened the viscoelastic region and
shifted the G’/G”’ crossover point to higher strains. A key finding of this study was the observed strong influence
of small pH changes within the range of 6.5-7.0 to the gelation kinetics of the gellan gum-bioactive glass

composites.

1. Introduction

Over the past few years, extensive research has been conducted to
investigate the gelation kinetics and crosslinking of hydrogels for
biomedical applications. The primary goal has been to enhance mate-
rials design through a deeper understanding of the factors influencing
gelation processes [1-3]. Although several studies have investigated the
rheological behavior of hydrogels under various conditions [4-7], they
typically do not examine real-time changes in pH and temperature
during the actual crosslinking process or connect these dynamic pa-
rameters to hydrogel network formation. Most studies assess pH and
temperature as fixed initial conditions rather than continuously moni-
tored parameters during gelation.

Tanaka et al. defined gelation time as “the time it takes for the
network-forming solution of functional molecules to reach their gel
points after the crosslinking reaction begins” [8]. Similarly, Jain et al.
described gelation time as the point when “the gel precursor stops
flowing upon inversion due to gravity, indicating that a solid gel
network has formed” [2]. Rheology is a useful method for measuring
crosslinking rates. In this study we used rheological kinetics
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(rheokinetics) — an approach that tracks changes in viscoelastic prop-
erties over time — to analyze the rate of polymerization or crosslinking
reactions. Duarte et al. introduced the term “rheokinetics” to describe
changes in viscoelastic properties over time, enabling kinetic analysis of
gelation in polymer mixtures [5].Several studies have reported the
rheological behavior and structure-property relationships of hydrogels,
focusing on the behavior under various conditions [4-7]. One of the
studied polysaccharides for hydrogels is gellan gum (GG), an exopoly-
saccharide derived from Sphingomonas group. It is a promising
biomedical hydrogel matrix due to its biocompatibility. Its repeating
unit contains L-rhamnose, D-glucuronic acid, and two D-glucose resi-
dues [9]. Similar to other polysaccharides, GG undergoes physical
crosslinking by divalent ions, leading to irreversible gelation [10-14].
The gelation time of GG is influenced by pH, temperature and the con-
centration of crosslinking ions [14]. pH affects the availability of
carboxyl groups (-COOH) for crosslinking, while cooling from elevated
temperature induces a coil-helix transition in the GG molecules [15].
This structural change decreases the distance between crosslinking sites.
As a result, the crosslinking density increases, leading to mechanically
stronger hydrogels [15]. Gering et al. assessed the gelation behavior of
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gellan gum (GG)-based hydrogel formulations for various application
techniques [7]. In addition, Jongprasitkul et al utilized in situ
photo-rheology to evaluate the gelation kinetics of Ca® * -crosslinked
methacrylated GG at 1 w/v%, 2 w/v%, and 3 w/v% following UV light
exposure [16].

Divalent and higher cations are initiating crosslinking of GG; for
example, ionic (ionotropic) crosslinking occurs between the negatively
charged carboxylate anions of D-glucuronic acid in GG and the posi-
tively charged Ca®* and Mg?* ions from salts. Therefore, it is a natural
assumption to investigate how effectively ion-release of bioactive
glasses (BAG) can facilitate crosslinking [15-18]. Moreover, borosilicate
BAG, 13-93B20 is known for its osteostimulative and osteoconductive
properties. It is primarily used for hard tissue reconstruction, but it also
demonstrates potential benefits when incorporated into hydrogel
matrices [19-22]. The borosilicate 13-93B20 BAG combines the
congruent dissolution of the borate phase with the non-congruent
dissolution of the silicate network. Moreover, borosilicate BAG are
shown to degrade faster and more completely than traditional silicate
BAGs [23,24].

In our composite, we use 1393-B20 as a ceramic filler. The addition
of BAG to GG enhances the mechanical strength of the composite, in-
hibits enzymatic and hydrolytic degradation, and promotes bioactivity
[10]. Vuornos et al. found that ions released from BAG improved me-
chanical properties of GG—spermidine and collagen 3D hydrogels [10].
Douglas et al. used stress-controlled rheology to assess the gelation
behavior of GG-based hydrogel composites reinforced with various
BAGs [17]. They reported that BAG-free samples initially exhibited
significantly lower storage modulus (G’) compared to BAG-containing
samples. However, the overall gelation patterns were similar [17]. In
general, incorporating BAG into hydrogel matrix regulates gelation
behavior, rheological characteristics, and mechanical properties. Spe-
cifically, the addition of BAG particles reduces gelation time by
increasing viscosity. Smaller particles dissolve and release ions more
rapidly, which enhances crosslinking and particle integration within the
hydrogel matrix [10,17,25].

In the current work, we use a fabrication temperature of 23 °C. This
temperature is more suitable for biomedical use than the 55 °C used
previously [18]. The lower temperature is expected to alter the coil-helix
transition dynamics in GG molecules, thus influencing the crosslinking
process [15]. As pH increases toward neutral, carboxylic acid groups
deprotonate to carboxylate anions, increasing the negative charge
density along the polymer chains. This strengthens intra- and interchain
electrostatic repulsion due to increased a polyelectrolyte effect and thus
its prolongs gelation time [26].

In this study, we focus on showing the effects of pH and glass loading
on the rheological kinetics of gelation and viscoelastic properties of GG/
BAG composites while producing them at room temperature (23 °C). We
hypothesize that even minor pH close to neutral range will affect the
number of crosslinks and the speed of gelation, without significantly
affecting the rate of BAG dissolution. We aim to understand the cross-
linking behavior of GG/BAG when processed at biologically relevant
temperatures. Additionally, we monitor the gelation by tracking real-
time changes in pH and temperature during crosslinking. Furthermore,
we explore how stiffness and elasticity of the final hydrogel composites
are affected by slight pH variations near the neutral range in HEPES/
Sucrose buffer (termed initial pH), along with variation of glass loading
percentage. The observed gelation behavior can be utilized for inject-
ability and printability protocols.

2. Materials and methods
2.1. Materials
GG (Sigma Aldrich, St. Louis, the U.S.A., Lot # SLCC3380) was

prepared by dissolution in a HEPES (Sigma Aldrich, St. Louis, the U.S.A.,
CAS-No: 7365-45-9) / Sucrose (Sigma Aldrich, St. Louis, the U.S.A.,
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CAS-No: 57-50-1) buffer (25 mM HEPES / 10 % w/w Sucrose), at 70 °C
with a GG concentration of 5 mg ml~?, as described in our previous work
[18]. The pH of HEPES / Sucrose buffer was adjusted to 6.5, 6.8, or 7.0
using 1 M NaOH (Fig. 1, Step 1). These starting pH levels of HEPES/-
Sucrose solution as prepared in the beginning of sample fabrication are
referred to as initial pH. The borosilicate BAG used in this work was
13-93B20 (composition in mol%: 43.7Si0,-10.9B,03-22.1Ca0-7.9-
K50-7.7Mg0-6.0Na0-1.7P,05), prepared as described by Houaoui
etal. [27]. The glass was produced by melting at 1450 °C, annealing and
crushing. Size of the glass microparticles was less than 38 pm. The glass
was washed with acetone and dried to remove the smallest micropar-
ticles as in the work of Siekkinen et al. [28]. The weight ratios between
GG and BAG were varied subsequently as follows: 90:10, 80:20, 70:30,
60:40, and 50:50 wt%.

2.2. Preparation stage

The Preparation stage (composed of Step 1 “Mixing of GG” and Step 2
“Addition of BAG”) is illustrated in Fig. 1. The fabrication of composite
hydrogels was performed at a temperature of 23.0 & 0.6 °C. In the first
step, GG was mixed with a magnetic stirrer (250 rpm) for 10 min (Fig. 1,
Step 1), followed by the addition of BAG microparticles. Subsequently,
the GG/BAG mixture was sonicated using an ultrasonic homogenizer
(200 W and 26 kHz, Hielscher UP200St, Sonotrode S26d7) for 20 s to
improve glass particle dispersion within the hydrogel matrix in the
second step (Fig. 1, Step 2). The temperature of the system was increased
to 32.2 +£ 0.9 °C.

2.3. Gelation stage

The Gelation stage (composed of Step 3 “Mixing of GG/BAG”, Step 4
“Gelation assessment of GG/BAG” and Step 5 “Assessment of fully
gelated GG/BAG”) is illustrated in Fig. 1.

2.3.1. Tube tilt test

Gelation time for 5 parallel samples was measured for 10, 20, 30, 40,
and 50 wt% glass loadings, at pH 6.5, 6.8, and 7.0, by tube tilt test. The
PpH and temperature (°C) of GG/BAG were measured with an Orion Star
A111 benchtop pH meter (Thermo Fisher Scientific Inc., the U.S.A.). The
pH and temperature (°C) of GG/ BAG were separately recorded in Steps
1 and 2 (Fig. 1, Step 1-Step 2), while these characteristics were
continuously monitored from the third to the final step (Fig. 1, Step
3-Step 5) for 3 parallel samples. In Step 3, after the sonication the GG/
BAG mixture was further mixed using a magnetic stirrer for an addi-
tional 10 min, and the gelation time recording was started (Fig. 1, Step
3). In Step 4, 650 pl of GG/BAG mixture was poured into a cut-off sy-
ringe mold. The mold was then tilted every 30 s for the first 5 min,
followed by tilting every 1 min until 30 min had elapsed or gelation
occurred (Fig. 1, Step 4). After 30 min, the tilting frequency was reduced
to once every 5 min until visual gelation was observed. Once gelation
was completed and the sample was no longer flowed when tilted, the
time was recorded as the gelation time via the tube tilt test (Fig. 1, Step
5). Real-time pH and temperature were measured from Step 1 to Step 5-
initially after 30 s and then with 1-minute intervals for the first 20 min.
If gelation time exceeded 20 min, measurements were recorded every
5 min until complete gelation occurred. The temperature during gela-
tion was measured to decrease to 25.1 + 0.6 °C.

2.3.2. Time sweep

Hydrogel precursor solution was prepared (Fig. 1, Step 1-2) and time
sweeps were conducted for 3 parallel samples (Fig. 1, Step 3-Step 5).
The measurement was carried out on samples with 10, 20, and 30 wt%
glass loadings using a Discovery HR-2 rotational rheometer and TRIOS
software (TA Instruments, U.S.A.) at constant strain within a period
from 60 to 90 min, depending on the tube tilt results. The setup utilized
20 mm stainless steel plate-plate geometry. Additionally, a solvent trap
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Fig. 1. Fabrication process diagram: Preparation and Gelation stages of GG/BAG composite hydrogels with timeline shown. The transfer of the hydrogel precursor
occurred between Step 2 and Step 3 (at tube tilt test: pipetting to the cut-off syringe mold; at time sweep: transferring to rheology geometry). Amplitude and fre-

quency sweeps were implemented after Step 5 when gelation was complete.

was used to impede evaporation. Samples with 40 and 50 wt% glass
loadings were excluded from further experiments based on the tube tilt
tests due to excessively long gelation times.

After Step 2, 550 uL. of GG/BAG was transferred to the rheometer
geometry by pipetting between parallel plates with a geometry gap of
1500 + 250 um at 23 °C. The geometry gap was adjusted manually to
reach full contact between the surface of the sample and the plates.
Then, in Step 3, an angular frequency of 10.00 rads™! (frequency
1.59 Hz) at 1.00 % strain was applied for 2, 7, or 10 min (Fig. 1, Step 3).
Initially, samples were mixed for 10 min, but if gelation occurred too
rapidly, the mixing time was gradually decreased to 7, 5, or 2 min as an
iterative process.

In Step 4, we evaluated the storage and loss moduli of the material as
a function of time, for up to 60-90 min, depending on the sample (Fig. 1,
Step 4). In Step 5, complete gelation occurred (Fig. 1, Step 5), and the
gelation time was identified as a plateau in the storage modulus curve,
indicating the point when the highest storage modulus value was
observed, suggesting that GG was fully crosslinked by BAG ions.

2.4. Viscoelasticity of fully crosslinked samples (final stage)

The viscoelastic properties of GG/BAG were monitored by amplitude
and frequency sweeps for 3 parallel samples at 23 °C using the same
rotational rheometer as described above. Samples were prepared using
the same gelation procedure as for the tube tilt test and then stored
overnight in a humidity chamber at room temperature following Step 5.
Initial amplitude sweeps for GG/BAG ranged from 0.01 % to 100 %
oscillation strain at a constant angular frequency of 10.00 rad s
(equivalent to a frequency of 1.59 Hz) to identify the linear viscoelastic
region (LVER) and the oscillation strain at G’/G"’ crossover point. After
conducting amplitude sweep measurements on 3 parallel samples, the
median strain of LVER was used for frequency sweeps. Frequency
sweeps were then performed in triplicate, resulting in the recording of
the storage (G’) and loss (G’’) moduli of GG/BAG at frequencies from
0.01 to 10 Hz.

3. Results

3.1. Gelation time from tube tilt test, and real-time pH and temperature
(T, °C) monitoring

Gelation times measured from the tube tilt test are summarized in
Table S1 for samples with all glass loadings. The gelation process
occurred in less than 10 min for samples with 40 and 50 wt% glass
loading. This was too rapid to reliably perform tests other than tube tilt
test; therefore, only the samples containing 10, 20 and 30 wt% BAG
were chosen for further studies.

Gelation times measured from the tube tilt test are summarized in
Table S1 for samples with all glass loadings. Table 1 presents pH and
temperature at each fabrication step, while Fig. 2 and Table S2 provide
real-time monitoring data for these parameters during gelation of
10-30 wt% BAG samples. In general, gelation time decreased with
increasing BAG loading, and increased with rising initial pH (from 6.5 to
7.0). Real-time temperature monitoring revealed dynamic changes
throughout the gelation process. All samples, regardless of their initial
PpH, exhibited a temperature rise after BAG addition (T2), due to ultra-
sonication, at preparation phase (Step 2). Moreover, nearly all - except
those with 30 wt% BAG samples at initial pH 6.5 - showed further in-
creases (T3-Ts) during the gelation phase (Steps 3-5). Interestingly, the
final temperature of fully gelated GG/BAG samples (Ts) decreased as
BAG content increased (Step 5), as shown in Fig. 2 and Table 1. pH was
found to increase immediately after BAG was introduced into GG due to
the BAG dissolution [19]. This change followed a non-linear pattern: an
initial sharp increase during mixing was followed by a slower rise and
eventual stabilization until the end of gelation. The speed of pH increase
depended on both the initial pH and BAG loading, with higher values
leading to a more rapid shift in pH. The zoomed-in figures (Fig. 2E and
D), at 20 and 30 wt% of BAG, illustrated this sharp initial pH rise.

3.2. Gelation time from rheology time sweeps

Time sweep rheology confirmed that gelation time increased with
higher initial pH and generally decreased with increasing BAG loading.
However, at 30 wt% BAG gelation times remained similar across all
initial pH values, as shown in the rheological time sweep (Fig. 3), and in
the variability of gelation times (Fig. 4). Due to rapid gelation observed
after 10 min of mixing, mixing times were reduced: to 7 min for 20 wt%
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Table 1
PH and temperature (T, °C) measurements in GG/BAG at each fabrication step during the tube tilt test. Increases in temperature during Step 2 and Step 5 are
highlighted in bold. For each condition, n = 3; values are reported as mean + standard deviation.

Stage Preparation stage Gelation stage
4. Gelation 5. Assessment
1. Mixing of | 2. Addition of 3. Mixing of
Step assessment of | of fully gelated
GG BAG GG/BAG
GG/BAG GG/BAG
BAG, PH; PH: PH; PpH4 pH;
wt% T: T: Ts Ty Ts
Initial pH (HEPES/Sucrose buffer) = 6.49 at 22.8 °C !
6.50+0.04 6.55+0.04 6.84+0.07 6.92+0.09 7.06+0.07
. 22.7+0.7 °C 29.2+0.7 °C 22.1+0.5 °C 23.0+0.6 °C 25.5+0.5 °C
6.51+0.04 6.74+0.03 7.22+0.05 7.24+0.04 7.27+0.06
# 23.0+1.0 °C 32.0+0.9 °C 24.4+0.6 °C 24.6+0.7 °C 24.6+0.5 °C
6.49+0.03 6.78+0.09 7.27+0.09 7.30+0.08 7.32+0.08
o 23.4+0.9 °C 33.3+0.5°C 23.1+0.5 °C 23.1+0.5 °C 23.1+0.5 °C
Initial pH (HEPES/Sucrose buffer) = 6.81 at 23.1 °C 2
6.80+0.02 6.83+0.04 7.02+0.02 7.02+0.02 7.19+0.05
" 22.7+0.5 °C 36.0+0.9 °C 22.84+0.5 °C 22.8+0.5 °C 25.2+0.9 °C
6.82+0.02 6.86+0.02 7.20+0.05 7.23+0.04 7.34+0.03
# 23.0+0.5 °C 33.1£0.9 °C 22.6+1.5°C 22.7+1.5°C 24.2+0.5 °C
6.81+0.01 6.93+0.03 7.41+0.07 7.42+0.07 7.44+0.07
¥ 22.7+0.5 °C 34.9+1.6 °C 22.740.9 °C 22.740.9 °C 23.1+0.9 °C
Initial pH (HEPES/Sucrose buffer) = 7.01 at 22.9 °C 3
7.00+0.02 7.02+0.02 7.12+0.04 7.13+0.04 7.22+0.09
" 23.1+0.5 °C 28.8+0.7 °C 23.540.5 °C 23.5+0.5 °C 28.2+0.5 °C
7.01£0.02 7.05+0.02 7.38+0.09 7.40+0.09 7.51+0.09
2 23.0+0.5 °C 32.7+1.7 °C 23.6+0.5 °C 23.440.5 °C 26.8+0.5 °C
7.01+0.02 7.05+0.02 7.50+0.03 7.53+0.04 7.63%0.06
o 23.0+0.5 °C 30.1+0.5 °C 23.3+0.9 °C 23.4+0.8 °C 25.1+0.5 °C

!Named as initial pH 6.5 in the results.
2Named as initial pH 6.8 in the results.
3Named as initial pH 7.0 in the results.
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Fig. 2. Real-time pH monitoring during gelation of GG/BAG, in tube tilt test, at the following BAG loadings: A) 10 wt%; B) 20 wt% (zoomed in on D); C) 30 wt%
(zoomed in on E). The duration of pH measurements is based on measured gelation time. At each time point n = 3 and values are given as average + stan-
dard deviation.
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Fig. 3. Strain-controlled time sweep measurements of GG/BAG composites at various pH, glass loadings, and mixing time. pH 6.5 (left column): A) 10 wt% BAG
(10 min mixing), B) 20 wt% BAG (7 min mixing), C) 30 wt% BAG (2 min mixing); pH 6.8 (central column): D) 10 wt% BAG (10 min mixing), E) 20 wt% BAG
(10 min mixing), F) 30 wt% BAG (2 min mixing); pH 7.0 (right column): G) 10 wt% BAG (10 min mixing), H) 20 wt% BAG (10 min mixing), I) 30 wt% BAG (2 min
mixing). An example of recorded gelation time (tg) is illustrated in A), where G’ reaches a plateau. Mixing time is illustrated with a colored box at the beginning of
each graph. Due to the fast gelation observed after 10 min of mixing, the mixing time was shortened to 7 min for 20 wt% BAG samples at pH 6.5 and to 2 min for all
30 wt% BAG samples. At each time point n = 3 and values are given as average + standard deviation.

BAG samples at pH 6.5 and to 2 min for 30 wt% BAG samples at all
initial pH values. It was observed that the gelation of 10 wt% BAG
samples at pH 6.8 and pH 7.0 occurred overnight, as determined by tube
tilt test measurements. Additionally, it was noted that all GG/BAG
samples showed high standard deviations in G’ during time sweeps
(Fig. 3). This variation is attributed to the presence of glass micropar-
ticles in the composite gels, which create regions with varying rigidity in
the composite gel structure, leading to differences in viscous response
and an increase in the standard deviation in G’ curves.

3.3. Amplitude sweep

Amplitude sweep results (Table 2, Fig. 5) demonstrated that both
linear viscoelastic region (LVER) and the strain at the G’/G’’ crossover
point increased with BAG loading. Changes in initial pH from 6.5 to 7.0

demonstrated changes in LVER and oscillation strain for samples with
10 wt% glass loading, while these values remained similar for samples
with 20 and 30 wt% glass loading. In all samples, G’’ increased after the
LVER before declining past the crossover point. This behavior reflects
the structural characteristics of GG/BAG hydrogels: in an aqueous so-
lution at room temperature, the GG backbone is disordered but extended
due to the electrostatic repulsion. As a result, molecular arrangement
and hydrogen bonding then promote the formation of a weak, structured
secondary network [29,30].

3.4. Frequency sweep

The results of the frequency sweep analysis are summarized in
Table 2 and illustrated in Fig. 6. All frequency sweep tests demonstrated
that G’ was higher than G”’, indicating that the material has a dominant
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Table 2
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elastic character, typical of a gel-like structure. Notably, the tan & values
(G’’/G’) were generally below 0.1, suggesting an elastic (solid-like)
response and well-crosslinked network in most samples [31].

In contrast, the 20 wt% BAG samples at pH 6.8, and 10 wt% BAG
samples at pH 7.0 exhibited tan & values exceeding 0.1. This suggests a
shift toward more viscous (fluid-like) behavior and indicating less
effective crosslinking. Additionally, all 30 wt% BAG samples main-
tained tan & values between 0.072 and 0.078, demonstrating a stable
network structure with effective crosslinking. This data shows that
higher BAG loading leads to a stronger and more elastic network, while
variations in pH affects viscoelasticity.

4. Discussion

The novelty of this work lies in real-time monitoring of both pH and
temperature during the ionic crosslinking of polysaccharide hydrogels —
an aspect rarely explored in past research. Existing studies have pri-
marily focused on post-gelation analysis or the effects of crosslinking
density at wider pH changes, which are also critical for biomaterials
design. Furthermore, pH changes we monitored were in the very narrow
range close to neutral (from 6.5 to 7.0).

In our previous work, we observed that the gelation time of GG/BAG
composites decreased with increasing glass loading [18]. At 55 °C and
initial pH 6.5, gelation time measured by the tube tilt test, ranged from

Viscoelastic properties of GG/BAG composites at various pH levels and BAG loadings. Values of storage modulus (G’) and loss modulus (G’’) were obtained within the
LVER at a frequency of 0.4 Hz. For each condition, n = 3; values are reported as mean + standard deviation.

BAG, PH=6.5 PH=6.8 pH=1.0
[wt%]
Amplitude sweep
LVER, G’ /G’’ Crossover LVER, G’/G”’ LVER, G’ /G”
[%o] point, [%] Crossover point, [Yo] Crossover point,
[%o] [Yo] [%0]
10 0.01-0.10 1.71 0.01-0.10 2.62 0.01-0.10 2.77
20 0.01-0.16 2.83 0.01-0.25 2.85 0.01-0.25 2.88
30 0.01-0.25 4.56 0.01-0.40 4.56 0.01 —0.40 4.64
Frequency sweep
G’, [Pa] G, [Pa] Tan o G’, [Pa] G’’, [Pa] | Tan d G’, [Pa] G, Tan &
[Pa]
10 907+210 84431 0.092 1051£105 86+21 0.082 | 1369+213 | 148+£79 | 0.108
20 25754978 188+83 0.073 | 2695+312 | 435+160 | 0.161 | 26174358 | 170+£65 | 0.065
30 1819+646 132461 0.072 1780+149 136+22 | 0.076 | 27374847 | 213+67 | 0.078
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given as average + standard deviation.

5 min (10 wt% BAG) to 2.5 min (30 wt% BAG). In the current study,
conducted at 23 °C, gelation time for identical samples ranged from 37.5
to 12 min, demonstrating a similar trend: higher BAG loading acceler-
ates gelation [15]. This acceleration is attributed to the increased
number of crosslinking ions, which promotes the formation of a denser
crosslinked network. Gelation times of 10-60 min are usually desired in
biomedical applications to allow sufficient time for pipetting, injecting,
or even 3D printing [32,33]

GG undergoes a coil-helix transition when heated between 30 °C —
50 °C, followed by helix aggregation during cooling, forming a physical
gel network [15,34]. Real-time monitoring of pH and temperature dur-
ing the preparation and gelation phases revealed key insights into the
crosslinking kinetics (Table 1, Table S1). BAG addition increased the
temperature from the initial 23 °C (T7) by 5 °C — 14 °C (T3), depending
on BAG loading and initial pH (Table 1). This rise is likely due to ul-
trasonic energy absorption and heat generation from rapid particle

movement, which appeared capable of activating the double-helix for-
mation [35]. Temperature then dropped by 7 °C — 13 °C (T3), reflecting
the stabilization of sonication-induced heating, but rose again slightly
by 1 °C-5 °C(Ts), possibly due to exothermic double-helix formation or
residual crosslinking heat [15,36].

During preparation and gelation stages, pH gradually increased, with
higher BAG loading (30 wt%) causing greater pH shifts. At 30 wt% BAG,
PpH increased to 7.32 — 7.50 (pH;), compared to 7.06 — 7.22 at 10 wt%
BAG, suggesting enhanced ion release (Table 1).

Alvarez-Lorenzo et al. discussed how the ionization state of carbox-
ylic groups (-COOH) regulates crosslinking and drug release behaviors
in ionic polysaccharide gels [37]. At higher pH (7.40), deprotonation to
-COO" increases electrostatic repulsion, swelling, and drug release. At
lower pH (1.30), protonation reduces repulsion and swelling due to
stronger hydrogen bonding [31,37]. Our study extends this under-
standing by showing that even small changes in initial pH (6.5, 6.8, 7.0)
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and BAG content (10, 20, 30 wt%) significantly influence gelation time.
For instance, at 10 wt% BAG, gelation time increased from 2800 s
(approximately 46 min) at pH 6.5 to more than 5400 s (90 min) at pH
7.0. At 20 wt%, it rose from 1560 to 2430 s (26 min to 40.5 min)
(Fig. 7). This result suggests that near-neutral pH reduces available
crosslinking sites, thereby slowing down the gelation, already with very
small pH changes.

These findings align with previous work of Picone et al., who
demonstrated that increasing pH reduced the enthalpy of the coil-helix
transition in deacylated GG, thus lowering the energy barrier for gela-
tion [38]. Similar pH-dependent effects have been observed in other
polysaccharide hydrogels like xanthan gum and guar gum. In carbox-
ymethylated guar and xanthan gums, low pH (1.3) conditions yield
denser crosslinking and slower drug release, while higher pH (7.4) in-
creases the ionization, swelling and release rates [37]. Cationic guar

gums behave oppositely, forming stronger interactions at low pH and
weakening at higher pH.

Our previous theoretical modeling showed that at 10 wt% BAG,
there were 314 potential crosslinks but only 77 available crosslinking
cations - indicating an ion deficit. At 20 wt%, there were 279 potential
crosslinks and 141 cations, still insufficient. Only at 30 wt% BAG, 346
divalent ions exceed 244 potential crosslinks, enabling faster gelation
[18]. This supports earlier findings by Lau et al., who showed that
GG/Ca®" ratios strongly affect gelation time, with Ca?" levels modu-
lating gelation temperature and speed [39].

Rheological analysis via amplitude and frequency sweeps revealed
that increasing BAG loading expanded the LVER, indicating enhanced
elasticity. At higher pH, LVER expansion was more evident in samples
with 20-30 wt% BAG, while 10 wt% BAG remained unaffected. The G’/
G’ crossover point also shifted slightly with increasing pH and more
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significantly with higher BAG content, as expected [4]. G’ and G’” also
increased with pH, peaking at 20 wt% BAG, indicating optimal
crosslinking-to-ion ratio for stable gel formation.

While Gering et al. examined GG rheology through chemical modi-
fications (e.g. oxidation, sodium substitution, chain scission), our study
focuses on ionic crosslinking via BAG, showing its strong influence on
gel elasticity and mechanical tuning [7]. In their work, time sweep
rheology was employed to monitor the gelation kinetics of GG formu-
lations crosslinked with Ca®* and spermidine bioamine under low strain
and frequency. All formulations formed self-supporting hydrogels
within 30 min. In contrast, in our study, where GG was crosslinked with
BAG, gelation times varied significantly—from as short as 9 min to over
90 min—depending on the glass loading.

Cassanelli’s work found that GG gels prepared under acidic condi-
tions (pH 3.5) had greater mechanical strength and Young’s modulus
than those at pH 7, highlighting the role of pH in gel integrity [40].
Besiri, studying alginate gelation kinetics, found that enhanced cross-
linker diffusion through microchannels accelerated gelation and
improved mechanical properties [41]. Unlike Cassanelli’s and Besiri’s
studies, our work focuses on how BAG incorporation within small pH
changes (6.5-7.0) reduces pH sensitivity and enhances gel stability
under physiologically relevant conditions.

Tanaka et al. modeled gelation kinetics based using theoretical re-
action parameters such as concentration, temperature, and functionality
[8]. In contrast, we determined gelation time experimentally from the
plateau region of the G’ curve (Fig. 3). Our data shows that even modest
increase in pH from 6.5 to 7.0 reduces available crosslinking sites and
delays gelation. Similarly, Yamamoto et al. found faster gelation of GG
gels at lower pH (2.0-4.0) and elevated temperatures (70-90 °C) [42].

Finally, we implemented a case study on a single polysaccharide to
investigate the impact of changes in pH and crosslinker concentrations
on gelation time. However, similar research on structure-property re-
lationships based on modifications of those parameters could be con-
ducted for other polysaccharides. This would contribute to a generalized
understanding of chemical interactions in polysaccharide-based com-
posite hydrogels.

5. Conclusions

The results demonstrated that crosslinking occurred faster at more
acidic pH and higher glass loading. Gelation in GG/BAG crosslinking was
monitored through real-time pH and temperature changes. Ultra-
sonication caused initial heating enough to trigger the coil-helix tran-
sition, followed by cooling, then a final temperature rise from viscosity
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changes or exothermic GG helix formation. A slight pH increase
(6.5-7.0) prolonged gelation time at 20 wt% BAG, but had no significant
effect at 30 wt%, as the higher ion release dominated the gelation pro-
cess over the effect of initial pH. Increased BAG loading led to enhanced
stiffness and elasticity, as expected, and was evidenced by low tan & and
high G’ and G’’. By establishing a matrix of easily modifiable process
parameters, this study supports the potential use of GG/BAG composites
in 3D printing, injectability for implant devices, and other applications
requiring specific rheological properties.
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