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biocompatibility, biodegradability and relevance as effective electrode
coating for sensors. However, producing well-coating chitosan hydrogel
through a facile process remains challenging. This study investigates the
effect of chitosan concentration on the properties ot glutaraldehyde-
chitosan hydrogels for electrode coatings. Flowable hydrogels were
produced via facile chemical crosslinking process under ambient
condition, eliminating the need of heating or controlled atmospheres by
dissolving chitosan powder with concentrations ranging from 1.0% to
5.0% (w/v) in distilled water, followed by addition of 1.2% v/v of glacial
acetic acid and glutaraldehyde as crosslinker to form hydrogels for about
2 hours at room temperature. The hydrogels were characterized by
rheological testing, Fourier transform infrared spectroscopy (FTIR), and
electrochemical impedance spectroscopy (EIS). Results showed that the
3.0% w/v CS hydrogel demonstrating optimal viscosity of 9.15 Pa-s,
while FTIR confirmed successful crosslinking by glutaraldehyde and
glacial acetic acid within the hydrogel matrix. Furthermore, EIS
indicated superior electrical conductance (3.25 x 102 S) for the 3.0%
w/v CS hydrogel, confirming it as the optimal candidate that integrates
physicochemical and electrochemical properties for electrode coatings,
which supports efficient and reliable sensor device development.
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1. INTRODUCTION

Hydrogels, hydrophilic polymer networks have recently gained considerable attention for their high-water
content, flexibility, biocompatibility, and ionic conductivity which are advantageous for biomedical and
sensor applications (Revete et al., 2022; Shi et al., 2024). For instance, among natural polymers, chitosan
(CS)-based hydrogels stand out and have attracted significant interest due to their biodegradability,
biocompatibility, strong bio-adhesive properties, good injectability, strong network-forming capability and
excellent gel-forming ability (Ramirez-Campas et al., 2025; Wu et al., 2023). These qualities enable CS
hydrogels to serve as an effective candidate for electrode coatings where mechanical stability, chemical
compatibility, and efficient ion transport are crucial.

Nonetheless, despite all these pros, contemporary challenges in hydrogel development involve
optimizing viscosity for injectability, attaining uniform surface morphology, balancing chemical
composition with electrical performance and securing effective chemical crosslinking with glutaraldehyde
(GA) and glacial acetic acid (HAc). Overcoming these challenges is vital as to achieve the best performance
of for hydrogel coatings in sensor applications.

There are several parameters that can crucially impact the optimization of hydrogel coating for sensor
applications. For instance, the type and concentration of cross-linkers, presence of additives used in
hydrogel formation, pH and temperature for hydrogel gelation and concentration of CS (Tahir et al., 2025).
Among these parameters, the concentration of CS itself is mainly significant concerning the viscosity,
chemical composition and ionic conductivity of the hydrogel. Meaning that, increasing the concentration
of CS characteristically improves gel hardness and crosslinking density but may reduce conductance owing
to the denser hydrogel matrix. Hence, optimizing the CS concentration is vital for modifying hydrogel
properties to meet specific biomedical and sensor application requirements. The present work concentrates
on the influence of CS concentration on the viscosity, chemical composition and electrochemical
performance of CS-based hydrogels.

2. EXPERIMENTAL

Five flowable chitosan (CS) hydrogels with different concentrations of CS powder (>90% deacetylation
degree and low molecular weight of 10-20 kDa, Bio Basic Inc., Markham, Ontario, Canada) ranging from
1.0% to 5.0% (w/v) were produced by initially dissolved the powder in distilled water for 30 minutes,
followed by the addition with 1.2% v/v of HAc (>99%, Sigma-Aldrich, Merck KGaA, Darmstadt,
Germany) without further dilution and stirred for 1 hour. Then, a dropwise of 1.0% v/v of GA (50%
photographic grade, Sigma-Aldrich, Merck KGaA, Darmstadt, Germany) was added and the mixture was
stirred for another 30 minutes. The stirring process was carried out utilizing a magnetic hotplate stirrer
(Model SH-2 Joanlab, Zhejiang, China) at 450 rpm at room temperature (RT). Upon completion of the 2-
hour stirring period, flowable hydrogel was kept under RT prior to subsequent use (Galan et al., 2021;
Alimirzaei et al., 2017). Five hydrogel formulations with concentrations of 1.0%, 2.0%, 3.0%, 4.0%, and
5.0% were subjected to rheological, FTIR, and EIS analyses. For each formulation, measurements were
repeated three times on the same sample to ensure measurement reproducibility.

3. RESULTS AND DISCUSSIONS
3.1 Rheological Testing

A rheological testing was conducted to evaluate the viscous properties of the flowable CS hydrogels for
electrode coating. As shown in Fig. 1, viscosity decreased with increasing shear rate, indicating typical
shear-thinning behavior (Saberi et al., 2025). This indicated that these flowable hydrogels possessed non-
Newtonian shear-thinning fluid behaviour (Li et al., 2025). Shear-thinning is advantageous for electrode
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coating, as it facilitates flow under applied stress while allowing structural recovery after deposition through
reversible crosslinking. Improved shear-thinning behavior enhances injectability and coating adhesion to
the electrode surface.

As summarized in Table 1, viscosity increased with CS concentration, showing a monotonic
concentration-dependent trend with shear-thinning onset observed at ~10 s™', thereby influencing
formulation suitability for electrode coating (Tian et al., 2025). At low-shear viscosity plateau (~5 s!), the
1.0% and 2.0% w/v formulations showed low viscosities (2.01 and 5.02 Pa‘s) and correspondingly low
shear stresses (10.05 and 25.10 Pa). This low resistance to deformation may weaken cohesion during
deposition and reduce coating stability on the electrode surface. Conversely, the 4.0% and 5.0% w/v
formulations produced higher viscosities and corresponding shear stresses (72.55 and 91.55 Pa), indicating
greater resistance to flow. Although stability may improve, higher stress can increase the required extrusion
force and hinder uniform coating spreading. Previous studies on direct-ink writing and polymer inks
highlight the need for balanced rheology during deposition (Sauret et al., 2026). Shear-thinning facilitates
flow, whereas yield stress and viscoelasticity preserve post-deposition stability. Sauret et al. (2026) reported
that high flow resistance requires greater extrusion pressure, increasing the risk of nozzle clogging or
particle jamming. In contrast, low resistance may cause excessive spreading and poor structural integrity.
Thus, a moderate viscosity is preferred to ensure smooth coating and post-deposition film stability. In this
context, the 3.0% w/v CS formulation offers balanced rheological behaviour for electrode coating.
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Fig. 1. The viscosity of flowable CS hydrogel with varying concentration of CS at 1.0% w/v CS, 2.0% w/v CS, 3.0%
w/v CS, 4.0% w/v CS, and 5.0% w/v CS, displaying increased viscosity with increased content of CS

Table 1. The comparison of viscosity and shear stress change as a function of constant low shear rate between
flowable chitosan (CS) hydrogels varied by the sample concentrations with shear-thinning onset observed at ~10 s™*

Sample concentration Viscosity at 5 s™! (Pa-s) Shear stress at 5 5! (Pa)
1.0% w/v CS 2.01 10.05
2.0% w/v CS 5.02 25.10
3.0% w/v CS 9.15 45.75
4.0% w/v CS 14.51 72.55
5.0% w/v CS 18.31 91.55
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3.2 FTIR Analysis

The FTIR spectra of the major peaks of flowable CS hydrogels varied by 5 different concentrations of CS
have been depicted in Fig. 2a. The characteristic peak at 3250 cm™! indicated the strong hydroxyl band
present (O—H/N—H stretching) due to both intermolecular and intramolecular of hydrogen bonds (Cheng et
al., 2026). Meanwhile, the peak at 1729 cm! corresponds to the carbonyl band (C=0 stretching) of residual,
non-reacted aldehyde groups from glutaraldehyde (GA). This suggests incomplete consumption of

aldehyde groups during imine (C=N) formation in the Schiff base crosslinking process (Dacrory et al.,
2024).

The FTIR spectra in Fig. 2b shows the characteristic peaks of optimized 3.0% w/v CS formulation, GA
and, HAc. Both GA and 3.0% w/v CS exhibited a peak at 3250 cm™! corresponding to O—H/N-H stretching
vibration (Gan et al., 2024). A peak at approximately 3000 cm'! is attributed to the C—H stretching of the
methyl group present in the acid (Le & Hoang, 2026). GA also showed a peak at 1729c¢cm™! representing
C=0 stretching (Dacrory et al., 2024). The absorption band near 1630 cm™ is attributed to C=N stretching
(Schiff base linkage), formed via condensation reaction between aldehyde groups of GA and primary amine
groups of CS. The peak at approximately 1396 cm™ is assigned to CHs symmetric deformation (CHs
bending), while, the band around peak 1250 cm™ is attributed to C-N stretching of amine group. The
presence and possible shift of these bands in the hydrogel spectrum indicated chemical interactions between
CS and GA during hydrogel formation (Ortega-Sanchez et al., 2024). Hence, 3.0% w/v CS flowable
hydrogel sample was selected as the optimized formulation as it exhibited a balanced spectral profile and
suitable structural characteristics, suggesting adequate interaction with both GA and HAc under moderate
conditions.

(a) | NOTE: (1.0, 2.0, 3.0, 4.0, 5.0)% w/v CS: 1.0% v/v HAc: 1.0% v/v GA | (b)

. % wiv - s
o - BeY 5.0% wiv CS 0 me\d\m\é g 3.0% wiv CS Q{)) . \u ]
cMng g
m:“-

|
4.0% wiv CS

Transmittance (%)

2.0% wiv CS

Transmittance (%)

1.0% w/v CS

v_._ . ! 139

! j
! X 3000 160 1250
3250 1 1729

4000 3750 3300 3250 3000 2750 2500 2230 2000 17;)(] 1500 1750 4000 3750 3500 3250 3000 2750 2500 2250 2000 1750 1500 1250
‘Wavenumber (cm™) ‘Wavenumber (cm™)

Fig. 2. The FTIR spectra of (a) flowable CS hydrogel varied by different concentration of CS with formulation of
((1.0, 2.0, 3.0, 4.0, 5.0) % w/v CS: 1.0% v/v HAc: 1.0% v/v GA) and (b) optimized flowable CS hydrogel with
reference glutaraldehyde (GA) and glacial acetic acid (HAc)

3.3 EIS Analysis

The complex impedance plots of flowable CS hydrogel with varying concentration of CS with reference
impedance plots of distilled water have been shown in Fig. 3a and Fig. 3b respectively. From the Nyquist
plots shown in Fig. 3a and Fig. 3b, the impedance values corresponding to the resistive components of the
system were ascertained by assessing the real axis intercept (Z°). Particularly, the high-frequency intercept
denotes the solution resistance (Rs), considering the bulk ionic resistance of the hydrogel, meanwhile the
low-frequency intercept reflecting the summation of the solution and polarization (charge transfer)
https://doi.org/10.24191/scl.v20i2.9399
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resistance (Rs + Rp). Based on Table 2, specifically the flowable CS hydrogel that varied by its
concentration from 1.0% w/v to 5.0% w/v, it is noted that, the impedance values decrease as the
concentration of CS increases. This clearly happened due to increasing ionic conductivity with increasing
CS concentration (Wang et al., 2025).

In addition, the fitted Randles circuit in the Nyquist plot in Fig. 3b displayed a representation of an
electrode system that comprises of solution resistance (Rs), polarization (charge transfer) resistance (Rp)
and constant phase element (CPE) which is also defined as non-ideal capacitor (Han et al., 2026). Hence,
enables the extraction of key electrochemical parameters which confirms the electrode kinetics and
electrocatalytic activity within the flowable CS hydrogel. The Nyquist plots depict an inclined region which
suggested the diffusion-controlled process, yet the absence of Warburg element (/) in the fitting model
indicates the diffusion effects are minimal or overlapped with capacitive behaviour represented by CPE.
This phenomenon is typical considering the sample is flowable CS hydrogel, where ionic transport is
influenced by the porous and hydrated network but rarely displays a clearly identifiable Warburg impedance
within the frequency range examined. This is owing to the characteristic of hydrogels that are soft and often
have variables or tricky-to-measure geometry, hence, many studies report conductance as a practical
comparative measure rather than absolute conductivity (Daso et al., 2025; Singh et al., 2026).

The value of solution resistance (Rs) is directly attained from the fitting Nyquist plots and the formula
of conductance bypasses the need for geometric parameters. The conductance can be determined by using
following equation (Ariyoshi et al., 2022), see Equation (1):

G=1 (1)

As noted in Equation (1), G and R denote the conductance and resistance respectively, where G is
conductance in siemens (S) and R is resistance in ohms (). The relationship between resistance,
conductivity and conductance are shown mathematically as in the following, see Equation (2):

L
R= )

where « is the intrinsic conductivity, L is the distance between electrode and A is the cross-sectional
area of the electrode. Conductance depends on both conductivities and geometry; hence the relationship is
written as shown in following equation, see Equation (3):

1 L

Since the geometrical parameters are often challenging to be measured precisely in the hydrogel or
solution samples, and the conductance is the reciprocal of resistance, hence it can be directly evaluated
using Equation (1) where R is the solution resistance (Rs). As displayed in Table 2, it is interesting to note
that the impedance level and conductance of distilled water vice versa with one another, which the
impedance level is very high with lowest value of conductance compared to all those samples of flowable
CS hydrogel. Distilled water has a very high impedance level owing to its extremely low concentration of
ion (Yalamanchili, 2011).

Based on Table 2, the conductance of the hydrogel samples increased from 1.0% to 4.0% w/v CS as
the Rs value decreased. However, at 5.0% w/v CS, the conductance slightly decreased despite the relatively
low impedance. This may be attributed to the excessive viscosity of CS, which hinders ion mobility within
the hydrogel matrix and reduces conductance (Chen et al., 2026; Zha et al., 2026). Although the 4.0% w/v
CS sample exhibited slightly lower Rs and slightly higher conductance, the difference compared with the
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3.0% w/v CS formulation was minimal. Considering the electrochemical, rheological, and FTIR results,
the 3.0% w/v CS hydrogel was selected as the most balanced formulation for electrode coating.

(@  2.50E+04 (b)  2.1E+05
° . e @ .
.
2.00E+04 | ¢e
oo °
L X ] 14E+05 + ®
— 150E+04 4 e -
= o® ® 5.0%wivCS 5 .
Eq o® ® 4.0%wivCS & .
" 1.00E+04 + 2. ® 3.0%wivCS ‘ .
k‘. [ ] ® 2.0% wiv Cs TOE+04 1 ™
® 1.0%wCS .
5.00E+03 1 .
CPE
¥0 = 40.7 pMho*s*N
N = 0468
0.00E+00 : : 0.0E+00 : i : L
0.00E+00 1.00E+04 2.00E+04 3.00E+ 00E+00  15E+05  30E+05  45EHS
Z' 101
zZ[a]

6.0E+H03

Fig. 3. The complex impedance plots of (a) flowable CS hydrogels with varying concentrations of CS and (b)

reference impedance plot of distilled water

Table 2. The comparison of conductance between distilled water and flowable CS hydrogels varied by the sample

concentrations
Sample concentration Rs value (Q) Relative impedance level Conductance, G (S)
(based on Rs value)
Blank (distilled water) 1.19 x 10° Very high 8.42 x 10
1.0% w/v CS 9.86 x 107 High 1.01 x 1073
2.0% w/v CS 3.48 x 107 Moderate 2.87 % 1073
3.0% w/v CS 3.08 x 10% Low 3.25x 1073
4.0% w/v CS 3.07 x 10? Low 3.26 x 1073
5.0% w/v CS 3.16 x 10* Low 3.16 x 1073

4 CONCLUSION

In summary, the flowable CS hydrogel was successfully formed by chemical crosslinking process. The
effects of CS concentration on hydrogel formation have been studied. The results shown by comprehensive
characterization using rheology, FTIR and EIS analyses demonstrated that the flowable hydrogel with 3.0%
w/v CS offers the most favourable conditions for hydrogel electrode coating. It shows effective crosslinking
with both GA and HAc and has good viscosity of 9.15 Pa-s. Altogether, 3.0% flowable CS hydrogel offers
excellent performance across all analyses with conductance value of 3.25 x 107 S. These integrated
rheological, chemical and electrochemical properties make the 3.0% w/v CS hydrogel an ideal candidate
for electrode coatings, providing efficient and reliable sensor device development.
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