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A B S T R A C T

Chitosan coatings, derived from crustacean shell waste, possess inherent biocompatibility and biodegradability, 
rendering them suitable for various biomedical and environmental applications, including electrochemical 
biosensing. Its amine and hydroxyl functional groups offer abundant sites for chemical modifications to boost the 
charge transfer kinetics and provide excellent adhesion, enabling the construction of robust electrode-coating 
interfaces for electroanalysis. This study explores the role of electrostatically-driven chemical interactions and 
crosslinking density originating from different chitosan (Cs) and glutaraldehyde (Ga) concentrations in this 
aspect. Studying anionic ([Fe(CN)6]3− /4− ), neutral (FcDM0/+), and cationic ([Ru(NH3)6]2+/3+) redox probes 
highlights the influence of Coulombic interactions with chitosan chains containing positively-charged pathways, 
calculated by DFT analysis. Our study reveals how a proper Ch-to-Ga ratio has a superior influence on the cross- 
linking efficacy and resultant charge transfer kinetics, which is primarily boosted by up to 20× analyte pre-
concentration increase, due to electrostatically-driven migration of negatively charged ferrocyanide ions toward 
positively charged chitosan hydrogel. Notably the surface engineering approach allows for a two-orders of 
magnitude enhancement in [Fe(CN)6]4− limit of detection, from 0.1 µM for bare GCE down to even 0.2 nM upon 
an adequate hydrogel modification.

1. Introduction

Among recent literature reports, there has been rapid growth in the 
interest in electroanalysis techniques, due to their high sensitivity and 
efficiency in the determination of trace analytes. Electrochemical tech-
niques allow for molecular recognition of different analytes, providing 
detailed information on their nature. At the same time, there is a 
growing demand for sensing devices, primarily featuring fast, low-cost, 
and automatic stand-alone solutions [1]. Electrochemical sensors, which 
offer portability and allow for miniaturization to reduce sample and 
solvent volumes have significant potential to fill this gap [2]. The search 
for sensors with the best possible reproducibility, sensitivity, detection 
limit, or quantification is stimulating the electrode materials engineer-
ing and development [3]. Conventional carbon electrodes such as glassy 
carbon [4], carbon paste [5], graphene [6], and diamond [7], enabled 

the intensive development of electrochemical sensors, but have not 
overcome the growing challenges of finding more selective and sensitive 
methods. Along with the solution comes the modification of electrodes 
affecting the expansion of the active surface, the reduction of charge 
transfer resistance or the kinetics of electrode processes to improve 
sensitivity or detection selectivity.

Nanomaterials have higher adsorption capacity due to the preferable 
surface-to-volume ratio, often offering electrocatalytic activity [8]. 
Formation of heterojunctions by decorating nanomaterials on the elec-
trode surface or introducing it to composite structures offers promising 
opportunities for electrode modification that can contribute to the cre-
ation of new electrochemical sensors [9–11]. A popular way to modify 
the surface of electrodes is to fabricate or apply membranes or films to 
the surface [12,13]. It is possible to fabricate composite membranes on 
the surface of an electrode for use in biological sensors containing 
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proteins. Composites containing nanocellulose and carbon nanotubes 
have been used, contributing to the monitoring of small particles in 
biological environments [14].

One of the most promising surface engineering techniques is the 
modification of electrode surfaces with hydrogels. Hydrogels are 
attractive materials in sensory terms; they are water-rich, hydrophilic 
polymer networks, and their properties can be easily modified. In 
addition, some of them undergo conformational changes under the in-
fluence of external stimuli, such as temperature, pH, or the presence of 
certain substances [15]. They are applied to electrode surfaces in the 
form of thin films in which specific compounds can be placed to improve 
detection and sensor sensitivity [16]. Such systems were recognized to 
be effective in advanced drug delivery systems, electrochemical actua-
tors [17], or bioelectronic device design [18]. For example, aptamer 
introduced into a poly(acrylic acid) hydrogel enabled the effective 
detection of diclofenac [19]. Stable hydrogel layers may be used for the 
physical entrapment of enzymes in catalytically driven biosensors, of-
fering receptor grafting while at the same time reducing the electrode 
fouling. Such a strategy was used to develop electrochemical biosensors 
for the detection of ethanol, glucose, NADH, and more [20].

Chitosan is a natural biopolymer that has recently come under the 
spotlight for a range of properties, including antimicrobial [21], anti-
viral [22], antifungal [23], mucoadhesive [24], biodegradable [25] and 
biocompatible [26]. It is obtained as a by-product, mainly in the food 
industry, making it cheap and fitting for green chemistry. Various 
properties can affect the characteristics of the resulting chitosan 
hydrogel, so attention should be paid to its purity, crystallinity, water 
content, and especially the degree of deacylation and molecular weight 
[27]. Containing amino and hydroxyl groups, chitosan chains can be 
easily modified via covalent or physical bonding. Chitosan’s popularity 
is related to its ability to form hydrogels [28], films [29], and nano-
particles [30] while maintaining ionic conductivity [31]. The use of 
chitosan for the production of coatings/films/scaffolds, in which it acts 
mainly as a carrier, in electrochemistry is an important issue [32]. 
Hydrogel structures have been successfully used in sensors due to the 
possibility of including specific centers inside and on the surface 
[33,34]. Cross-linked chitosan hydrogels dissolved in organic acids are 
considered to be stable [35,36]. Moreover, chitosan polymer network 
may be decorated with nanoparticles [37], organic or inorganic cross-
linking fragments, and coordination centers of large biomolecular sys-
tems, driven by electrostatic interactions and opening the route to 
fabricate structures capable of selective interactions with a wide range 
of analytes [38].

This work aims to discuss how cheap and rapid surface engineering 
by chitosan hydrogel coating affects the charge transfer mechanism. We 
provide an in-depth description of how chitosan and glutaraldehyde 
content influence the cross-linking density, identifying how 
electrostatic-driven interactions between hydrogel coating and different 
redox probes affect the charge transfer kinetics at the electrode/elec-
trolyte interface and resultant utility of proposed surface engineering.

2. Experimental

2.1. Materials and reagents

All chemicals were of analytical grade and used as received without 
further purification. Chitosan low molecular weight (Ch), acetic acid 
(AA), glutaraldehyde (Ga), potassium chloride (KCl), potassium hex-
acyanoferrate(III) K3[Fe(CN)6], potassium hexacyanoferrate(II) K4[Fe 
(CN)6], 1,1′-ferrocenedimethanol C12H14FeO2 and hexaamineruthenium 
chloride [Ru(NH3)6]Cl2 were received from Sigma Aldrich. Phosphate- 
buffered saline (PBS) with concentration 0.01 M and a pH = 7 from 
ThermoFisher Scientific was obtained by dissolving tablets in deionized 
water.

2.2. Preparation of chitosan hydrogel

A mass of chitosan was suspended in the AA 1 % solution. The 
mixture was left on a magnetic stirrer, for 24 h, until the chitosan dis-
solved. Then Ga (1 % solution) was added into Cs solution. Thus, a series 
of hydrogels were prepared with the compositions given in Table 1.

2.3. Physico-chemical measurements and simulations

Fourier-transform infrared (FT-IR) spectroscopy analysis was carried 
out with a Bruker IFS66 spectrometer. The spectra were obtained in the 
spectral range 5000–400 cm− 1. Samples were prepared by the standard 
CaF2 pellet method. X-ray Photoelectron Spectroscopy (XPS) analysis 
was carried out with Escalab 250Xi (ThermoFisher Scientific), operating 
AlKα source and 250 μm spot diameter, under low-energy e− and Ar+

flow for charge compensation. Peak deconvolution was done in Avant-
age v.59921 provided by the spectroscope manufacturer, with final 
calibration on adventitious carbon C 1s at 284.7 eV.

The contact angle was measured using a Kruss (Hamburg, Germany) 
DSA100 goniometer. Samples for measurements were prepared by 
applying 5 µL of hydrogel to a glass plate and allowed to evaporate at 
room temperature. A 4 µL drop of water was applied to the surface thus 
created using a syringe. The contact angle on both sides of the droplet 
was then measured using a CCD camera, and the average contact angle 
was determined with ADVANCE software using the Young-Laplace 
method. Each measurement was repeated 20 times. Kinematic viscos-
ity was measured using a 4-mm diameter flow cup. 100 ml each of 
hydrogel and acetic acid solutions were prepared. Each liquid at room 
temperature was passed through the effluent cup, the flow time was 
measured using a stopwatch. Each measurement was repeated 3 times.

Kinematic viscosity was determined according to the ASTM standard 
[39]. The ζ-potential was measured using the Electrophoretic Light 
Scattering method (ELS). Measurements were carried out on the Lite-
sizer 500, ANTON-PAAR for ELS > ±1000 mV. Transmission electron 
microscopy (TEM) images were performed using a Tecnai G2 Spirit 
BioTWIN by FEI operated at 120 kV.

Atomic Force Microscopy (AFM) imaging was performed using 
NTegra Prima (NT-MDT, Russia). To enable scanning a surface of GCEs, 
a dedicated holder was made, adapted to be mounted in the base of the 
atomic force microscope and performing measurements in scan-by-head 
configuration. To minimize the probe interaction with the hydrogel 
surface, a semi-contact mode (“tapping”) of scanning was utilized, by 
oscillating the AFM probe near its resonance frequency. This intermit-
tent contact reduces the lateral forces between the probe and the sample, 
minimizing potential damage to the surface. The amplitude of the 
cantilever oscillation is monitored during scanning using a feedback 
loop. Probes NSG30 (TipsNano) were used. Their geometric parameters 

Table 1 
Representation of samples with different Cs-to-Ga ratios in the studied hydrogel 
coatings. Columns represent constant chitosan concentrations, and rows repre-
sent the proportion of glutaraldehyde in the hydrogel. The first row corresponds 
to hydrogels containing no crosslinker.

Content % (w/w) chitosan

0.37 0.53 0.78 1

Content % (w/w) glutaraldehyde – 
C1A0

– 
C2A0

– 
C3A0

– 
C4A0

0.75 
C1A1

1.04 
C2A1

1.48 
C3A1

1.96 
C4A1

1.34 
C1A2

2.01 
C2A2

3.01 
C3A2

3.92 
C4A2

2.03 
C1A3

3.00 
C2A3

4.30 
C3A3

5.66 
C4A3

3.42 
C1A4

5.67 
C2A4

8.14 
C3A4

10.53 
C4A4

3.83 
C1A5

8.32 
C2A5

11.65 
C3A5

15.02 
C4A5
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are as follows: cantilever length 125 ± 10 mm, width 30 ± 7.5 mm, 
thickness 4 ± 7.5 mm, tip curvature radius 10 nm. The resonant fre-
quency is 244.5 kHz. Each measurement was represented by two maps: a 
topographic and a deflection (DFL), showing changes in the oscillation 
amplitude. Since the tubular shape of the piezoelectric scanner creates 
an artificial skew in the obtained images, they were processed by 
removing the second-degree polynomial curve for each horizontal scan 
line. After performing this procedure, the algebraic (Ra) roughness was 
calculated for the corrected images following the ISO 4287/1 standard. 
Ra is the arithmetic mean of deviations from the average surface profile 
|δ(x)| in accordance with the quantity defined using the relationship 
described by the Eq. (1): 

Ra =
1
L

∫ L

0
|δ(x) |dx (1) 

In the discrete form used for calculations, the parameter L = 5 µm cor-
responds to the length of the image edge, while dx is approximated with 
a surface sampling step of 19.65 nm. As in traditional surface metrology, 
the parameter used is one of the ways to express the degree of surface 
development. The average pore size (Rp) was determined using Gwyd-
dion 2.63 software (https://gwyddion.net/). Structures with a height 
lower than 40 % of the average level in the image were assumed as 
pores, based on the thresholding of the topographic image.

Molecular configurations of chitosan were constructed using the 
Atomistic ToolKit Quantumwise (ATK, Synopsys, USA). Specifically, 
chitosan chains composed of 9 structural units were employed as the 
primary model. DFT-optimized geometries and corresponding electro-
static surface potential (ESP) maps were calculated for both neutral and 
amine-protonated single molecules in pyranose configurations.

Additionally, a fully periodic cell containing 4 chitosan chains (36 
structural units) was built and filled with water molecules to model the 
electrostatic environment inside the hydrogel (1517 atoms in total). The 
water packing was accomplished utilizing the Packmol plugin, ensuring 
perfect packing with a 2 Å buffer layer, with the number of molecules 
adjusted accordingly [40]. The cell was optimized using a DREIDING 
forcefield and the ESP map was calculated by density functional theory 
(DFT). DFT calculations were conducted via ATK software utilizing the 
Perdew–Burke–Ernzerhof (PBE) exchange–correlation functional, oper-
ating within the generalized gradient approximation framework as 
incorporated within the computational package. Pseudo-Dojo pseudo-
potentials were applied with double-zeta polarized basis functions, 125 
Ha density-mesh cutoff, and 4 × 4 × 4 k-point mesh.

2.4. Electrochemical studies

The glassy carbon electrode (GCE, 3.0 mm diameter) was first pol-
ished with Al2O3 powder (0.3 mm) using a polishing kit from Buehler, 
rinsed with deionized water from Hydrolab Poland, and then dried 
under a continuous stream of nitrogen at room temperature. Then 5 μL 
of chitosan hydrogel was applied to the surface thus prepared using an 
automatic pipette and dried in a stream of nitrogen at room temperature 
for 30 min. The measuring system consisted of a self-designed vessel, the 
GCE and Ag/AgCl electrodes from Mineral, and the Pt wire came from 
Mennica Polska.

These measurements were taken using a Methron Autolab poten-
tiostat/galvanostat, M204 equipped with FRA32M electrochemical 
impedance spectroscopy module with operating system Nova 2.15. The 
electrochemical studies of the prepared electrodes were evaluated in a 
three-electrode system, with a modified GCE as a working electrode, an 
Ag/AgCl (0.1 M KCl) reference electrode, and a platinum mesh as a 
counter electrode. The influence of surface engineering by hydrogel 
coating on the electrode kinetics was evaluated using cyclic voltam-
metry (CV), differential pulse voltammetry (DPV), and electrochemical 
impedance spectroscopy (EIS). Electrochemical studies were carried out 
with 1 mM K3[Fe(CN)6], [K4Fe(CN)6], C12H14FeO2, and [Ru(NH3)6]Cl2 

dissolved in 0.1 M KCl or PBS as the primary electrolyte. Cyclic vol-
tammograms were registered with scan rates between 10 and 1000 mV/ 
s, and in the potential range − 0.35 V to 0.65 V. DPV experimental 
conditions were: scan rate 10 mV/s, step potential 0.005 V, modulation 
amplitude 0.025 V, modulation time 0.05 s and interval time 0.5 s, 
polarization range from − 0.3 V to 0.8 V.

3. Results and discussion

3.1. Hydrogel cross-linking effect on its physicochemical characteristics

The crosslinking density of a hydrogel structure affects its physical 
and rheological properties, transport of ions, and electrostatic charge 
distribution within the coating, affecting the material’s viscosity, den-
sity, and hydrophilicity. The hydrogel layer can be treated as a hydro- 
membrane, where the surface properties and the structure of the layer 
itself determine the migration through the coating, electrostatic in-
teractions, or the system of internal and external hydrogen bonds.

FTIR studies were performed to confirm the derivation of chitosan 
hydrogels. Fig. 1 shows FT-IR spectra for hydrogels at different Ga 
(Fig. 1a) and Cs (Fig. 1d) content. Spectrum labeled as “C” is attributed 
to dry chitosan powder. Within all studied samples, the broadband re-
gion located about 3400 cm− 1 results from the stretching vibration of 
the hydroxyl group (–OH) and stretching N–H vibration. The double 
band located at 2935–2864 cm− 1 results from the C–H stretching vi-
bration. The band located 1709 and 1656 cm− 1 results from the normal 
stretching C=O. The band located around 1550 cm− 1 results from an 
amide band, appearing as a result of interactions between N–H bending 
vibrations and C–N stretching vibrations. The band located around 
1410–1389 cm− 1 results from the aldehyde bending vibration C–H, this 
signal is invisible in the case of dry chitosan. In cross-linked chitosan 
hydrogels, it is much more pronounced. The medium intensity band 
located at 1155 cm− 1 results in an uncoupled C–N bond in amines, 
formed by coupling the stretching vibration of the C–N with the 
stretching vibration of an adjacent bond in the molecule. The band 
located around 1050–1019 cm− 1 results in C–O–C vibrations in the 
glycosyl units [41,42]. In summary, absorbance peaks for the OH– group 
are clearly more intense when compared to powdered chitosan, sug-
gesting hydrogel formation, which is the total of both the signal from the 
sugar chitosan units and the water-forming hydrogel. The appearance of 
absorbance peaks at wavelengths corresponding to glutaraldehyde, 
confirms the presence of cross-linked hydrogel structures.

The high-resolution XPS spectra recorded for the C2A2 sample in the 
C 1s and N 1s region reveal the surface chemical composition of the 
hydrogel coating. The primary C 1s component at 284.7 eV is charac-
teristic of C–C aliphatic bonds in Cs and Ga, while its share is usually 
inflated by adventitious carbon due to exposure to air [43,44]. The 
remaining C 1s spectral components show the share of oxidized C-OH, C- 
OC, CN=C, and C=OC moieties [45], contributing 43.7 at.% and indi-
cating the hydrogel presence, yet with stoichiometry weakly corre-
sponding to the used Cs and Ga content. On the other hand, N 1 spectra 
(in Fig. 1c inset) reveal the presence of primary amines (BE at 399.7 eV 
[46]) and protonated alkyl ammonium R–NH3

+ species (BE at 402.1 eV 
[47]) with 1.7:1 ratio of total [N]. The total share of [N] species was 
equal to approx. 3.7 at.%.

The presence of –NH3
+ moieties in the chitosan chain was confirmed 

with XPS. The accelerated migration of the redox probe in the vicinity of 
–NH3

+ moieties is expected due to Coulombic attraction. On the other 
hand, the positively charged moieties are expected to associate with 
negatively charged [Fe(CN)6]3− /4− . Overall, however, we observe the 
ease of transport of negatively charged redox probe through the posi-
tively charged hydrogel structure [48]. The diffusion coefficient D is 
related to viscosity η of the system through the radius r of the moving 
particle as defined by the Stokes-Einstein Eq. (2): 

D = k T/6πηr (2) 
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where r is the radius of the diffusing species, k is the Boltzmann con-
stant, and T is temperature.

The measurements performed using a flow cup were aimed at 
determining the influence of Cs chains and Ad cross-linker content on 
the viscosity changes of the prepared hydrogels. The obtained results 
were calculated according to ASTM standard [39] and are presented in 
Table 2. The above-described studies clearly show that cross-linker 
content has negligible influence on as-measured hydrogel viscosity η. 
On the other hand, hydrogel viscosity increases approximately linearly 
with the increase of chitosan concentration, marking it as a potentially 
primary parameter affecting the D value.

Measuring ζ-potential is very informative when analyzing the sta-
bility of colloidal systems. A suspended colloidal (or hydrogel) system is 
considered stable if the ζ-potential value is greater than +25 mV or less 
than − 25 mV. For values between +25 and − 25 mV, the system is 
considered unstable. Each of the studied chitosan hydrogels is charac-
terized by ζ-potential values above 25 mV. The ζ-potential values of the 
hydrogels oscillate between 34.76 mV (C3A2), and 49.42 mV (C2A3), as 
shown in Fig. 1b and e. The measured ζ-potential values and the dif-
ferences between them may be due to the different pH values of the 
individual chitosan hydrogels, and mainly to the different amounts of 
protonated and deprotonated amino and hydroxyl groups. The presence 
of positively charged amine groups can cause the measured ζ-potentials 
to take on positive values. As the chitosan content of the hydrogel 

increases (from C1 to C4), the number of secondary amino groups in-
creases. It can be expected that under neutral pH conditions, they are 
predominantly protonated. Consequently, the charge accumulated in 
the hydrogel layer increases, increasing the strength of electrostatic 
interactions in the gel. The consequence is an increase in disorder in the 
structure of the hydrogel and a slight change in its stability. Changes in 
the value of ζ-potentials are also compounded by the presence of charges 
at the boundaries of the mers (the basic building unit of the chitosan 
polymer, β-(1,4)-D-glucosamine) (Fig. 1e) affecting charge, and mass 
migration.

To determine the hydrophilicity of chitosan hydrogel coatings, a 
series of contact angle (CA) measurements were carried out. The 
wettability of any surface can vary based on its chemical nature and 
topography. The obtained average values of the contact angles of the 
analyzed hydrogel surfaces differ significantly depending on cross- 
linking density, and are in the range from 56.43◦ to 94.20◦, see 
Table 2. Expectedly, different Cs concentrations present in AA had no 
obvious effect on hydrogel hydrophilicity due to negligible changes in 
chemistry, with CA indicating the hydrophilic behavior of each formed 
coating except for C2A0. Here, the role of Ga as the cross-linking agent 
seems to be dominant. Its presence appears to be necessary to obtain 
hydrophilic properties and is mainly related to the formation of more 
densely cross-linked conjugates with higher Ga content. Interestingly, 
the Ga content within the hydrogel plays a pivotal role at low 

Fig. 1. a,d) FTIR spectra and b,e) ζ-potential analyses carried out for chitosan hydrogel coatings surface engineered with varying content of a,b) Ad crosslinker, d,e) 
Cs chains; c) high-resolution XPS C 1s and N 1s spectra and f) HR-TEM micrograph of C2A2 hydrogel coating.

Table 2 
Physico-chemical (ζ, CA), rheology (η), and topography (Ra) changes, illustrating the influence of Cs chains and Ga cross-linker content.

varying Ga content varying Cs content

GCE C2A0 C2A1 C2A2 C2A3 C2A4 C2A5 C1A2 C2A2 C3A2 C4A2

η/mm2s− 1 – 3.38 ±
0.14

3.28 ±
0.49

3.15 ±
0.10

3.35 ±
0.13

3.49 ±
0.21

3.48 ±
0.40

2.65 ±
0.22

3.15 ±
0.10

4.43 ±
0.20

6.31 ±
0.19

ζ/mV – 49.01 ±
2.2

47.03 ±
1.8

47.07 ±
1.7

49.42 ±
1.3

48.77 ±
1.7

46.92 ±
1.9

45.87 ±
1.6

47.07 ±
1.7

34.76 ±
4.6

41.97 ±
3.0

CA/◦ 72.00 ±
0.54

94.20 ±
0.88

81.47 ±
2.70

56.43 ±
2.05

71.10 ±
1.86

65.38 ±
1.42

65.19 ±
1.30

80.13 ±
2.29

56.43 ±
2.05

74.70 ±
0.51

75.22 ±
2.23

Ra/nm 5.4 2.4 0.7 1.3 0.5 0.6 1.7 11.4 1.3 1.7 1.5
Rp/nm – 198 n/a n/a 68 78 608 438 n/a 96 n/a
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concentrations, when it saturates at approx. 56–65◦ between samples 
C2A2 and C2A5. A similar behavior was observed for other Cs-based 
hydrogels [49,50]. The contact angle value is inversely proportional to 
the permeation rate, constituting an important factor when considering 
the mass transport through the hydrogel membrane and the electro-
chemically active surface area of the electrode [51].

The image obtained with a transmission electron microscope shows 
the structure of the C2A2 hydrogel. The addition of glutaraldehyde to 
the hydrogel is intended to organize the close-range polymeric networks 
of the structure. Ordered structures are expected, and this has been 
verified at the nanoscale; it turns out that slight differences in structure 
are produced, as the image shows areas where the hydrogel forms local 
agglomerates as shown in Fig. 1f.

Due to the presence of networks in hydrogels and the ability to 
diffuse water molecules, all swollen hydrogels are considered porous 
materials. Porosity is influenced by the type of polymer, its amount, and 
the presence of a cross-linking agent. Macroporous hydrogels have the 
highest amount of unbound water at the expense of the solid parts of the 
hydrogel, resulting in weaker mechanical properties [52]. The presence 
of pores in the materials promotes the formation of an electric double 
layer, due to the increased availability of adsorbing sites for ions, 
facilitating their transport. Macroporous materials can behave as buffer 
reservoirs for electrolyte ions, affecting the distances of ions to the 
surface of the electrode material, and resulting in changes in their 
diffusion [53,54]. The porous structure of the hydrogel creates transport 
channels providing better access to the electrode surface, while on the 
other hand introducing microscopic sites of surface electric heteroge-
neities, possibly leading to deteriorated and complex electrode kinetics 
[55,56]. Explicit evidence of the presence of pores in the analyzed 
hydrogels was obtained from AFM images, presented in Fig. 2.

The AFM maps reveal the fundamental importance of the proper Cs- 
to-Ga ratio to achieve effecting hydrogel cross-linking. Too large of a 
glutaraldehyde content consequences in coating heterogeneity, man-
ifested by the appearance of micro-scaled pores as seen in particular for 

C1A2 (Fig. 2a) and C2A5 (Fig. 2f) samples. The higher the Cs-to-Ga ratio 
the more homogeneous the hydrogel coating, with much smaller vari-
ation in its surface roughness and absence of micro-sized pores. The 
average pore size Rp and surface roughness Ra are depicted in Table 2.

Considering the physicochemical characteristics of the studied 
hydrogel coatings alone, it appears that in particular, the C2A2 sample 
may offer the minimum CA value while maintaining reasonable vis-
cosity and stability. It is also characterized by the most homogeneous 
structure with a negligible presence of micrometer-sized pores.

3.2. The influence of chitosan hydrogel cross-linking density on the charge 
transfer process

The influence of the chitosan hydrogel coating on the kinetics and 
reversibility of the electrode process was tested on three standard redox 
probes differing in the electric charge (Fig. 3). It turned out that for the 
[Ru(NH3)6]2+ probe (Fig. 3a), the characteristic oxidation and reduction 
processes are significantly suppressed, compared to the unmodified 
GCE.

Likewise, the FcDM0 probe kinetics, depicted in Fig. 3b, reveal 
similar irreversible characteristics. While the currents measured during 
the oxidation of electrically neutral FcDM0 appear to be in a similar 
range compared to unmodified GCE, the reduction of FcDM+ species is 
nearly completely blocked. Such results indicate the barrier properties 
of the positively charged surface of the chitosan hydrogel against cat-
ions, due to the coulombic interactions that occur, limiting mass trans-
port to the reaction surfaces. A likewise conclusion follows analysis for 
the negatively charged [Fe(CN)6]4− probe (Fig. 3c), where the observed 
oxidation peak current value is triplicated after chitosan hydrogel 
deposition. Regarding [Ru(NH3)6]2+, the observed response due to the 
oxidation/reduction reaction with the modified electrode surface is very 
small (Fig. 3a). Such an apparent limitation of the reaction kinetics is the 
result of the electrostatic interaction between the cationic polymer and 
the positively charged redox model. Mass transport (of the redox probe) 

Fig. 2. AFM micrographs in semi-contact “tapping” mode for chitosan hydrogel-covered GCE samples with a-c) varying Cs concentration and d-f) varying Ga content: 
a) C1A2; b) C2A2; c) C4A2; d) C2A1; e) C2A3; f) C2A5.
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to the surface is limited hindering the redox process. This result is 
connected with the electrostatic-driven alteration of process kinetics 
between positively charged chitosan chains with a redox probe 
(attraction for anions and repulsion for cations), affecting factors such as 
concentration of redox species, electrochemically-active surface area 
(EASA), diffusion coefficient D, and/or heterogeneous transfer rate k. 
One must note, however, that the three studied redox probes differ in the 
electron transfer mechanism, where FcDM0 and [Ru(NH3)6]2+ are 
characterized by outer sphere electron transfer by tunneling and [Fe 
(CN)6]4− requires adsorption and direct interaction in the coordination 
sphere. Following the above-presented discussion, [Fe(CN)6]4− appears 
to be the most suitable redox probe to be used with chitosan hydrogel, 
and thus it remained the focus within the next measurements. However, 
when compared to unmodified GCE, the values of [Fe(CN)6]3− /4−

reduction/oxidation potentials shift towards positive values indicating 
that both redox forms interact with the hydrogel structure. If the het-
erogeneous rate constant of the positively charged chitosan matrix with 
the [Fe(CN)6]4− molecule is greater than the constant of the interaction 
with [Fe(CN)6]3− then a shift in redox potentials toward increasingly 
positive values is observed. This may indicate an increase in the stability 
of one of the resulting redox forms with the chitosan matrix.

The thickness of the applied chitosan hydrogel coating (considered 
as a hydrogel volume, placed over a known GCE surface area) may 
significantly affect the electrochemical response. Fig. 3d depicts the CV 
curves studied for different volumes of the applied hydrogel, with ki-
netic parameters summarized in Fig. 3e. It appears that the biggest boost 
of the measured [Fe(CN)6]4− /3− oxidation–reduction peak currents is 
achieved for the thinnest hydrogel coating, after applying 5 µL of chi-
tosan. However, at the same time, the anodic-to-cathodic peak potential 
shift ΔE increases by nearly 70 mV, marking the inevitable increase in 
redox process irreversibility. Thus, a very interesting observation can be 
made, that the increase of the applied chitosan volume (up to 20 µL, 
studied in this experiment) eventually brings both redox currents and 

ΔE closer to what is observed in the absence of hydrogel. The following 
may originate from the observation that thicker hydrogel coatings have 
a higher number of positively charged terminal mers, which might result 
in lower electrostatic effects. On the other hand, a thicker coating makes 
it more challenging to homogeneously cover the electrode surface, 
affecting the mass transport and diffusion field distribution [57]. The 
presence of micropores reported with AFM leads to local disturbances in 
the diffusion field, affecting electrochemical response.

According to electrostatic potential maps of the single, neutral chi-
tosan chain, the positive charge is localized on the –OH groups and more 
concentrated on terminal structural units (Fig. 3f). This intriguing DFT 
calculation result was further discussed in the SI file, section S1. 
Conversely, in protonated chitosan the positive charge is strongly 
concentrated at each –NH3

+ group. ESP maps yielding from the 4-chain 
periodic system reveal that the space between the chitosan chains 
(containing water molecules) is mostly positively charged, as seen in an 
ESP cross-section given in Fig. 3g. This result corroborates the idea of the 
formation of the positively charged tunnels inside the polymer, allowing 
faster transport of the negatively charged [Fe(CN)6]3− /4− species. 
Macroscopically, this electrostatic phenomenon is presumably respon-
sible for the preconcentration effects and thus the recorded CV shapes 
and current increase. In the frame of DFT results, a smaller thickness of 
the polymer might be more beneficial for electrochemical applications. 
In general, the coating on the surface decreases the diffusion coefficient, 
compared to the pristine solution – the polymer is an obstacle. However, 
short tunnels (on the order of the characteristic diffusion length) with 
positive charges might facilitate transport of ferrocyanide molecules via 
electrostatic interactions. Similar thing occurs in ion transport in lipid 
bilayers of biological cells e.g. voltage-gated K+ or Na+ channels [58]. 
Longer channels, on the other hand (longer than characteristic length of 
diffusion on the timescale of the process) might fail in this task. Even 
though the electrostatic effects might be present, they would effectively 
be suppressed by scattering associated with Brownian motion. Overall, 

Fig. 3. A–c) Cyclic voltammetry (CV) for different redox probes: a) [Ru(NH3)6]2+, b) FcDM0, c) [Fe(CN)6]4− (ν = 100 mV/s, c = 1 mM) for C2A2 hydrogel coating 
surface engineered at GCE; d,e) the influence of hydrogel coating thickness (measured as the volume of grafted C2A2 hydrogel: 5 µL, 10 µL, 15 µL and 20 µL): d) CV 
scan (ν = 100 mV/s, 1 mM [Fe(CN)6]4− in PBS); e) kinetic parameters ΔE, ip,a and |ip,c|; f,g) electrostatic potential maps from DFT calculations: f) chitosan molecule 
at neutral and protonated state, g) positive charge tunnels around NH3

+ groups in cross-linked hydrogel coating.
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while preconcentration occurs in both cases, thinner coating might be 
more effective in transporting the preconcentrated molecules towards 
electrode.

The GCE surface engineering by hydrogel coatings with different Cs 
and Ga concentrations, giving consequences in hydrogel viscosity, 
charge distribution but also mass transport, have a significant influence 
on the redox process kinetics. This is schematically visualized in Fig. 4a.

The CV studies performed for different Ga and Cs content are 
depicted in Fig. 4b and c, respectively. The cross-linking effect on the CV 
kinetic parameters is visualized in Fig. 4d. Here, ΔE and ip,a denote 
anodic-to-cathodic peak current separation, indicating the redox process 
reversibility, and [Fe(CN)6]4− to [Fe(CN)6]3− oxidation peak current, 
respectively. Based on the obtained results, one can conclude that an 
increase in current response is visible for all proposed hydrogels with the 
addition of chitosan (C1-C3), yet too high a Cs concentration (C4) may 
impair the kinetics of the electrode process. This effect is assisted by 
large surface pores distribution originating from sub-optimal viscosity.

On the other hand, it appears that the cross-linker (Ga) has a less vital 
influence on the charge transfer kinetics, which seems to be primarily 
connected to electrode hydrophilicity increase at low Ga content. An 
observable increase in CV peak currents remains up to a certain cross- 
linker density (A4) when electron transfer is suffocated. It is assumed 
that as the concentration of Ga increases, the cross-linking density in-
creases, lowering the possibilities of the structural arrangement of the 
hydrogel, due to the progressive rigidity of the entire chitosan structure. 

This indicates more difficult conditions in electron transfer and diffusion 
of analytes into the deeper layers of the hydrogel, expressed by a 
decrease in the CV peak currents. More detailed electrochemical studies 
are presented in the SI file, section S2.

An overall conclusion should be made, that too high cross-linking 
density causes difficulties in reaching the actual electrode surface and 
introducing heterogeneous structural features for interaction with the 
analyte, consequently affecting the electron transfer. Considering both 
electrochemical and physicochemical criteria, we have selected C2A2 
hydrogel with its slight derivatives, C2A3 and C3A2, for further elec-
trode kinetics studies.

3.3. Preconcentration of the analyte by the chitosan hydrogel coating

The EIS spectra in the Nyquist projection for the selected samples are 
shown in Fig. 5a and 5b. Each spectrum is composed of a single time 
constant – implying a single charge transfer process – and a diffusion tail 
in a low-frequency range characteristic of diffusion-controlled redox 
process. The semicircle diameter for each studied surface-engineered 
sample is significantly smaller compared to the pristine GCE sample. A 
simple Randles electric equivalent circuit (EEC), Re(Cdl(RctW)), was used 
for detailed data analysis. Here, RS stands for the series resistance 
(dominated by the electrolyte resistance), RCT is the charge transfer 
resistance, CDL is the electric double-layer capacitance and Warburg 
element W models the diffusion process. Results of the non-linear least 

Fig. 4. a) schematic illustration of Cs and Ga influence on cross-linking density; b,c) exemplary CV curves recorded for hydrogel coating (ν = 100 mV/s, 1 mM [Fe 
(CN)6]4− in PBS) at GCE surface, hydrogels with varying content of b) Ga crosslinker; c) Cs; d) CV kinetic parameters ΔE and ip,a for differently engineered hydrogel 
coatings. Colors indicate effective parameters from red (worse) to green (preferable).
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squares fitting of the data are summarized in Table 3.
The RCT values for each electrode with different chitosan hydrogel 

coatings decreased about 20× compared to unmodified GCE. For a one- 
step, one-electron process at low overpotentials and assuming the 
charge transfer coefficient α = 0.5, the use of Eq. (3) allows us to 
conclude that the RCT drop may be connected either to the increase in 
heterogeneous rate constant k, or increase in the concentration of redox 
species inside the coating C*, or an increase in A (EASA) [59,60]. 

RCT =
2RT

n2F2AkC
(3) 

Considering chitosan hydrogel is ionically conductive, the charge 
transfer phenomenon likely occurs on the GCE-chitosan interface 
(electronic conduction is very unlikely due to the high electronic band 
gap resulting from aliphatic structure with all single bonds). Thus, its 
presence should not notably affect the EASA. This hypothesis is sup-
ported by comparable CDL values regardless of the hydrogel coating and 
negligible hydrogel influence on electrode hydrophilicity. Only a small 
increase in CDL value is observable due to the increase in electric 
permittivity ε, according to Eq. (4). 

CDL =
ε0εA

d
(4) 

where ε0 is vacuum permittivity, d is electric double-layer thickness and 
A is EASA.

The charge transfer rate is also not expected to change significantly 
after the hydrogel modification because the gel does not directly 
participate in the charge transfer. Indeed, changes in the distribution of 
the charge density accumulated in the Stern layer induced by the chi-
tosan dipoles might indirectly impact the oxidation and reduction rates. 
The result of this impact is the slight asymmetry of the CV peaks 
observed in Fig. 4b and c.

Nevertheless, the main factor determining the changes in RCT is 
assumed to be the preconcentration of the ferrocyanide molecules inside 
the polymer, which effectively changes the concentration gradient in the 
diffusion layer, and thus the measured current. Preconcentration of 
negatively charged ferrocyanide molecules in the gel is possible due to 
the presence of positively charged tunnels shown in ESP (Fig. 3f,g) maps 
and in agreement with ζ-potential measurements in Fig. 1b,e.

Assuming that in the case of the pristine GCE, there is no pre-
concentration, and the EASA is equal to the geometric area, one can 
calculate the charge transfer rate based on RCT, which is equal to 1.14 ×
10− 2 cm/s. It is to be noted that this value might be overestimated due to 
the non-negligible development of the GCE surface area. In the following 
step effective concentrations of ferrocyanides in the chitosan were 
calculated based on RCT of C2A2, C2A3, and C3A2 samples. Results lie in 
the interval 16–20 mM, which strongly suggests preconcentration (see 
Table 3).

Warburg admittance YW increases after modifications, suggesting 
that the hydrogel facilitates diffusion of the ferrocyanide. However, an 
increase in the diffusion coefficient inside the hydrogel is unlikely due to 
the steric hindrance, which is expected to reduce the mean-free path 
characteristic length. The diffusion coefficient of the ferrocyanide in the 
case of pristine GCE was estimated to be 2.64 × 10− 7 cm2/s based on 
Eqs. (5) and (6) [59]: 

ZW =
AW
̅̅̅̅̅
jω

√ (5) 

Fig. 5. a,b) EIS measurements for GCE and selected hydrogels (C2A2, C2A3, C3A2); c) DPV studies for [Fe(CN)6]4− at various concentrations; d) calibration curve 
and [Fe(CN)6]4− LOD calculation for C2A2 sample.

Table 3 
The EIS parameters (RS, RCT, CDL, YW and χ2), charge transfer rate, analyte 
concentration within the diffusion layer C* and LOD, calculated for unmodified 
GCE and selected chitosan-modified samples: C2A2, C2A3, and C3A2.

GCE C2A2 C2A3 C3A2

RS 115.2 83.2 84.2 78.0
CDL/µF 1.26 1.79 2.28 1.66
RCT/Ω 667.0 27.9 31.0 33.5
YW/mSs0.5 0.27 1.40 0.98 0.93
χ2 × 10¡3/– 7.08 6.60 6.76 6.24

k/cm/s 1.14 ×
10− 2

1.14 × 10− 2 1.14 × 10− 2 1.14 × 10− 2

C*/mM 1 (assume) 19.5 17.6 16.2
D/cm2/s 2.64 ×

10− 7
1.87 × 10− 8 1.12 × 10− 8 1.09 × 10− 8

LOD[Fe 
(CN6)]4¡/nM

101 0.20 0.25 0.29
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AW =
1

YW
=

RT
2n2F2A

̅̅̅̅
D

√
C*

(6) 

Although the D value is underestimated – presumably due to the limi-
tations of the Warburg model – the exact value is not relevant to the 
discussion. The important aspect is that after taking the preconcentra-
tion effect into account in Eq. (5), the effective diffusion coefficient in 
the modified samples decreases, even though the Warburg admittances 
increase. Analogous results were obtained for the glucose preconcen-
tration in Nafion, where despite a lower diffusion coefficient, the per-
formance in glucose sensing was higher [61].

Such an outcome is expected due to the viscosity and permeability 
effects elucidated in the previous sections. Diffusion layer thickness 
typically ranges from several to several hundred nanometers, depending 
on the ionic strength of the electrolyte, while the applied hydrogel 
coating is micrometer-sized. Thus, it should be considered that effective 
concentrations refer to the interior of the chitosan hydrogel coating 
rather than 1 mM [Fe(CN)6]4− in the aqueous PBS electrolyte. As a 
consequence, the most likely explanation of the enhancement of 
amperometric response is the hydrogel boosting the ferrocyanides ions 
concentration in the hydrogel volume C*. The preconcentration is a 
result of ions migration from PBS due to the opposite electrostatic charge 
between the chitosan hydrogel and the redox species. Notably EIS- 
measured lower series resistance RS value for each chitosan hydrogel 
coating modification, compared to unmodified GCE, corroborates the 
increase in ionic conductivity.

Considering the above discussion, the hydrogel’s primary action 
appears to be by increasing the transport properties driven by electro-
static interactions between the redox probe and chitosan hydrogel 
moieties.

In terms of electrode sensitivity, surface-engineered and unmodified 
GCEs were compared toward [Fe(CN)6]3− /4− detection limits in KCl 
solution, using the DPV, see Fig. 5e and f. LOD was estimated using the 
relationship given by Eq. (7). 

LOD = 3.3(Sy/S) (7) 

with Sy denoting the relative standard deviation measured in the low 
concentration range and S is the slope of the calibration curve. The data 
obtained show a significant improvement in the analytical characteris-
tics of the modified electrode compared to the unmodified one. A set of 
characteristic current peaks with linearly increasing values is observed 
for both electrodes. As a result of the modification of the electrode, a 
slight shift toward a positive potential is observed compared to the GCE. 
For the hydrogel-covered electrode, the lowest LOD value obtained is 
0.20 nM for C2A2 modification, whereas for the GCE the LOD was three 
orders of magnitude higher, and equal to 0.1 µM. This study also reveals 
that slight changes in hydrogel composition do not drastically affect the 
electrode sensitivity, as the LOD for C2A3 and C3A3 was estimated to be 
0.25 and 0.29 nM, respectively. The LOD for other hydrogel coatings at 
GCE are summarized in the SI file, section S3. Our studies indicate the 
high potential of the obtained modifications in electroanalytical appli-
cations. The observed improvement in the LOD of the modified elec-
trodes is a result of the accelerating diffusion transport at the electrode/ 
electrolyte interface.

4. Conclusion

Chitosan hydrogels were applied on GCE electrodes for electroana-
lytical utility. The ratio of chitosan (Cs) to glutaraldehyde (Ga) de-
termines the crosslinking density, hydrogel rheology, and consequently 
mass-transport characteristics – thus its optimization is important. High 
chitosan concentrations yield increased viscosity and slower diffusion. 
Low crosslinker results in poor permeation due to decreased hydrophi-
licity, while too high Ga content leads to micropore formation within the 
hydrogel as shown by AFM, introducing electric heterogeneity and 

affecting diffusion. While the measured ζ-potential for each hydrogel 
exceeded 40 mV noting their high stability, it might be decreased by too 
high a Cs concentration.

DFT analysis suggested the existence of positively charged tunnels 
between chitosan chains, boosted by the presence of the –NH3

+ group 
and–OH protons and terminal structural units, revealed by XPS analysis. 
Such electrostatic milieu in the hydrogel interior suppresses the currents 
of [Ru(NH3)6]2+ redox couple and elevates the response of [Fe(CN)6]4− , 
while not affecting electrically-neutral FcDM0.

Chitosan-modified electrodes exhibited enhanced electroanalytical 
performance justified by the electrostatic migration of the negative ions 
into the hydrogel, increasing the effective concentration. As a result, 
effective [Fe(CN)6]4− LOD with surface-engineered GCE is also 
improved from 100 down to even 0.2 nM. Detailed CV and EIS studies 
show a negligible role of both the heterogeneous rate transfer and the 
electrochemically active surface area when considering the effect of GCE 
surface engineering.

CRediT authorship contribution statement

Agata Smułka: Writing – original draft, Visualization, Validation, 
Methodology, Investigation, Formal analysis, Data curation. Mateusz 
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