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Abstract

The main goal of our study is to demonstrate the applicability of the PPy-cryogel-modified electrodes for electrochemical
detection of DNA. First, a polysaccharide-based cryogel was synthesized. This cryogel was then used as a template for chemi-
cal polypyrrole synthesis. This prepared polysaccharide-based conductive cryogel was used for electrochemical biosensing
on DNA. Carrageenan (CG) and sodium alginate (SA) polysaccharides, which stand out as biocompatible materials, were
used in cryogel synthesis. Electron transfer was accelerated by polypyrrole (PPy) synthesized in cryogel networks. A 2B
pencil graphite electrode with a diameter of 2.00 mm was used as a working electrode. The prepared polysaccharide solu-
tion was dropped onto a working electrode as a support material to improve the immobilization capacity of biomolecules
and frozen to complete the cryogelation step. PPy synthesis was performed on the electrodes whose cryogelation process
was completed. In addition, the structures of cryogels synthesized on the electrode surface were characterized by thermo-
gravimetric analysis (TGA), Fourier transform infrared spectroscopy (FTIR), and scanning electron microscopy (SEM).
Surface characterization of the modified electrodes was performed by energy-dispersive X-ray spectroscopy (EDX) analysis.
Electrochemical determination of fish sperm DNA (fsDNA) was performed using a PPy-cryogel-modified electrode. The use
of a porous 3D cryogel intermediate material enhanced the signal by providing a large surface area for the synthesis of PPy
and increasing the biomolecule immobilization capacity. The detection limit was 0.98 ug mL~! in the fSDNA concentration
range 2.5-20 ug mL~!. The sensitivity of the DNA biosensor was estimated to 14.8 uA mM~' cm™2. The stability of the
biosensor under certain storage conditions was examined and observed to remain 66.95% up to 45 days.
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Various studies have been conducted on human health for
years, and studies are still ongoing. Information obtained
as a result of these investigations has contributed to the
development of new technologies used in the field of
health. Technological developments, which continue to
accelerate their development today, have led to innova-
tions in biosensor technology. Biosensors, which date back
to the 1960s, are devices that contain a combination of
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diseases in medicine [5-7]. Electrochemical biosensors,
which are among the types of biosensors classified accord-
ing to transducer types, were found to be preferred over
other types [8—10]. Electrochemical sensors come to the
fore with their ease of use and cheapness. Various voltam-
metric techniques are used in electrochemical analysis on
the basis of varying parameters and their combinations.
Electrochemical systems can be analyzed by the cyclic vol-
tammetry technique (CV) and electrochemical impedance
spectroscopy (EIS). Cyclic voltammetry is a technique that
allows the description of the kinetics of electron trans-
fer reactions and reduction—oxidation processes. EIS is a
surface-sensitive method that provides information about
the charge transfer values of electrochemical reactions.
Studies are being carried out that offer new techniques
to increase biosensor performance. Sensitivity, selectivity,
and stability are the factors that determine the performance
of a biosensor [11]. The sensitivity of biosensors can be
improved by various methods. One of these methods is
to design a functional intermediate material between the
biomaterial and the artificial electrode [12]. The immobi-
lization efficiency of biomolecules is an important factor
in improving biosensor performance [13]. Thanks to func-
tional intermediate materials, the immobilization capacity
of biomolecules has improved. Cryogels are three-dimen-
sional materials that are very suitable for intermediate
materials with their spongy and macroporous (1-100 pm)
structure [14—16]. These porous polymeric materials pro-
vide a large surface area on the electrode and increase its
ability to hold biomolecules. Naturally derived polysac-
charides are alternative materials for the preparation of
cryogels. Macroporous cryogels are prepared with various
polysaccharides [17-19]. Carrageenan (CG) and sodium
alginate (SA) are biocompatible polysaccharides with gel
formation capacity [20, 21]. Conducting polymers not only
provide the connection between biomolecules and the elec-
trode but also contribute to improving the electron transfer
rate on the electrode surface. Polypyrrole (PPy) is a con-
ducting polymer that is used for this purpose. It comes to
the fore in biosensor studies due to its more stable and
relatively higher electrical conductivity compared to other
conductive polymers [22-25]. Conducting polymers can
be used alone or synthesized in networks of polymeric
materials, such as cryogels and hydrogels, for different
purposes [26—28]. Conductive cryogels are obtained by
the polymerization of pyrrole in cryogel networks [29-31].
Deoxyribonucleic acid (DNA) can be thought of as a
database that carries genetic information. The biological
importance of DNA is undisputed. Electrochemical DNA
biosensors are an effective technology frequently used for
the detection of inherited diseases, DNA sequence defects,
infectious diseases, and cancer research [32-37].
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Electrochemical biosensor studies based on biopolymers
are available in the literature [24, 38—40]. For example, Liu
et al. [38] developed an electrochemical biosensor based on
glassy carbon electrode (GCE) modified with aldehyde-aga-
rose hydrogel films for the detection of PML/RARa fusion
gene for acute promyelocytic leukemia (APL). A chemical
treatment with NalO, was carried out to convert diol groups
in agarose gels to aldehyde groups. As a result of this pro-
cess, agarose gels were converted into active hydrogel films
containing aldehyde group [38]. A chronocoulometric sensor
for miRNA-9-2 determination using a k-carrageenan hydro-
gel-coated mesoporous gold (Au) electrode was reported.
With k-carrageenan gel on the gold electrode surface, tar-
get miR-9-2 determination was performed in the presence
of a redox molecule-ruthenium hexaammine(III) chloride
([Ru(NH3)6]3+,RuHex) by performing “magnetic 1solation
and purification” process. Then, this sample was incubated
at electrode surface and measurument was done [39].

In the one of our earlier study [40], an electrochemical
biosensor was developed for detection of drug-DNA inter-
action on the surface of homopolysaccharide biopolymer
levan (LVN)-modified pencil graphite electrode. The inter-
action between the anticancer agent daunorubicin (DNR)
and fsDNA was studied by differential pulse voltammetry
technique by monitoring DNR and guanine oxidation sig-
nals. This study specifically reports results in the absence/
presence of fsSDNA interaction with DNR while reporting
the LOD values for fsSDNA (i.e., 2.74 pg mL™") and for DNR
(i.e., 510 nM) [40].

Electrochemical biosensor studies containing kappa-
carrageenan and polypyrrole are also available in the litera-
ture [24]. Esmaeili et al. [24] developed a DNA biosensor
based on kappa-carrageenan-polypyrrole-gold nanoparticle
(KC-PPy-AuNPs) nanobiocomposite. Arowana fish DNA
probe sequence extracted from male Arowana fish scales
was immobilised to the DNA biosensor. The application of
the DNA biosensor for sex classification of Arowana fish has
been demonstrated [24].

This study presents an innovative modification material
for development of electrochemical biosensor developed
by a polysaccharide-based cryogel with a conductive poly-
mer as an intermediate material and its application to DNA
detection. The porous cryogels providing a large surface area
on the graphite electrode were used to increase the amount
of nucleic acids immobilized on the electrode surface.

The results of the synthesis and characterization stud-
ies of CG, CG-SA, PPy/CG, and PPy/CG-SA cryogels used
as intermediate materials are reported. No report has been
available in the literature yet on the use of carrageenan- and
sodium alginate-based cryogels as an intermediate material
for the development of biosensors.

Polypyrrole conductive polymer was chemically synthe-
sized in a cryogel network and included in the structure to
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accelerate electron transfer. The developed PPy-cryogel-
modified electrode was then applied for the determination
of fsDNA. The experimental conditions for the modified
electrode were optimized on the basis of electrochemical
measurements using EIS and CV techniques. The linear
range, detection limit with its sensitivity, and storage stabil-
ity of the DNA biosensor were investigated.

Materials and methods
Apparatus and chemicals

All measurements were performed using a three-elec-
trode system and also in a faraday cage by AUTOLAB
PGSTAT-204 and AUTOLAB 302 (Eco Chemie, Utrecht,
the Netherlands) with NOVA 1.11 software and the FRA
module. For electrochemical measurements, CV and EIS
were used. The three-electrode system consisted of a graph-
ite electrode (Bhile, 2B) as the working electrode, a platinum
wire as an auxiliary electrode, and Ag/AgCl/3 M KCI as
the reference electrode (BAS, Model RE-5B, W. Lafayette,
USA).

The cryogels of CG, CG-SA, PPy/CG, and PPy/CG-SA
were characterized by the Fourier transform infrared spec-
trophotometer (FTIR) Bruker Tensor 27 FTIR (Bruker,
USA) and the thermogravimetric analyzer (TGA) SII
EXSTAR6000 TGA (Seiko Instruments Inc.).

Characterization of surface morphologies of modified
electrodes (Bare 2B, 2B/PPy, 2B/CG cryogel, 2B/PPy/CG
cryogel, 2B/CG-SA cryogel, and 2B/PPy/CG-SA cryogel)
was performed using a HITACHI Regulus 8230 scanning
electron microscope (SEM) and analyzed by energy-disper-
sive X-ray spectroscopy (EDX) (HITACHI, Tokyo, Japan).

Synthesis of CG, CG-SA cryogel in 3D/cross-linked
form, and kappa (k)-carrageenan (MW 788.647 g mol~!,
Geel, Belgium) was purchased from Acros Organics; sodium
alginate and sodium hydroxide (98%) were purchased
from Sigma-Aldrich (Germany). Glycerol diglycidyl ether
(GDE, MW 204.22 g mol~!) was purchased from Merck
and used as a crosslinker. For the synthesis of PPy/CG, PPy/
CG-SA, iron (III) chloride hexahydrate (FeCl;-6H,0, MW
270.33 g mol ™!, Germany) was purchased from Merck, and
pyrrole (98 + %) was purchased from Alfa Aesar. The polyu-
rethane used to coat the 2B pencil electrode was obtained
from Polikor.

1-Ethyl-3-(3-dimethylaminopropyl carboimide) hydro-
chloride (EDC) and N-hydroxysuccinimide (NHS)
used as covalent chemical binders were purchased from
Sigma-Aldrich.

Fish sperm DNA (fsDNA) was purchased from Sigma-
Aldrich. Of fsDNA stock solution, 1000 pug mL~! was pre-
pared in ultra-pure water (Sigma) kept at — 20 °C, and it

was diluted with acetate buffer solution (pH 4.80) (ABS).
Double-distilled water (DW) was used in the experiments.
All chemicals were used in analytical reagent grade.

CG cryogel and CG-SA cryogel synthesis

Before the modified electrode was prepared, the electrode
intermediate material cryogels were externally synthe-
sized, and characterization studies were carried out. To
determine the optimum synthesis parameters, the physi-
cal properties of the cryogels were observed by varying
the solution concentration (Table S1), crosslinker ratio
(Table S2), CG and SA solution mixing ratio (Table S3),
and cryogelation time (Table S4). Optimum conditions
were determined and recorded (Table S5). For the pro-
duction of CG and CG-SA cryogels with the best proper-
ties, 0.05 g of CG was dissolved in 5 mL of 0.2 M NaOH
at 50 °C for 2 h. For the sodium alginate solution pre-
pared separately for CG-SA cryogels, SA weighing 0.05 g
was dissolved in 5 mL of DW at room temperature. A
CG-SA mixture (1:1, v/v) was prepared for CG-SA cryo-
gel synthesis. The CG solution prepared for CG cryogel
and the CG-SA mixture prepared for CG-SA cryogel were
cooled in an ice bath under controlled conditions. The
cooled solutions were vortexed by adding GDE used as a
crosslinker at 20 mol% of the CG replicate unit. The mix-
ture was then transferred to syringes. For cryogelation, it
was kept at — 20 °C for 48 h. At the end of the period, the
cryogels taken from the syringes were washed with DW
three consecutive times for 20 min. When the washing
process was complete, the cryogels were dried using the
lyophilization technique.

PPy/CG cryogel and PPy/CG-SA cryogel synthesis

PPy/CG and PPy/CG-SA conductive cryogels were exter-
nally synthesized and characterized to obtain detailed infor-
mation about their structures. Conductive cryogels were
synthesized with the guidance of the method available in
the literature [41]. Pieces of CG and CG-SA cryogel were
placed in a 0.5-M solution of pyrrole in 20 mL of DW. For
polypyrrole polymerization, cryogels were loaded with pyr-
role monomer for 30 min. At the end of the time, the cryo-
gels were placed in a 0.5-M, 20-mL FeCl; aqueous solution
used as an oxidizing agent for the polymerization of pyrrole
absorbed by the CG and CG-SA cryogels in the cryogel and
kept for 2 h. Thus, the synthesis of PPy in cryogel networks
was completed. After polymerization was completed, the
PPy/CG cryogel and the PPy/CG-SA cryogel were washed
three consecutive times with DW for 20 min. After being
washed, the cryogels were dried in a freeze dryer.

@ Springer
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Characterization of CG, CG-SA, PPy/CG, and PPy/
CG-SA cryogels

The SEM images of CG, CG-SA, PPy/CG, and PPy/CG-SA
cryogels were captured by scanning electron microscopy
(SEM, Hitachi Regulus 8230). The cryogels were placed
onto carbon tape-attached aluminum SEM stubs at room
temperature after being coated with gold to a few nanom-
eters in a vacuum, and then, surface morphology was investi-
gated. All cryogels were dried by using a freeze dryer before
SEM analysis.

The FTIR spectra of CG, CG-SA, PPy/CG, and PPy/
CG-SA cryogels were recorded using a FTIR spectropho-
tometer (TENSOR 27, Burker, Germany) with a range of
400-4000 cm™! where 32 averaged scans were run with a
resolution of 4 cm™!. The dried cryogels were ground and
mixed with KBr to prepare disks. Then, the FTIR spectra of
the cryogels were recorded using the OPUS program.

The thermal gravimetric analysis of CG, CG-SA, PPy/
CG, and PPy/CG-SA cryogels was conducted (TGA, SII
EXSTAR 6000, Japan). About 3—5 mg of cryogel was put
into a ceramic pan, and the weight loss was recorded from
50 °C to 900 °C. The analysis was realized under an inert
atmosphere using N, (flow rate of 200 mL min~') with a
controlling temperature of 50-900 °C and a constant heating

rate of 10 °C min~".

Electrode fabrication

The purchased 2B pencil tips with a diameter of 2.00 mm
and a length of 120 mm were cut to dimensions of 4.0 cm.
The cut 2B electrodes were coated with commercial pol-
yurethane and allowed to dry for 2 days to obtain a stable
surface, enabling cryogel synthesis. One centimeter of the
dried polyurethane-coated pencil tips were cut straight. Two
different types of sandpaper, 220 and 1200, were used to
smooth and clean the electrode surfaces. In the last step,
the surfaces of the electrodes and coated parts were cleaned
with DW and ethanol.

Preparation of 2B/PPy/CG cryogel and 2B/PPy/
CG-SA cryogel-modified electrodes

A cryogel solution of CG and CG-SA (1:1, v/v)
(10.0 mg mL~") was prepared. A volume of 3 L of the
prepared solution was dripped onto the cleaned electrode
surfaces. After completion of the cryogelation step, the elec-
trodes were dipped into vials containing 0.5 L, 0.5 M pyrrole
solution in groups of three for the chemical synthesis of
polypyrrole onto the electrode surface. The reaction con-
tinued for 30 min. The electrodes were kept in an oxidizing
0.5 L, 0.5 M FeCl; aqueous solution for 2 h to complete
polymerization after 30 min. Then, it was washed with DW

@ Springer

three consecutive times for 10 s (see the “Modified electrode
characterization and optimization” section).

Covalent surface activation of the modified
electrode

For covalent activation of the 2B/PPy/CG cryogel and the
2B/PPy/CG-SA cryogel-modified electrodes, 5 uL of a
solution of 4 mM EDC (1-ethyl-3-(3-dimethylaminopropyl
carboimide) hydrochloride) and 1 mM NHS (N-hydroxysuc-
cinimide) [42] covalent agent prepared in phosphate buffer
solution was dropped onto the electrode surfaces. The acti-
vation was carried out at room temperature for 15 min.

Immobilization of fsDNA on 2B/PPy/CG cryogel
and 2B/PPy/CG-SA cryogel surfaces

For immobilization of fsSDNA, 5 uL of fsDNA solution pre-
pared in acetate buffer solution at different concentrations
was dropped onto the surfaces of modified electrodes 2B.
The electrodes were left at room temperature for 30 min to
complete immobilization.

Therefore, the difference in the electrochemical behavior
of cryogel electrodes 2B/PPy /CG-SA containing carboxyl
groups (-COOH) and cryogel electrodes 2B/PPy/CG without
-COOH groups after activation of EDC-NHS was observed
[35, 43-46].

Optimization of modified electrode composition

For the modified electrode composition, the concentration
of the cryogel solution (15.0, 10.0, 5.0 mg mL~") volume
of solution dripped onto the electrode surface (1 pL, 2 pL,
3 uL, 4 pL), the pyrrole monomer concentration (0.25 M,
0.5 M, 0.75 M), and the polypyrrole synthesis reaction time
(15 min, 30 min, 45 min, and 60 min) were optimized.

Electrochemical measurements

The voltammetric measurements were performed using the
cyclic voltammetry (CV) technique in 2.5 mM redox probe
containing K;[Fe(CN)4]/K4[Fe(CN)4] (1:1) and 0.1 M KCI
applying a step potential of 25 mV, a scan rate of 50 mV s™!;
forward scan,—0.5 to+1 V; and reverse scan,+1 V
to—0.5 V. Measurements were made on the redox probe
signal at+0.2 V.

Impedimetric measurements were performed in the pres-
ence of 2.5 mM Fe(CN)63_/4_ prepared in 0.1 M KCI. The
impedance was measured in the frequency range between
100 mHz and 100 kHz at a potential of +0.23 V with a sinu-
soidal signal of 10 mV. The frequency interval is divided
into 98 logarithmically equidistant measure points. The ele-
ments of Randles circuit values were calculated using the
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fitting programme of NOVA (version 1.11, EcoChemie, the
Netherlands). The equivalent circuit model (Randles circuit)
is used to fit the data obtained by impedimetric measure-
ments, which consist of charge transfer resistance (R,,), solu-
tion resistance (Rs), Warburg impedance (W), and constant
phase element (C). The respective semicircle diameter cor-
responds to R,,. The related circuit model is used to fit the
impedance data, as shown in all figures containing Nyquist
diagrams that are plotted by using the data obtained by EIS
measurements. All data presented in each Nyquist diagram
is the fitted version of the related data.

Results and discussion
Cryogel synthesis and characterization

To better understand the structures of cryogels, we can give
an example of the structures of sponges that are frequently
encountered in daily life. When the sponge is mentioned, the
first features that come to mind are their high-water absorp-
tion capacities and their porous structures. Cryogels are also
spongy gels with macropores. All stages of the formation of
this spongy and porous structure are called the cryogelation
process [47]. In other words, the cryogelation process refers
to the formation of porous gels at sub-zero temperatures. For
the synthesis of CG and CG-SA cryogels, a mixture of CG
and CG-SA was dissolved in a NaOH solution. The mixture
was cooled in a controlled manner. GDE was added to the
cooled reaction mixture and incubated at —20 °C for 48 h to
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complete cryopolymerization. After cryogel formation, the
CG and CG-SA cryogels were cleaned with DW for about
3 h, changing DW frequently. Fig. 1 shows a schematic rep-
resentation of the synthesis of cryogels of CG and CG-SA
(Fig. 1). The results of the optimization study of cryogels
synthesized at different synthesis parameters are presented
in Supplementary Materials.

PPy is highly preferred in biomedical applications
because it is environmentally stable, easy to synthesize, and
can maintain its electrical properties and biocompatibility
during the experiment. There are different preparation tech-
niques such as chemical polymerization and electrochemi-
cal polymerization. In addition to the advantage of PPy, its
fragility is a disadvantage and this causes limitations espe-
cially in biosensor applications. It is used in combination
with different natural and synthetic polymers to eliminate
this disadvantage and to prepare/synthesize a mechanically
strong conductive composite [24, 25]. When PPy is added
to carrageenan, the composite polymer precipitates on the
solid surface, changing from hydrophilic to hydrophobic,
while maintaining its water permeability. The structure,
morphology, and conductivity of the carrageenan-PPy nano-
composite have been attributed to its success in producing
electrically conductive composites offering a wide range of
interesting mechanical and electrical properties for the fab-
rication of DNA biosensor [48].

In this study, the electrical conductivity of PPy was uti-
lized, but PPy was not used directly. Firstly, carrageenan
(carrageenan-alginate), a natural polymer, was chemi-
cally prepared as a 3D cryogel form by using epoxy based
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Fig. 1 Schematic representation of CG-SA cryogel synthesis and SEM image of the cryogel (scale bar 500 pm)
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cross-linker. This prepared macroporous 3D structure was
used as a template, and pyrrole was adsorbed to these net-
works, and then, pyrrole was polymerised. In addition, the
cryogel support material can be modified and the new func-
tional groups can be added into the structure. Besides these
advantages, the structure can be designed analyte-specific
for the analysis of different materials. Also, less material
(monomer/polymer) is used in cryopolymerization. One of
the advantageous aspects of our study is that the polysac-
charides used in cryogel synthesis are cheap, biocompatible,
and easily accessible.

Polypyrrole synthesis was performed inside the CG and
CG-SA cryogels to obtain conductive cryogels. Cryogels
were taken into an aqueous pyrrole solution and kept in this
solution for 30 min. Then, it was kept in a FeCl; aqueous
solution for 2 h to complete polymerization. A schematic
representation of the synthesis of PPy/CG-SA cryogels and
SEM images of CG-SA and PPy/CG-SA cryogels is pre-
sented in Fig. 2.

Although the porous structures of the CG-SA cryogels
can be seen in SEM images, the pores cannot be clearly seen
in the SEM image after PPy synthesis. This is because PPy
fills the pores of CG-SA cryogels.

To obtain more detailed information about the structures
of cryogels synthesized for electrode surface modification,
the chemical structures of CG cryogel, CG-SA cryogel, PPy/
CG cryogel, and PPy/CG-SA cryogel were determined by
FTIR analysis. Thermogravimetric analyses of cryogels were
performed in the temperature range of 30—1000 °C to deter-
mine their thermal stability.

The FTIR spectra of CG cryogel and PPy/CG cryogel
are presented in Fig. S1A, and the FTIR spectra of CG-SA

cryogel and PPy/CG-SA cryogel are presented in Fig. S1B.
In the spectrum given for CG cryogels, the large peaks pre-
sent at wave numbers of 3429-3441 cm™" for both the con-
ductive and nonconductive groups are due to the hydroxyl
(-OH) group in the structure of the cryogels, and the peaks at
2923-2924 cm™! are due to CH stretching. The characteristic
peaks of CG cryogels are given by the peaks at 1257 cm™!,
1070 cm™! and 846 cm™!. Sulfate stretch of 1257 cm™',
glycosidic bonds (C-O—C) at 1070 cm™, and absorption
at 846 cm™! are attributed to galactose-4-sulfate (C-0-S03)
[49, 50].

In the PPy/CG cryogel spectrum, the absorption C=C
stretch band observed at 1547 cm™! corresponds to the fun-
damental vibration of the polypyrrole ring [51, 52]. This
absorption band determines the presence of PPy synthe-
sis. The peak at 1163 cm™! is due to the C-N stretching
vibration.

In the CG cryogel spectrum, after PPy synthesis, it was
observed that the peak at 1257 cm™! shifted to the peak at
1288 cm™!, and the peak at 1070 cm™" shifted to the peak
at 1041 cm™".

-OH peaks were observed at 3401 cm™' and 3425 cm™!
in the FTIR spectra of cryogels containing SA given in
Fig. S1B. Peaks at 2908-2925 cm™! were attributed to
C-H stretching vibration. Asymmetric stretching of -COO-
groups at 1620 cm™! and -COO- symmetrical stretching
vibration at 1419 cm™! give the characteristic peaks of SA
[53]. Peaks at 1257 cm™', 1042 cm™!, and 846 cm™! were
attributed to sulfate stretching (-SOj), glycosidic bonds
(C-0-C), and galactose-4-sulfate (C-O-SO;) stretching,
respectively, which are characteristic of carrageenan. The
characteristic peaks of CG and SA confirm the synthesis of

Polypyrrole synthesis
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Fig.2 Schematic representation of PPy/CG-SA cryogel synthesis by using CG-SA cryogel as template and SEM images of the cryogels: (A)

CG-SA cryogel, (B) PPy/CG-SA cryogel (scale bar 500 um)
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cross-linked CG-SA cryogels. In addition to the characteris-
tic peaks of CG and SA in the FTIR spectrum of PPy/CG-SA
cryogel, PPy ring vibrations, the C=C band at 1544 cm™!
peak and C-N stretching peak seen at 1164 cm™! confirm
PPy synthesis.

Details of the results of the TGA analysis are presented in
the Supporting Information. The TG curves of CG and PPy/
CG cryogels are given in Fig. S2.

The TGA results showed that the polypyrrole carra-
geenan-sodium alginate cryogels were more thermally sta-
ble than the carrageenan-sodium alginate cryogels (Fig. S2).

Modification of the working electrode

In other biosensor studies using cryogel as an intermediate
material, working electrodes such as gold electrodes [54-56]
or screen-printed electrodes (SPE) [57, 58] were generally
used. In this study, insulator-coated 2B pencil tip electrode

surfaces were modified with CG and CG-SA cryogel. In the
first stage, cryogel synthesis was completed, and in the sec-
ond stage, chemical synthesis of polypyrrole was carried out
on the electrode surface (Fig. 3A).

After the modification step was completed, the 2B/PPy/
CG cryogel and 2B/PPy/CG-SA cryogel-modified elec-
trode surfaces were activated with the EDC-NHS covalent
coupling agent as shown in Fig. 3B. The determination
of fSDNA was performed with electrodes with activated
surfaces.

In the group containing sodium alginate, it was concluded
that the surface became more stable thanks to the -COOH
groups in the sodium alginate structure and the measured
signals were more reproducible. At the same time, it allows
modification due to the fact that it contains -OH and -COOH
functional groups in the structure and makes it possible for
new groups to transform into ester, amide, ether, and other
structures with different bonds.
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Modified electrode characterization
and optimization

SEM energy-dispersive X-ray spectroscopy (EDX) analysis
was performed for the surface characterization of modified
electrodes (Fig. 4). For the SEM analysis, air-dried 2B elec-
trode, 2B/CG cryogel electrode, 2B/CG-SA cryogel elec-
trode, 2B/PPy/CG cryogel electrode, and 2B/PPy/CG-SA
cryogel electrode werre cut into upper side about 3—5 mm.
The cutted cryogel electrodes were placed onto carbon tape-
attached aluminum SEM stubs at room temperature after

Fig.4 The EDX spectrum of 2B
electrode (A), 2B/CG cryogel
(B), 2B/CG-SA cryogel (C),
2B/PPy/CG cryogel (D), and
2B/PPy/CG-SA (E) (scale bar
30 um)

@ Springer

coating with gold to a few nanometer thickness in a vacuum,
and then, surface morphology was investigated. According
to the results, as expected, the presence of C and O ele-
ments in the bare 2B electrode and the presence of S and Na
elements on the surface after the modifications of the CG
cryogel and the CG-SA cryogel was confirmed. After the
PPy/CG cryogel and PPy/CG-SA cryogel modifications, the
N element originating from the pyrrole ring shows that PPy
synthesis has taken place on the electrode surface.

Details of the optimization work for the modified elec-
trode composition are reported in the Supplementary
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Materials. The conditions determined for surface modifica-
tion are as follows: The volume of solution dropped on the
electrode surface was 3 puL (Table S6 and Fig. S3), and the
change in the average Ia values of the electrodes prepared
at different solution volumes was investigated (Table S7).
The change in the average Ia values of electrodes prepared
at pyrrole monomer concentration of 0.5 M (Table S8 and
Fig. S4), polypyrrole synthesis time of 30 min (Table S9 and
Fig. S5), and different polypyrrole synthesis times is pre-
sented in Table S10. CG cryogel solution of 10.0 mg mL~"!
(Table S11 and Fig. S6) and the change in the average Ia
values of the electrodes due to the difference in the concen-
tration of the cryogel solution were calculated (Table S12).
Conditions for optimum electrode composition are summa-
rized in Table S13.

The electrodes prepared under the determined optimum
conditions were characterized using the cyclic voltammetry
technique. The electrochemical characterization of the modi-
fied electrodes was performed in a 0.1-M KClI solution and a
redox solution containing 2.5 mM Fe (CN)63_/4_ (Fig. S7).

The surface areas calculated for the 2B electrode and the
modified electrodes were calculated according to the Ran-
dles—Sevcik equation [59] that is given in Eq. 1:

Ip=(2.69x10°)n3A C D 3V (1

where Ip is the peak current, n is the number of electron
transferred, A is the electroactive surface area (cmz), Cis
the concentration (mol cm™), D is the diffusion coefficient
(7.6x 107 cm? s71), and V is the scan rate (V s71).

According to the calculated values, the surface area for
the 2B electrode was recorded as 0.016 cm?. Volumes of
cryogel solution (1 uL, 2 uL, 3 yL, and 4 uL) were dripped,
and the surface area was calculated for the prepared elec-
trodes. Compared to the 2B electrode, an increase in the
surface area of the modified 2B/PPy/CG cryogel electrodes
was recorded using solution in volumes of 1 uL. (A=0.035
cm?), 2 uL (A=0.046 cm?), 3 pL (A =0.045 cm?), and 4 uL
(A=0.034 cm?) (Table S6).

The surface areas of the electrodes prepared at different
polypyrrole synthesis times (15, 30, 45, and 60 min) were
evaluated. The effective surface area of each of the elec-
trodes (2B, 15 min of 2B/PPy/CG cryogel, 30 min of 2B/
PPy/CG cryogel, 45 min of 2B/PPy/CG cryogel, 60 min of
2B/PPy/CG cryogel) was calculated according to the Ran-
dles—Sevcik equation.

The surface area values of the modified electrodes were
observed to increase with changing concentration of pyrrole
monomers compared to the 2B electrode (Table S8).

When the surface areas of 2B/PPy/CG cryogel electrodes
modified at different PPy synthesis times were evaluated,
it was determined that the surface area value of 0.016 cm?
for the 2B electrode increased by 1.81 times for 15 min 2B/

PPy/CG cryogel electrode, by 2.94-fold for 30 min 2B/PPy/
CG cryogel electrode, by 3.06-fold for 45 min 2B/PPy/CG
cryogel electrode, and by 2.94 times for 60 min 2B/PPy/CG
cryogel electrode (Table S9).

In addition, similar to the other results, the concentration
optimization studies of the cryogel solution also showed an
increase in the surface area values compared to the 2B elec-
trode (Table S11).

The results showed that the synthesized polymers on the
electrode surface have the effect of increasing the surface
area depending on the structure of both macroporous cryo-
gels and PPy.

The electrochemical optimization of volume
of solution dripped onto the electrode surface

The effect of the volume of CG cryogel synthesized on the
electrode surface on the electrode response was investigated.
The cryogel was synthesized by dropping 1 pL, 2 pL, 3 pL,
and 4 pL volumes of cryogel solution at a concentration of
10.0 mg mL~" onto the electrode surface, and then, pyrrole
was loaded into CG cryogels in 0.5 M, 0.5 mL aqueous pyr-
role solution for 30 min. Then, CV measurements of the
modified electrodes were performed. The results obtained
are shown in Fig. S3. Average anodic peak current (Ia) and
cathodic peak current (Ic), anodic relative charge (Qa) and
cathodic relative charge (Qc), and calculated electroactive
surface area (A) data were obtained for electrodes with
different volumes of cryogel solution on their surfaces as
shown in Table S6. The average values of Ia increased for
all modified electrodes (Table S7).

The highest increase was observed at electrodes with
cryogel volumes of 2 pL (65.0%) and 3 pL (64.0%). It was
observed that the increase in the anodic peak current values
of the 2B/PPy/CG cryogel-modified electrodes with poly-
meric film volumes of 2 pL. and 3 pL. was close to each other.
Since the signals measured at 2B/PPy/CG cryogel electrodes
with cryogel solution volume of 3 pLL were more reproduc-
ible (RSD %, 3.30%, n=2), the optimum volume of cryogel
solution dripped onto the surface was determined as 3 pL.

The electrochemical optimization of PPy monomer
concentration

For the pyrrole concentration optimization study, the con-
centration of the CG cryogel solution on the 2B electrode
surfaces was kept constant at 10.0 mg mL™!, the pyrrole
loading time was 30 min, and the solution volume was 3
pL. Polypyrrole conductive polymer was synthesized on the
2B/CG cryogel electrode with pyrrole solutions prepared as
0.25 M, 0.5 M, and 0.75 M. CV measurements were per-
formed with electrodes prepared at different concentrations
of pyrrole monomer (Fig. S4). For electrodes with different
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concentrations of pyrrole, the average anodic peak current
(Ta) and cathodic peak current (Ic), the relative anodic charge
(Qa), the relative cathodic charge (Qc), and the electroactive
surface area (A) data are presented in Table S8.

The increase in anodic peak current values at modified
electrodes prepared with 0.25, 0.5, and 0.75 M pyrrole solu-
tion was calculated as 53.9%, 65.4%, and 62.1%, respec-
tively. The highest increase was seen in the electrodes with
a concentration of 0.5 M pyrrole solution. Therefore, the
optimum concentration of pyrrole solution was determined
as 0.5 M.

The electrochemical optimization of PPy synthesis
reaction time

Ten milligrams per liter of cryogel solution concentration, 3
pL of cryogel solution volume, and 0.5 M of pyrrole mono-
mer concentration remained constant, and the effect of PPy
synthesis time was investigated. Polypyrrole synthesis was
carried out for 15, 30, 45, and 60 min on the electrodes
whose cryogelation process was completed. The behavior
of the modified electrodes prepared at different synthesis
times was investigated by the cyclic voltammetry technique
(Figure S5). Electrodes prepared at different PPy synthesis
times, average anodic peak current (Ia) and cathodic peak
current (Ic), anodic relative charge (Qa), cathodic relative
charge (Qc), and electroactive surface area (A) data are
given in Table S9.

When the CV measurement results of the modified elec-
trodes were compared with the 2B electrode, an increase in
the average Ia values of all was observed (Table S10).

The electrochemical optimization of cryogel
solution concentration

Three microliters of CG solutions prepared at concentrations
of 15.0, 10.0, and 5.0 mg mL~! was dropped onto the sur-
face of the 2B electrode. CV measurements of the modified
electrodes were kept at —20 °C for 48 h for cryogel synthe-
sis, and then, PPy synthesis was performed in 0.5 M, 0.5 L
aqueous pyrrole solution for 30 min. The results obtained
are shown in Figure S6. Among electrodes prepared at dif-
ferent concentrations of CG solution, the average values
of anodic peak current (Ia) and cathodic peak current (Ic),
anodic relative charge (Qa), cathodic relative charge (Qc),
and electroactive surface area (A) are shown in Table S11.
When these data were evaluated, no peak current was meas-
ured in the redox probe solution by the electrodes modified
with CG cryogel alone. This response was explained by the
non-conductive nature of CG cryogels reducing electron
transfer. Compared to the 2B electrode and the 2B/CG cryo-
gel-modified electrode, an increase in the anodic currents
of the modified electrodes was observed after the 2B/PPy/
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CG cryogel modification (Table S12). This result showed
that PPy incorporated into the electrodes after 2B/PPy/CG
cryogel modification significantly improved the conductiv-
ity and the PPy conductive polymer was synthesized inside
the CG cryogels.

Electrochemical behaviour of modified electrodes

After the optimization study, the behaviours of the 2B elec-
trode, 2B/SA, 2B/CG cryogel, 2B/CG/SA cryogel, 2B/PPy/
CG cryogel, and 2B/PPy/CG-SA cryogel electrodes were
compared with the CV technique (Fig. 5; Fig. S7). The aver-
age values of the anodic peak current (Ia) of the results are
summarized in Table S14.

According to the results summarized in the Table S14,
no signal was observed for the 2B/SA, 2B/CG cryogel, and
2B/CG/SA cryogel-modified electrodes. The results were
evaluated as SA, CG, and CG/SA cryogels synthesized on
the electrode surfaces block electron transfer considering
the insulating nature of both CG and SA. After the modifica-
tion of the 2B/CG cryogel electrode with polypyrrole, the Ia
value was 12.64 +0.66 pA, and after the modification of the
2B/CG-SA cryogel with polypyrrole, the Ia value was meas-
ured as 10.26+1.27 pA. As expected, it was observed that
electron transfer was accelerated thanks to the conductivity
provided after the synthesis of polypyrrole on the electrode
surface blocked with the cryogel.

Calculated surface area values (A) based on oxidation
values for all modified electrodes are presented in Table S14.
The calculated surface area for the 2B/PPy/CG-SA cryogel
electrode is 0.030 cm?.

CURRENT (pA)

04 02 0 02 04 06 08 1
POTENTIAL (V)

Fig.5 Cyclic voltammograms of 2.5 mM redox probe solution at (a)
2B, (b) 2B/SA, (c) 2B/CG cryogel, (d) 2B/CG/SA cryogel, (e) 2B/
PPy/CG cryogel, and (f) 2B/PPy/CG-SA cryogel electrodes
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Effect of EDC-NHS activation on 2B/PPy/CG cryogel
and 2B/PPy/CG-SA cryogel electrodes

Electrochemical changes that occurred after the interaction
of 2B/PPy/CG cryogel and 2B/PPy/CG-SA cryogel-modi-
fied electrodes with EDC-NHS were investigated (Fig. 6).
The responses of the modified electrodes in the presence and
absence of SA and 30 min of EDC-NHS interaction were
investigated using the CV technique. The average values of
the anodic peak current (Ia) and the relative standard devia-
tion (RSD%) after activation of EDC-NHS and immobiliza-
tion of fsSDNA are listed in Table S15.

On the surface of the cryogel film containing sodium
alginate polysaccharide, -COOH groups are present. When
fSDNA is added to the EDC/NHS-activated surface, a cova-
lent bond is formed between the amine group (-NH,) and
the -COOH group on the guanine base of fsSDNA. In DNA
immobilization using reagents such as EDC/NHS, carboxyl
groups on the surface are activated with the help of EDC/
NHS reagents and then DNA molecules bind to these acti-
vated groups via amine groups. Thus, DNA is more stably
bound to the electrode surface.

As seen in Table S15, the response to fsSDNA was better
in modified electrodes containing SA compared to electrodes
without SA. The average anodic peak current value (Ia) of
2B/PPy/CG cryogel electrodes was found as 12.64 +0.66
PA (RSD %, 5.25%, n=2) after interaction with EDC-NHS
7.51+£5.66 pA (RSD %, 75.35%, n=2) and after fSDNA
immobilization 9.47 +£2.03 yA (RSD %, 21.48%, n=2).
At 2B/PPy/CG-SA cryogel, the average anodic peak cur-
rent value (Ia) was calculated as 10.26 +1.27 pA (RSD %,
12.43%, n=2), after the EDC-NHS interaction 10.14 +1.05
A (RSD %, 8.39%, n=2), and after fSDNA immobilization
14.10+0.89 pA (RSD %, 6.30%, n=2) (Table S15). When
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Fig.6 Cyclic voltammograms of 2.5 mM redox probe solution at (a)
2B/PPy/CG cryogel, (b) 2B/PPy/CG-SA cryogel, (c) 2B/PPy/CG cry-
ogel/EDC-NHS, and (d) 2B/PPy/CG-SA cryogel/EDC-NHS

2B/PPy/CG cryogel electrodes were compared with 2B/PPy/
CG-SA cryogel/fsDNA electrodes, a 7.70% decrease in the
average la values was observed in the final case, while an
increase of 39.05% was recorded in 2B/PPy/CG-SA cryo-
gel/EDC-NHS/fsDNA electrodes compared to 2B/PPy/CG
cryogel-EDC-NHS electrodes.

When the results were examined, it was determined that
more reproducible results were obtained with 2B/PPy/
CG-SA cryogel/EDC-NHS/fsDNA electrodes. This was
associated with a more stable electrode surface as a result
of the covalent bonding of carboxylic groups (-COOH) in
the structure of SA in 2B/PPy/CG-SA cryogel-modified
electrodes with EDC-NHS. The improvement of RSD % as
6.30% after fsSDNA immobilization on 2B/PPy/CG-SA cryo-
gel/EDC-NHS electrodes confirmed this situation. There-
fore, fSDNA determination was performed with electrodes
containing SA.

Effect of EDC-NHS interaction time at 2B/PPy/CG-SA
cryogel-modified electrodes

The effect of EDC-NHS interaction time at 2B/PPy/CG-SA
cryogel-modified electrodes was investigated using the CV
technique (Fig. S8). After 15 and 30 min of EDC-NHS inter-
actions, 50 ug mL~! fsDNA immobilization was performed
for 30 min. After 15 min of interaction with EDC-NHS and
immobilization of fsSDNA, the average anodic peak current
(Ta) was measured as 9.52 +0.50 pA (RSD %, 5.28%, n=2).
In the case of the 30-min EDC-NHS interaction, the Ia value
was recorded as 14.10 +£0.89 pA (RSD %, 6.30%, n=2).
When the results were evaluated, it was seen that the RSD %
value improved as 5.28% in the case of 15 min of EDC-NHS
interaction. According to these results, the optimal interac-
tion time of EDC-NHS was determined to be 15 min.

CV and EIS characterization of 2B/PPy/CG-SA
cryogel-modified electrodes

By performing fSDNA immobilization on electrode sur-
faces modified with 2B/PPy/CG-SA cryogel before and after
EDC-NHS activation, the electrode surface was character-
ized using CV and EIS techniques. The results of the CV
characterization study are presented in Table S16.

As a result of CV measurements (Fig. S9), the average
anodic peak current (Ia) was obtained as 10.26+1.27 pA
and 5.89+0.60 pA for 2B/PPy/CG-SA cryogel and 2B/PPy/
CG-SA cryogel/EDC-NHS electrodes, respectively, whereas
the average anodic peak current (Ia) was calculated as
7.63+1.77 pA after the immobilization of 50 ug mL~! fsDNA.
For 2B/PPy/CG-SA cryogel electrodes, there was a 42.59%
decrease in the anodic peak current (Ia) after EDC-NHS inter-
action and a 29.54% increase after 50 ug mL ™! fsDNA immo-
bilization. The decrease in signal after EDC-NHS modification
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compared to 2B/PPy/CG-SA cryogel electrode was explained
by the insulating effect of EDC-NHS molecules [60, 61].

In Fig. 7, the Nyquist diagrams were represented by EIS
measurements. The characterization of the developed cryogel
polysaccharide-based electrodes and the effect of EDC-NHS
activation were investigated with the average charge transfer
resistance (R,,) value (Table S17).

The change in R, after EDC-NHS activation and fSDNA
immobilization was calculated according to Eq. 2:

ctl
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Fig.7 Nyquist curves obtained from (a) 2B/PPy/CG-SA cryogel and
(b) after immobilization of 10 pg mL~! fsDNA on the surface of (A)
without EDC-NHS activation and (B) with EDC-NHS activation in
2.5 mM redox probe solution
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For the first conditions, the charge transfer resistance after
EDC-NHS activation is expressed as R ,; and the charge trans-
fer resistance before EDC-NHS activation is expressed as R_,.
For the second conditions, the charge transfer resistance after
fsDNA immobilization is expressed as R, and the charge
transfer resistance before fSDNA immobilization is expressed
as R.

While the average R, value obtained with 2B/PPy/
CG-SA cryogel-modified electrodes was as 201+ 101 Q
(RSD %=50.43%, n=2), the average R, value obtained after
EDC-NHS activation was measured as 396 + 110 Q (RSD
% =127.86%, n=2). The change on the surface of the 2B/
PPy/CG-SA cryogel-modified electrodes after EDC-NHS
activation was observed as a 97.51% increase. According to
the results obtained, a stable electrode surface was obtained
after EDC-NHS activation and more repeatable results were
obtained (Table S17).

After 10 pg mL~! fsSDNA immobilization, 45.58% increase
was obtained EDC-NHS activated 2B/PPy/CG-SA cryo-
gel-modified electrodes in contrast to 2B/PPy/CG-SA cryo-
gel-modified electrodes as shown as Fig. 7, and also, more
repeatable results (577 £66 Q, RSD %=11.41%, n=2) were
obtained.

This increase at the value of R, after fSDNA immobiliza-
tion indicated a decrease in electron transfer resistance and
a change at the electrode surface. Changes after EDC-NHS
activation and fsDNA immobilization can be evaluated as
fsDNA is immobilized on the electrode surface. The apparent
fractional coverage values (9;2) shown in Table S17 were cal-
culated according to the equation reported by Janek et al.[62].
According to the results, after 10 ug mL ™! fsDNA immobiliza-
tion, it was determined that Gfs value was obtained as 0.313 on
the surface of 2B/PPy/CG-SA cryogel/EDC-NHS electrodes.
More repeatable results were obtained after EDC-NHS activa-
tion. Also, after fSDNA immobilization, it was obtained stable
electrode surface.

Analytical performance
Linear range and the limit of detection

The developed 2B/PPy/CG-SA cryogel electrodes were
applied for the detection of fSDNA at concentrations ranging
from 2.5 to 20 pg mL~!. The change observed in the average
anodic current (Ala) after immobilization was observed to
decrease linearly between 2.5 and 20 ug mL ™! when plotting
against the concentration of fSDNA (Fig. S10). The values of
Ala are explained according to Eq. 3:

Ala = lagpna — lagpe s 3)
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lagpna 1S the anodic peak current after fSDNA immo-
bilization, and lagpc/nys 18 the anodic peak current after
EDC-NHS activation.

The highest value was recorded as Ala 11.65+1.07 pA
(RSD%, 9.23%, n=4) at 2.5 pg mL~! concentration, while
3.73+0.70 uA (RSD%, 18.91%, n=4) at 20 ug mL~! con-
centration was recorded as the lowest Ala value. All results
are presented in Table S18.

CVs (Fig. S9) confirmed that the values of the anodic
peak current signal decreased as the fSDNA concentration
increased. This was interpreted as immobilized fsDNA
inhibited electron transfer at the electrode surface.

The electrochemical response, depending on the rela-
tionship between the DNA concentration and the change
in oxidation currents, is explained by the calibration graph
in Fig. 8. According to the Miller and Miller method [63],
limit of detection (LOD) was calculated and found to be
0.98 ug mL~! (LOD =3.3 x (standard deviation/the slope
of the calibration curve)). The sensitivity of the developed

DNA biosensor was calculated as 14.8 uA mM~! cm™2.
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Fig.8 A Cyclic voltammograms of 2.5 mM redox probe solu-
tion at fSDNA immobilized modified electrodes (a) 2B/PPy/CG-SA
cryogel/EDC-NHS modified electrode, (b) 2.5 pg mL~! fsDNA, (c)
5 ug mL~! fsDNA, (d) 7.5 ug mL~! fSDNA, (e) 10 ug mL~! fsDNA,
(f) 15 pg mL~! fsDNA, and (g) 20 ug mL~! fsDNA. B Calibration
graph obtained after immobilization of fSDNA at different concen-
trations on 2B/PPy/CG-SA cryogel/EDC-NHS electrodes in 2.5 mM
redox probe solution

The reproducibility of the cryogel polysaccharide-based
2B electrodes used was shown by repeated measurements on
three different days after immobilization with 2.5 ug mL™!
fsDNA, and the % RSD value was calculated as 11.47 +0.89
A (RSD % =7.74%, n=6).

Stability of the biosensor

Storage stability of 2B/PPy/CG-SA cryogel electrode tested
for 45 days using CV technique. The modified electrodes were
stored at+4 °C for 1, 5, 14, 21, and 45 days, and electrochemi-
cal measurements were performed. On day 5, a decrease of
18.13% was observed in the peak current measured with elec-
trodes compared to day 1. However, there was only 33.05% loss
in response on the 45th day, in contrast to the response on the
first day (Fig. S11). Under the better storage conditions (e.g.,
storage in blisters, protection from darkness and moisture, pres-
ervation), the stability of the 2B/PPy/CG-SA cryogel electrode
could be better; however, it still provides easy to use application
with cost-effectiveness for users.

Conclusion

The polysaccharide-cryogel/polypyrrole-based electrode was
introduced for the first time herein, and then, the voltammetric
determination of DNA by PPy-cryogel-modified electrodes
was demonstrated in this present study as the proof of concept.

The advantages of these electrodes are biocompatible and
easily accessible since the polysaccharides used in cryogel
synthesis are natural, and the modified electrodes developed
are cost-effective since low-cost electrodes are used since
the surface of 2B electrodes is modified. In comparison to
existing studies in the literature, 2B/PPy/CG-SA cryogel
electrodes offer advantages over other studies by enabling
electrochemical DNA determination with short DNA immo-
bilization time, low detection limit, short measurement time,
and affordable cost [8, 10, 24, 38-40, 64—68] and also sum-
marized in Table S19. Unlike the study of Liu et al. [38],
conductive carrageenan and carrageenan-sodium alginate
cryogel-modified electrodes were prepared in the present
work for the first time in the literature and the prepared
electrode surfaces were activated with EDC-NHS. Sala-
huddin et al. [39] reported a chronocoulometric determina-
tion of miRNA-9-2 using a k-carrageenan hydrogel-coated
mesoporous gold (Au) electrode after performing “magnetic
1solation and purification” process to obtain the sample of
miRNA-9-2. In contrast to work of Salahuddin et al. [39]
based on kx-carrageenan hydrogel modified gold electrode,
2B/PPy/CG-SA cryogel electrode was developed as dispos-
able in our present work. Thus, the possible implementation
of 2B/PPy/CG-SA cryogel electrode was presented herein
for the development of single-use biosensor devices. In
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contrast to Congur et al. [40], the fsDNA immobilization
time was completed only in 30 min, and accordingly, the
determination of fSDNA by CV was performed in a shorter
time with a lower detection limit (0.98 pug mL™").

In contrast to the study reported by Esmaeili et al. [24],
EDC-NHS was also used in this instance to activate the surface
of cryogel-modified electrodes containing carrageenan and
sodium alginate. As a result, the surface became more stable
for DNA immobilization at the next step via covalent bonding
of the -COOH groups of sodium alginate polysaccharide on the
EDC-NHS activated electrode surface and the amine (-NH,)
groups on the guanine base present in fSDNA [35, 43-46].
Moreover, electrochemical detection of DNA was performed
35 min after DNA immobilization using EDC-NHS activated
surface of PPy/CG-SA cryogel-modified electrode.

In earlier studies in literature [54—58], the determination
of different analytes such as sialic acid, prostate-specific
antigen, glucose, uric acid, and carcinoembryonic antigen
with cryogel-modified electrodes was investigated by using
numerous working electrodes, such as glassy carbon elec-
trodes, gold electrodes, and screen printed electrodes, which
were more costly and time-consuming to prepare in contrast
to the 2B graphite electrode used in our study.

Moreover, the cryogel support material developed in our study
can be modified and new functional groups can be added to its
structure. The structure can be designed analyte-specific for the
analysis of different materials. Less material (monomer/poly-
mer) is used in cryopolymerization. It is also possible to provide
point of care conversion of this type of electrodes. Initially, the
cryogel synthesis time of 48 h seemed to be a problem. This was
overcome in our study by simultaneously modifying at least 60
electrodes prior to immobilization with fSDNA. fsSDNA immo-
bilization onto the surface of PPy-cryogel-modified electrodes is
completed in less than 50 min. The storage stability of these elec-
trodes was investigated, and it retained 66. 95% of its response
up to 45th day.

The limit of detection (LOD) in the linear concentration
range of 2.5-20 pg mL~! on the surface of the developed
modified electrodes was calculated as 0.98 pg mL~! with
99% reliability. The sensitivity of DNA biosensor was found
to be 14.8 uA mM~! cm~2 The conductive polysaccharide-
based cryogel-modified electrode has several advantages,
such as easy preparation, cost-effectiveness, high biomole-
cule immobilization capacity, and conductive properties that
enable sensitive electrochemical analysis of biomolecules.

The electrochemical detection of DNA by the conductive
PPy-cryogel-modified electrodes was demonstrated in the pre-
sent study as proof of concept. In our targetting studies, the
PPy-cryogel-modified electrodes can be furtherly applied for
the detection of DNA interaction with anticancer agent, or any
of specific analytes (protein, toxin, etc.) after the selectivity
of biosensor was tested in various sample matrices (urine,
serum, saliva, etc.).

@ Springer

Abbreviations CG: Carrageenan; SA: Sodium alginate; PPy: Polypyr-
role; TGA: Thermogravimetric analysis; FTIR: Fourier-transform
infrared spectroscopy; SEM: Scanning electron microscopes;
EDX: Energy-dispersive X-ray spectroscopy; CV: Cyclic voltamme-
try; EIS: Electrochemical impedance spectroscopy; DNA: Deoxyri-
bonucleic acid; fsDNA: Fish sperm DNA; GDE: Glycerol diglycidyl
ether; EDC: 1-Ethyl-3-(3-dimethylaminopropyl carboimide) hydro-
chloride; NHS: N-hydroxysuccinimide; DW: Double-distilled water;
SPE: Screen-printed electrode

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00604-024-06550-7.

Acknowledgements A.E. would like to express her gratitude to the
Turkish Academy of Sciences (TUBA) as the principal member of
TUBA for its partial support.

Author contribution N.T. contributed to the research, investigation,
data collection, original drafting, and editing. M.M. and E.Y. contrib-
uted to the investigation and the data collection as well as provided the
original drafting and editing of the article. S.B. and A.E. provided sup-
port in research; conceptualization; investigation; methodology; data
acquisition; supervision; writing; review—editing; and funding. All
authors approved the final version of the article.

Funding Open access funding provided by the Scientific and Technologi-
cal Research Council of Tiirkiye (TUBITAK). Open access funding pro-
vided by the Scientific and Technological Research Council of Tiirkiye
(TUBITAK).

Data availability Not applicable.

Declarations

Ethical approval This research did not involve human or animal sam-
ples.

Conflict of interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Thévenot DR, Toth K, Durst RA, Wilson GS (2001) Electrochemi-
cal biosensors: recommended definitions and classification. Anal
Lett 34:635-659. https://doi.org/10.1081/AL-100103209

2. Erdem A (2007) Nanomaterial-based electrochemical DNA sens-
ing strategies. Talanta 74:318-325. https://doi.org/10.1016/J.
TALANTA.2007.10.012

3. Palecek E, Bartosik M (2012) Electrochemistry of nucleic acids.
Chem Rev 112:3427-3481. https://doi.org/10.1021/cr200303p


https://doi.org/10.1007/s00604-024-06550-7
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1081/AL-100103209
https://doi.org/10.1016/J.TALANTA.2007.10.012
https://doi.org/10.1016/J.TALANTA.2007.10.012
https://doi.org/10.1021/cr200303p

Microchim Acta (2024) 191:499

Page 150f 17 499

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Wang J (2006) Electrochemical biosensors: towards point-of-care
cancer diagnostics. Biosens Bioelectron 21:1887—-1892. https://
doi.org/10.1016/j.bios.2005.10.027

Erdem A, Senturk H, Yildiz E, Maral M (2022) Amperometric
immunosensor developed for sensitive detection of SARS-CoV-2
spike S1 protein in combined with portable device. Talanta
244:123422. https://doi.org/10.1016/j.talanta.2022.123422
Khater M, de la Escosura-Muiiz A, Quesada-Gonzalez D,
Merkoci A (2019) Electrochemical detection of plant virus
using gold nanoparticle-modified electrodes. Anal Chim Acta
1046:123-131. https://doi.org/10.1016/j.aca.2018.09.031

Bao J, Huang T, Wang Z et al (2019) 3D graphene/copper oxide
nano-flowers based acetylcholinesterase biosensor for sensitive
detection of organophosphate pesticides. Sens Actuators B Chem
279:95-101. https://doi.org/10.1016/j.snb.2018.09.118

Erdem A, Muti M, Mese F, Eksin E (2014) Chitosan-ionic liq-
uid modified single-use sensor for electrochemical monitoring of
sequence-selective DNA hybridization. Colloids Surf B Bioint-
erfaces 114:261-268. https://doi.org/10.1016/j.colsurfb.2013.10.
019

Tuncer C, Canavar E, Congur G et al (2012) Synthesis and charac-
terization of water-insoluble statistical copolymer and its applica-
tion in the development of electrochemical DNA sensor. Talanta
100:270-275. https://doi.org/10.1016/j.talanta.2012.07.020
Baykal B, Kadikoylu G, Senturk H et al (2021) Preparation and
characterization gallic acid-titanium dioxide nanocomposites for
biosensing application on voltammetric detection of DNA. J Elec-
troanal Chem 892:1-7. https://doi.org/10.1016/j.jelechem.2021.
115262

Thévenot DR, Toth K, Durst RA, Wilson GS (2001) Electro-
chemical biosensors: recommended definitions and classification.
Biosens Bioelectron 16:121-131. https://doi.org/10.1016/S0956-
5663(01)00115-4

Njagi JI, Kagwanja SM (2011) The interface in biosensing:
improving selectivity and sensitivity. ACS Symp Ser 1062:225-
247. https://doi.org/10.1021/bk-2011-1062.ch011

Teles FRR, Fonseca LP (2008) Applications of polymers for bio-
molecule immobilization in electrochemical biosensors. Mater Sci
Eng, C 28:1530-1543. https://doi.org/10.1016/].MSEC.2008.04.
010

Memic A, Colombani T, Eggermont LJ et al (2019) Latest
advances in cryogel technology for biomedical applications. Adv
Ther (Weinh) 2:1800114. https://doi.org/10.1002/ADTP.20180
0114

Sengel SB, Sahiner M, Aktas N, Sahiner N (2017) Halloysite-
carboxymethyl cellulose cryogel composite from natural sources.
Appl Clay Sci 140:66-74. https://doi.org/10.1016/j.clay.2017.01.
031

Okay O (2014) Polymeric cryogels macroporous gels with remark-
able properties. Springer International Publishing, Cham

Bagri LP, Bajpai J, Bajpai AK (2011) Evaluation of starch based
cryogels as potential biomaterials for controlled release of antibi-
otic drugs. Bulletin mof Materials Science 34:1739-1748. https://
doi.org/10.1007/s12034-011-0385-9

Ciolacu D, Rudaz C, Vasilescu M, Budtova T (2016) Physically
and chemically cross-linked cellulose cryogels: structure, prop-
erties and application for controlled release. Carbohydr Polym
151:392-400. https://doi.org/10.1016/J.CARBPOL.2016.05.084
Shih TY, Blacklow SO, Li AW et al (2018) Injectable, tough algi-
nate cryogels as cancer vaccines. Adv Healthc Mater 7:1701469.
https://doi.org/10.1002/ADHM.201701469

Venkatesan J, Lowe B, Anil S et al (2015) Seaweed polysaccha-
rides and their potential biomedical applications. Starch - Stérke
67:381-390. https://doi.org/10.1002/STAR.201400127

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

Lee YE, Kim H, Seo C, et al (2017) Marine polysaccharides:
therapeutic efficacy and biomedical applications. Archiv Phar Res
40:9 40:1006-1020. https://doi.org/10.1007/S12272-017-0958-2
Jain R, Jadon N, Pawaiya A (2017) Polypyrrole based next gen-
eration electrochemical sensors and biosensors: a review. TrAC
- Trends in Anal Chem 97:363-373. https://doi.org/10.1016/j.trac.
2017.10.009

Algarni SA, Hussein MA, Ganash AA, Khan A (2020) Composite
material-based conducting polymers for electrochemical sensor
applications: a mini review. Bionanoscience 10:351-364. https://
doi.org/10.1007/S12668-019-00708-X/TABLES/1idil 1404
Esmaeili C, Heng LY, Chiang CP, Rashid ZA, Safitri E, Marugan
RSPM (2017) A DNA biosensor based on kappa-carrageenan-
polypyrrole-gold nanoparticles composite for gender determina-
tion of Arowana fish (Scleropages formosus). Sens Actuators, B
Chem 242:616-624. https://doi.org/10.1016/j.snb.2016.11.061
Esmaeili C, Ghasemi M, Heng LY, Hassan SH, Abdi MM, Daud
WRW, Ismail AF (2014) Synthesis and application of polypyrrole/
carrageenan nano-bio composite as a cathode catalyst in micro-
bial fuel cells. Carbohydr Polym 114:253-259. https://doi.org/10.
1016/j.carbpol.2014.07.072

Sahiner N, Demirci S, Aktas N (2017) Superporous cryogel/
conductive composite systems for potential sensor applications. J
Polym Res 24:1-11. https://doi.org/10.1007/S10965-017-1288-2/
TABLES/4

Vishnoi T, Singh A, Teotia AK, Kumar A (2019) Chitosan-gel-
atin-polypyrrole cryogel matrix for stem cell differentiation into
neural lineage and sciatic nerve regeneration in peripheral nerve
mjury model. ACS Biomater Sci Eng. https://doi.org/10.1021/
ACSBIOMATERIALS.9B00242/ASSET/IMAGES/LARGE/
AB-2019-00242A_0010.JPEG

Milakin KA, Capéakova Z, Acharya U et al (2020) Biocompatible
and antibacterial gelatin-based polypyrrole cryogels. Polymer
(Guildf) 197:122491. https://doi.org/10.1016/].POLYMER.2020.
122491

Sarkaya K, Cadirct M, Cetin K, Mutlu D, Arslan § (2023)
PHEMA/PPy cytocompatible conductive cryogels: one-pot syn-
thesis, characterization, and electrical properties. Mater Today
Commun 35:105791. https://doi.org/10.1016/j.mtcomm.2023.
105791

Milakin KA, Acharya U, Trchova M, Zasonska BA, Stejskal J
(2020) Polypyrrole/gelatin cryogel as a precursor for a macropo-
rous conducting polymer. React Funct Polym 157:104751. https://
doi.org/10.1016/j.reactfunctpolym.2020.104751

Hu Y, Cao M, Xu J, Liu X, Lu J, Yan J, Rojas OJ (2023) Thermally
insulating and electroactive cellular nanocellulose composite cry-
ogels from hybrid nanofiber networks. ] Chem Eng 455:140638.
https://doi.org/10.1016/j.cej.2022.140638

Erdem A, Congur G (2018) Hydroxyapatite nanoparticles modi-
fied graphite electrodes for electrochemical DNA detection. Elec-
troanalysis 30:67-74. https://doi.org/10.1002/ELAN.201700462
Bo Y, Yang H, Hu Y et al (2011) A novel electrochemical DNA
biosensor based on graphene and polyaniline nanowires. Elec-
trochim Acta 56:2676-2681. https://doi.org/10.1016/J.ELECT
ACTA.2010.12.034

Guo L, Mu Z, Yan B et al (2022) A novel electrochemical biosen-
sor for sensitive detection of non-small cell lung cancer ctDNA
using NG-PEI-COFTAPB-TFPB as sensing platform and Fe-MOF
for signal enhancement. Sens Actuators B Chem 350:130874.
https://doi.org/10.1016/J.SNB.2021.130874

Eksin E, Isin D, Unal DN, Erdem A (2022) Electrochemical
monitoring of interaction of temozolamide with DNA by gra-
phene oxide modified single-use electrodes. J Electrochem Soc
169:026513. https://doi.org/10.1149/1945-7111/AC4DB1

@ Springer


https://doi.org/10.1016/j.bios.2005.10.027
https://doi.org/10.1016/j.bios.2005.10.027
https://doi.org/10.1016/j.talanta.2022.123422
https://doi.org/10.1016/j.aca.2018.09.031
https://doi.org/10.1016/j.snb.2018.09.118
https://doi.org/10.1016/j.colsurfb.2013.10.019
https://doi.org/10.1016/j.colsurfb.2013.10.019
https://doi.org/10.1016/j.talanta.2012.07.020
https://doi.org/10.1016/j.jelechem.2021.115262
https://doi.org/10.1016/j.jelechem.2021.115262
https://doi.org/10.1016/S0956-5663(01)00115-4
https://doi.org/10.1016/S0956-5663(01)00115-4
https://doi.org/10.1021/bk-2011-1062.ch011
https://doi.org/10.1016/J.MSEC.2008.04.010
https://doi.org/10.1016/J.MSEC.2008.04.010
https://doi.org/10.1002/ADTP.201800114
https://doi.org/10.1002/ADTP.201800114
https://doi.org/10.1016/j.clay.2017.01.031
https://doi.org/10.1016/j.clay.2017.01.031
https://doi.org/10.1007/s12034-011-0385-9
https://doi.org/10.1007/s12034-011-0385-9
https://doi.org/10.1016/J.CARBPOL.2016.05.084
https://doi.org/10.1002/ADHM.201701469
https://doi.org/10.1002/STAR.201400127
https://doi.org/10.1007/S12272-017-0958-2
https://doi.org/10.1016/j.trac.2017.10.009
https://doi.org/10.1016/j.trac.2017.10.009
https://doi.org/10.1007/S12668-019-00708-X/TABLES/1idil1404
https://doi.org/10.1007/S12668-019-00708-X/TABLES/1idil1404
https://doi.org/10.1016/j.snb.2016.11.061
https://doi.org/10.1016/j.carbpol.2014.07.072
https://doi.org/10.1016/j.carbpol.2014.07.072
https://doi.org/10.1007/S10965-017-1288-2/TABLES/4
https://doi.org/10.1007/S10965-017-1288-2/TABLES/4
https://doi.org/10.1021/ACSBIOMATERIALS.9B00242/ASSET/IMAGES/LARGE/AB-2019-00242A_0010.JPEG
https://doi.org/10.1021/ACSBIOMATERIALS.9B00242/ASSET/IMAGES/LARGE/AB-2019-00242A_0010.JPEG
https://doi.org/10.1021/ACSBIOMATERIALS.9B00242/ASSET/IMAGES/LARGE/AB-2019-00242A_0010.JPEG
https://doi.org/10.1016/J.POLYMER.2020.122491
https://doi.org/10.1016/J.POLYMER.2020.122491
https://doi.org/10.1016/j.mtcomm.2023.105791
https://doi.org/10.1016/j.mtcomm.2023.105791
https://doi.org/10.1016/j.reactfunctpolym.2020.104751
https://doi.org/10.1016/j.reactfunctpolym.2020.104751
https://doi.org/10.1016/j.cej.2022.140638
https://doi.org/10.1002/ELAN.201700462
https://doi.org/10.1016/J.ELECTA​CTA​.2010.12.034
https://doi.org/10.1016/J.ELECTA​CTA​.2010.12.034
https://doi.org/10.1016/J.SNB.2021.130874
https://doi.org/10.1149/1945-7111/AC4DB1

499 Page 16 of 17

Microchim Acta (2024) 191:499

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

S1.

Eksin E, Bolat G, Kuralay F et al (2015) Preparation of gold
nanoparticles/single-walled carbon nanotubes/polyaniline com-
posite-coated electrode developed for DNA detection. Polym
Bull 72:3135-3146. https://doi.org/10.1007/S00289-015-1457-
6/FIGURES/6

Zor E, Eksin E, Findik M et al (2017) Carboxylated-graphene
decorated pencil graphite electrode as a platform for voltammetric
detection of DNA. J Electrochem Soc 164:B723-B729. https://
doi.org/10.1149/2.1971713JES/XML

Liu A, Chen X, Wang K, Wei N, Sun Z, Lin X, Du M (2011) Elec-
trochemical DNA biosensor based on aldehyde-agarose hydrogel
modified glassy carbon electrode for detection of PML/RARa
fusion gene. Sens Actuators B Chem 160(1):1458-1463. https://
doi.org/10.1016/j.snb.2011.10.013

Salahuddin B, Masud MK, Aziz S, Liu CH, Amiralian N, Ashok A,
Kaneti YV (2022) k-Carrageenan gel modified mesoporous gold
chronocoulometric sensor for ultrasensitive detection of microRNA.
Bull Chem Soc Jpn 95(1):198-207. https://doi.org/10.1246/bcs;].
20210286

Congur G, Eksin E, Erdem A (2021) Levan modified DNA biosen-
sor for voltammetric detection of daunorubicin-DNA interaction.
Sens Actuators B Chem 326:128818. https://doi.org/10.1016/j.snb.
2020.128818

Demirci S, Duygu Sutekin S, Sahiner N (2020) Polymeric com-
posites based on carboxymethyl cellulose cryogel and conductive
polymers: synthesis and characterization. ] Compos Sci 4:33 4:33.
https://doi.org/10.3390/JCS4020033

Ertugrul Uygun HD, Demir MN (2020) A novel fullerene-pyrrole-
pyrrole-3-carboxylic acid nanocomposite modified molecularly
imprinted impedimetric sensor for dopamine determination in urine.
Electroanalysis 32:1971-1976. https://doi.org/10.1002/elan.20206
0023

Solanki PR, Prabhakar N, Pandey MK, Malhotra BD (2009) Surface
plasmon resonance-based DNA biosensor for arsenic trioxide detec-
tion. Int J Environ Anal Chem 89:49-57. https://doi.org/10.1080/
03067310802398872

Guo M, ChenJ, Liu D et al (2004) Electrochemical characteristics of
the immobilization of calf thymus DNA molecules on multi-walled
carbon nanotubes. Bioelectrochemistry 62:29-35. https://doi.org/
10.1016/j.bioelechem.2003.10.005

Huang E, Zhou F, Deng L (2000) Studies of surface coverage
and orientation of DNA molecules immobilized onto preformed
alkanethiol self-assembled monolayers. Langmuir 16:3272-3280.
https://doi.org/10.1021/1a9910834

Ozsoz M, Erdem A, Kerman K et al (2003) Electrochemical
genosensor based on colloidal gold nanoparticles for the detection
of Factor V Leiden mutation using disposable pencil graphite elec-
trodes. Anal Chem 75:2181-2187. https://doi.org/10.1021/ac026
212r

Kirsebom H, Mattiasson B (2011) Cryostructuration as a tool for
preparing highly porous polymer materials. Polym Chem 2:1059-
1062. https://doi.org/10.1039/C1PY00014D

Esmaeili C, Heng LY, Ling TL (2015) Nile Blue chromoionophore-
doped kappa-carrageenan for a novel reflectometric urea biosensor.
Sens Actuators B Chem 221:969-977. https://doi.org/10.1016/j.snb.
2015.07.037

Elsupikhe RF, Shameli K, Ahmad MB et al (2015) Green sonochem-
ical synthesis of silver nanoparticles at varying concentrations of
k-carrageenan. Nanoscale Res Lett 10:1-8. https://doi.org/10.1186/
S11671-015-0916-1/FIGURES/7

Mahdavinia GR, Mosallanezhad A (2016) Facile and green rout
to prepare magnetic and chitosan-crosslinked k-carrageenan biona-
nocomposites for removal of methylene blue. J Water Process Eng
10:143-155. https://doi.org/10.1016/J JWPE.2016.02.010

Dos Santos MR, De Oliveira HP (2014) Simple method for mass
production of polypyrrole/carbon nanotubes hybrid artificial muscle.

Springer

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Quim Nova 37:1000-1003. https://doi.org/10.5935/0100-4042.
20140161

Xu C, SunJ, Gao L (2011) Synthesis of novel hierarchical graphene/
polypyrrole nanosheet composites and their superior electrochemi-
cal performance. J Mater Chem 21:11253-11258. https://doi.org/
10.1039/C1IM11275A

Pascalau V, Popescu V, Popescu GL et al (2012) The alginate/k-
carrageenan ratio’s influence on the properties of the cross-linked
composite films. J Alloys Compd 536:S418-S423. https://doi.org/
10.1016/J.JALLCOM.2011.12.026

Fatoni A, Numnuam A, Kanatharana P et al (2014) A conductive
porous structured chitosan-grafted polyaniline cryogel for use as a
sialic acid biosensor. Electrochim Acta 130:296-304. https://doi.
org/10.1016/J.ELECTACTA.2014.03.036

Kangkamano T, Numnuam A, Limbut W et al (2017) Chitosan cryo-
gel with embedded gold nanoparticles decorated multiwalled carbon
nanotubes modified electrode for highly sensitive flow based non-
enzymatic glucose sensor. Sens Actuators B Chem 246:854-863.
https://doi.org/10.1016/J.SNB.2017.02.105

Samanman S, Numnuam A, Limbut W et al (2015) Highly-sensitive
label-free electrochemical carcinoembryonic antigen immunosensor
based on a novel Au nanoparticles—graphene—chitosan nanocompos-
ite cryogel electrode. Anal Chim Acta 853:521-532. https://doi.org/
10.1016/J.ACA.2014.10.006

Choosang J, Khumngern S, Thavarungkul P et al (2021) An ultrasen-
sitive label-free electrochemical immunosensor based on 3D porous
chitosan—graphene—ionic liquid—ferrocene nanocomposite cryogel
decorated with gold nanoparticles for prostate-specific antigen. Tal-
anta 224:121787. https://doi.org/10.1016/J. TALANTA.2020.121787
Jirakunakorn R, Khumngern S, Choosang J et al (2020) Uric acid
enzyme biosensor based on a screen-printed electrode coated with
Prussian blue and modified with chitosan-graphene composite cryo-
gel. Microchem J 154:104624. https://doi.org/10.1016/J.MICROC.
2020.104624

Cummings TE, Elving PJ (1978) Determination of the electrochemi-
cally effective electrode area. Anal Chem 50:480—488. https://doi.
org/10.1021/ac50025a03 1

Lamarca RS, De FRAD, Zanoni MVB et al (2020) Simple, fast
and environmentally friendly method to determine ciprofloxacin in
wastewater samples based on an impedimetric immunosensor. RSC
Adv 10:1838-1847. https://doi.org/10.1039/CORA09083E

Tsai JZ, Chen CJ, Settu K et al (2016) Screen-printed carbon elec-
trode-based electrochemical immunosensor for rapid detection of
microalbuminuria. Biosens Bioelectron 77:1175-1182. https://doi.
org/10.1016/J.BI0S.2015.11.002

Janek RP, Fawcett WR, Ulman A (1998) Impedance spectroscopy of
self-assembled monolayers on Au(111): sodium ferrocyanide charge
transfer at modified electrodes. Langmuir 14:3011-3018. https://doi.
org/10.1021/1a970980+

J.N. Miller, J.C. Miller (2000) Statistics and chemometrics for ana-
lytical chemistry. In: Pearson Education. London

Liu H, Wang D, Song Z, Shang S (2011) Preparation of silver
nanoparticles on cellulose nanocrystals and the application in elec-
trochemical detection of DNA hybridization. Cellulose 18:67-74.
https://doi.org/10.1007/s10570-010-9464-0

Tai MJY, Perumal V, Gopinath SCB et al (2021) Laser-scribed
graphene nanofiber decorated with oil palm lignin capped silver
nanoparticles: a green biosensor. Sci Rep 11:1-9. https://doi.org/
10.1038/541598-021-85039-2

Congur G, Eksin E, Erdem A (2019) Chitosan modified graphite
electrodes developed for electrochemical monitoring of interaction
between daunorubicin and DNA. Sens Biosensing Res 22:100255.
https://doi.org/10.1016/j.sbsr.2018.100255

Galandova J, Trnkova L, Mikelova R, Labuda J (2009) Investigation
of a DNA-based biosensor with chitosan-carbon nanotubes interface


https://doi.org/10.1007/S00289-015-1457-6/FIGURES/6
https://doi.org/10.1007/S00289-015-1457-6/FIGURES/6
https://doi.org/10.1149/2.1971713JES/XML
https://doi.org/10.1149/2.1971713JES/XML
https://doi.org/10.1016/j.snb.2011.10.013
https://doi.org/10.1016/j.snb.2011.10.013
https://doi.org/10.1246/bcsj.20210286
https://doi.org/10.1246/bcsj.20210286
https://doi.org/10.1016/j.snb.2020.128818
https://doi.org/10.1016/j.snb.2020.128818
https://doi.org/10.3390/JCS4020033
https://doi.org/10.1002/elan.202060023
https://doi.org/10.1002/elan.202060023
https://doi.org/10.1080/03067310802398872
https://doi.org/10.1080/03067310802398872
https://doi.org/10.1016/j.bioelechem.2003.10.005
https://doi.org/10.1016/j.bioelechem.2003.10.005
https://doi.org/10.1021/la9910834
https://doi.org/10.1021/ac026212r
https://doi.org/10.1021/ac026212r
https://doi.org/10.1039/C1PY00014D
https://doi.org/10.1016/j.snb.2015.07.037
https://doi.org/10.1016/j.snb.2015.07.037
https://doi.org/10.1186/S11671-015-0916-1/FIGURES/7
https://doi.org/10.1186/S11671-015-0916-1/FIGURES/7
https://doi.org/10.1016/J.JWPE.2016.02.010
https://doi.org/10.5935/0100-4042.20140161
https://doi.org/10.5935/0100-4042.20140161
https://doi.org/10.1039/C1JM11275A
https://doi.org/10.1039/C1JM11275A
https://doi.org/10.1016/J.JALLCOM.2011.12.026
https://doi.org/10.1016/J.JALLCOM.2011.12.026
https://doi.org/10.1016/J.ELECTA​CTA​.2014.03.036
https://doi.org/10.1016/J.ELECTA​CTA​.2014.03.036
https://doi.org/10.1016/J.SNB.2017.02.105
https://doi.org/10.1016/J.ACA.2014.10.006
https://doi.org/10.1016/J.ACA.2014.10.006
https://doi.org/10.1016/J.TALANTA.2020.121787
https://doi.org/10.1016/J.MICROC.2020.104624
https://doi.org/10.1016/J.MICROC.2020.104624
https://doi.org/10.1021/ac50025a031
https://doi.org/10.1021/ac50025a031
https://doi.org/10.1039/C9RA09083E
https://doi.org/10.1016/J.BIOS.2015.11.002
https://doi.org/10.1016/J.BIOS.2015.11.002
https://doi.org/10.1021/la970980+
https://doi.org/10.1021/la970980+
https://doi.org/10.1007/s10570-010-9464-0
https://doi.org/10.1038/s41598-021-85039-2
https://doi.org/10.1038/s41598-021-85039-2
https://doi.org/10.1016/j.sbsr.2018.100255

Microchim Acta (2024) 191:499

Page 17 of 17 499

68.

by cyclic and elimination voltammetry. Electroanalysis 21:563-572.
https://doi.org/10.1002/elan.200804450

Civan S, Aydin S, Aladag Tanik N, Aykut Y (2021) Cellulose mono-
acetate/tetraethyl orthosilicate hybrid nanofibers for electrochemical
DNA biosensors. Fibers and Polymers 22:981-988. https://doi.org/
10.1007/s12221-021-0546-4

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1002/elan.200804450
https://doi.org/10.1007/s12221-021-0546-4
https://doi.org/10.1007/s12221-021-0546-4

	Synthesis and characterization of polysaccharide-cryogel and  its application to the electrochemical detection of DNA
	Abstract
	Introduction
	Materials and methods
	Apparatus and chemicals
	CG cryogel and CG-SA cryogel synthesis
	PPyCG cryogel and PPyCG-SA cryogel synthesis
	Characterization of CG, CG-SA, PPyCG, and PPyCG-SA cryogels
	Electrode fabrication
	Preparation of 2BPPyCG cryogel and 2BPPyCG-SA cryogel-modified electrodes
	Covalent surface activation of the modified electrode
	Immobilization of fsDNA on 2BPPyCG cryogel and 2BPPyCG-SA cryogel surfaces
	Optimization of modified electrode composition
	Electrochemical measurements

	Results and discussion
	Cryogel synthesis and characterization
	Modification of the working electrode
	Modified electrode characterization and optimization
	The electrochemical optimization of volume of solution dripped onto the electrode surface
	The electrochemical optimization of PPy monomer concentration
	The electrochemical optimization of PPy synthesis reaction time
	The electrochemical optimization of cryogel solution concentration
	Electrochemical behaviour of modified electrodes
	Effect of EDC-NHS activation on 2BPPyCG cryogel and 2BPPyCG-SA cryogel electrodes
	Effect of EDC-NHS interaction time at 2BPPyCG-SA cryogel–modified electrodes
	CV and EIS characterization of 2BPPyCG-SA cryogel-modified electrodes
	Analytical performance
	Linear range and the limit of detection
	Stability of the biosensor


	Conclusion
	Acknowledgements 
	References


