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Abstract

Study of the use of polymers with higher conductivity like polypyrrole, and polyaniline in the electrochemical insulin sen-
sors can overcome the drawbacks arising from the ongoing use of non-conductive polymer membrane. Conductive polymer
membranes maintain the positive properties of polymers, like improved stability, reproducibility, and even increase the
current response of the prepared sensor toward insulin oxidation. Three different screen-printed electrodes modified with
polyaniline, polypyrrole, or chitosan with electrochemically deposited nickel nanoparticles ensuring insulin oxidation were
prepared. The electrode morphology was examined via SEM with EDX analysis. Also, the electroactive surface area and
stability were determined by voltammetric methods. Based on the results, the SPCEs modified by polypyrrole and nickel
nanoparticles were determined as the most appropriate for the insulin determination. The NiNPs-PPy-SPCE exhibited a
linear range (500 nM-5 pM), a low-down limit of detection (38 nM), high sensitivity (3.98 uA/uM), and excellent result from
insulin determination in real samples (human blood serum). The results confirmed the high potential of developed sensor

for future research focused on detection of insulin via electrochemistry methods in clinical samples.

Keywords Polymer membrane - Polyaniline - Polypyrrole - Chitosan - Novel sensors - Insulin determination - Diabetes
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Introduction

Insulin is known as an anabolic hormone consisting of two
chains connected by disulfide bridges [1]. It adjusts the fat,
carbohydrate, and protein metabolism by ensuring the trans-
port of glucose from the blood vessels into cells [2]. Insulin
secretion dysfunction or inappropriate insulin action is a
common cause of cancer, neurodegenerative diseases, and
more widespread disease called diabetes mellitus (DM) [3,
4]. In addition, patients suffering with diabetes also face
complications including microvascular complications [5],
blindness, and chronic kidney diseases [6].
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Currently, the commercially used diagnostics test for
DM operates on glucose determination using enzymatic
glucose sensors [7]. Unfortunately, these sensors exhibit
drawbacks arising from the low stability and high price of
used enzymes [8—10]. Therefore, to establish a cheap, selec-
tive, sensitive, and simple method for insulin detection is of
great significance for its diagnosis and monitoring and the
prevention of related complications [11]. There are many
laboratory methods for insulin determination like bioassays
[12], immunoassays [13], high performance liquid chroma-
tography (HPLC), etc. [14]. The huge shortcomings of above
mentioned methods are their low sensitivity, low selectivity,
high price, and difficult evaluation, which make their use in
everyday clinical practice impossible [12, 13, 15]. Overleaf
electrochemical non-enzymatic sensing represents simple
and highly sensitive method with low detection limit, ease
of use and fast, and low price.

Whereas there are no commercially available sensors
for insulin determination, various carbon-based electrodes
have been widely tested for electrochemical insulin sensor
development [16]. Screen-printed carbon electrode (SPCE)
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represents the most appropriate candidate due to the small
size of working electrode (WE) and only small amount of
analyte required for the determination (50 pL) [8, 17, 18].
To improve the catalytic activity toward insulin oxidation,
various metals (Co, Cu, Ni, Zn) and metal oxide nanopar-
ticles (CuO, NiO, and ZnO) were deposited on the carbon
electrode surface [19, 20]. Above-mentioned modifications
are still much more cost-effective in comparison with enzy-
matic sensors. Based on previous known results, Ni nano-
particles (NiNPs) can be considered one of the most suitable
modifications of carbon electrode due to excellent electrical
properties, low cost, and catalytic activity in the presence of
insulin [21, 22].

The usage of polymer membrane is one of the key
parameters that need to be included in the construction of
electrochemical insulin sensor [23, 25]. The main role of
the polymer membrane is the nanoparticle fixation during
electrochemical measurement and prevention of CI™ ion
adsorption, which is leading to improved sensors’ stabil-
ity and selectivity. Although the above-mentioned polymers
stabilize the nanoparticles on the electrode surface, their low
conductivity limits their use. Conductive polymers (CP),
such as polypyrrole, polyaniline, or polythiophene, repre-
sent ideal candidates for further electrode modification due
to their electroactivity [26, 27]. CPs are currently used in
various applications including health care or energy storage
[28] [29]. Furthermore, nanoparticles are capable of improv-
ing the properties of conducting polymers, owing to their
nanostructures with the expanded active surface area, which
results in increased conductivity, electrochemical activity,
and higher electron transporter portability [28]. For exam-
ple, graphite electrode modified by combination of NiNPs
and polypyrrole has been studied as potential candidate for
non-enzymatic glucose sensor. The results show the excel-
lent properties of developed electrode like low limit of detec-
tion (0.4 puM/1), high sensitivity (2873 nA/mM), and wide
linear range (1-1000 uM/1) [30].

Polypyrrole (PPy) is characterized by the combined heter-
ocyclic monomers (pyrroles) [31]. The conductivity of PPy
relies upon its oxidation state [32]. However, it has been
shown that a film of PPY can be over-oxidized when exposed
to the positive potential or higher potentials for a specific
time [32-34]. There are various ways of PPY preparation
including electrochemical polymerization, enzyme-assisted
formation, etc. [35]. PPy has extraordinary properties such
as electrocatalytic properties [36], excellent adhesive proper-
ties [37], biocompatibility [38], and low cost [31]. Because
of these properties, it can be considered a suitable material
for medical applications [37, 39].

Polyaniline (PANI) is a conductive polymer consisting
of aniline monomers [40]. PANI shows remarkable prop-
erties like electrical conductivity [41], electroactivity [42],
optical properties, biocompatibility [43], excellent stability,
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and straightforward synthesis process [41]. Properties of
PANI can be easily improved via electrochemical deposi-
tion of metal nanoparticles. For example, electrodeposited
gold nanostructures (AuNS) on the polyaniline—poly(3,4-
ethylenedioxythiophene) (PANI-PEDOT)-modified indium
tin oxide electrode show the excellent enhancement of elec-
trochromic properties [44]. Therefore, it has a wide range of
applications as sensors—biosensors or gas sensors [43] or in
corrosion protection [41].

Herein, the impact of two conductive polymers
(polypyrrole and polyaniline) on the determination of
insulin via electrochemistry methods on NiNP-modified
SPCEs was analyzed. All the results were compared with
the electrochemical insulin determination on non-conducting
polymer (chitosan)-modified SPCE. The morphology,
electrochemical properties, stability, and selectivity of
NiNP-polypyrrole-modified SPCE (NiNPs-PPy-SPCE)
and NiNPs-polyaniline-modified SPCE (NiNPs-PANI-
SPCE) were studied and compared with NiNPs-chitosan-
modified SPCE (NiNPs-CHIT-SPCE) using cyclic using
various electrochemical methods. Phosphate-buffered saline
(PBS) was used as a blank solution for all electrochemical
experiments except the real samples analysis where human
blood serum was used as a blank solution.

Methods
Instrumentations

Cyclic voltammograms and chronoamperograms were
obtained from Metrohm AUTOLAB PGSTAT302N poten-
tiostat/galvanostat (Switzerland), combined with a connector
for SPCE system. SPCE type 110 was used for all electro-
chemical measurements made of carbon counter electrode,
Ag/AgCl reference electrode, and various modified carbon
electrode as the working electrodes. Ag/AgCl reference
electrode was used as a pseudoelectrode without any modi-
fication prior to the measurements. All experiments were
carried on at atmospheric pressure and laboratory tempera-
ture. Morphology and surface composition of the WE were
studied by scanning electron microscopy (SEM) CrossBeam
system (AURIGA Compact mam) with energy dispersive
X-ray (EDX) analysis (Germany).

SPCE Modification
NiNPs-CHIT-SPCE

Medium molecular weight chitosan (Sigma Aldrich, USA,
Missouri) was dissolved in a deionized water and 0.1 M
CH;COOH to obtain acidic solution (pH=3). Ten Micro-
liters of the dissolved chitosan was applied on the WE of
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SPCE and dried at laboratory conditions. Thereafter, 40 mM
Ni(NO;),.6H,0 (CentralChem, Slovakia) solution with
pH=2 was used for the electrodeposition of the NiNPs on
the SPCE, which was further modified with chitosan. pH
was adjusted by using 0.5 M HCI (Milan Adamik Labora-
tory Chemicals, Slovakia). The NiNPs were deposited on
the electrode surface via pulsed technique using potentials
of E=4+0.4V for5s.

NiNPs-PANI-SPCE

Chemical oxidation polymerization method was used to pre-
pare PANI. Initially, 0.5 mL of monomer aniline was dis-
solved into 10 mL of distilled water containing 1 M HCL.
The prepared solution was stirred for 30 min to produce
aniline hydrochloride. Subsequently, an ammonium peroxy-
disulfate solution of same volume as aniline hydrochloride
solution was added, and the mixture was homogenized by
a mechanical stirrer for 1 h. The concentration used for the
preparation of PANI was 0.1 M aniline hydrochloride and
0.125 M ammonium peroxydisulfate. The solid products
were separated using filtration technique, washed with 1 M
HCI, rinsing with ethanol and then re-dispersed (1 mg/mL)
in water/ethanol (1:1 v/v ratio) solution. Ten microliters of
the PANI solution was applied on the carbon WE surface
and dried at laboratory conditions, followed by the elec-
trodeposition of the NiNPs on the further PANI-modified
SPCE surface by adding 40-mM Ni(NO;),.6H,0 solu-
tion. The electrodeposition of the NiNPs on the SPCE was
realized via pulse technique as described above to obtain
NiNPs-CHIT-SPCE.

NiNPs-PPy-SPCE

The preparation of polypyrrole (PPy) followed similar proce-
dure as in the case of PANI described above. However, in the
place of aniline, pyrrole was used as the reacting monomer by
dissolving in 1 M HCl solution. The same volume of ammo-
nium peroxydisulfate was mixed with the pyrrole solution for
polymerization. The mixture contained reactant concentra-
tions of 0.1 M pyrrole and 0.125-M ammonium peroxydisul-
fate. The colorless solution continuously changed to black
as the polymerization process reached completion forming
polypyrrole (PPy) solids. The produced PPy black solids were
filtered and washed with water and ethanol followed by re-
dispersion in water/ethanol solution. PPy solution was applied
on the carbon WE surface and dried at laboratory conditions
followed by the electrodeposition of NiNPs on the modified
SPCE to form NiNPs-PPy-SPCE using the same deposition
conditions as in NiNPs-PANI-SPCE and NiNPs-chit-SPCE
development.

Insulin Solution Preparation

To obtain the required insulin concentrations, powdered
insulin (Sigma Aldrich, Missouri) was dissolved in PBS
containing 0.1 M NaOH. To eliminate the influence of solu-
tion aging on electrochemical measurements, all solutions
were prepared direct before electrochemical measurements.
Electrochemical determination of insulin was studied and
compared in three different pHs (2, 7.4, and 11). pH 2 was
secured with addition of 0.1 M HCI. To determine insulin in
real blood serum samples, powdered insulin was dissolved
in human blood serum with 0.1 M NaOH.

Results and Discussion
Surface Characterization
Scanning Electron Microscopy

The scanning electron microscopy images of the bare SPCE
and modified electrodes are displayed in Fig. 1 at the same
magnification (X 5000). It is visible that, at the bare SPCE
surface (Fig. 1A), there is possibility to see inequalities, and
the surface of the SPCE is irregular due to the carbon mate-
rial, which is WE made of. The EDX analysis of the bare
SPCE showed 99.5% of carbon, which exactly corresponds
to the assumptions. After the modification of bare electrode
using polymers in combination with NiNPs, the geometric
surface area of WE considerably increased (Fig. 1B-D) due
to the clusters of nanoparticles, which are observed on all
modified electrodes. The NiNPs cluster size ranged from
4204+ 10 nm (NiNPs-PPy-SPCE) to 8.4+ 0.4 um (NiNPs-
CHIT-SPCE) in diameter, which was measured using ImagelJ
software. As can be seen in Fig. 1B (NiNPs-PPy-SPCE),
polypyrrole-formed polymer fibers on the electrode surface,
leading to the most rapid increasement of WE’s active sur-
face area (see section Active surface area determination)
and the increase in conductivity. Corresponding EDX data
obtained from EDX spectra (Fig. 1B, D, F, H) indicated the
presence of Ni on all modified SPCEs in amounts of 4.6%,
4.2% (Fig. 1F), and 2.5% for NiNPs-PPy-SPCE (Fig. 1D),
NiNPs-PANI-SPCE (Fig. 1F), and NiNPs-CHIT-SPCE
(Fig. 1H), respectively.

Area of Electroactive Surface Calculation

The area of electroactive surface of bare SPCE, NiNPs-
CHIT-SPCE, NiNPs-PANI-SPCE, and NiNPs-PPy-
SPCE was determined via CV using 5 mM K;[Fe(CN)l/
K,[Fe(CN)¢l as a model analyte (Fig. 2). The electroactive
surface area of WE is different from geometric area due to
the inequalities and other influences present on the surface
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Fig.1 SEM micrographs of bare SPCE (A), NiNPs-PPy-SPCE (C), NiNPs-PANI-SPCE (E), and NiNPs-CHIT-SPCE (G) atx 5000 magnifica-
tion with EDX spectra of bare SPCE (B), NiNPs-PPy-SPCE (D), NiNPs-PANI-SPCE (F), and NiNPs-CHIT-SPCE (H)

of WEs. The results of this experiment were calculated via
Randles—Sevéik equation (Eq. 1) to determine the surface
area of WE, which directly participates on the electrochemi-
cal processes.

1
1, = 04463nFAc( 222 )’ )
RT

where Ip represents the current at anodic peak maximum
(A), n refers to the number of transferred electrons during
the electrochemical reaction, A means active surface area of
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Fig.2 Cyclic voltammograms for bare SPCE and different SPCE
modifications (A) (SPCE, violet curve; NiNPs-CHIT-SPCE, red
curve; NiNPs-PANI-SPCE, green curve; NiNPs-PPy-SPCE, blue

@ Springer

WE (cm?), ¢ denotes the concentration of the used analyte
(mol/cm®), v is the used scan rate (V/s), D refers to the dif-
fusion coefficient of used analyte (cm?/s), R is the universal
gas constant (J/Kmol), F represents the Faraday constant (C/
mol), and 7 is the thermodynamic temperature (K).

Figure 2 shows the cyclic voltammogram of the 5 mM
K;[Fe(CN)¢lI/K,[Fe(CN)4] at bare SPCE (violet line),
NiNPs-CHIT-SPCE (red line), NiNPs-PANI-SPCE (yel-
low line), and NiNPs-PPy-SPCE (blue line). As the results
show, the current response increased due to the surface
modification of the electrode by the conductive polymer in
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curve) in 5 mM Kj [Fe(CN)4] in 1 M KCI. Comparison of the maxi-
mal current response for each SPCE modification (B)
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Fig.3 Cyclic voltammograms
of 5 uM insulin in 0.1-M NaOH
and PBS at bare SPCE (violet

line), NiNPs-CHIT-SPCE
(red line), NiNPs-PANI-SPCE
(yellow line), and NiNPs-PPy- 0.20 1
SPCE (blue line)
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combination with NiNPs. The calculated area of the elec-
troactive surface of the bare SPCE was determined as 0.016
cm?. The electroactive surface of the NiNPs-CHIT-SPCE,
NiNPs-PANI-SPCE, and NiNPs-PPy-SPCE was determined
as 0.021 cm?, 0.038 cm?, and 0.046 cm?, respectively. The
highest area of electroactive surface was determined for
NiNPs-PPy-SPCE regarding the extensive active site num-
ber created at the WE, which should lead to efficient insulin
determination and conductivity increasement.

Electrochemical Measurements

Comparison of Electrochemical Behavior of Insulin
at Bare SPCE, NiNPs-CHIT-SPCE, NiNPs-PANI-SPCE,
and NiNPs-PPy-SPCE

To study the electrochemical behavior of bare SPCE,
NiNPs-CHIT-SPCE, NiNPs-PANI-SPCE, and NiNPs-
PPy-SPCE toward 5 pM insulin in 0.1 mM NaOH and
PBS oxidation, CV curves of the above-mentioned SPCEs
were obtained. Electrochemical measurements were real-
ized in the following conditions: potential window rang-
ing E,=405VtoE,=+1YV,v=100 mV/s, number of
cycles: 1 (Fig. 3). No current response toward insulin oxi-
dation was registered in the case of bare SPCE (Fig. 3,
violet line) due to the absence of catalytically active par-
ticles. The highest maximal current value was observed for

-0.2

OTO | 072 | 014 |
Evs. Ag (V)

06 08 10 12

NiNPs-PPy-SPCE (Fig. 3, blue line), which led from the
significant electroactive surface area increase confirmed
by SEM image and calculation of electroactive surface
area. The potential (E= +0.62 V) where the maximal cur-
rent response was recorded appertained to oxidation of
insulin on Ni-modified carbon electrode, which further
verified the electrocatalytic activity of Ni toward insulin
oxidation (see section Electrochemical determination of
insulin on NiNPs-PPY-SPCE and Analytical characteris-
tic calculation). Insulin oxidation on all modified SPCEs
occurs irreversibly due to the difference between cathodic
and anodic peak potentials (AE =210 mV). Taking into
account these results and active surface area calculation,
NiNPs-PPy-SPCE was used for further analysis as most
appropriate for further electrochemical measurements due
to its highest conductivity and electrocatalytic activity
toward insulin oxidation.

The electrochemical behavior of bare SPCE and modi-
fied SPCEs was studied also via EIS. The EIS measure-
ments were realized at the open circuit potential (OCP)
within the frequency range from 100 kHz to 0.1 Hz, with
the AC magnitude of 10 mV. Measured data were fitted by
using Zview software. EIS spectra for different modifica-
tions of WE (Fig. 4A) were fitted by equivalent circuits
shown in Fig. 4 (B, C). All data are listed in Table 1. The
circuit consists of R, solution resistance; CPE1, constant
face element; R2, charge transfer resistant; and Wol, open
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Fig.4 (A) Nyquist diagrams obtained at OCP potential (vs. Ag/AgCl
pseudoreference electrode) in 5 mM K; [Fe(CN)s] in 1 M KCI at
bare SPCE (violet), NiNPs-CHIT-SPCE (red), NiNPs-PANI-SPCE

finite Warburg element. The solution resistance for all
electrode modification was approximately the same 107.7
Q + 10 Q. But the charge transfer resistance increased
in the order SPCE (479.7 Q), NiNPs-CHIT-SPCE (1269
Q), NiNPs-PPy-SPCE (1286 ), and NiNPs-PANI-SPCE
(2.77E18 Q). According to the literature, the order of
electrode modification based on charge transfer resistant
increase corresponds to the decrease of conductivity of the
used polymers [45]. So, the conductivity of prepared elec-
trodes was strongly influenced by used polymer. Double-
layer capacitance was also calculated: SPCE (2.90 uF),
NiNPs-PPy-SPCE (6.08 uF), NiNPs-CHIT-SPCE (1.65
uF), and NiNPs-PANI-SPCE (248 pF). The data of the
charge transfer resistance and double-layer capacitance
corresponds to the result obtained via cyclic voltammetry
and corresponds to results in [24, 46]. So, the NiNPs-PPY-
SPCE is the most suitable candidate for further determina-
tion of insulin.

T . ™
0 200 400 600 800 1000 1200 1400 1600 1800

(yellow), and NiNPs-PPy-SPCE (blue). Equivalent circuit for imped-
ance spectra fitting: NiNPS-PPY-SPCE and NiNPs-PANI-SPCE (B);
SPCE and NiNPs-CHIT-SPCE (C)

Influence of pH on the Electrochemical
Determination of Insulin at NiNPs-PPy-SPCE

For the optimization of electrochemical conditions, elec-
trochemical determination of insulin in three different
values of pH (2, 7.4, and 11) was studied at NiNPs-PPy-
SPCE. As shown in Fig. 5, different pH conditions strongly
influenced the shape of CVs. There were no apparent
peaks found for the determination of insulin in solution
with acidic (Fig. 5, red line) and neutral pH (Fig. 5, green
line), confirming that the NiNPs-PPy-SPCE has no cata-
lytic activity in these pHs. The presence of alkaline pH
ensures formation of electrocatalytic NiO(OH)™ species.
Mechanism of insulin oxidation at NiNPs-PPy-SPCE sur-
face in alkaline solution can be shown as follows:

Ni +20H™ — Ni(OH), + 2¢~ @)

Table 1 Electrochemical data calculated by fitting EIS spectra to equivalent circuits

Electrode X? RI1[Q] CPE2-T [pF] CPE2-P [Q] Wol-R [Q] Wol-T [F] Wol-P
modification

SPCE 0.000372 117.8 2.90 0.87 479.7 1059 5759 0.350
NiNPs-PPY-SPCE 0.001647 99.18 6.08 0.71 1286

NiNPs-PANI-SPCE 0.002441 98.29 248 0.88 2.77E+18

NiNPs-CHIT-SPCE 0.000505 115.7 1.65 0.92 1269 3606 6.26E — 06 0.196
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Fig.5 Cyclic voltammograms of
5 uM insulin in PBS (green line)
in 0.1 M HCl in PBS (red line)

—— pH 11
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1 month was studied. NiNPs-PPy-SPCEs were stored in a
dark place without access to light at laboratory temperature
(=21 °C). The decrease of maximum current value of 1.4%

and in 0.1 M NaOH and PBS
(blue line) at NiNPs-PPy-SPCE
0.20
0.15
< 0.10
E
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0.00 /"
-0.05 /
I T I T
-06 -04 -
Ni(OH), + OH~ — NiO(OH) + H,0 + ¢~ 3)
NiO(OH) + insulin — Ni(OH), + product 4)

Due to the obtained results and mechanism of insulin
oxidation described above (Eqs. 2—4), it can be assumed
that the NiO(OH) particles, which are formed in alkaline pH
on NiNPs-PPy-SPCE, represent the active species, which
strongly catalyze the direct oxidation of insulin (Eq. 3).

Stability Test

Stability is one of the most important parameters to be
considered for development of suitable electrochemical
sensors. Stability tests of the NiNPs-PPy-SPCE after 20
cycles and long-term stability were realized in a 5-mM
K;[Fe(CN)gl/5 mM K,[Fe(CN),] solution via cycling vol-
tammetry method. A decrease of 11.5% of the maximum
current value attributed to the oxidation of K;[Fe(CN)c]
after 20 cycles is observed in Fig. 6A. Cyclic voltammogram
shows that the current decrease after 6 cycles was only 4.1%,
which means that the NiNPs-PPy-SPCE can be repeatedly
used (maximum 6). Long-term stability results are shown
in Fig. 6B, where the maximum current value attributed
to the oxidation of K;[Fe(CN),] decrease after 1 week and

and 5% was observed after 1 week and 1 month, respec-
tively. Declared results confirmed that the NiNPs-PPy-SPCE
is stable after 1 month without significant deterioration of
detection properties.

Direct Electrochemical Insulin Determination
on NiNPs-PPy-SPCE and Analytical Characteristic
Calculation

The electroanalytical properties of NiNPs-PPy-SPCE were
examined via CV (Fig. 7) and CE (Fig. 8) in a solution con-
taining insulin dissolved in 0.1-M NaOH, PBS (pH=11).
All electrochemical measurements were performed three
times, and average value of the current response together
with standard error was included in the dependence of the
maximal current value according to insulin oxidation on
its concentration (Fig. 7B). Cyclic voltammetry measure-
ments were realized in a potential range applied, which was
E;=+0.2 YV and E,=+1 V with a scan rate of 50 mV/s.
Figure 7A shows the cyclic voltammograms of insulin solu-
tion with various concentrations (0.5 to 5 uM) on NiNPs-
PPy-SPCE. The peak current corresponding to insulin oxi-
dation on NiNPs-PPy-SPCE (E=0.62 V) increases linearly
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Fig.6 The part of cyclic voltammograms of 1-mM K;[Fe(CN)4l/
K,[Fe(CN)y, on the NiNPs-PPy-SPCE (A) displays the stability of
NiNPs-PPy-SPCE after 20 measurement cycles. The part of cyclic

with increasing insulin concentration, as shown in Fig. 7.
These results were fitted by linear function (Fig. 7B) to
obtain correlation coefficient R*-characterized linearity of
the given dependency and calculate the sensing character-
istics of the NiNPs-PPy-SPCE. This electrode displays fol-
lowing analytical characteristics: linear range, 0.5 to 5 uM,
sensitivity of 6.65 pA/uM, and limit of detection (LOD)
(0.90 nM). The LOD was calculated from linear regression
using the equation bellow (Eq. 5):

A
| ——o0.5uMm
0.20 -
0.15 -
< J
B 0.10
0.05 -
0.00 -
-0.05 . . . . .
0.2 0.4 0.6 0.8 1.0
Evs. Ag (V)

— 1stcycle
B after 1 weak
after 1 month
0.20 1
0.15 1
0.10 1
0.05 -
T T T T T T
0.2 0.3 04 0.5 0.6 0.7
Evs. Ag (V)

voltammograms of 1-mM K;[Fe(CN)4]/K,[Fe(CN)¢ on the NiNPs-
PPy-SPCE (B) displays the part of first (blue line) cycle and part of
cycle obtained after 1 week (turquoise line) and 1 month (red line)

Ma

LOD = Q)

where S, denotes the standard deviation of the response and
b is the slope of the calibration curve.

Additionally, chronoamperometry as a more sensi-
tive method was used for calculation of electroanalytical
characteristics and compared those obtained via CV. The
current response exhibited the same trend as in the CV

B
0.05 R?=0.98 [
0.04 L
<
£
0.03 H
[ ]
0.02
1 1 1 1 1
0 1 2 3 4 5

¢ (uM)

Fig. 7 Cyclic voltammograms of various insulin concentrations (0.5-5 uM) on NiNPs-PPy-SPCE at a scan rate of 50 mV/s (A) in PBS with
0.1-M NaOH. The dependence of the maximal current value according to insulin oxidation on its concentration fitted by a linear function (B)
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Fig.8 Chronoamperograms of different insulin concentrations on NiNPs-PPy-SPCE at potential £=0.62 V in PBS with 0.1-m NaOH. The
dependence of peak current on the insulin concentration, as fitted by a linear function (B)

measurement (Fig. 8). The results of chronoamperometry
determination of insulin in the same concentration range
(0.5 to 5 uM) were fitted by a linear function to calculate
the sensing properties of the NiNPs-PPy-SPCE, as shown
in Fig. 8B. NiNPs-PPy-SPCE displayed the same linear
range from 0.5 to 5 uM with R>=0.99, with a LOD of
38 nM, calculated according to Eq. (4), and high sensitiv-
ity of 3.98 pA/uM. The sensing properties of NiNPs-PPy-
SPCE obtained by CV and CE were compared with other
carbon electrode modifications published in international
articles (Table 2). The modified electrode demonstrated
sensing properties comparable to those of previously
reported polymer electrode modifications, as the huge
advantage of PPy usage as a conductive polymer can be
considered increase of conductivity of prepared electrode
in comparison with non-conductive polymer application,
as was proved above in the text.

Determination of Insulin in Blood Serum

To verify the reliability of the NiNPs-PPy-SPCE for rou-
tine analysis, commercially obtained human blood serum
samples were used (Sigma Aldrich, Missouri). The pres-
ence of insulin can be declared by an oxidation peak at a
potential of E=0.68 V, which is approximately the same
value as in PBS (Fig. 9). Moreover, the linear increase
of peak current with the higher amount of insulin in the
sample was observed (Fig. 9). These results were fitted
by linear function (Fig. 9B) with correlation coefficient
R?>=0.99, and the sensing properties of the NiNPs-
PPy-SPCE in real samples were calculated according to
Eq. (5). The calculated LOD was 44 nM, and the sensitiv-
ity was 5.96 pA/uM. According to these results, NiNPs-
PPy-SPCE can be considered a promising candidate for
further clinical tests.

Table 2 Electroanalytical parameters of different polymer-modified carbon electrodes used for insulin determination

Electrode Linear range Limit of detection Sensitivity Method Ref
NiONPs/chitosan-MWCNTs/SPCE 0.25-5 uM 94 nM 0.02 pA/uM Cyclic voltammetry [47]
NiONPs/chitosan-MWCNTs/PGE 0.05-5 uM 85 nM 0.64 pA/uM Cyclic voltammetry [21]
CuNPs/chitosan-MWCNTs/SPCE 1-4 uM 1.11 yM 0.03 mA/uM Cyclic voltammetry [8]
NiNPs-PPy-SPCE 0.5-5 uM 90 nM 6.65 nA/uM Cyclic voltammetry This work
NiNPs-PPy-SPCE 0.5-5 uM 38 nM 3.98 pA/uM Chronoamperometry This work
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Conclusion

In summary, application of two conductive polymer
membranes (PANI and PPY) in development of non-
enzymatic electrochemical sensors for insulin determination
was studied and compared with non-conductive polymer
(chitosan). The surface morphology of bare SPCE and
modified SPCEs was studied via SEM and EDX analysis.
Active surface area of all electrodes was determined
electrochemically and calculated according to Randles-
Sev&ik equation. Based on obtained results, NiNPs-PPy-
SPCE displayed the most suitable characteristics like the
highest stability, conductivity, and the largest active surface
area compared with bare electrodes and electrodes modified
with other used polymers. Therefore, NiNPs-PPy-SPCE
was used for various insulin concentration determinations
in PBS and also in human blood serum. The prepared
modified SPCE with combination of PPy and NiNPs
exhibited favorable electroanalytical properties, like low
LOD, high sensitivity, and stability. Furthermore, NiNPs-
PPy-SPCE was able to detect insulin in real blood samples.
In future work, we would like to realize the clinical study
following multicentric clinical study to test NiNPs-PPY-
SPCE in real clinical application.
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