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Abstract

Non-covalent modification of electrode surfaces with nanoparticle-based peptides does not
change the chemical properties of the electrode but allows electrochemical measurement
of cell adhesion. This study examines the effect of self-modified nanomaterial/peptide
surfaces on cell adhesion. This adhesion to the surface is caused by the negative Gibs free
energy formed in the system because of the presence of -OH, sulfur, carbonyl, or reactive
groups. A cheaper and more practical method for electrode surfaces targeting cell adhesion,
which does not use heavy chemicals and EDC/NHS chemistry, is used in this work. Thanks to
the bioactive materials immobilized on the screen-printed carbon electrode (SPCE) surface
in a controlled manner and the surface chemistry offered by these materials, a
biocompatible self-assembling nanomaterial-based peptide surface platform is created,
and cell adhesion is measured by an electrochemical technique. After the characterization
steps, electrochemical techniques created a calibration curve of the current value as a
function of concentration for each cell line. The adhesion of the generated bioactive
electrode surfaces to the selected cell lines was examined comparatively.

Keywords
Screen-printed carbon electrode (SPCE); gold nanoparticles, biofunctionalization; cell
lines

Introduction

Non-covalent biofunctionalization of nanoparticles (NPs) is a physical conjugation strategy that can
be accomplished through electrostatic, hydrophobic and affinity interactions [1-3]. Both electrostatic
and hydrophobic interactions require fewer modification steps, providing a simple, fast, and cost-
effective way to biofunctionalized nanoparticles [4]. The adsorption of globular proteins on the
negatively charged NPs surface depends on electrostatic interactions. Due to the repulsion between
the surface and protein molecules, the maximal adsorption state occurs at the protein isoelectric point
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[5,6]. Bioconjugation of NPs with biomolecules through covalent interactions can be accomplished by
a simple chemical reaction event through cysteine residues on the surface of biomolecules or using a
bifunctional linker [7]. The easiest way to bind biomolecules to gold nanoparticles (AuNPs) is to create
weak interactions (electrostatic, hydrophobic, and Van der Waals interactions) between the NPs and
the ligand. Thus, proteins self-attach to NPs by adsorption. The surface charge of NPs can be enhanced
by ligand functionalization, metal ion binding, or hydrophilic polymer coating. AuNPs can be easily
coated with desired ligands by citrate coating, thiol, or amine ligands with higher binding affinity
immediately after reduction or by ligand exchange [8-11]. The hydrophobicity, size, radius, and surface
coatings of NPs significantly affect NP-cell interactions [12]. The main advantages of these materials
are high surface area, improved signal-to-noise ratio, catalytic activity, higher selectivity, and
convergent diffusion mode [13]. The therapeutic uses of cell-penetrating cationic, hydrophobic, or
amphipathic peptides are common due to their cell targeting and transduction properties.

Cationic peptides such as arginine, lysine, or histidine act independently of the receptor by
interacting electrostatically with negatively charged phosphates and sulfates on the plasma
membrane, and the partial protonation of the amino groups of histidine makes the peptides in this
group the most effective in carrier-cell interaction [14,15]. Moreover, amino acids with aliphatic and
aromatic hydrophobic side chains have a water solubility-reducing effect. Peptides containing acidic
and basic groups such as histidine and glutamic acid have been reported to have a water solubility-
increasing effect [16]. The thiol group, which acts as a reducing agent in vivo, breaks disulfide bonds
in proteins to yield free cysteine groups [17,18]. Glutathione (GSH) is involved in many biological
processes, including metabolism, protein and DNA synthesis, and maintenance of cells [17]. Tang et
al. developed an electrochemical immunosensor by adding CEA antibodies (CEAAbs) to GSH
monolayer-modified AuNPs [19]. Similarly, Rusling et al. used GSH-conjugated AuNPs and magnetic
nanoparticles (MNPs) for the detection of PSA [20]. Sun et al. used an electrochemical desorption
method to effectively release HepG2 tumor cells by cleaving Au-S bonds at SPGE (surface-imprinted
gold electrode) interfaces to selectively capture and isolate cancer cells [21]. Han et al. reported
that a layer of GSH self-assembles into gold-plated NPs and serves as a binding site through
hydrogen bond interactions [22]. Since AuNPs are highly reactive toward the thiol group, they form
Au-S bonds with superior affinity [23]. In another study, it was reported that the adsorption of
proteins with cysteine residues occurs through a single-point interaction of thiol-derived protein on
the AuNP surface, while adsorption of proteins without cysteine residues occurs through non-
specific multipoint binding of the protein [24]. It is known that the imidazole ring has a metallic
bonding affinity [25]. Dipeptide L-carnosine (Car) has a broad biological activity and has antioxidant
(antiglycation) effects, especially for carbohydrates and products on lipids (antioxidation) [26]. The
presence of the B-alanine (BAH) residue allows it to react directly with oxidized carbohydrates and
lipids, while the histidine (H) residue has been reported to bind to transition metal ions [26]. Another
study reported the use of L-carnosine and AuNPs to image Hela cells [27]. It has been reported that
the conductivity of iron oxide nanoparticles is increased due to covalent binding and synthesis with
L-carnosine, making it applicable in cell separation, diagnosis, and targeted drug delivery for cancer
therapy [28]. It has been reported that carnosine inhibits cancer cell growth by up to 23 % and
increases reactive oxygen species (ROS) levels to 30 and 31 % in MDCK and Hela cells [29]. It has
been reported that it inhibits the growth of cancerous cells and shows chaperone activity and
anticancer activity by killing transformed cells [30]. Also, it has been reported that the imidazole ring
can bind to Au in many ways [31]. Insulin-like growth hormone (IGF-1), which is very similar to
insulin, is a basic peptide [32] consisting of 70 amino acids belonging to the tyrosine kinase receptor

492 (ec) T



H. Turkmen J. Electrochem. Sci. Eng. 13(3) (2023) 491-504

family, and having a molecular weight of about 7.5 kDa. It is rich in cysteine and these proteins have
important roles in carbohydrate metabolism [33]. Studies have shown that IGF-1 inhibits prolifera-
tion and apoptosis and is measured as a biomarker. It was shown that IGF-1 stimulates IL-8 ex-
pression in DU-145 (prostate cancer cell line) cells by increasing the transcriptional activity of IGF-1,
which has an important role in cancer cells [34]. Some studies have reported that the IGF-1 system
is also associated with diabetes and that insulin therapy causes changes in the IGF system [35]. IGF-
1 immunosensor was made by immobilizing IGF-1-specific antibodies on gold nanoparticles prepa-
red on the gold electrode surface [36]. IGF-1 receptor (IGF-1R) is overexpressed in lung cancer
(A549) and cancer cell proliferation and contributes to malignant transformation and poor progno-
sis, especially in patients with lung cancer [37]. Many studies have shown that IGF-1 and ROS play a
role in the development and progression of various cancers. The already presented research con-
cluded that cancer cells (HelLa, HepG2, and SW1116) and healthy cells (NCM-460) were treated with
different concentrations of IGF-1 and that, at other times, cancer cells produced large amounts of
cytoplasmic ROS but were not healthy cells. Further mechanistic analyzes showed that IGF-1 activates
NFKB and NLRP3 inflammatory signaling in HelLa cells. Systematic analysis showed that IGF-1 activates
NFKB and NLRP3 and activation depends on cytosolic ROS- and NADPH oxidase 2 (NOX2) [38].

In this study, AuNPs attached to the screen-printed carbon electrode (SPCE) surface by adsorption,
and selected peptides (L-glutathione, L-carnosine, and insulin-like growth factor-1) were immobilized
on the AuNP-modified surface under optimum conditions. Thus, nanoparticle-based peptide
bioconjugates have formed an electroactive region on the electrode surface. Thanks to this self-
assembling binding strategy, non-specific adsorption of electroactive surfaces was prevented.
Characterization studies of AuNP/peptide-modified SCPE were carried out using electrochemical and
spectroscopic methods to analyze the changes in the chemical and physical structure of the modified
SPCE surface. After the addition of cancer (U87, A549 and Hela) and healthy (Vero) cell lines, the
interactions of the immobilized electroactive surface and added cells were investigated using
electrochemical techniques. A calibration curve of the current value as a function of the concentration
of cells was generated for each cell line [39]. Thus, the adhesion behavior of the selected cells to the
modified surface was examined mutually. The concentration range in which the current difference
was found is directly proportional to the concentration of the analyte on the electrode surface. Thus,
an important step was realized for the accurate detection of the target samples.

The originality of this article is primarily based on the absence of similar studies in the literature
on the ability to induce cell adhesion for insulin-like growth factor-1, which binds to the gold
nanomaterial on the electrode surface. Note that real-time measurement of point-of-care tests
(POCTs) through the functionalization of disposable modified electrode surfaces may be useful in
their dissemination and diversification.

Experimental

Methods and reagents

L-glutathione (GSH) reduced, L-carnosine (Car) (1 mg/mL) and insulin-like growth factor-1
(IGF-1; 10 mg/mL) were prepared in phosphate buffer (PBS), gold nanoparticles (40 nm diameter,
OD 1, stabilized suspension in 0.1 mM PBS, reactant free) were purchased from Sigma-Aldrich che-
mical company (St. Louis, MO, USA.) and screen-printed carbon electrode (SPCE, DRP-110, 4 mm
diameter) were purchased from MetrohmDropsens company. 5.0 mM solution of potassium hexa-
cyanoferrate (HCF) (lll) (KsFe(CN)e) /potassium hexacyanoferrate (HCF) (Il) trihydrate (K4sFe(CN)s.3H20)
redox couple was prepared in phosphate (pH 7.4) buffer containing 0.1 M KCI solution. Sodium
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phosphate buffer (50 mM, pH 7.4) and phosphate-buffered saline (PBS; pH 7.4, 1x) were used as the
working buffer solutions. Human lung carcinoma cell line (A549, ATCC, USA), human brain glio-
blastoma cell line (U87 MG, ATCC, USA), human cervical adenocarcinoma cell line (Hela, ATCC, USA),
and African green monkey normal kidney cell line (Vero, ATCC, USA) were used in experiments. Cells
were cultured in a humidified medium at 37 °Cina 5 % CO2 incubator atmosphere. Culture medium
Eagle’s Minimum Essential Medium (EMEM, M4655, Merck, USA), supplemented with 10 vol.% fetal
bovine serum (FBS, Biowest, France), 1 mM sodium pyruvate (S8636, Sigma, USA), 2 mM L-Glutamine
(K0283, Biochrom, Germany) and 100 units/mL penicillin and 100 pg/mL streptomycin (A2213,
Biochrom, Germany). The culture medium was replaced with fresh medium every other day and cells
were incubated until the desired cell number was reached. Cells separated from each other in tissue
culture dishes with trypsin-EDTA solution (0.05 % trypsin, 0.02 % EDTA, Sigma-Aldrich, USA). Scanning
electron microscopy (SEM)/energy-dispersive X-ray spectroscopy (EDS) and X-ray photoelectron
spectroscopy (XPS) analyses and cell culture studies were performed with standardized methods by
Ege University Test and Analysis Laboratory Application and Research Center (EGEMATAL). Thermo
Scientific Apreo S brand device was used for SEM/EDS technique and the Thermo Scientific K-AlpHa
brand device was used for the XPS technique. For differential pulse voltammetry (DPV) and cyclic
voltammetry (CV) measurements, PalmSensepotentiostat (Palm Instruments, Houten, Netherlands)
PS Trace 5.5 program and CHI 6004 C (CH Instruments Incorporated, Austin, TX, USA) devices were
used to take EIS measurements.

No electrochemical signal change was observed when the prepared modified electrodes were
stored in a closed container at 4 °C for 10 days. All electrochemical experiments were performed on
the surface of a screen-printed carbon electrode (SPCE; Dropsense DRP110; overall dimensions:
3.4x1.0x0.05 cm) containing an Ag/AgCl reference electrode, a silver counter electrode and a carbon
working electrode. The electrochemical cell placed on a ceramic substrate consists of a three-
electrode electrochemical system. All electrochemical experiments were performed in the presence
of a redox probe (75 pl) dropped on the surface of the SPCE working electrode. In addition, using the
solution prepared to drop on the surface of the SPCE working electrode can reduce the difficulty and
cost of electrode fabrication. Measurements were taken using the differential pulse voltammetry
(DPV) technique and cyclic voltammetry (CV) technique in the 0.4 V - 0.7 V potential range. The
impedance (EIS) measurement was performed at an interference frequency range of
100 kHz ~ 10 mHz and an alternating potential amplitude of 5 mV. By impedance data analysis, ohmic
internal resistance, charge transfer internal resistance and diffusion internal resistance were obtained.
All measurements were performed in 50 mM phosphate buffer (pH 7.4) containing 5.0 mM
Fe(CN)s374- and 0.1 M KCl solution.

Immobilization of SPCE surfaces

Before the SPCE modification process steps, the SPCE was dipped in distilled H,O, followed by
activation. After washing the SPCE, AuNP (2 uL) was evenly dropped onto the surface of the SPCE
working electrode and left for 1 hour in a closed, dark environment. Thus, the physical adsorption
of AuNPs took place on the SPCE surface. After drying, the peptide solution (GSH, 4 uL) was dropped
onto the electrode. The same procedures were applied to another SPCE surface, this time, the same
processes were applied to the electrode surface for Car (4 ul) and IGF-1 (4 ul) instead of GSH.
Peptides immobilized to self-assemble on the AuNP-modified SPCE surface were kept in a closed
and dark environment overnight. Hela, U87, Vero, and A549 (prepared in PBS, cell lines 10 and 10°
cell concentration, 5 ul) were dropped onto modified SPCE and incubated at 37 °C for 30 minutes.
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SEM/EDS and XPS analyses were performed to obtain information about the morphology and
chemical structure of the nanomaterial/peptide formed on the SPCE surface in EGEMATAL.
Measurements were taken using DPV, CV and EIS techniques. Linearity was determined by calculating
the logarithm of the x (number of cells) and y (current difference) axes results for cell adhesion.

Results and discussion

Spectroscopic characterization

X-ray photoelectron spectroscopy (XPS) survey peaks to analyze the changes in the chemical and
physical structure of the prepared bio-functional SPCE surfaces are given in Figure 1 [39-43].To
obtain information about the morphological conditions of the prepared bio-functional SPCE
surfaces, SEM images of prepared surfaces are given in Figure 2 for blank SPCE surface, SPCE surface
after AuNP adsorption and SPCE surface after AuNP/GSH immobilization, SPCE surface after
AuNP/Car immobilization, and SPCE surface after AuNP/IGF-1 immobilization.
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Figure 1. X-ray photoelectron spectroscopy (XPS) survey peaks: A) AuNP/GSH immobilization; S 2p peaks;
B) AuNP/Car immobilization; C 1s peaks; C) AuNP/IGF-1 immobilization; N 1s peaks

Electrochemical characterizations

Potentials applied after functionalization on the electrode surfaces cause conformational
changes in peptides due to electrostatic attraction [44]. The resulting biofunctional surfaces resist
adhesion under negative potential while they act toward increasing adhesion under positive
potential [44]. Electrochemical characterization was performed to evaluate how the ohmic and
charge transfer resistance changed. The electrochemical characterization of the modified surfaces
is given in Figure 3. In this section, CV, DPV and EIS measurements were analyzed [45]. All these
measurements are complementary to each other and present a modification of the surface. When
DPV measurements of SPCE in the presence of Fe(CN)s>”/*" were examined, the peak current
decreased from 27.08 to 19.05 pA after AuNP/GSH modification, from 29.04 to 25.20 pA after
AuNP/Car modification, and from 28.22 to 20.37 pA after AuNP/IGF-1 modification of the electrode.
Nyquist diagrams of EIS spectra of different modified electrode layers are shown in Figure 3. The
high to medium-frequency semicircular segments of each impedance spectrum are due to the
Fe(CN)&3/* electron transfer process. The linear portion of each impedance spectrum appearing at
low frequencies is diffusion dependent. Also, the Fe(CN)e37* (redox probe) on the electrode surface
clarifies the electron transfer kinetics. An increase in the semicircular diameter indicates an increase
in electron transfer resistance. The DPV results are in concordance with EIS results. The obtained
results of EIS and DPV strongly support each other. These reductions of current in DPV
measurements on the electrode surface after the modification processes are proof of successful
immobilization on the surface.
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Figure 2. Scanning electron microscope (SEM)
images (500 nm Mag:150 000x): A) blank SPCE,
B) SPCE surface after AuNP adsorption,

C) SPCE surface after AuNP/GSH immobilization,
D) SPCE surface after AuNP/Car immobilization,
E) SPCE surface after AuNP/IGF-1 immobilization

W
< 204
o 20 30000
] 1
5 104 E 0. 20000
£
“a0. 1
0 g
03 00 03 06 N
Potential, V M ey ¥ B ER 7 e o0
3048
<
.20
g 2. 160
= Ed
S 104 hr
O E L 0
. “20 e
-0.4 0.0 0.4 N
Potential, v ﬂvﬂp‘“em‘alo.: 12 0 1001;?,,“20000 30000
304 o
< 20{
E‘ 8000.
g <
S 104 o
L&) 50 4000
H
n =20 <]
0
-0.4 Potglﬂ i 0.4 045 00 05 10 ) 3000

Potential, V

20 8000

Figure 3. Characterization of modified SPCE surfaces by electrochemical (DPV, CV and EIS) methods:
A) AuNP/GSH@SPCE, B) AuNP/Car@SPCE C) AuNP/IGF-1@SPCE. (Black: blank SPCE; Red: AuNP/peptide)
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In CV measurements, a slight decrease in anodic and cathodic peaks was observed between the
modified and blank electrodes. The decrease in peak current or an increase in the diameter of the
semicircle revealed that electron transfer was inhibited. The inhibition of electron transfer is due to
insufficient electrochemical communication between the electrode and the modified surface. Also,
the diffusion layer may thicken after immobilization.

Adhesion and linear detection range of selected cell lines

After modifications of electrodes, cell adhesions were performed for the targeted cell lines under
specified conditions, and a decrease in DPV peak currents was observed. DPV measurements were taken
to determine the linear detection range for cancer (U87, A549 and Hela) and healthy (Vero) cell types
after bio-functionalization of the electrode surface (SPCE) with AuNP/GSH, AuNP/Car, and AuNP/IGF-1.
For this purpose, cell numbers between 10 and 108 cells/mL were used, each cell type had at least 10
replicates [39]. The current value vs. cell concentration function is, for every modified electrode, which
produced a linear response in some remarkable region of cell concentrations, shown in Figure 4.
Standard calibration plots that resulted from differences in peak currents observed with increasing cell
concentration (cell number per mL) are presented in the insets of Figure 4, together with
corresponding linear equations and correlation coefficients (R?), which are also collected in Table 1.
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Figure 4. Cell adhesion for modified electrodes: A) AuNP/GSH@SPCE linear standard graphic for the HelLa
cell line; B) AuNP/GSH@SPCE linear standard graphic for the U87 cell line; C) AuNP/Car@SPCE linear
standard graphic for the A549 cell line; D) AuNP/Car@SPCE linear standard graphic for the HelLa cell line

Electroactive surfaces created using nanomaterial-based peptides to target cells offer researchers
privileged opportunities. Peptide-based surfaces support the attachment of cells to extracellular
structures (extracellular matrix/ECM). The system must work for a molecule to have a high adsorption
capacity. For the system to work, it must have a large surface area, or in other words, the free enthalpy
of adsorption (AH) and surface free entropy (AS) always points in the negative direction. These
interfaces between electrodes and modified electrode surfaces are widely used in biotechnology,
therapy, diagnosis (diagnosis), and medical applications. In the created system, AuNPs were firstly
attached to the SPCE surface that is negatively charged thanks to its carboxyl ends by adsorption and
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then functionalized with GSH, Car, and IGF-1.GSH, at pH 7.4. Thanks to the cysteine residues in its
structure, GSH has a direct affinity and binding to gold nanoparticles. The system creates a nucleophile
structure. Since it has free radicals, the system reacts directly and non-enzymatically, and cysteines
(reduces oxidation) directly affect the cellular redox potential. Thanks to the imidazole group in its
structure, Car acts as a metal-chelating agent and can easily bind to metal nanoparticles. The affinity
of the imidazole group in the Car structure to the Au metal came into play here and functioned as a
chelating agent [25]. Disulfide bonds between two cysteine residues form a cyclic region within the
IGF-1 molecule. Therefore, it can serve as both a diagnostic biomarker and a therapeutic target.

When the XPS spectra are examined, the N1 nitrogen peak at 400 eV demonstrates the presence
of a covalent peptide bond at the surface. It has been reported that all these data play an active role
in cellular experiments, with the binding energy of aromatic carbons (C-C) 284.28 eV and the binding
energy of C-OH bonds 284-285 eV in C 1s spectra and 286.38 eV binding energy C-O/N, 288.98 eV
binding energy O-C=0 shows the characteristic peaks [41,46]. N 1s, the binding energy of 400.18 eV-
N-H, and the binding energy of 402.88 eV N-H show characteristic peaks. The binding peak of 404.68
eV is due to nitrites. It is also consistent with the data of other researchers [40]. The binding energy of
163.78 eV in S 2p indicates thiol-bound gold. The low binding energies may be due to a charge transfer
or the formation of a gold-thiolate bond. It is frequently encountered in XPS simplified sources where
the binding energy of 163.78 eV is due to the thiol bond, and the binding energy of 169.38 eV is the
metal sulfate bond, the gold-S bond. The XPS data in Figure 1A proves that GSH was successfully
attached to SPCE surfaces with AuNP, which agrees with previous studies and retains its chemical
structure. When the XPS spectra (Figure 1B) survey of Car is examined, it is seen that the N 1s nitrogen
peak, which occurs at 400 eV, forms a covalent peptide bond on the surface, and this data plays an
active role in cellular experiments. The C 1s component was 284.8 eV (C-C in aromatic rings), 286.38
eV (C-0), and 288.9 eV (0-C=0), while C-N (amine) and N-C=0 (amide in the imidazole ring of carnosine)
two new peaks appeared at 286.38 and 289.8 eV, respectively. It was concluded that the imidazole ring
in the Car structure made metallic bonds with AuNP. The imidazole ring of carnosine is a cyclopentadiene
structure with a non-contiguous CH group (N3 and N1 regions) replaced by N and NH, and it has been
reported that it makes a strong bond with a lone electron pair from the N3 region with gold [31]. It has
been reported that the imidazole ring can be attached to Au in many ways, and complexes with a single
Au atom prefer two imidazole rings, while complexes with 2 or 3 Au atoms prefer three imidazole rings
[31]. XPS spectra (Figure 1C) showed that the nitrogen peak at 400 eV is characteristic. It has been
reported that if an N1s peak below 400 eV occurs, or if these peaks did not occur, it could be said that
IGF-1 was bound by adsorption to the surface as an easily diffused unstable bioactive molecule [44].
Therefore, it suggests that the cysteine residues in its structure are attached not by adsorption but by
its affinity for AuNP. It is a characteristic peak of 400 eV, and it has been stated that it is a peptide
bond peak and is covalently bound to the surface [43].

Morphological characterization and comparative SEM images of the bifunctional surfaces formed
with AuNP/peptide on the SPCE surface and the empty SPCE surface are shown in Figure 2. The
particle diameters of the created SPCE surface are between 35.61 and 45.39 nm for the blank SPCE
(Figure 2A), while the diameters of particles after AUNP adsorption were between 41.09 and 52.28
nm (Figure 2B). The diameters of the SPCE surface particles after AuNP/GSH immobilization were
between 48.42 and 55.06 nm (Figure 2C). After AuNP/Car immobilization, the diameter of the SPCE
surface is between 47.52 and 53.90 nm (Figure 2D), while after AUNP/IGF-1 immobilization, the
diameter of particles is between 45.86 and 62.95 nm (Figure 2E). Generally, SEM analysis showed
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that the surface particle diameter increased as the surface was successfully modified, showing the
aggregate formation and homogeneous distribution of particles on the surface.

Differential pulse voltammetry (DPV) measurements were performed to examine the redox
properties of modified SPCE electrodes, CV to show the electroactivity and modification of the formed
surface, and EIS measurements for the interfacial properties of molecules on the surfaces during
immobilization were performed with at least 10 replications, respectively [47]. The compatibility of
these different measurements with each other indicates that the surface has been modified (Figure 3).
Looking at DPV currents, the diffusion layer has thickened, and studies have shown that the decrease
in the oxidation peak current is due to a lack of establishing electrochemical communication between
the electrode and the modified surface because of the inhibition of electron transfer [48,49]. The
changes in the peak potentials between the blank SPCE and the modified electrode suggest that the
surface was changed and the electron transfer rate on the surface was also changed, proving that the
surface was successfully modified [50]. Impedance (EIS) studies have shown that electrode
immobilization with inorganic NPs, gold nanoparticles [51], or silver nanoparticles [52], significantly
reduces charge transfer resistance. DPV measurements, CV measurements and EIS measurements
provide information as evidence for surface immobilization. The bioconjugate surface formed has
been functionalized in a controlled manner. Surface functional groups such as carboxyl (COOH) and
hydroxyl (OH) form integrin bonds with cell ligands. Hydroxyl and carboxyl groups on the surface
potentially form hydrogen bonds with cell surface lipids and ions, and higher surface energy leads to
the formation of much stronger cell-ligand bonds. Also, the partial positive result of the O=C-N
nitrogen atom is proven in XPS data. The charge on the oxygen atom and the partial negative charge
form a dipole and hydrogen bonds with the lower phase molecules, and cell-substrate interaction
occurs. Since van der Waals and electrostatic interactions, and hence cell-surface interaction, affect
the surface energy of the bioactive surface created, surface energy also affects cell adhesion. Thanks
to this interaction, any non-specific cell adsorption is prevented.

For the adhesion of the selected cell lines, the linear detection range for cells was established by
the change of peak current values observed for modified electrodes with respect to the log of the cell
concentration (cell number/mL) obtained by DPV analysis (Figure 4). Differences in peak current
values with increasing cell concentrations per mL were obtained as a function of the cell number
selected on surfaces. When current difference versus log (cell/mL) graphs are plotted, the correlation
coefficient (R?) was calculated in the linear regression analysis for modified surfaces (Table 1).
Although the surfaces prepared, as seen in DPV measurements with various cell lines, provide cell
adhesion, standard graphs were created to understand whether the standard graphs of data
obtained from these surfaces were linear. For linearity, the difference of current values was taken
on the y-axis, while the logarithms of cell concentrations were taken on the x-axis, and graphs were
created (Figure 4). VERO was used as a control group in this study. All modified surfaces were used,
and cell incubation was performed under the same conditions. Between all modified electrodes
treated here, however, some surfaces showed a linear response, but some did not (Table 1).

Table 1. Linear equations and correlation coefficients of calibration plots for selected cell lines

Modified SPCE Hela cell line U87 cell line A549 cell line Vero cell line
AuNP/GSH@SPCE R2=0.995 y=0.92x+0.586 R?=0.991 y=1.312x-0.99 - -
AuNP/IGF-1@SPCE - - -

AuNP/Car@SPCE R2=0.972 y=4.353x-3.68 - R2=0.996 y=0.363x+6.584

Although the resistance of the bioconjugates formed on the SPCE surface to electron transfer
causes its conductivity to decrease, its response to cell adhesion indicates that it maintains its
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conductivity. Thanks to the equations of the calibration graphs, the cell concentrations were
increased per mL and the change in the resistance applied by the cell membrane to the bio-
functional surface was observed. Thanks to the linear detection equations of the calibration charts,
the targeted cells can be accurately detected. For AuNP/GSH@SPCE, a linear range of up to 10 to
10% cells/mL was obtained in HelLa and U87 cell lines. Although adhesion was observed for Vero and
A549 cell lines, a linear range could not be obtained. For AuNP/Car@SPCE, a linear range of 10 to
10% cells/mL was obtained for A549 and 100 to 10° cells/mL for HelLa cell lines. Although adhesion
was observed for Vero and U87 cell lines, no linear range could be obtained. For AUNP/IGF-1@SPCE,
adhesion was obtained for all selected cells but not a linear range. This may be caused by steric
hindrance on the electrode surface due to its high molecular weight. IGF-1 can be used as a
biomarker that detects cancer cells, optimization studies are carried out thanks to its excellent
nature and the bioconjugate it forms with AuNP.

Conclusion

In this study, conductive-bifunctional surfaces that can be used for cell adhesion are prepared. It
was shown that successful electrode surface modification could eventually result from a cancer
diagnostic sensor for detecting selective cancer cells.

The surfaces of SPCE were modified with AUNP/GSH, AuNP/Car, and AuNP/IGF-1 and used as a
basis for targeted cancer diagnosis sensors. Thanks to the topographical interaction between gold
nanostructures and peptide imprinted surfaces, microscale concave structures created a suitable
surface area for the adhesion of target cells. Therefore, this study could be considered a pioneer
work in recognizing specific cell surfaces.

This work demonstrates that the AuNP/peptide monolayer mounted on the SPCE surface promo-
tes cell adhesion. The gold nanoparticles were assembled on the SPCE, which increases the elec-
trode surface, makes covalent bonds with peptides, and enhances cell adhesion properties. Functi-
onal interfaces of selected AuNP/peptides indicate cell adhesion even if they are not RGD peptides
or combinations. However, it is unclear whether the adhesion to the cell is due to the combination
of carbon material, AUNP, or the selected peptide. In the future direction, the study allows it to be
used in point-of-care (POC) studies.

The results of this study demonstrate that nanomaterial-based peptides are important in cell
targeting and cell differentiation. The success of the disposable NP/peptide electrode surface, which
is created with a simple method without heavy chemicals and at a lower cost, in the study allows it to
be used for biomedical applications. In the future, it may pave the way for personalized sensor
applications loT-connected to detect cancer cell lines. In addition, we will integrate blockchain
technology, a decentralized technology, into sensor-loT-based architectures for the traceability and
security of the obtained data.
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