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Construction of a biocompatible MWCNTs-—
chitosan composite interface and its application to
impedance cytosensing of osteoblastic MC3T3-E1
cells
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In this work a carboxylated MWCNTs—chitosan composite sol-gel material was developed via one-step
electrodeposition on a glassy carbon electrode as the cytosensing interface of a novel impedance
cytosensor. SEM verified the formation of a three-dimensional hierarchical and porous microstructure
favorable for the adhesion and spreading of osteoblastic MC3T3-E1 cells. By correlating impedance
measurements with fluorescence microscopic characterization results, the cytosensor was demonstrated
to have the ability to determine the MC3T3-E1 cell concentration ranging from 5 x 10° to 5 x 108 cell
per mL with a detection limit of 1.8 x 10° cell per mL. The impedance cytosensor also enabled
monitoring of the cell behavior regarding the processes of cell attachment, spreading, and proliferation
in a label-free and quantitative manner. By taking advantage of this cytosensing method, investigating
the effect of the C-terminal pentapeptide of osteogenic growth peptide (OGP(10-14)) on MC3T3-E1
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Accepted 31st October 2022 cells was accomplished, demonstrating the potential for the application of OGP(10-14) in bone repair
and regeneration. Therefore, this work afforded a convenient impedimetric strategy for osteoblastic cell

DOI: 10.1035/d2ra05995a counting and response monitoring that would be useful in evaluating the interactions between

Open Access Article. Published on 04 November 2022. Downloaded on 4/3/2026 11:11:21 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

rsc.li/rsc-advances

1 Introduction

Cell impedance biosensors are a type of electrochemical device®
that employs living cells on the electrode surface as a sensing
component to detect cell responses to various stimuli by
measuring the impedance variation.> With the ability to analyze
the biological events of cell adhesion, spreading, proliferation,
and apoptosis and other processes in a label-free and quanti-
tative fashion, cell impedance biosensors have the potential to
be used as powerful tools in an array of fields such as drug
screening, toxicology testing, and cytophysiological and patho-
logical mechanism research.® The characteristics of electrode
interface play a crucial role in successful applications since the
interface needs to provide not only a microenvironment for
accommodating the living cells but also an electrochemical
connection to the electrode for electric signal transduction.?
Therefore, developing new electrode interfacial construction
strategies by using optimal materials or material combination
have been the research focus of cell impedance biosensors to
achieve desired performance.
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osteoblastic cells and specified drugs.

To date, various materials have been reported for the inter-
face construction of cell impedance biosensors, such as metallic
and carbon-based nanoparticles,* synthetic®> and bionic poly-
mers,® quantum dots,” etc. Chitosan and its modified versions®
and multi-walled carbon nanotubes (MWCNTs)® are among the
most widely employed materials for cytosensing interface
construction. Chitosan is a biocompatible and biodegradable
natural polymer with a flexible molecular backbone and
numerous amino and hydroxyl groups that render chitosan
soluble in acidic solution and can be exploited for further
functionalization. While MWCNTs are electricity-conductive,
biocompatible, relatively rigid, and under acidic conditions
can be dispersed in the solution of chitosan to form a well
homogeneous state. These characteristics of chitosan and
MWCNTs make them suitable partners for cytosensing inter-
face construction.' The carboxylated version, cMWCNTs, which
is more hydrophilic and dispersible, has been also employed for
this purpose.™ In addition, silica sol-gels, which are formed by
in situ hydrolysis of various silicates such as tetraethyl orthosi-
licate under acidic or basic conditions, has been considered
a kind of glue for building stable biosensing interfaces due to
their ability to form covalent three-dimensional networks with
other components,"** showing promising potential in con-
structing various biosensor interfaces. Nevertheless, the

RSC Adv, 2022, 12, 31663-31670 | 31663


http://crossmark.crossref.org/dialog/?doi=10.1039/d2ra05995a&domain=pdf&date_stamp=2022-11-04
http://orcid.org/0000-0003-1967-7241
http://orcid.org/0000-0001-6608-5674
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ra05995a
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA012049

Open Access Article. Published on 04 November 2022. Downloaded on 4/3/2026 11:11:21 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

combination of the specified three materials has not been re-
ported thus far for constructing a cytosensor interface.

On the other hand, murine osteoblastic MC3T3-E1 cells are
a type of model cell line that has been utilized for investi-
gating its interactions with a variety of scaffold materials and
evaluating the role of the interfacial morphology and osteo-
genic growth factors." Osteogenic growth peptide (OGP),
along with its active form C-terminal pentapeptide OGP(10-
14), is a class of biologically active peptide hormones with
promising effects on the proliferation and differentiation
activity of osteoblastic MC3T3-E1 cells.” Recently, using OGP-
based supramolecular hydrogels to promote hBMSC osteo-
genesis differentiation® and OGP-functionalized highly
porous scaffolds to stimulate the proliferation and growth of
osteoblastic cells'” were also disclosed, suggesting these OGP-
based scaffolds have promising potential as biomaterials for
bone regeneration. Despite these important results, there are
no reports regarding cytosensing investigation of the MC3T3-
E1 cell behavior and the effect of (OGP)/OGP(10-14) on the cell
adhesion, spreading, and proliferation, and these knowledges
would be helpful to comprehension of osteoblastic cell-
material interactions and development of novel cytosensing
interface materials.

Given the advances of impedance cytosensors and their
interface materials, in the present work, a novel impedance
cytosensor for osteoblastic MC3T3-E1 cells was constructed by
a one-step electrodeposition of three sol-gel components, chi-
tosan, carboxylated MWCNTs, and a silica precursor (3-amino-
propyl)triethoxysilane (APTES), on glassy carbon electrode
(GCE). This type of composite sol-gel cytosensing interface was
highly porous and cytocompatible, hence suitable for MC3T3-
E1 cell growth and electrochemical impedance monitoring. By
correlating impedance measurements with fluorescence
microscopic characterizations, the impedance cytosensor was
demonstrated to be very useful in counting MC3T3-E1 cells and
monitoring cell growth and stimulus response to OGP(10-14)
(Scheme 1).
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2 Materials and methods
2.1 Reagents

MWCNTs with purity of above 95%, length of about 50 pm, and
diameter in 20-30 nm were purchased from Shenzhen Nano-
Harbor Corporation (China) Ltd cMWCNTSs were obtained by
carboxyl functionalization with a mixture of 65% HNO; and
98% H,S0, (1:3, v/v) for 6 h under sonication."* OGP(10-14),
the OGP active C-terminal pentapeptide with the fragmental
sequence of (NH,-YGFGG-OH)," was custom-synthesized by GL
Biochem (Shanghai) Ltd. The MC3T3-E1 mouse osteoblast cell
line was purchased from Type Culture Collection Center of
Chinese Academy of Sciences (Shanghai, China). Cell staining
dyes, 4,6-diamidino-2-phenylindole (DAPI) and 3,3'-dio-
ctadecyloxacarbocyanine perchlorate (DIO), were purchased
from Biosharp Ltd (Korea). Silicate coupling agent (3-amino-
propyl)triethoxysilane (APTES), chitosan (95% deacetylation),
phosphate buffer solution (PBS) and other reagents were of
analytical grade and used as received. Aqueous solutions were
prepared with double-distilled water.

2.2 GCE modification with cMWCNTs-chitosan composit
sol-gel

Glassy carbon electrodes (GCE) with 3 mm in diameter were
polished successively with 1.0, 0.3, and 0.05 pm alumina slurry,
followed by rinsing and sonicating with double-distilled water
and alcohol, and dried at room temperature. To prepare the
¢cMWCNTs-chitosan composite sol-gel solution, a chitosan
acetic acid solution (0.5% chitosan at pH 5) was first made; then
to this solution proper amounts of cMWCNTs and water were
added to give a cMWCNTs-dispersed solution with the
c¢MWCNTSs content of 1.0 mg mL~" and chitosan concentration
of 0.05%; and finally the composite sol-gel solution was ob-
tained by mixing 2300 pL of the chitosan acetic acid solution,
600 pL of cMWCNTs-dispersed solution, 60 pL of APTES, and 40
uL of 30% H,0, solution. Electrodeposition was performed
using a CHI660D electrochemical workstation (Shanghai

®

OGP(10-14) stimulation

G cMWCNTs
< Chitosan
(c) 4;%-’\{: Living Cell
Charge transfer resistance ° OGP(10-14)

Cell growth

Scheme 1 Schematic of interface construction and impedance cytosensing: (a) bare GCE; (b) electrodeposition of the cMWCNTs—chitosan
composite sol-gel; (c) adhesion and spreading of MC3T3-E1 cells; (d) impedance signals at the three stages of (a) to (c); (e) charge transfer

resistance by the cells; (f) stimulating MC3T3-E1 cell with OGP(10-14).
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Chenhua, China) and a three-electrode system with a saturated
calomel electrode (SCE) as the reference electrode, a platinum
foil as the counter electrode, and the cleaned GCE as the
working electrode. The composite sol-gel solution was used as
the electrolyte, and the electrodeposition was conducted using
a constant potential at —0.4 V vs. SCE and room temperature for
300 s. The modified electrodes were carefully rinsed with water,
then dried for 60 min in air and stored at 4 °C for use. The
morphology of the modified electrode interface was character-
ized by SEM (JEOL-6700F, Japan).

2.3 Cell culture

The osteoblastic MC3T3-E1 cells were cultured at 37 °C in
DMEM medium (Gibco, Life Technologies) in a humidified
atmosphere containing 5% CO,. The DMEM medium was
complemented with 10% fetal calf serum (FBS) (by volume,
Tianjin Haoyang Biological Corporation, Ltd China), 100 pg
mL ™" penicillin, and 100 ug mL™" streptomycin (Gibco, Life
Technologies). Then the cells were digested with 1.5 mL of
0.25% trypsinase (Gibco, Life Technologies), separated from the
medium by centrifugation at 1000 rpm for 5 min, and washed
twice with a sterile PBS at pH 7.4. The cells were diluted with
serum-contained medium to yield a cell suspension as stock
solution with a final concentration of 5 x 10® cells mL ™. Cell
suspensions with various concentrations were prepared from
this stock. For the cell culture on the electrode surface, 5 uL of
the cell suspension was dropped on the electrode and incubated
at 37 °C for a certain time. OGP(10-14) immobilized GCE was
prepared by dropping 5 uL of the OGP(10-14) solution on the
cMWNTs-chitosan composite sol-gel surface, maintained at
a humidified atmosphere overnight for cell culture. The cell
immobilized GCE was rinsed thoroughly with PBS three times
for electrochemical impedance measurements.

2.4 Electrochemical measurements

Cyclic voltametric measurements were performed in pH 7.4 PBS
on the CHI660D electrochemical workstation and the three-
electrode system as described in electrodeposition. Electro-
chemical impedance spectroscopy (EIS) was carried out on an
Autolab PGSTAT30 workstation (The Netherlands) using
a0.01 M pH 7.4 PBS solution containing 5 mM Fe(CN)g> 4~ (1:
1 in molar ratio) with 1.0 M KCl as the supporting electrolyte,
The amplitude of the applied sine wave potential was set at
5.0 mV within the frequency range of 0.1 Hz-100 kHz. All
measurements were carried out at 37 £ 2 °C.

2.5 Inverted fluorescence microscopy

For inverted fluorescence microscopy characterization, glassy
carbon sheets instead of GCE electrodes were used, and the
surface modification and MC3T3-E1 cell culture were conducted
using the same procedures mentioned above. The cells were
washed three times with pH 7.4 PBS solution, followed by
incubation in 4% glutaraldehyde in 0.1 M sodium cacodylate
buffer for 30 min at room temperature. Then the samples were
washed with PBS and stained with 5 ug mL™" staining dye DAPI
or DIO for 30 min at room temperature. After washed with PBS

© 2022 The Author(s). Published by the Royal Society of Chemistry
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solution, the samples were dried in air for observation. Fluo-
rescence images were acquired using LEICA DMI 3000B inver-
ted fluorescence microscope (Leica Corp., Germany). Control
experiments were carried on bare glassy carbon sheets.

3 Results and discussion

3.1 Preparation and characterization of cMWCNTs-chitosan
composite sol-gel interface

Organic-inorganic sol-gels are extensively used for construct-
ing biosensors to improve stability and biocompatibility of the
interface structure and to enhance the capability of accommo-
dating biological species,' owing to their desired advantages
such as tunable porosity, chemical inertness, and film-forming
ability.” In the present work, three materials, chitosan,
¢cMWCNTs, and the silicate precursor APTES, were combined to
form the sol-gel solution. To accelerate the formation of the
cytosensing interface film on the electrode surface, a proper
amount of H,0, was added and electrochemically reduced at
a potential of —0.4 Vvs. SCE to hydroxide, which raises the local
pH, leading chitosan from soluble to insoluble state™ and to
crosslinking with APTES to give a stable and rigid composite
sol-gel film.

SEM images in Fig. 1a-c show plainly the difference of the
morphologies of cMWCNTSs, cMWCNTs-chitosan mixture, and
cMWCNTs—-chitosan composite sol-gel film. The pristine
¢cMWCNTs with diameter of 20-30 nm are worm-like discrete
nanotubes (Fig. 1a), which become a coagulate state after
treatment with a 0.05% chitosan aqueous solution with acidity
adjusted to pH 5.1 by adding a concentrated NaOH solution
(Fig. 1b), due to the insolubility of chitosan after deprotona-
tion.”® Under the electrodeposition conditions, the raised local
pH at the electrode interface resulted in the formation of
chitosan-wrapped c¢cMWCNTs and thus a highly porous
morphology of ¢cMWCNTs-chitosan composite sol-gel with
¢cMWCNTs in diameter ranging from 20 to 30 nm is presented.
The porous microstructure is of vital importance for cell
survival because it can serve to mimic the actual in vivo
microenvironment where cells interact and growth and to
facilitate nutrient and oxygen diffusion and waste removal.”

Osteoblastic cell responses to the nano-micro multiscale
¢cMWCNTs—-chitosan composite sol-gel film was also assessed
using SEM to characterize the cell morphology when cultured
after 3 days on the film surface. As shown in Fig. 1d, the cells
spread out and cover the surface well. Two cells, one with flat
round shape and another with elongated shape, form connec-
tion with each other. These facts demonstrate that the cells
response to and interact with the composite sol-gel film prop-
erly,” reflecting the as-prepared film is cytocompatible and
favorable to the attachment and growth of osteoblastic MC3T3-
E1 cells.

3.2 Electrochemical characterization of MC3T3-E1 cells at
the electrode interface

Metabolism processes within live cells involve a variety of redox
reactions and changes of ionic composition and concentration,
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Fig.1 .SEMimages: (a) cMWCNTs; (b) cMWCNTs—chitosan mixture; (c) cMWCNTs—chitosan composite sol—-gel film; and (d) MC3T3-E1 cells on
the composite film (cultured for 3 days). Scale bars = 100 nm (a—c) and 1 um (d). Inserted images by magnification of 100 000x (c) and 20 000 x
(d) with bar scales of 100 nm and 1 um, respectively.

producing detectable electrochemical signals on a suitably The bare GCE has a minimum background current, which is
modified electrode for characterizing cell activity.”® The cyclic raised in the high potential region of 0.6-1.3 V on the other
voltammograms were acquired in pH 7.4 PBS for bare GCE, three electrodes, attributable to the presence of chitosan and
cMWCNTs-chitosan composite film/GCE, MC3T3-E1 cells/GCE, MC3T3-E1 cells that form larger double layer capacitances in
and MC3T3-E1 cells/composite film/GCE as shown in Fig. 2A.  this region on the respective surfaces (Fig. 2A, curves a-d).
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Fig.2 .(A) Cyclic voltammograms of (a) bare GCE, (b) composite film/GCE, (c) MC3T3-E1 cells/GCE, and (d) MC3T3-E1 cells/composite film/GCE
in pH 7.4 PBS. (B) Impedance spectra ranging from 0.1 to 10 Hz in 1.0 M KCl with [Fe(CN)gl>~/4~ as the redox probe for (a) bare GCE, (b)
composite film/GCE, (c) MC3T3-E1 cells/composite film/GCE with the equivalent circuit model shown as inset. (C) Nyquist diagrams of
composite film/GCE after incubation for 12 h in MC3T3-E1 cell suspensions with concentration of (a) 5.0 x 10%, (b) 5.0 x 10%, (c) 5.0 x 10°, (d) 5.0
% 108, () 5.0 x 107, () 5.0 x 108 cells mL™. (D) Linear plot of Re, versus logarithm of cell concentration (log C) in the range from 5.0 x 10% to 5.0
x 10% cells mL™* with a LOD of 1.8 x 10 cells mL™.
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Compared with the direct attachment of the cells with GCE,
which displays only a raised capacitance current (curve c), the
cells on the electrode with the cMWCNTs-chitosan composite
film present an irreversible oxidation peak at +0.78 V vs. SCE in
the voltammogram (curve d). A similar observation was re-
ported on a gold nanoparticles-chitosan nanocomposite modi-
fied GCE where an oxidation peak at nearly the same potential
position was produced from the K562 leukemia cell response.
The oxidation peak was ascribed to the detectable electron
transfer in the intracellular conversion of guanine to 8-oxo-
guanine in the living cells.**** In our case, the oxidation peak
at +0.78 V vs. SCE might also come from the same intracellular
reaction because like gold nanoparticles the c¢cMWCNT
conductivity could mediate the charge transfer within the cells
to the electrode surface, making the intracellular reaction
detectable. The output of the electrochemical signal suggests
that the cells are maintained in a living state and the composite
interface provides a compatible environment for the cells.

The significant influence of the cells on the electrode elec-
trochemical process comes from the impedance characteriza-
tion, from which the electron transfer resistance (R.;) of the cell
adhesion on GCE was measured using [Fe(CN)¢]* "~ as the
redox probe. Fig. 2B shows the impedance spectra of bare GCE
(a), cMWCNTs-chitosan composite film/GCE (b), and osteo-
blastic MC3T3-E1 cells/cMWCNTs—-chitosan composite film/
GCE (c), obtained by fitting the data with the inserted equivalent
circuit model. The curves (a) and (c) exhibit typic impedance
semicircles from which the respective R values are estimated
as 197.2 + 15.7 Q and 450.7 + 27.4 Q. While the cMWNTs-
chitosan composite modified GCE shows the response as
a nearly straight line, with a R value as low as 19.7 £ 2.5 Q,
indicating that the composite film provides a desirable pathway
for the interfacial electron transfer with almost no resistance to
the redox process of the [Fe(CN)s**~ probe. On the other
hand, the osteoblastic MC3T3-E1 cells attached on the
composite film form a barrier to electron transfer, resulting in

0 20 40 60
Time/h

Fig. 3
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the significant increase of R value to 450.7 + 27.4 Q (curve c).
In addition, these interfaces show negligible solution contact
resistance R;, which was also observed in the graphene oxide
quantum dots/cMWCTs composite modified electrodes,™
favorable to the interface charge transfer.

The impedance response of live cells on electrode surface
has been exploited for constructing sensitive and label-free
cytosensors for many applications such as drug screening,
toxicology testing, and cytophysiological and pathological
mechanism research.® In the present work, the relationship
between the cell concentration and the impedance R, value was
also investigated. Fig. 2C shows the Nyquist diagrams of the
composite film/GCE after incubation for 12 h in the osteoblastic
MC3T3-E1 cell suspensions with successively increased
concentrations from 5.0 x 10’ to 5.0 x 10° cells mL™". A linear
relationship between R, and the logarithm of cell concentration
(log C) can be established as a linear regression equation R, (Q2)
= 142.07 log C — 484.25 with a correlation coefficient of 0.9912
and a limit of detection (LOD) of 1.8 x 10> cells mL™" as esti-
mated from 3 times standard deviation of R, value (Fig. 2D).
According to this linear relationship the cell density in
a MC3T3-E1 cell culturing suspension could be easily deter-
mined, affording a simple and straightforward way for the cell
number quantification.

3.3 Monitoring of MC3T3-E1 cell behaviour on cMWCNTSs-
chitosan composite film/GCE

On the basis of the established cMWCNTs-chitosan composite
film/GCE cytobiosensor and the linear relationship between R
and log C, forthcoming investigation was focused on the
MC3T3-E1 cell behavior on the composite film/GCE surface,
and understanding the cell growth process would be helpful to
the application in investigating the interactions of cell factors
and drugs with the cells.>® The cells were incubated on the
cMWCNTs-chitosan composite modified electrodes at 37 °C
and the impedance response was monitored. Fig. 3a displays

.(a) Variation of Re; with incubating time of MC3T3-E1 cells on the composite film/GCE after incubation for 0 h, 2 h, 4 h, 8 h, 12 h, 24 h,

48 h, 72 h, and 96 h. Fluorescence images (100 x) of cells on the composite film coated glassy sheets at (b) 2 h, (c) 6 h, (d) 12 h, (e) 72 h, and (f) 96 h

stained by DIO.
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the time course of the R.; value variation with incubating time.
The R, value increases rapidly before the incubating time of
12 h, and then the increase rate becomes slow but steady till the
time reaches 72 h, after which the R, value drops speedily. To
correlate the impedance response with cell behavior, inverted
fluorescence microscopy was applied, and the fluorescence
images corresponding to the incubating times are given in
Fig. 3b—f. It can be seen that, at the incubating time 2 h, the cells
began to attach to the surface; at 6 h, more cells inhabited on
the surface with cell occupying area slightly enlarged; at 12 h,
the cells became larger and the cell number somewhat also
increased; at 72 h, the cells spread substantially and accompa-
nied with the still increase in cell number; and finally at 96 h,
the cell number on the surface was notably decreased and cell
contraction was observed for the attached cells.

Careful analysis of the variation trends of the R, value and
the cell behavior on the composite/GCE surface, a preliminarily
correlation could be drawn between the two variation trends,
that is, the R value is closed related to the number and occu-
pying area of the attached cells. The cell number provides
a main contribution to the R value, which is significant before
the incubating time 12 h, resulting from the cell attachment
plus probably the cell proliferation. The MC3T3 cell prolifera-
tion in this time scale was also observed for in vitro cultured on
polyaniline doped titania nanotubes biointerface.”” The cell
spreading process contributes less to the R.; value, which
mainly occurs in the incubating time ranging from 12 h to 72 h,
because in this stage the cell spreading is predominant.

3.4 Role of OGP(10-14) on MC3T3-E1 cells

As another potential application, the fabricated cMWCNTSs-
chitosan composite film/GCE cytosensor was used to investigate
the role of OGP(10-14) by impedance monitoring the behavior
of MC3T3-E1 cells. OGP(10-14), as well as OGP, has the poten-
tial in medical applications for bone repair and regeneration
through stimulating the proliferation and growth of osteoblast
cells, as demonstrated by administration or incorporation into
scaffolds composed of various materials such as poly(lactic-co-
glycolic acid),®® poly(ester urea),> and chitosan-coated poly(-
lactic acid)."” However, to our best knowledge, there are no
reports on the role of OGP and OGP(10-14) using cytosensing
methodologies. Fig. 4 shows the impedance responses of
MC3T3-E1 cells on the sensor surface after incubation in solu-
tions containing 1 x 10> cell per mL of the cells with the pres-
ence (red curve) and absence (blue curve) of 107> M OGP(10-
14) in a period of 72 h. Again, the R, value increases rapidly
before the incubating time of 12 h, and then the increase rate
becomes slow but steady, and at any inspection time point, the
presence of OGP(10-14) results in a larger R, value, corre-
sponding a higher density of cell, than that without OGP(10-
14), suggesting the promoting role of OGP(10-14) on the cell
attachment, spreading, and proliferation on the cMWCNTs—
chitosan composite film/GCE cytosensing surface.

The cytosensor also used to determine the
concentration-dependent effect of OGP(10-14) on the osteo-
blastic MC3T3-E1 cell behavior, in couple with the

was
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Fig. 4 .Impedance responses of osteoblastic MC3T3-E1 cells on the

cMWCNTs—chitosan composite film/GCE surface after incubation in
solutions containing 1 x 10° cell per mL of the cells with the presence
(red curve) and absence (blue curve) of 107> M OGP(10-14) for (a) O h,
(b) 2 h,(c)4h, (d)8h, (e) 12 h, (f) 24 h, (g) 48 h, and (h) 72 h. Inset:
corresponding EIS spectra of osteoblastic MC3T3-E1 cells in the
presence of 1072 M OGP(10-14) for the corresponding incubation
times.

characterization by inverted fluorescence microscopy. At
varying OGP(10-14) concentrations of 0, 107*%, 1072, 107",
107, 107°, and 107® mol L%, the corresponding R values
after incubation for 12 h and 72 h were measured, and the
results are shown in bar graph in Fig. 5A. For 12 h incubation
the variation of OGP(10-14) concentration has no significant
influence on the impedance response because the R, values are
only slightly different; whereas for 72 h incubation, the R, value
varies more significantly, with the largest response centered at
the OGP(10-14) concentration of 10™*> mol L™". From these
data, an optimal OGP(10-14) concentration of 10~ M was
identified, which produced the maximum R, increases of
9.73% (P < 0.05) and 16.15% (P < 0.05) after 24 h and 72 h
incubation, respectively. To further illustrate the OGP(10-14)
effect, by calculating with the linear relationship established in
Fig. 2C, the cell number increase in percentage relative to that
without OGP(10-14) after incubation for 12 h and 72 h are
plotted in bar graph as shown in Fig. 5B. At the optimal
OGP(10-14) concentration of 10 '* M, the cell number increase
in percentage reached 46.12% and 158.09%, respectively, after
24 h and 72 h incubation. Higher or lower concentration could
reduce the effect of OGP(10-14). This result is consistent with
observation of the OGP(10-14) effect on primary human oste-
oblast culture that resulted in a bell-shaped proliferation curve
centered at the OGP(10-14) concentration of 10> M, due to the
autocrine/paracrine mode of endogenous OGP in the cells
regulated by exogenous OGP(10-14).*°

The bell-shaped curve of impedance response with stimula-
tion of different OGP(10-14) concentrations can be confirmed
by and correlated to the fluorescence observation of the cell
density variation after incubation with OGP(10-14) in the same
concentration range (0-10"% mol L™"), as shown in Fig. 5C. At
the OGP(10-14) concentration of 10~"> mol L™, the most

© 2022 The Author(s). Published by the Royal Society of Chemistry
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.Impedance responses (A) and cell increase percentages (B) of MC3T3-E1 cells after incubating 24 h and 72 h in the presence of OGP(10—

14) at concentrations of (a) 0, (b) 10723, (c) 1072, (d) 107, (e) 10712, (f) 1072, (g) 108 mol L%, and inverted fluorescence images (x100) (C) of cells
after incubation with the same OGP concentrations for 72 h stained by DAPI.

densely populated cells cover the entire surface (Image c in
Fig. 5C), higher than the cell coverage at any suboptimal or
supraoptimal OGP(10-14) concentration. The results suggest
the reliability of the cMWCNTs-chitosan composite sol-gel as
the cytosensing interface for investigating the drug-stimulated
cell behavior.

4 Conclusions

Cell impedance biosensors have become a powerful tool to
analyze the biological events of cell adhesion, spreading,
proliferation, apoptosis, and other processes in a label-free and
quantitative fashion, finding potential applications in the fields
of drug screening, toxicology testing, etc. However, for fabri-
cating an osteoblastic cell cytosensor, developing a suitable
electrode interface material is still challenging and remains to
be explored due to the propensity of osteoblastic cells and the
associated environmental requirements.

In this work an osteoblastic cell-compatible and highly
porous cMWCNTs-chitosan composite sol-gel material was
developed and used as the cytosensing interface material via
a one-step electrodeposition on the GCE surface as a novel
cytosensor. SEM verified the three-dimensional hierarchical
and porous microstructure favorable to the adhesion and
spreading of cells. The cytosensor was used for determining
osteoblastic MC3T3-E1 cell concentration and thus a linear
relationship was established in the range from 5 x 10° to 5 x
108 cell per mL with a detection limit of 1.8 x 10> cell per mL.
The impedance cytosensor was able to reveal convincingly the
cell behavior regarding the cell attachment, spreading. And
proliferation. Furthermore, the effect of OGP(10-14) on the

© 2022 The Author(s). Published by the Royal Society of Chemistry

osteoblastic MC3T3-E1 cells was investigated using this
impedance cytosensor, showing the potential of OGP(10-14) in
bone repair and regeneration. Therefore, this work established
a novel impedimetric cytosensing strategy for osteoblastic cell
concentration determination and stimulus response moni-
toring that would be very useful in estimating the interactions
between osteoblastic cells and interfacial materials or relevant
drugs.
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