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This paper employs a spin-coated method to construct conductive polypyrrole (PPy) substrates which

present superior properties for controlling the morphological structures and functions of bEnd.3 cells.

The PPy substrates with a homogeneous particle size, uniform distribution and proper roughness show

enhanced hydrophilic characteristics and improve cell adhesion to the substrates. The changes in the

mechanical properties of cells and the responses to the designed substrates and magnetic field are also

explored. Due to the synergistic effect between the magnetic field and the conductive PPy substrate, the

cells cultured in such an environment exhibit applanate shapes with more branches and enhanced cell

viability. In addition, the cells preferentially extend along the magnetic field direction. The mechanical

characteristics of cells change significantly under varying magnetic intensity stimulations (5–16 mT). The

satisfying effect on cells' morphology and outgrowth is acquired at the magnetic intensities of 9–10 mT

and duration of 20 min, compared with other stimulated groups, while retaining cell viability. Moreover,

the cells express higher adhesion up to 5.2 nN. The results suggest that the application of the PPy

substrates and magnetic field is a promising candidate for the protection of neurovascular units and

treatment of neurological diseases.
1. Introduction

Polypyrrole (PPy), known as the ‘organic metal’, has attracted
scientists' attention for its high electrical conductivity, good
chemical stability and plasticity.1,2 Notably, PPy exhibits good
biocompatibility which allows further research into its biolog-
ical applications, such as cell cultures, nerve regeneration,
biosensors and biochips.3,4 Recently, PPy lms have been
extensively developed as functional materials used especially for
electrophysiological applications. Previous studies have
different approaches toward conductive PPy lms such as the
electrochemical synthesis, emulsion polymerization, oxidative
polymerization, interfacial polymerization and template
method.5,6 However, the PPy lms obtained by the methods
exhibit uneven surfaces and non-uniform PPy particle
distributions.
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Recently, some reports have demonstrated that PPy lms
derived from different fabrication methods signicantly
affected the viability of cells.7,8 PPy lms were usually used as
the extracellular environments, thus the surface roughness and
PPy particle uniformity were two critical factors for cell growth.
Lin et al. showed that nanoparticle sizes and surface properties
played a key role in determining their in vivo fate.9 The non-
uniform distribution of PPy particles on the membrane
surface caused the heterogeneous stimulation and poor poly-
mer–cell interaction.10,11 Therefore, an improvement approach
was needed to obtain PPy lms with more uniform PPy particle
density and atness.

In addition, most reports have described the effects of PPy
lms on cell growth using the tools such as optical microscope
(OM)12 and scanning electron microscope (SEM), transmission
electron microscope (TEM).13 Since much work has focused on
how PPy lms inuence the cell survival, little has been re-
ported on how PPy lms change cell physical characteristics.
Furthermore, quantitative examinations of the effect of cells
induced by substrates are critical to promote the understanding
of associated cell response mechanism. Therefore, the analyt-
ical method is noticeably essential to explore the physical
characteristics of living cells on the PPy lm in various condi-
tions. To investigate the effects, atomic force microscope (AFM)
has been proved to be a versatile technique and tool to monitor
cell–substrate interactions quantitatively and in real time.14
RSC Adv., 2019, 9, 40887–40894 | 40887
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Similarly, AFM has become one of the most popular tools for
surface imaging and measuring of different materials, espe-
cially for characterizing the size distribution of nanoparticles
and surface roughness.

Magnetic eld stimulation is a safe and noninvasive physical
therapy to promote and align nerve regeneration for nerve
injury.15 Xu and Hughes et al. investigated a PPy nerve conduit,
which had great potential for nerve tissue regeneration under
the electrical stimulation, and the neurite length also
extended.7,16 Che et al. found that magnetic simulations could
affect the behavior of neural cells, promoting their proliferation
and adhesion.17 In spite of intense research, some reports have
shown no change or opposite results in cellular responses aer
the same stimulation.18,19 A signicant problem is that the
strength and duration of magnetic stimulations are hard to be
determined. Furthermore, most cellular changes induced by
magnetic stimulation remain on the observation rather than
the accurate measurement. It is desirable to further explore the
magnetic effect on the physical change of living cells cultured
on substrates.
2. Experimental section
2.1 Materials and instruments

Pyrrole was purchased from Aladdin Co. (China). Ammonium
persulfate (APS) and dimethylsulphoxide (DMSO) were
purchased from Guangfu Co. (China). Sodium dodecyl benzene
sulfonate (SDBS) was purchased from Xilong Science Co.
(3009647, China). DMEM medium, trypsin, phosphate buffer
saline (PBS) and fetal bovine serum (FBS) were purchased from
Gibco (USA). Mouse brain microvascular endothelial cells
(bEnd.3) were purchased from ATCC Co. (ATCC® CRL-2299,
USA). Cell proliferation kit I (MTT, 11465007001) was
purchased from Sigma-Aldrich.

bEnd.3 cells were incubated in a cell culture incubator
(Ip610, Yamato Scientic Co. Ltd., Japan). The microscope
images were recorded by an inverted optical microscope (DS-
Ri2, Nikon, Japan). The images were recorded by an AFM
(NanoWizard®3, JPK Instruments AG, Germany) with a MLCT
probe (0.55 mm thickness, 20 nm curve radius, 22 kHz reso-
nance frequency, 0.03 N m�1 spring constant, Bruker, Ger-
many). The conductivity of PPy substrates were measured by
AFM in the conductive mode. (NanoWizard®3, JPK Instruments
AG, Germany) with an ACCESS-EFM-10probe (2.8 mm thickness,
25 nm curve radius, 36–98 kHz resonance frequency, 0.8–0.9 N
m�1 spring constant, Bruker, Germany). The magnetic eld
generation device was constructed with a DC power supply
(DF1731SL3A, Ningbo Zhongce Electronics Co., China). The
magnetic induction was measured with Gaussmeter (TD208,
Hengtong Magnetoelectricity Co., China). The PPy lms were
fabricated by spinning with a spin coater (KW-4A, Siyouyen Co.,
China).
2.2 PPy substrate fabrication

The puried pyrrole monomer was achieved as colorless
transparent liquid by vacuum distillation. Different amounts of
40888 | RSC Adv., 2019, 9, 40887–40894
APS (0.068 g or 0.136 g) and SDBS (0.05 g) were diluted into
10 mL water to obtain a mixture. 50 mL pyrrole monomer was
rst dissolved in 5 mL DMSO, then poured into the above
prepared mixture. Aer 6–48 h reaction in a sealed brown bottle
at room temperature, the PPy solution was achieved. Each time,
the PPy solution (20 mL) was spun on a cover glass (20 mm � 20
mm) for 1 min using a spin coater at 1000 rpm. The total spin
number was from 2 to 6 times. Then the cover glasses were
dried in a vacuum drying oven for 4 h at 80 �C to have the PPy
substrates. Finally, the PPy substrates were located in an auto-
clave for 30 min sterilization. The sterilized PPy substrates can
be put into the culture cover glass for cell culture.
2.3 Cell culture

The cells were cultured in a T25 cm2 culture ask using the
DMEM medium supplied with 10% fetal bovine serum (FBS)
and 1% antibiotic. The culture asks were incubated in
a humidied atmosphere with 5% CO2 at 37 �C in a cell culture
incubator (Sanyo, Japan). The cells were subcultured when they
reached 80% conuence, and they were washed twice using
DPBS without calcium and magnesium followed by detaching
the cells from the ask using 1 mL trypsin for 2 min at 37 �C in
the cell culture incubator. Then 2 mL fresh culture medium was
added to neutralize trypsin followed by transferring the mixture
into a centrifuge tube and carry out the centrifuge for 5 min at
1000 rpm. The supernatant was discarded and the cell pellets
were diluted using fresh media. Aer that the diluted cells were
dispersed on 38 mm culture cover glass (with or without the PPy
substrates) for another 24 h incubation before use.
2.4 Magnetic eld generation device

The magnetic eld generation device was used to stimulate the
cells consisting of a direct-current (DC) power generator, coil
and gaussmeter. Different DC currents (0.35, 0.45 and 0.55 A)
were applied to well-distributed coils (ring shape, copper wires,
0.5 mm diameter, 500 turns). The experimental device is shown
in Fig. S1.† Two coils were diagonally placed, and the culture
cover glass was equidistantly located between the two coils. The
horizontal angle of the magnetic eld was 45�. Aer the
magnetic stimulation, the cells were directly measured by AFM
and inverted optical microscope.
2.5 PPy substrates analysis process

The surface morphology and the conductivity were tested in ve
selected distinct regions on a PPy substrate by AFM with the
scan range of 80 � 80 mm2. Then, the data of ve selected
regions were averaged to represent the value of each PPy
substrate.

Before the cell incubation, the surface physical characteris-
tics of the sterilized PPy substrates were tested in ve different
regions using AFM in air. Aer incubating cells on PPy
substrates in a cover glass, the physical characteristics of cells
were measured 20 times by AFM in culture. During the experi-
ment, ve cells in a cover glass were scanned to obtain their
images. Then ve regions were selected for each cell to analyze
This journal is © The Royal Society of Chemistry 2019
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the characteristic parameters (adhesion and Young's modulus)
by image processing soware.

Aer the different magnetic treatments using the magnetic
eld generation device, the physical characteristics of cells on
PPy substrates were tested 10 times with the inverted optical
microscope and AFM in culture. Then the ve regions were
selected for each cell to analyze their characteristic parameters
(adhesion and Young's modulus) by image processing soware.

2.6 Cytotoxicity analysis process

The cells were seeded on different PPy substrates in a 6-well
plate at a density of 1.5 � 105 cells per well, and were incubated
in the cell culture incubator for 24 h at 37 �C. Then the Cell
Proliferation Kit I (MTT) assay was immediately added to
investigate the cell viability under the inuence of different PPy
substrates.

2.7 Image J analysis of cell branch length

The cell branch measurement is the straight-line distance from
the longest branch to the cell body. All the cells that cultured on
the PPy substrate or on the cover glass were measured by an
inverted optical microscope. The branch length of total 60 cells
from each group were analyzed by Image J soware.

3. Results and discussion
3.1 Characterization of PPy substrates

Ammonium persulfate as a catalyst played an important role in
increasing the reaction rate of the PPy synthesis. As shown in
Fig. S2,† the mixed solution color went dark with the reaction
time (6–48 h) in the presence of 0.068 g ammonium persulfate,
due to the generation of PPy particles. In comparison, the mixed
solution showed a black color aer 36 h reaction in the presence
of 0.136 g ammonium persulfate, and it had almost no PPy
particle precipitation as the reaction time increased due to the
completed reaction of the mixed solution. Therefore, the two
PPy solutions both reacted completely for the fabrication of PPy
substrates aer 48 h.

Six types of PPy substrates were produced with different PPy
solutions and spin times. As shown in Table 1, 20 mL PPy
solution was used for spin coating at each time, then next spin
began aer 2 min standing. The total spin number was 2, 4 or 6
times. In the presence of 0.068 g catalyst (group 1), the PPy
substrates were labelled as 1.1, 1.2 and 1.3. The PPy substrates
with 0.136 g catalyst (group 2) were named 2.1, 2.2 and 2.3.
Table 1 Groups of polypyrrole (PPy) substrates

Catalyst (g)

PPy substrate name

Spin number

2 times 4 times 6 times

Group 1 0.068 1.1 1.2 1.3
Group 2 0.136 2.1 2.2 2.3

This journal is © The Royal Society of Chemistry 2019
The surface morphological images of PPy substrates were
obtained by AFM in Fig. 1, which showed the distributions of
PPy particles. Meanwhile, the SEM images of PPy substrates
were shown in Fig. S3.† Both AFM or SEM images of PPy
substrate, the diameters of PPy particles for both groups (group
1 and group 2) had a gradual decline with the increase of spin
number, and the particle distribution became more uniform
(Fig. S4†), along with higher particle density and lm thickness
(Table S1†). The PPy substrate 2.3 presented better uniformity
of PPy particles.

Recent publications reported that DMSO as an organic
solvent could solve the insoluble and infusible problems in
synthesizing conductive PPy. Meanwhile, partially avoided the
collision and aggregation of particles based on its solvent
effect.20,21 Thus, with more spin number in fabricating PPy
substrates, more DMSO solvents were contained, resulting in
a better uniform distribution of particles with smaller sizes.
Ammonium persulfate (APS), playing a synergistic role in
adjusting the morphology of PPy molecules as a surfactant.
Comparing with the two groups, the range of particle size and
lm thickness of group 2 were smaller than those of group 1,
indicating that adding more catalysts in the PPy fabrication
would acquire smaller sizes of synthetic PPy and generate PPy
particles. In addition, a few snowake structures were found on
the edge of PPy substrates (Fig. S5†), which was probably due to
the co-crystallization of SDBS and PPy particles.22,23

The surface characteristics of substrates were critical to
provide a suitable micro-environment for cell growth.24,25

Therefore, the roughness and hydrophilicity of PPy substrates
were analyzed to obtain the optimal condition for cell culture.
All the morphological images in Fig. 1 clearly showed that PPy
substrates had an interconnected surface structure through the
multilayer spin coating. The roughness of PPy substrates
declined with the increasing number of spin coating (Table
S2†), indicated that the interconnected multilayer structure
could smooth the PPy substrate. The roughness values of PPy
substrates 1.3 and 2.3 were slightly higher than that on the
cover glass surface (control group), meanwhile, they were the
closest roughness value to the cover glass surface. Another
factor of examination was the surface hydrophilicity, as shown
in Table S2.† The hydrophilicity of PPy substrates had an
irregular change with the increasing number of spin coating.

The PPy substrate 2.2 presented better hydrophilicity with
a contact angle of 15 � 5�, and PPy substrate 1.2 had worse
hydrophilicity with a contact angle of 40� 5�. It was well known
that the good substrate for cell culture was amphipathic (not
extremely hydrophilic).2,26 Thus, the contact angles of all PPy
substrates (from 15 � 5� to 40 � 5�) may have different effects
on cell growth compared with the control group (35 � 5�).
According to the report, a coating was applied to improve
a specic function or enhance surface properties.27 Therefore,
in addition to the changes in the PPy substrate wettability, the
physical and chemical properties of material surface also
affected the roughness, morphology, particle size, lm thick-
ness, and the stability of the PPy substrate. In the combination
of roughness and hydrophilicity, PPy substrate 2.3 would be
RSC Adv., 2019, 9, 40887–40894 | 40889
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Fig. 1 AFM images of PPy substrates 1.1, 1.2 and 1.3 (A–C) and PPy substrate 2.1, 2.2, and 2.3 (D–F); scale bars: 5 mm.
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more desirable for cell culture, which was similar to the control
group.

Similarly, the electrical characteristics of PPy substrates were
analyzed by AFM in the conductive mode. Based on the
measurement results, the conductivity of PPy substrates varied
from 1.61 to 5.91 nA and gradually enhanced with the increase
of spin coating, which had no negative inuence on the cell
culture. As shown in Fig. 2, the conductive image of PPy
substrate 2.3 was showed and the current intensity reached the
maximum value of 5.91 nA. The white region indicated high
conductivity in PPy substrate 2.3. In addition, we quantied the
conductivity of all white regions, and the relative current
intensity distribution was shown in Fig. S6.† It was observed
that the current intensity was mainly in the range of 2–4 nA.
Fig. 2 The conductive image of PPy substrate 2.3.
3.2 Biological analysis of cells on PPy substrate

Microscopic imaging observations and cell viability detection
were performed to investigate the physical properties of cells
cultured on PPy substrates. The survival rate of cells was
measured using the MTT assay (Fig. S7†). The cell viability
gradually increased in group 1 (PPy substrates 1.1–1.3) and
group 2 (PPy substrates 2.1–2.3), and the cells in group 2 pre-
sented higher cell viability than that in group 1. Especially the
cells on PPy substrate 2.3 had the highest cell viability at about
98.9%, indicating that PPy substrate 2.3 had better material
surface properties for cell culture.

The surface morphology with micro- and nano-scale features
might have benecial effects on the cell–substrate interaction,
which signicantly inuenced the adsorption of proteins and
thus, it determined also the adhesion, spreading and growth of
the cells in vitro.28 In addition, there were longer cell branches
40890 | RSC Adv., 2019, 9, 40887–40894
on the PPy substrates (group 2) compared to that on the cover
glass surface (control group) (Fig. S8a†). The branch length
distribution of bEnd.3 cells was shown in Fig. S8b and c.† The
average branch length for the control group was about 38.20
mm, and it turned into 36.93 mm, 31.77 mm, 37.28 mm, 40.82 mm,
38.92 mm and 63.54 mm for the 1.1, 1.2, 1.3, 2.1, 2.2 and 2.3
substrates, respectively. Compared with the control group, the
average branch length of bEnd.3 cells in group 1 was decreased,
but it was extended in group 2. The bEnd.3 cells on PPy
substrate 2.3 had the longest branch with the average elonga-
tion of 1.66-fold which could accelerate the communication
between cells. It was probably due to that an increase of cell–
substrate adhesion could induce the branching outgrowth.29,30
This journal is © The Royal Society of Chemistry 2019
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As mentioned above, PPy substrates 2.1–2.3 (group 2)
mimicked a better micro-environment for cell culture, thus,
they were selected to study the cell properties including cell
adhesion and Young's modulus (Fig. S9†) by AFM. All the cells
on PPy substrates had higher cell adhesion compared to the
control group (2.3 > 2.2 > 2.1 > control), which led to the
extension of cell branches. Especially, the adhesion of cells on
PPy substrate 2.3 presented a slight increase at about 4.09 nN
(Fig. S9a†). Thus, the cells on PPy substrate 2.3 substrate might
have the longest branch. Fig. S10† shows the cell branches on
PPy substrate 2.3 and the control group, respectively. The cell
branch extended from 29.03 mm (control group) to 74.44 mm
(PPy substrate 2.3), along with the extending of 2.56-fold.
According to previous studies, the high adhesion value of cells
could promote the secretion and adsorption of more proteins
and enhance cell branching out-growth under electrical stim-
ulation by PPy substrate.31,32 The Young's modulus of cells also
showed that the control group had the highest Young's
modulus at about 5.14 kPa (control > 2.2 > 2.3 > 2.1, Fig. S9b†),
and the cell Young's modulus for PPy substrates 2.2 and 2.3
were similar (3.70 kPa and 3.58 kPa, respectively). Fig. S11†
shows the numerical range of cell adhesion and Young's
modulus. Detailed mechanical parameters have become an
essential factor to estimate the physiological status of cells,
which directly affects the cytoskeleton andmembrane elasticity.
It was reported that the cell elasticity was implicated in many
progressive diseases, meanwhile, the enhancement of cell
adhesion was an important criterion when designing biomate-
rials for neural tissue engineering.33,34 In addition, dorsal root
ganglion (DRG) neurons and glial cells, primary cortical and
spinal cord neurons were reported to grow well with elastic
moduli on the order of a few hundred Pa,35 and bEnd.3 cells
were part of the neurovascular unit which the values of Young's
modulus were served as reference data.

The optimal surface of biocompatible materials should
possess suitable parameters in promoting the cell growth and at
the same time with a “smart” response of the surface.36 In
context, PPy substrate 2.3 would be more desirable for cell
culture due to the high cell viability, long cell branch, high cell
adhesion and proper Young's modulus, and it will be discussed
in the next section.
3.3 Magnetic effect of PPy substrate on cells

Magnetic stimulation has a two-way regulation of the promo-
tion and inhibition of cell survival.37,38 The inverted optical
microscope was used to investigate the magnetic effects on cells
with different magnetic intensities and stimulation durations.
Firstly, the morphology of bEnd.3 cells was elongated and
somewhat like broblasts with no magnetic stimulation in PPy
substrate or control group (Fig. S12†). As shown in Fig. S13,† the
cells on PPy substrate 2.3 had no change under the 10 min
magnetic stimulation with different magnetic intensities, while
the longer stimulation duration (15–20 min) obviously changed
the cell physiological status. Nearly 80% cells cultured on PPy
substrate 2.3 presented an oriented growth compared to the
This journal is © The Royal Society of Chemistry 2019
horizontal direction (45–90�) aer 15 min stimulation due to
the effect of magnetic eld.

The growth orientation of cells was changed to 45–60� aer
20 min stimulation, which was approximative along the direc-
tion of the magnetic eld (45�), and the morphology of cells
obviously turned into the applanate shape. Further longer
stimulation time (30 min) led to the death of most bEnd.3 cells.
As shown in Fig. S14,† the viability of cells decreased signi-
cantly aer the magnetic stimulation for 30 min and 40 min
which indicated a long time stimulation inhibited the cell
survival. Besides, the cells on the cover glass surface (control
group) had a similar cell growth orientation but no apparent
cell morphological changes under the same magnetic stimula-
tion. It indicated that the orientation was induced by the
magnetic effect,39–41 but the cell morphological change was
probable due to the generation of magnetic eld, which
induced an electromagnetic effect on PPy substrates and stim-
ulated the cells.42,43 Another interesting observation was the cell
density-dependent effect under the magnetic stimulation. As
shown in Fig. S15,† the cells with a high cell density on PPy
substrate 2.3 displayed more degree of orientation and tightly
interconnected, while the orientation was partially inhibited in
the low cell density region. It was speculated that the cells with
the high density might secrete more extracellular matrix (ECM)
for inducing neurotransmitter release, which led to the orien-
tation of cells and accelerated intercellular communications
through the magnetic effect.44,45

Next, the physical characteristics of cells based on PPy
substrate 2.3 aer 20 min magnetic stimulation were studied
with different magnetic intensities (0 mT, 5–6mT, 9–10mT, and
15–16 mT). Fig. 3 shows the AFM images of cells on PPy
substrate 2.3 and the cover glass surface (control group).
Without the magnetic stimulation, the cell surface was smooth,
aer the stimulation with the magnetic intensities of 5–6 mT or
9–10 mT, the cells turned into the applanate shape with more
cell branches, which beneted the cell tightly connectivity and
signal transmission between the cells.18 In comparison, the cells
on the cover glass surface (control group) had few morpholog-
ical changes under the stimulation. To further testify the
increased amounts of cell branches, the magnetic intensities of
9–10 mT were chosen to stimulate the cells on PPy substrate 2.3
for 20 min. Compared to the unstimulated groups, the bEnd.3
cells cultured in the magnetic eld showed longer extensions,
and particularly many cells preferentially generated more
branches from their bodies aer the stimulation (Fig. S16†). It
demonstrated that the magnetic stimulation could increase cell
branches on PPy substrate 2.3. When the magnetic intensities
were increased to 15–16 mT, the cells gradually disintegrated
(Fig. 3). The apoptosis trend of the control group was more
distinct than that of PPy substrate 2.3, and the results from the
images led to the conclusion that the magnetic intensities of
15–16 mT were excessive and adverse for cell culture. Thus, 5–6
mT and 9–10mT would be appropriate for cell culture under the
magnetic stimulation on PPy substrates.

In order to determine the effects of the magnetic stimulation
on the cells cultured on PPy substrates, the adhesion, Young's
modulus of cells and the relative ECM before and aer the
RSC Adv., 2019, 9, 40887–40894 | 40891
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Fig. 3 AFM images of cells on PPy substrate 2.3 (A–D) and the cover glass surface (control group) (E–H) after 20 min magnetic stimulation with
differentmagnetic intensities; DC currents andmagnetic intensities: (A and E) 0 A and 0mT, (B and F) 0.35 A and 5–6mT, (C and G) 0.45 A and 9–
10 mT, and (D and H) 0.55 A and 15–16 mT.
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magnetic stimulation are shown in Fig. 4. The adhesion of cells
was gradually increased with the increase of magnetic intensi-
ties (5–6 mT, 9–10 mT), and the opposite result presented
a rapid decline with themagnetic intensities of 15–16mT. It was
inferred that the high intensity of magnetic eld caused the
adhesion lower than that without the stimulation, which was
not suitable for cell growth. At the same time, the adhesion
tendency of ECM was in a good agreement with the trend of
adhesion changes. The result was interpreted as that the
magnetic stimulation (magnetic intensities of 5–6 mT and 9–10
mT) could increase the adhesion of ECM due to the more
secretions of proteins.46 But the stimulation with a higher
magnetic intensity destroyed the growth of cells which led to
fewer secretions of proteins and decreased the adhesion of
ECM.
Fig. 4 (a) The adhesion and (b) Young's modulus of cells and ECM on PP
magnetic stimulation with different magnetic intensities: 5–6, 9–10 and 1
errors. The cell number is 5 for each group (the results represent means�
p # 0.001 compared to the control group).

40892 | RSC Adv., 2019, 9, 40887–40894
However, the Young's modulus of cells had different
presentations with the adhesion and ECM adhesion. Compared
to the unstimulated cells, the Young's modulus of cells in the
control group had few changes under the magnetic stimulation
at the intensities of 5–6 mT, but increased on PPy substrate 2.3,
which might affect the secretion of proteins by the cytoskeleton
tension change.47,48 When the magnetic intensities were
increased to 9–10 mT, the Young's modulus of cells had
a sudden decline and signicantly increased with the magnetic
intensities of 15–16 mT. The Young's modulus of ECM was
decreased at lower magnetic intensities of 5–6 mT and 9–10 mT
due to the more secretions of proteins, but increased with the
magnetic intensities of 9–10 mT. Probably, the higher magnetic
intensity could cause the death of cells. The results indicated
that the apoptosis process induced by the magnetic intensities
y substrate 2.3 and the cover glass surface (control group) after 20 min
5–16 mT. All the results are expressed as the mean values and standard
s.e.m. * represents p# 0.05, ** represents p# 0.01 and *** represents

This journal is © The Royal Society of Chemistry 2019
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of 15–16 mT could increase Young's modulus of both cells and
ECM. The substrate–cell interactions and physical stimuli had
clear impacts on cell behaviors and functions. Therefore, the
cells cultured on PPy substrate 2.3 under the magnetic stimu-
lation of 9–10 mT had its high adhesion and low Young's
modulus, which had an optimal environment for cells culture
and intercellular communications.

Finally, the cell viability was assessed by MTT analysis. As
shown in Fig. S17,† the cell viability was almost 100% for the
cells on PPy substrate 2.3 and the control group with no stim-
ulation. Aer the stimulation at the magnetic intensities of 5–6
mT, the cell viability was slightly increased due to the magnetic
effect, but the cell viability on PPy substrate 2.3 was lower than
that in the control group. A further increase of magnetic
intensities (9–10 mT and 15–16 mT) led to the decrease in cell
viability, and the cell viability on PPy substrate 2.3 was higher
than that in the control group. In this context, PPy substrate 2.3
was desirable to improve the adhesion and proliferation of cells
which provided an environment with appropriate physical and
chemical properties.

4. Conclusion

In this work, the PPy substrates were fabricated for cell culture
by spin-coated method. The PPy substrate presented different
characteristics with the homogeneous particle size, uniform
distribution, various roughness and enhanced hydrophilic. The
optimal PPy substrate for cell culture extended the branch
length with the average elongation of 1.66-fold without cyto-
toxicity. The potential of combining AFM with complementary
techniques including inverted optical microscopy, microplate
spectrophotometry and DC power supply stimulation was out-
lined to characterize the intracellular distribution of mechan-
ical responses within biological systems and to track their
morphology and functional state. The magnetic stimulation
combined PPy substrates regulated the cell growth direction
that showed a density-dependent effect. In addition, the cell on
the PPy substrate turned to be applanate with more branches,
which could benet the cells connectivity and intercellular
communications. The positive magnetic effect was obtained at
the magnetic intensities of 9–10 mT aer 20 min stimulation,
resulting in the high adhesion and low Young's modulus of
both cells and ECM. These results suggest that the conductive
PPy substrate and magnetic eld plays an important role in
protecting neurovascular unit and improving damaged
neurons, which may provide a basis for the treatment of
neurological diseases.
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