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Modulation of cell behaviors by electrochemically
active polyelectrolyte multilayers

Abstract: In addition to the topographical features and
chemical properties of substrates, the mechanical prop-
erties are known as a vital regulator of cellular processes
such as adhesion, proliferation, and migration, and have
received considerable attention in recent years. In this
work, electrochemical redox multilayers made of ferro-
cene-modified poly(ethylenimine) (PEI-Fc) and deoxyri-
bonucleic acid (DNA) with controlled stiffness were used
to investigate the effects of the mechanical properties of
multilayers on fibroblast cell (NIH/3T3) behaviors. Redox
PEI-Fc plays an essential role in inducing swelling in
multilayers under an electrochemical stimulus, result-
ing in distinct changes in the stiffness of the multilayers.
The Young’s modulus varied from 2.05 to 1.07 MPa for the
(PEI-Fc/DNA) multilayers by changing the oxidation time
of the electrochemical treatment. We demonstrated that
the adhesion, proliferation, and migration of fibroblast
cells depended on the multilayers’ stiffness. These results
indicate that cell behaviors can be precisely controlled
by electrochemical treatment, which provides a new way
to prepare thin films with tunable mechanical properties
with potential biomedical applications.
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1 Introduction

The layer-by-layer (LBL) deposition of polyelectrolytes
onto solid substrates is a universal and easy-to-perform
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way to fabricate versatile nanocomposite thin films with
tunable surface properties (1-6). The mechanical prop-
erties of multilayers can be changed through a variety
of methods such as the temperature (7), pH (8), ionic
strength (9), electromagnetic fields, and radiation (10).
With the use of stimuli-responsive materials in the study
of multilayers, stimuli-responsive multilayers, which can
adjust the nanostructures, elastic modulus, and hydrophi-
licity of the materials, can be prepared and obtained. The
numerous functions that can be performed by stimuli-
responsive multilayers have attracted considerable inter-
est from researchers (11-14). Compared to other responses,
electrochemical stimuli can tune more mildly and revers-
ibly not only the properties of multilayer films but also
the function of the multilayers topically by changing the
voltage without causing any effect on the structure and
function of the ambient molecules, cells, and tissues (15,
16). Because of those advantages, the method of electro-
chemically active polyelectrolyte multilayers has been
applied in the field of biosensing (17) and drug-controlled
release (18).

Electrochemically active polyelectrolyte multilay-
ers bearing redox groups such as ferrocene (19), violo-
gen (20), and osmium bipyridyl complex (21) have been
used for constructing biomaterials for several years now.
However, all these studies were focused on the mate-
rial science perspective; they merely made an in-depth
research at the cellular level (22, 23). It could be very
interesting to prepare electrochemically active polyelec-
trolyte multilayers (ranging from nanometers to microm-
eters in thickness) and investigate their influences on cell
behaviors, since there are great potential applications for
such thin films for biomedical surface modification. It is
well known that substrate stiffness has strong effects on
almost all kinds of cell behaviors (24-26). Although the
stiffness optima for different kinds of cells vary widely,
it is generally true that cells display a spreading prefer-
ence for stiffer substrates and prefer to migrate toward the
stiffer regions of a substrate. The possibility of varying
the mechanical stiffness by proton exchange membrane
(PEM) film deposition would be a good way to control the
cellular processes.

Ferrocene is an organic-metal compound. It is
stable at room temperature and has been widely used in
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electrochemical fields (27-29). The transformation of Fe(II)
and Fe(IIl) in the multilayers results in the swelling phe-
nomenon, which causes the changes in the stiffness of the
multilayers (30). So, in our previous study (31, 32), we used
ferrocenecarboxaldehyde and poly(ethyleneimine) (PEI)
to synthesize ferrocene-modified poly-(ethylenimine)
(PEI-Fc). Ferrocene-modified poly-(ethylenimine) and
deoxyribonucleic acid (DNA) were chosen to form the
polyelectrolyte multilayers. The stiffness of the (PEI-Fc/
DNA) multilayers decreases when the ferrocene groups
undergo electrochemical redox treatment.

In this study, we further investigated the cell behav-
iors of the (PEI-Fc/DNA) multilayers. The stiffness of the
(PEI-Fc/DNA) multilayers was controlled by electrochemi-
cal treatment with different oxidation times, from O to 20
min. The electrochemical properties of the multilayers
were investigated by cyclic voltammetry. We learned that
the stiffness of (PEI-Fc/DNA) multilayers with 15 bilayers
can be tuned from 2.05 to 1.07 MPa. Moreover, we found
that the changes in stiffness played an important role in
the fibroblast cell adhesion, proliferation, and migration.

2 Materials and methods

2.1 Materials

Poly(ethyleneimine) (PEI, branched, molecular weight
25,000) and ferrocene-carboxaldehyde (98%) were pur-
chased from Sigma-Aldrich. PEI-Fc (10 mol% grafting
density of Fc) was synthesized as previously reported
by our group (19, 29). DNA (fish sperm, sodium salt) and
phosphate buffered saline (PBS) were purchased from
Sangon Biotech (Shanghai, China). Glutaraldehyde solu-
tion (25%) was purchased from Sinopharm Chemical
Reagent (Shanghai, China). Dulbecco’s Modified Eagle’s
Medium (DMEM), fetal bovine serum (FBS, Gibco, NY,
USA), 0.25% trypsin-EDTA solution, and penicillin and
streptomycin (P/S) were purchased from Future Biochemi-
cal-Tech (Shanghai, China). ITO glass was purchased from
Zhuhai Kaivo Electronic Components (Zhuhai, China). All
of the chemicals and solvents were of analytical grade.

2.2 Preparations for the (PEI-Fc/DNA)
multilayers

ITO glass coverslips (8x17 mm?) were cleaned with
acetone solution for 15 min and then with ethanol solution
for 15 min, rinsed thoroughly with deionized water, and
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finally blow dried with a stream of nitrogen. The (PEI-Fc/
DNA),, multilayers were built up by alternately immersing
the substrate in PEI-Fc and DNA solutions (both at 1 mg/
ml in PBS). Sequential adsorption of polyelectrolytes was
performed by hand dipping for 10 min in each polyelectro-
lyte, followed by rinsing in PBS for 1 min each. Cross-link-
ing of the multilayers was performed in glutaraldehyde
solution (0.1%, PBS at pH 7.4). Briefly, the multilayers were
incubated in glutaraldehyde solution for 3 min. Rinsing
steps were performed with PBS for 1 h. Then the multilay-
ers were electrochemically treated at different oxidation
times of 0, 2, 5, 10, and 20 min. The scan voltammetry was
0.5V.

2.3 Electrochemical measurements

Cyclic voltametric and amperometric measurements were
performed with a conventional three-electrode potentio-
static system. The equipment was a CHI-660D electrochem-
istry workstation (Shanghai Chen Hua, Shanghai, China).
A three-electrode cell was used with a saturated KCl elec-
trode as the reference, a platinum flake as the counter, and
the ITO glass with the multilayers as the working electrode.
PBS solution (pH 7.4) was used as the electrolyte. In the
electrochemical treatment process, amperometric meas-
urements were used to oxidize the (PEI-Fc/DNA),, multilay-
ers, and cyclic voltammetry was used to characterize the
electrochemical properties of the multilayers.

2.4 Characterization of the (PEI-Fc/DNA)
multilayers

The top images and the Z-axis view of the (PEI-Fc/DNA) .
multilayers were acquired by confocal laser scanning
microscopy (CLSM), which was performed with a Leica
TCS SP5 confocal setup mounted on a Leica DMI 6000 CS
inverted microscope (25 mW argon laser; Leica Microsys-
tems, Wetzlar, Germany), which was operated using the
Leica Application Suite Advanced Fluorescence (LAS AF)
program. One layer of PEI*C was introduced into the mul-
tilayers. To excite the fluorophore fluorescent isothiocy-
anate (FITC), confocal illumination was provided by an
argon-ion laser at 488 nm. The surface morphologies of
the films deposited on the ITO slides were monitored by
atomic force microscopy (AFM; SPA400, Seiko, Japan) by
tapping mode in air. The root-mean-square (RMS) rough-
ness values were obtained using the XEI software (Seiko,
Japan). All measurements were carried out under room
temperature. The stiffness of the films was measured by
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a Nano Indenter G200 instrument (Agilent). All experi-
ments were performed in a liquid environment.

2.5 Cell culture

Mouse embryonic fibroblast NIH/3T3 cells were used as
model cells. The cells were maintained in a regular growth
medium consisting of high-glucose DMEM (Gibco, USA),
supplemented with 10% FBS (Gibco) and 1 IU/ml of P/S,
and cultured at 37°C in a humidified atmosphere con-
taining 5% CO,. The culture medium was changed every
3 days. Cells were grown to approximately 80% confluence
and then trypsinized for passage or for cell experiments.

2.6 Cell adhesion and proliferation

In the cell adhesion assay, the cells were seeded on the
multilayer surfaces (electrochemical treatment for 0, 2, 5,
10, and 20 min at 500 mV) at a density of 1x10*/cm?. Four
hours later, the ITO slides were rinsed three times with
PBS. The cells were fixed in paraformaldehyde solution
(3.7%, in PBS). The cells were then stained with nuclei
(1:100, 4’, 6-diamidina-2-phenylin, D9542; Sigma) and
F-actin (1:600, rhodamine-phalloidin, P1951; Sigma). All
the ITO slides were fixed onto coverslips with an antifade
reagent (ProLong Gold, Invitrogen) and viewed under a
fluorescence microscope (Axio-vert 200 M, Zeiss Germany)
with 10x objectives. The cell densities were determined by
using the Image] software.

For the cell proliferation assay, the cell seeding and
culturing methods were similar to those described for the
cell adhesion assay. After culturing for 12, 24, 48, and 72 h,
the cells were then washed three times with PBS and fixed
with paraformaldehyde solution (3.7%, in PBS). To quan-
tify cell proliferation, the cells were stained with nuclei
and F-actin. Cell densities were determined by analyzing
the fluorescence images using the Image]J software.

2.7 Cell migration

Before the cell culture process, the multilayers were steri-
lized under UV light for 30 min. The cells were seeded
(5x10%/cm?) on the multilayers that were treated at different
oxidation times. Approximately 12 h after the cell seeding,
the cell migration was recorded in situ by using a time-lapse,
phase-contrast microscope (IX81, Olympus) equipped with
an incubation chamber. The temperature and CO, level
were maintained at 37°C and 5%, respectively. Video and
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image analysis were performed with the Image] software
and a manual tracking method. From each condition, the
x/y coordinates of the cells were noted for 20 cells at 10-min
intervals and then normalized to a common point of origin.
Total distance traveled was calculated as the cumulative
distance regardless of the direction of movement.

2.8 Statistical analysis

The data were expressed as the meantstandard deviation.
The statistical significance between groups was deter-
mined by one-way analysis of variance using the Origin
software.

3 Results and discussion

3.1 Preparation of the (PEI-Fc/DNA) LBL
multilayers

The PEI-Fc was synthesized according to a published pro-
cedure (19). The grafting density of ferrocene on PEI was
10 mol%. As DNA has an excellent biocompatibility and
is commercially available, we chose it as the anionic poly-
electrolyte. An alternate adsorption of PEI-Fc and DNA
was conducted as discussed in a previous report (31). The
silicon or ITO substrates were immersed in a 1 mg/ml solu-
tion of PEI-Fc, rinsed, and then immersed in a DNA solu-
tion of the same concentration.

The sequential buildup of PEI-Fc/DNA multilayers
characterized by UV-Vis spectrophotometry and Quartz
Crystal Microbalance with Dissipation monitoring tech-
nique (QCM-D) was reported previously by our group (28).
Those observations suggested a successful fabrication of
hydrogel-like (PEI-Fc/DNA) multilayers. The thickness in
dry state of the multilayer was monitored by a spectro-
scopic ellipsometer on silicon wafers, which exhibited
exponential growth with a thickness of 420 nm for five
bilayers. The (PEI-Fc/DNA) . multilayers loaded with FITC-
labeled PEI were investigated by CLSM (Figure 1). A green
fluorescent band indicated that PEI could diffuse through-
out the (PEI-Fc/DNA) multilayers. Based on the CLSM
measurement, the thickness of the (PEI-FC/DNA)IS-PEI’FITC
film was ~3 um.

Figure1 Vertical section image of (PEI-Fc/DNA),,-PEI"™ in the wet
state obtained by CLSM observation.
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3.2 Electrochemical oxidation and cyclic
voltammetry characterization of the
(PEI-Fc/DNA),, multilayers

Ferrocene is a redox group known for its quasi-reversi-
ble oxidation, which has been widely used for develop-
ing redox-active organic materials (33-35). Recently, we
reported that the stiffness of the (PEI-Fc/DNA) multilay-
ers can be controlled by electrochemical oxidation. The
electrochemical swelling of the multilayers was driven
by a change in charge densities within the film. When
the redox state of ferrocene groups in the multilayers was
changed, counterions diffused to compensate the increase
of positive charge within the multilayers and provided
electroneutrality. This increase in osmotic pressure was
balanced by elastic multilayer deformations that led to
the swelling behavior. In addition, electrostatic repulsion
combined with different electrostatic bindings of polyca-
tions and polyanions could also be a factor.

In this work, an electrochemical workstation was used
to electrochemically oxidize the (PEI-Fc/DNA) . multilayers.
The (PEI-Fc/DNA),, multilayers oxidized at 0, 2, 5, 10, and
20 min were obtained under an applied oxidation potential
of 0.5 V. As shown in Figure 2, along with the oxidation times,
the color of the (PEI-Fc/DNA),, multilayers gradually changed
from light to dark yellow, which means that the ferrocene
groups within the multilayers were oxidized continuously.

In the cyclic voltammograms recorded from the
(PEI-Fc/DNA),, multilayers, cyclic voltammetry (CV) curve
could be used to estimate the degree of oxidation. Figure
3 shows the CV curves that were acquired as a function of
different oxidation times. For the original (PEI-Fc/DNA),,
multilayers, the figure shows a well-defined and nearly
reversible CV peak pair at about 0.44 V vs. the saturated
calomel electrode (SCE). However, with the increase in
oxidation time of the (PEI-Fc/DNA), multilayers, the
response of the CV was suppressed. The peak current of
the (PEI-Fc/DNA)15 multilayers decreased exponentially
with the increase in oxidation time, suggesting that differ-
ent degrees of oxidation had been achieved.

To monitor the morphological changes caused by the
oxidation of the multilayers, AFM was used. Surface struc-
tures that formed at various oxidation times at a voltage

Figure 2 Color changes of the (PEI-Fc/DNA),, multilayers at differ-
ent oxidation times of the electrochemical treatments.

DE GRUYTER

—— 0 min

Current (mA)

Current (1e-4A)
AW s G DN ®©

\.

5 10 15 20
Oxidation time (min)

)

-0.8 T T T T T T T T T T T T T T T
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Potential (V)

Figure 3 Cyclic voltammograms of the (PEI-Fc/DNA),, multilayers
washed with PBS (pH 7.0) and electrochemically treated at different
oxidation times (scan rate 0.1V/s). Inset: Anodic peak current as a
function of the oxidation time.

of 0.5 V are shown in Figure 4. Despite the different oxi-
dation times, the multilayers were smooth. No breakdown
of the multilayers was found throughout the experiments.
The RMS roughness of the (PEI-Fc/DNA), multilayers
with oxidation times of 0, 2, 5, 10, and 20 min was 1.23,
1.12, 1.2, 1.31, and 1.18 nm, respectively. Very flat surfaces
were observed, and the electrochemical treatment did not
change the surfaces. We then investigated the change in
elastic modulus of the (PEI-Fc/DNA),, multilayers under
electrochemical treatments. Table 1 shows the Young’s
modulus and the RMS roughness of (PEI-Fc/DNA),, multi-
layers at different oxidation times. For the multilayers that
were not electrochemically treated, the elastic modulus
was measured to be 2.05+£0.20 MPa. The stiffness of the
multilayers decreased with the increase in oxidation time.
That is, a given stiffness could be obtained by controlling
the oxidation time. After 2 min of electrochemical treat-
ment, the elastic modulus of the multilayers was slightly
decreased to 1.9+0.32 MPa, whereas at 20 min, it was
1.07£0.15 MPa.

Cell adhesion is the first and a very important step
in cell-substrate interactions. In order to assess whether
cells are sensitive to the various rigidity levels provided
by the electrochemical treatment of the (PEI-Fc/DNA),
multilayers, we carried out a cell adhesion experiment.
Figure 5 shows the cells that were stained with F-actin and
nucleus, and cultured on the (PEI-Fc/DNA),, multilayers
at different oxidation times. Distinct cell spreading and
shapes were observed between the different multilayers.
Whereas many cells spread very well on the multilayers
before the electrochemical treatment, the cell spreading
area decreased as the oxidation time increased, as shown
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Figure 4 AFM images of the surface structures of the (PEI-Fc/DNA) . multilayers at different oxidation times at a voltage of 0.5 V.

Table1 Young’s modulus and RMS roughness of the (PEI-Fc/DNA) .
multilayers at different oxidation times.

Oxidation time RMS roughness Young’s modulus
(min) (nm) (MPa)

0 1.23+0.08 2.05+0.20

2 1.12+0.12 1.90+0.32

5 1.20+0.15 1.63+0.29

10 1.31+0.11 1.42+0.42

20 1.184+0.16 1.07£0.15

Cell adhesion and proliferation on the (PEI-Fc/DNA) . multilayers.

in Figure 6F. Cells on the stiffer multilayers appeared to
be well spread and adhered, and long filopodia could be
clearly observed. Conversely, cells on the softer multilayers

displayed a round morphology and were poorly spread.
The cell spreading area was generally assumed to give
an indication of cell adhesion. The cell spreading area of
unoxidized multilayers reached 1600 pm?/cell and slightly
decreased when the multilayers were oxidized for 2 min.
A distinct decrease in the cell spreading area appeared
when the oxidation time reached 10 min. After that,
however, the cell spreading area did not change much.
The cell spreading area of the unoxidized multilayers was
four times larger of the fully oxidized multilayers, which
indicates that the electrochemical oxidation of multilay-
ers can splendidly regulate and control cell adhesion.

We further investigated how the electrochemical oxi-
dation of multilayers affected the proliferation of fibro-
blast cells. Figure 7 shows the number of cells and the

Omin
]

Figure 5 Immunofluorescence images of the cells [stained with F-actin (red) and nuclei (blue)] on the (PEI-Fc/DNA),, multilayers at different

oxidation times. Scale bar is 20 um.
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Figure 6 Immunofluorescence images of the cells [stained with F-actin (red) and nuclei (blue)] on the (PEI-Fc/DNA),, multilayers at different
oxidation times. (A—E) The multilayers at various oxidation times of 0, 2, 5, 10, and 20 min. Scale bar is 200 um. (F) Cell spreading area of

the (PEI-Fc/DNA),. multilayers at different oxidation times.
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Figure7 The cell proliferation assay. Cell density of the (PEI-Fc/DNA),,
multilayers at different oxidation times after being cultured for 12,

24, 48, and 72 h. The number of cells was calculated from at least 10
images based on the fluorescence images using the Image) software.

cell proliferation on the (PEI-Fc/DNA),, multilayers. For all
the multilayers, the number of cells presented a pattern
of exponential growth along with the time. One can
observe that there was a higher cell proliferation rate on
the stiff (PEI-Fc/DNA),, multilayers than on the soft ones.
Cell density on unoxidized multilayers was nearly four
times bigger as compared to fully oxidized multilayers (20
min), which shows that the electrochemical oxidation of

(PEI-Fc/DNA),, multilayers, namely, the stiffness, strongly
affected the proliferation of cells.

3.3 Cell migration in the (PEI-Fc/DNA),,
multilayers

Time-lapse video analysis of NIH/3T3 cells on differently
oxidized (PEI-FC/DNA)15 multilayers not only can cor-
roborate the notable differences in cell morphology and
spreading, but also reveal the contrasting differences
in movement between the various oxidized (PEI-Fc/
DNA),, multilayers. Graphic representations of the cellu-
lar movements revealed an erratic and random behavior
with frequent directional changes for cells in the multi-
layers oxidized at various times. Figure 8 shows the cell
migration behaviors in the (PEI-Fc/DNA),, multilayers at
different oxidation times. The cells on 0-min-oxidized
multilayers travelled significantly longer distances
(492 um) at an average rate of 0.8 um/min and displayed
“step-like” movements, compared to the movements
(403 um at 0.63 um/min) observed on 2-min-oxidized
multilayers. Although the cells on 5-min-oxidized multi-
layers were also somewhat erratic, they changed direc-
tion less frequently and traveled more slowly (154 pm at
0.35 um/min) than those on 0- and 2-min-oxidized multi-
layers. The cells on 10-min-oxidized multilayers traveled
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Figure 8 (A) Cell migration trajectories in the (PEI-Fc/DNA),, multilayers at different oxidation times. The cells were randomly tracked for
12 h after being cultured for 12 h at a seeding density of 5x10%/cm?. (B) Accumulated cell migration distance in the (PEI-Fc/DNA),, multilayers
functioning at different oxidation times. (C) Cell migration velocity in the (PEI-F«:/DNA)15 multilayers functioning at different oxidation times.

more slowly (139 um at 0.28 um/min) than those on 5-min-
oxidized multilayers. However, cells on 20-min-oxidized
multilayers hardly traveled at all (70 wm at 0.12 wm/min)
as shortest distances were observed.

4 Conclusions

We have demonstrated an approach for tuning the stiff-
ness of the PEM system by applying the electrochemical
treatment. The stiffness of the (PEI-Fc/DNA),, multilayers
could be modulated, ranging from 1.072 to 2.047 MPa. We
found that fibroblast cells tended to preferentially attach
to a stiffer surface. The stiffness of the multilayers strongly
modulated not only the initial cell adhesion and prolif-
eration, but also the cell migration. The present experi-
mental results highlighted, in particular, the key role of

electrochemical treatment in improving the mechani-
cal properties of multilayers. Furthermore, our results
revealed the effect of the stiffness of stimuli-responsive
films on cell adhesion, proliferation, and migration, which
will help to provide new insight into the understanding of
cell/material interactions.
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