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Directional cell migration is a crucial step in wound healing, influenced by electrical and topographic stimula-
tions. However, the underlying mechanism and the combined effects of these two factors on cell migration
remain unclear. This study explores cell migration under various combinations of guided straight line (SL)
spacing, conductivity, and the relative direction of electric field (EF) and SL. Electrowriting is employed to
fabricate conductive (multiwalled carbon nanotube/polycaprolactone (PCL)) and nonconductive (PCL) SL, with
narrow (50 pm) and wide (400 pm) spacing that controls the topographic stimulation strength. Results show that
various combinations of electrical and topographic stimulation yield significantly distinct effects on cell
migration direction and speed; cells migrate fastest with the most directivity in the case of conductive, narrow-
spacing SL parallel to EF. A physical model based on intercellular interactions is developed to capture the un-
derlying mechanism of cell migration under SL and EF stimulations, in agreement with experimental observa-
tions. In vivo skin wound healing assay further confirmed that the combination of EF (1 V cm™') and parallelly
aligned conductive fibers accelerated the wound healing process. This study presents a promising approach to
direct cell migration and enhance wound healing by optimizing synergistic electrical and topographic
stimulations.

1. Introduction

Skin, the largest organ of the human body, acts as a protective barrier
against harmful external factors and pathogens [1,2]. Enhancing the
wound healing rate is crucial to prevent potentially fatal consequences
in severe skin injury cases [3,4]. Cell migration is an important step in
skin wound healing, involving various cell types, such as epithelial cells,
keratinocytes, fibroblasts, vascular endothelial cells, inflammatory cells,
and so on [5]. Cell migration is primarily regulated by the endogenous
bioelectric field and extracellular matrix topography [6-10]. Thus, the
interplay among the electric field (EF), substrate topography, and cell
migration is vital to develop promising strategies for accelerating skin
wound healing. The influence of electrical and topographic factors on
cell migration is often studied separately in the literature.

* Corresponding author.

Progresses have been made in investigating the individual effect of
electrical stimulation on cell migration. It has been revealed that EF can
enhance cell migration speed, and guide directional cell migration,
which is known as electrotaxis [11,12]. Interestingly, different cell types
exhibit distinct preferences in directional migration under an EF: dermal
fibroblasts, Schwann cells, breast cancer cells, and lung adenocarcinoma
cell lines migrate toward the anode, whereas keratinocytes, mouse
embryo fibroblasts, Xenopus neurons, and rat 3T3 fibroblasts migrate
toward the cathode [13].

Moreover, there are some studies investigating cell migration under
the influence of substrate topography. For substrate topography, the
effects of discrete and continuous structures on cell migration have been
investigated [14]. Discrete structures, mainly pillars with various shapes
and sizes from tens of nanometers to microns, can significantly change
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the cell migration speed [15,16]. Continuous structures of grooves and
fibers, with a scale ranging from tens of nanometers to hundreds of
microns, can influence the cell migration direction and speed [17-19]. It
is worth noting that cells usually encounter fibrous, continuous struc-
tures when migrating in vivo, so exploring cell migration on continuous
fibrous structures makes more sense [20]. To manufacture such micro-
scale and nanoscale continuous structures, traditional methods, such as
photolithography and molding are complex, expensive, and challenging
to change dimensionally [21,22]. Electrowriting, which precisely con-
trols fiber deposition through electrostatic force, can fabricate fibers
within the desired size range while avoiding the previously mentioned
drawbacks [23].

Current studies on the effects of electrical stimulation and geometric
patterning on cells mainly focus on the effects on cell differentiation and
cell alignment, and there are almost no studies on cell migration [24].
For example, Electric field parallel to the microgrooves can enhance the
myogenic maturation of human myogenic precursor cell [25], the cell
alignment and elongation of C2C12 myoblasts [26], and promote muscle
regeneration. Electric field parallel to the grooves also can enhance
proliferation, directional migration and orientation of human dermal
fibroblasts [27]. Electric field added to the conductive grid also can
affect neurite outgrowth (PC-12 cells and primary mouse hippocampal
neurons) and the formation of orientated neuronal-like networks [28].
However, in the above study, the electric field is simply applied to the
conducting geometric pattern, and the effects of different combinations
of guided patterns and electric field direction were not studied. There-
fore, the synthetic effects of electrical and topographical factors on cell
migration need to be further investigated.

Herein, this study investigated the combined stimulating effects of
EF and substrate topography on cell migration (Fig. 1). Conductive
(multi-walled carbon nanotubes (MWCNT)/Polycaprolactone (PCL))
and nonconductive (PCL) straight lines (SL) printed by electrowriting
with narrow (50 pm) and wide (400 pm) spacing were fabricated as
guided substrate topograpshy. Cell migration was characterized under
several stimulating configurations, namely, EF alone, SL alone, EF par-
allel to SL, and EF perpendicular to SL, each with different settings in SL
conductivity and spacing. A physical model based on intercellular
interaction was developed to capture the underlying mechanism of cell
migration under SL and EF stimulations, quantitatively consistent with
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experimental observations. In vivo assay of mouse skin was performed to
further confirm the synergistic effects of SL and EF stimulations on
wound healing. This study provides useful clues in understanding the
synergistic effects of electrical and topographic stimulations on cell
migration and has implications for promoting skin wound healing.

2. Materials and methods
2.1. Preparation of MWCNT/PCL ink

Different mass fractions of MWCNT (0, 0.05, 0.1, 0.2, and 0.4 wt%;
Suzhou Tanfeng Graphene Technology Co., Ltd, China) were added into
dichloromethane (Yonghua Chemical Co., Ltd., China) and homoge-
neously dispersed by ultrasound for 6 h at 20 °C. PCL (Jinan Daigang
Biomaterial Co., Ltd., China) with a molecular weight of 160,000 was
added to the dispersant and stirred for 24 h to get homogeneous
solutions.

2.2. Characterization of MWCNT/PCL ink

Sheets (2 cm x 2 cm x 5 mm) sheets were manufactured by molding
to evaluate the hydrophobicity and conductivity of different MWCNT/
PCL ratios (0, 0.05, 0.1, 0.2, and 0.4 wt%). Hydrophobicity was char-
acterized by a contact angle measuring instrument (Dataphysics, Ger-
many). Conductivity was measured by the four-probe resistivity meter
(Halpass Electronic Technologies, Co., Ltd., China). The variation of
viscosity with the shear rate for different ratios of the MWCNT/PCL
solution was tested by a rheometer (Anton Paar, Germany).

2.3. Electrowriting of MWCNT/PCL guided patterns

Solution electrowriting was employed to fabricate MWCNT/PCL (0
and 0.2 wt%) SL with a diameter of 30 ym and with spacings of 50 and
400 pm as cell-guided patterns. The printing ink was filled into a syringe
with a stainless-steel nozzle with an inner diameter of 150 pm. The
printing ink was extruded at a rate of 0.05 ml h™!. The distance and
voltage between the needle and the movable platform were 1 mm and 2
kV, respectively. The moving speed of the platform was 5,000 mm
min~!. Printed fibers were deposited on a siliconized glass, which
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Fig. 1. Schematic diagram of the electrowriting printing guided patterns, topographic and electrical dual stimulation on cell migration and skin wound healing.
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offered excellent fiber adhesion. The micromorphology of printed
structures was observed by optical microscopy (Leica, Germany) and
field emission SEM (GeminiSEM 300; Zeiss, Germany; operated at 10
kV) after sputtering coated with gold.

2.4. Cell seeding in guided patterns

MDCK (Madin-Darby Canine Kidney) cells were cultured in mini-
mum essential medium (Gibco, USA) supplemented with 10 % fetal
bovine serum (Gibco) and 1 % penicillin/streptomycin (Gibco), and
incubated in a cell incubator (Thermo Fisher Scientific, USA) with 37 °C
and 5 % CO,. Substrates consisting of siliconized glass and printing fi-
bers were fixed into the culture dish with a diameter of 60 mm by Teflon
tapes and sterilized by ultraviolet (UV) light for 2 h. MDCK cells were
uniformly seeded onto the sterilized substrate at a density of 40,000 cells
ml~! dish™.

2.5. Biocompatibility evaluation and cell morphology observation on the
MWCNT/PCL substrate

The cytotoxicity of 0 and 0.2 wt% MWCNT/PCL was evaluated by the
CCK-8 assay (Beyotime Biotechnology Co., Ltd., China) on days 1, 2, and
3 after culture. Briefly, CCK-8 was diluted by the cell culture medium
(9:1), and 2 ml diluent was added to the culture dish. After 30 min in-
cubation in an incubator, 200 pl supernatant was extracted and added to
a 96-well plate. Optical density (OD) at 450 nm was measured by a
multifunction microplate reader (Thermo Fisher Scientific). Cell prolif-
eration was calculated as the ratio of the OD value measured on the day
to the value of the first day.

The cell growth condition was characterized by the cell spread area
analyzed based on immunofluorescence images of cytoskeleton staining.
Briefly, cells were fixed in 4 % paraformaldehyde (Solarbio, China) for
30 min and permeabilized with 0.5 % Triton X-100 (Solarbio) for 20 min
at room temperature. A phalloidin-FITC (1:200; Solarbio) solution was
applied for staining the F-actin of cells in the dark for 2 h. Then, DAPI
(Solarbio) was used to stain nuclei for 30 min. Finally, all samples were
rinsed twice with phosphate-buffered saline (PBS) and observed. The
staining samples were observed under inverted phase-contrast fluores-
cence microscope (Leica). The cell spread area was measured by Fiji/
ImageJ (National Institutes of Health, USA), and 50 cells were analyzed
in each group.

2.6. Cell migration in EF and guided patterns

EF was added after cells were completely attached to the substrate.
The DC power source was connected to Cu wires that protruded from the
culture dish by alligator clips to add the predesigned EF. The connected
Cu wires and Pt electrodes were fixed vertically on the culture dish lid by
polytetrafluoroethylene tape. Pt electrodes were directly inserted into
the culture medium. The culture dish was fixed on the time-lapse mi-
croscope CytoSMART Lux2 (CytoSMART Technologies, The
Netherlands) to monitor cell migration. Microscopy images were taken
every 5 min for 2 h and imported into Fiji/ImageJ, extracting the cell
displacement. The average cell migration speed was calculated by
analyzing 50 cells in each group. The strength of electric field (EF) was
calculated by the following formula:

EF=U/d, €}
where U is the voltage applied between the two parallel electrodes, and

d is the distance between the two electrodes. Cell migration speed (v) is
calculated by the following formula:

v=1/t, )

where lis the cell migration distance, and t is the time spent by the cell in
moving distance l. The cell migration angle (0) is defined as the angle
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between the line connecting the starting and ending points of the cell
track and the direction of EF. The directionality of cell migration is
characterized by cosd and orientation ratio that is calculated by the
following formula:

orientation ratio = Ny—_4so~45> | Niouat, 3)

where Ny__45-_4s5- is the number of cells with a migration angle between
the 45° above and below the direction of EF, and Ny, is the total
number of cells.

2.7. Finite element analysis of EF distribution in guided SL

To analyze the EF distribution between conductive and nonconduc-
tive guided SL in the cell culture medium, 3D finite element models were
developed. The finite element models consisted of printing fibers and the
cell culture medium, represented by a cylinder and a rectangle,
respectively. EF was added to the ends of the cylinder and set as 1 V
cm L. The conductivities of printing fibers and the cell culture medium
were assigned according to the experiment data, as shown in Table S1.

2.8. Physical model of cell migration

The compass-based model in the literature was improved as our
model to describe and forecast cell migration [29]. In stimulation, cell
migration direction is determined by the interaction with surrounding
cells, free edge, boundaries, and the EF. Cells repulse each other when
the distance between them is less than the cell diameter but attract each
other when the distance is greater than the cell diameter and less than
thrice the cell diameter, and do not interact with cells that the distance
between them is greater than thrice the cell diameter. Based on exper-
imental observations, cells prefer to migrate toward the free edge where
no cells exist. To simulate the effects of grooves on cells, a cell-boundary
interaction was added, which equates the boundary to the nearest cell
interacting with the central cell. The parameters set in the simulations,
such as cell diameter, changes in cell migration speed, and orientation
due to EF, were obtained experimentally. Moreover, the variation of cell
migration speed and orientation ratio with EF were fitted and assigned
as the model setup. The parameter setting, calculation method, and
program package are described in Tables S2 and SI for details.

2.9. In vivo wound-healing assay

Normal 8-week female ICR mice with an average weight of 30 g
(Shanghai Slac River Laboratory Animal Co., Ltd.) were used for the in
vivo wound-healing assay. Each mouse was anesthetized by inhaling
isoflurane through an animal anesthetic machine (Shenzhen Reward
Life Technology Co., Ltd., China). The full-thickness rectangular wound
(1 x 1 cm) was cut on the back of each mouse. The wounds were divided
into four different groups: control (without guided pattern and EF), PCL
(nonconductive guided pattern, without EF), MWCNT/PCL (conductive
guided pattern, without EF), and MWCNT/PCL + EF groups (conductive
guided pattern, with EF). Guided MWCNT/PCL and PCL patterns were
fabricated by electrowriting, which were grid membranes with a
thickness of 500 pm and a fiber diameter of 50 pm that can induce cells
to migrate toward the wound center. All guided membranes were ster-
ilized by UV light for 2 h, and cut into rectangle shapes with a width of
1.5 cm. The wound was directly covered with the membrane. In the EF
group, the electrodes were sterilized by UV light and 75 % ethanol,
positioned above the membrane, and fixed with medical gauze and tape.
EF (1 V em™ 1) was applied by annular and circular electrodes connected
to the anode and cathode, respectively, to form an EF toward the wound
center, and the power was supplied by the button cell. EF was applied for
1 h once daily. The wounds were photographed on days 0, 3, 7, and 14,
followed by wound area measurement. The wound closure rate was
calculated by the following formula:
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Wound closure rate = (Ag — A.) / Ao x 100%, “4)

where A is the wound area of day 0, and A, is the current wound area.

2.10. Histology and immunohistochemical analysis

A histopathological evaluation of tissue regeneration was conducted
by H&E staining. Before the histological examination, regenerated
wound tissues collected on day 14 were fixed with 4 % (w/v) para-
formaldehyde, washed with PBS, dehydrated using graded ethanol,
embedded in paraffin, and cut into 3-pm-thick cross-sections. Tissue
sections were stained and observed using a slide scanner (Pannoramic
MIDI, Hungary). Granulation tissue thickness was measured on digital
images using ImageJ.

2.11. Statistical analysis

All data were presented as the mean =+ standard deviation. Statistical
significance was determined using one-way statistical analysis of vari-
ance (ANOVA) followed by Tukey’s post hoc test for multiple compar-
isons using Origin (Originpro 2023 learning edition). Differences were
considered statistically significant if p < 0.05 (*) and p < 0.01 (**), and
nonstatistically significant if p > 0.05 (ns).

3. Results and discussion
3.1. Ink characterization and guided pattern electrowriting

3.1.1. Selecting the optimal ratio of MWCNT/PCL ink

Different ratios of MWCNT/PCL (0, 0.05, 0.1, 0.2, and 0.4 wt%) ink
were prepared by sonication and stirring, and PCL concentration was
fixed at 0.4 g ml~! resolved in dichloromethane (DCM). The optimal
MWCNT/PCL ratio was selected as the conductive material with good
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cell adhesion, conductivity, and electrowriting printability. These at-
tributes can be evaluated through hydrophilicity, conductivity, and
rheological tests, respectively. Different MWCNT/PCL ratios were mol-
ded into square sheets to test hydrophilicity (contact angle) and con-
ductivity. Results revealed that the contact angle decreased as the
MWQCNT ratio increased, and the material became hydrophilic when the
ratio reached 0.2 wt% (Fig. 2A). The conductivity increased with
increasing MWCNT ratios, and the compound remained nonconductive
until the mass fraction of MWCNT reached 0.2 wt% (5 pS cm™?; Fig. 2B).
It was adequate to stimulate cells until the substrate conductivity sur-
passed 1 puS em™! [30], and the conductivity of stratum corneum was
nearly 0.02 pS ecm ™! [2]. Thus, to achieve the conductivity, the MWCNT
ratio must be > 0.2 wt%. Moreover, the variation of viscosity with the
shear rate suggested that the viscosity decreased with increasing shear
rate for all proportions of MWCNT, and the initial viscosity increased
with increasing MWCNT proportions, and 0.4 wt% MWCNT/PCL
exhibited excessive viscosity, impeding electric jet formation in elec-
trowriting (Fig. 2C). Therefore, 0.2 wt% MWCNT/PCL was chosen as the
conductive material for subsequent experiments considering the need
for cell adhesion, conductivity, and printability; hereinafter,
MWCNT/PCL was used to represent 0.2 wt% MWCNT/PCL. Also, 0 wt%
MWCNT/PCL (pure PCL) was chosen as the nonconductive material;
hereinafter, PCL was used to represent 0 wt% MWCNT/PCL.

3.1.2. Electrowriting of MWCNT/PCL and PCL patterns

MWCNT/PCL and PCL patterns were fabricated by electrowriting
with the printing parameters mentioned in the Experimental section. A
standard electric jet was formed at the tip of the needle (Video S1). The
morphology of MWCNT/PCL (Fig. 2D) and PCL (Fig. 2E) fibers were
observed using optical microscope and scanning electron microscope.
The images revealed that the average fiber diameter was about 30 pm,
and fibers stacked well in the height direction. In addition to grid
structures, patterns with angles and curves can also be printed, proving
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the good printability of MWCNT/PCL in this printing method (Fig. S1).

3.1.3. Biocompatibility evaluation of MWCNT/PCL and PCL patterns

Madin-Darby canine kidney (MDCK) cells were seeded and cultured
on MWCNT/PCL and PCL SL patterns for 3 days. The MWCNT/PCL and
PCL SL patterns were single layer fibers, at which point the cells were
able to cross the lines to have more contact with the material and to
better validate biocompatibility. Cell cytoskeleton and nucleus were
stained by FITC phalloidin and 4’,6-diamidino-2-phenylindole (DAPI),
respectively. Staining images revealed that the cell morphology on
MWCNT/PCL and PCL was normal and similar (Fig. 3A). The cyto-
compatibility of MWCNT/PCL and PCL was evaluated by CCK-8 on days
1, 2, and 3 after cell seeding. The results demonstrated that cells
proliferated significantly faster on MWCNT/PCL substrates on day 2, but
there was no significant difference on day 3, indicating that both ma-
terials were nontoxic to cells (Fig. 3B). Furthermore, cell spreading areas
decreased as cell density increased in all substrates. Cells had a signifi-
cantly larger spreading area in MWCNT/PCL SL than the PCL one on
days 1 and 2, which may be attributed to the higher hydrophilicity of
MWCNT/PCL.

3.2. Cell migration under electrical and topographic stimulations

3.2.1. Cell migration on a planar substrate with different EF strengths

In cell migration experiment, multilayer straight lines were used to
ensure the cells were barely able to cross the straight line. In the incu-
bator, a time-lapse monitoring device was used to observe cell migra-
tion, and the basic quantities of cell migration were defined (Fig. 4A). EF
was added by inserting Pt electrodes into the culture medium directly,
offering a more convenient method than using a salt bridge [31,32]. In
addition to being more convenient, it’s also because MDCK cells show
electrotaxis at small electric fields and there is little difference in cell
damage between the salt bridge system and direct electrical stimulation
at small electric fields. Moreover, the salt bridge system has another
disadvantage: the voltage varies with the reduction of ionic movement
in the salt bridge. However, the limitation of the electrical stimulated
device was that EF cannot exceed 1.2 V cm™! due to the
electrode-induced medium ionization that will cause cell death

Materials Today Bio 26 (2024) 101083

according to the experiments.

Cell migration speed first increased and then decreased with the
increase of EF, and cell migration direction was random until EF reached
1Vem ™! (Fig. 4B; Video S2 and S3). Cells migrated toward the cathode
when EF surpassed 1 V cm_l, consistent with previous research [33].
Thus, EF strength must exceed 1 V cm™! to regulate cell migration di-
rection; at this threshold, cell migration speed remains superior to the
situation without EF.

3.2.2. Cell migration on the combined stimulation of conductive/
nonconductive SL and EF

To investigate cell migration under varying combined stimulations of
EF and SL, and the influence of pattern conductivity, conductive
(MWCNT/PCL) and nonconductive (PCL) SL with a 50 pm spacing were
printed as stimulating topography, and the stimulated EF was set as 1 V
em™!. There were three distinct experimental sets according to the
various combinations of EF and SL direction, namely, SL without EF
(NEF), SL perpendicular to EF (perpendicular), and SL parallel to EF
(parallel), and each SL with conductive and nonconductive materials
(Videos S4-S9). The bright-field images of cells on MWCNT/PCL
(Fig. 4C-i) and PCL SL were captured (Fig. S2).

The distribution of the cell migration angle demonstrated that cells
migrated along SL in PCL and MWCNT/PCL groups when there was no
EF (Fig. 4C-ii). When SL was perpendicular to EF, cells migrated along
SL when SL was nonconductive but migrated along EF when SL was
conductive, and cells were forced to redirect migration direction when
they reached the boundaries. When SL was parallel to EF, cell migration
angles showed no significant differences between MWCNT/PCL and PCL
groups due to the same guidance direction of EF and SL. In summary, in
either case, SL always limit the direction of cell migration if the height of
SL is sufficiently high, which is better understood from an energetic
standpoint (need to overcome gravity to cross the obstruction). Cell
migration trajectories (Fig. S3A) and quantitative characterization data
cosO (Fig. S3B) also proved the above statement.

The migration speed in each experiment was calculated and
compared (Fig. 4D). Cell migrated fastest when EF was parallel to
conductive SL. Notably, cells migrated faster in each conductive group
than the nonconductive one in all cases, indicating the importance of the
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conductivity of the material. Reasons for this phenomenon is probably
because conductive fibers were more hydrophilic, and cells preferred to
adhere and migrate on hydrophilic surfaces [34,35]. Another reason for
the differences between PCL and MWCNT/PCL SL was that EF strength
between conducting and nonconducting fibers was different when the
same EF was applied, as verified by finite element analysis (FEA;
Fig. S4). FEA results denoted that the effective EF between conductive
fibers was greater than that between nonconductive fibers when the
same EF was applied, indicating that cells between conductive fibers
were subjected to a stronger EF. Moreover, tiny currents on conducting
fibers may also lead to increased cell migration speed. Interestingly, in
conductive and nonconductive groups, the cell migration speed was
greater in the parallel group than in the NEF group than in the
perpendicular group, which may be caused by SL and EF guided cell
migrated toward the same direction in the parallel one, whereas guided
directions of SL and EF were reversed and impeded each other in
perpendicular.

3.2.3. Cell migration on the combined stimulation of narrow/wide-spacing
SL and EF

SL spacing has a significant effect on cell migration [36]. Groove
spacing ranging from 200 nm to 100 pm can enhance cell migration
speed and directionality, and the increase in cell migration speed is more
pronounced when the groove spacing is close to the cell size [37-39].
Therefore, to investigate the influence of fiber spacing, narrow-spacing
(50 pm) SL, which is slightly larger than the size of MDCK cells (~15
pm), and wide-spacing (400 pm) SL, which is much larger than the
cellular scale, were chosen and compared (Fig. 4F-i). PIVlab, a MATLAB
application, was employed to analyze the cell migration direction and
speed distribution between the wide-spacing SL (Fig. 4F-ii). Cells
migrated randomly between the wide-spacing SL in the absence of EF,
and cells migrated along with EF regardless of the SL direction, indi-
cating that the wide-spacing SL cannot direct cell migration (Videos
S$10-S12). The qualitative and quantitative comparison of cell migration
direction in wide and narrow-spacing SL revealed that narrow-spacing
SL has more impact on cell migration direction (Fig. S5). Moreover,
the comparison of cell migration speed revealed that cells migrated in
narrow grooves were significantly faster than those in wide grooves, and
the difference among the NEF, parallel, and perpendicular groups was
more pronounced within the narrow-spacing group, further confirming
that narrow-spacing SL has more impact on cell migration (Fig. 4G).
Above results underscores the pivotal role of fiber spacing in governing
cell migration speed and directionality.

3.3. Cell migration model and validation

Existing physical models that describe cell migration on different
substrate topographies have various limitations, such as modeling cells
simplistically [40], numerous training data needed [41], and only
considering the substrate as a drag force provider, neglecting the effects
of shapes [42]. Most models describe the cell as a charged sphere in an
EF to analyze cell interactions with EF [43,44]. However, there are no
physical models to describe and analyze cell migration under simulta-
neous stimulation of EF and substrate topography. A model is urgently
needed to explain and simulate cell migration under dual-factor stimu-
lation [45].

A model based on the particle-based compass model in reference was
developed, which simulated cell migration according to intercellular
interaction, to capture the underlying mechanism of cell migration
under the combined stimulation of SL and EF (Fig. 5A) [29]. The vari-
ation of cell migration speed and orientation ratio with the strength of
EF was fitted and assigned as the model setup (Fig. S6). The model’s
validity was first verified by simulating cell migration in the plane with
EF(1V cm_l) and NEF (Videos S13 and S14). Comparative analysis of
the cell migration speed and angle in experiments and simulations
demonstrated consistency in all scenarios, indicating the model’s
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validity (Fig. 5B and C; Fig. S7).

Subsequently, boundary conditions were encompassed to simulate
cell migration under the concurrent influence of narrow-spacing SL and
EF, which involved NEF, SL with perpendicular EF, and SL with parallel
EF (Videos S15-S17). Simulated results were represented in blue,
whereas the experimental ones were in red. Notably, the simulated
migration angle corresponds well to the experiment in all situations
(Fig. 5D-i). Furthermore, cell migration speed on narrow-spacing SL was
also simulated and compared to the experiment, and the value was still
close to the experiment (Fig. S8).

Finally, cell migration guided by wide-spacing SL and EF was
simulated. There were also three conditions: NEF, SL with perpendicular
EF, and SL with parallel EF (Videos S18-520). The migration angle
(Fig. 5D-ii) and speed (Fig. 5D-iii) at different points of the cross-
sections obtained from experiments and simulations were marked in
red and blue, respectively. Cell migration angle and speed distribution in
the cross-sections in the model corresponded well with that in the ex-
periments. In NEF and SL parallel to EF, cell migration was faster in
locations close to the fibers and slower in intermediate regions. When SL
was perpendicular to EF, the local cell migration speed decreased along
the electric potential direction. In summary, experiments and simula-
tions corresponded well in all scenarios, indicating that the model is
effective.

Nevertheless, this model still has some limitations; for instance, it
cannot characterize cell migration in three-dimensional (3D) space,
neglects cell-to-cell information exchange and collecting cellular effects,
and lacks correspondence to biological mechanisms. Current studies on
the biological mechanism suggest that cells sense EF through membrane
depolarization and electromigration of surface proteins [46]. Multiple
signaling pathways, proteins, and genes are involved in sensing and
reaction to electrical stimulation, such as AKT, Src-family kinases,
MEK-ERK, JAK1 [47], PI3K [48], ERK1/2 [49], PI3K/mTOR/AKT [50],
gefA, rasC, rip3, Ist8, and pkbR1 [51], KCNJ15, Kir4.2 [52], and so on.
Additionally, the intercellular bond strength also affects the electrotaxis
of epithelial cells: a stronger interaction leads to weaker electrotaxis
[53]. Cells sense substrate topography by other protein and signaling
pathways, such as Arp2/3, POPX2, PI3K, ROCK, and so on [14,54].
However, a scarcity of studies bridges molecular mechanisms and
macroscopic physical models [55]. Consequently, extending the phys-
ical model on 3D space, considering migration decisions due to
cell-to-cell information exchange, and modeling cell migration based on
biological mechanisms may be the next step.

3.4. In vivo wound healing assay

To further confirm the synergistic effects of EF and guided topo-
graphic pattern in vivo, a mouse skin wound model was established
(Fig. 6A). The printed patterns are sterilized and applied directly to the
wound, the electrodes are then covered with the material and finally
fixed with medical tape (Fig. S9). The experiment was divided into four
groups: control (without guided pattern and EF), PCL (nonconductive
guided pattern, without EF), MWCNT/PCL (conductive guided pattern,
without EF), and MWCNT/PCL + EF (conductive guided pattern, with
EF) (Fig. 6B). Guided patterns were grid membranes, and EF was 1 V
em L.

Wounds were created on day 0 and photographed on days 0, 3, 7, and
14 for wound-healing area assessment, and histopathological evaluation
of wound regeneration status on day 14 was performed by hematoxylin
and eosin (H&E) staining (Fig. 6C). The most effective healing occurred
in the MWCNT/PCL + EF group, followed by the MWCNT/PCL, PCL, and
control groups (Fig. 6D). On days 3, 7, and 14, the wound healing rate in
the MWCNT/PCL + EF group was significantly higher than that in the
control and PCL groups (P < 0.05), and slightly greater than that in the
MWCNT/PCL group without significantly differences. The wound-
healing rate in the PCL group was slightly greater than that in the
control without significant differences. These findings suggested that
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although substrate topography played a role in promoting wound
healing, its impact was overshadowed by the influence of electrical
stimulation. This phenomenon may be attributed to the intricate nature
of cell migration during wound healing, where cells not only migrate
from the surroundings but also from deeper layers [5]. The designed
topographic structures cannot induce upward cell migration from
deeper layers, emphasizing the potential for future designs involving
3D-induced topographic structures to facilitate cell migration in multi-
ple directions.

Moreover, histological evaluation results demonstrated that the
thickness of the wound granulation tissue in the MWCNT/PCL + EF
group was greater than that in the MWCNT/PCL group, followed by the
PCL and control groups (Fig. 6E). The MWCNT/PCL + EF and MWCNT/
PCL groups significantly differed from the other groups (P < 0.01),
whereas no significant difference emerged between the PCL and the
control. Moreover, the MWCNT/PCL + EF group exhibited plentiful
blood vessels and few hair follicles, indicating its beneficial effects on
wound healing. In summary, these findings underscored the combined
stimulation of EF and substrate topography in promoting wound heal-
ing, emphasizing their potential therapeutic applications.

4. Conclusion

This study explored cell migration under the combined stimulation
of EF and substrate topography. Conductive (MWCNT/PCL) and
nonconductive (PCL) SL with narrow (50 pm) and wide (400 pm)
spacing were fabricated by electrowriting as stimulated topography. Cell
migration was studied under several stimulated conditions, including
different direction combinations of EF and SL, with distinct SL con-
ductivity and spacing. Cells migrated faster with more directivity be-
tween the narrow-spacing SL than the wide-spacing one, and cells
migrated faster in the conductive SL regardless of the direction combi-
nation of EF and SL. Cell migration speed first increased and then
decreased as the strength of EF increased, and it displayed electrotaxis
until EF reached 1 V cm ™. Cell migration speed and directivity were the
greatest when EF was parallel to conductive narrow-spacing SL. When
EF was perpendicular to narrow-spacing SL, cell migration direction
depended on the material’s conductivity. Wide-spacing SL exerted a
negligible impact on the average cell migration speed. Subsequently, a
model based on intercellular interactions was developed to describe and
predict cell migration under the guidance of SL and EF, which corre-
sponded well with experimental results in all conditions. Next, in vivo
skin wound healing experiments revealed that EF (1 V cm ™) parallel to
conductive guided substrate significantly enhanced the wound-healing
rate and granulation tissue thickness. This study investigated cell
migration under synergistic electrical and topographic stimulations,
providing new insights into guiding cell migration and promoting
wound healing.
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