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Abstract

In this study, a novel array electrospinning collector was devised to generate two
distinct regenerated silk fibroin (SF) fibrous membranes: ordered and disordered.
Leveraging electrostatic forces during the electrospinning process allowed
precise control over the orientation of SF fiber, resulting in the creation of
membranes comprising both aligned and randomly arranged fiber layers. This
innovative approach resulted in the development of large-area membranes
featuring exceptional stability due to their alternating patterned structure,
achievable through expansion using the collector, and improving the aligned
fiber membrane mechanical properties. The study delved into exploring the
potential of these membranes in augmenting wound healing efficiency.
Conducting in vitro toxicity assays with adipose tissue-derived mesenchymal
stem cells (AD-MSCs) and normal human dermal fibroblasts (NHDFs) confirmed
the biocompatibility of the SF membranes. We use dual perspectives on
exploring the effects of different conditioned mediums produced by cells and
structural cues of materials on NHDFs migration. The nanofibers providing
the microenvironment can directly guide NHDFs migration and also affect the
AD-MSCs and NHDFs paracrine effects, which can improve the chemotaxis of
NHDFs migration. The ordered membrane, in particular, exhibited pronounced
effectiveness in guiding directional cell migration. This research underscores
the revelation that customizable microenvironments facilitated by SF mem-
branes optimize the paracrine products of mesenchymal stem cells and offer
valuable physical cues, presenting novel prospects for enhancing wound healing

efficiency.
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1 | INTRODUCTION

The process of wound healing is intricate and multiphased, involving
hemostasis, inflammation, proliferation, and maturation. However, it
may halt at the inflammation or proliferation stage, transforming a
normal wound into a chronic one, which can cause discomfort to
patients. Wound healing efficiency is worth paying attention to in
preventing complications such as amputations in diabetic foot ulcer
patients and halting the progression of acute wounds into chronic
ones (Sharifi et al., 2020; Zhang et al., 2022). During the inflammation
and proliferation stages, fibroblasts are recruited to the wound site
guided by factors produced by macrophages and other immune cells
and physical cues from the extracellular matrix (ECM). Hence, the
migration of fibroblasts into the wound is considered an important
factor in ensuring a smooth wound healing process to improve
wound healing efficiency, particularly the process of transition from
inflammation to the proliferation stage.

The complex fibrous network environment presented by the in
vivo ECM can support the wound healing process and dynamically
regulate cellular physiological behavior by transmitting biochemical
signal cues (Collins et al., 2021). Micro/nano fibrous membranes are
gaining increasing attention as wound healing materials due to their
high similarity with in vivo ECM (Ge et al., 2020; Huang et al., 2017).
In in vitro wound healing models, leading-edge cells responsible for
tissue repair often exhibit random movement due to factors such as
cell density (Shellard & Mayor, 2020). While cells possess the ability
to translate the topographical cues presented by micro/nano fibrous
membranes, leading to alterations in their shape and movement
direction, ultimately recruiting cells to the cell gap (Memic et al., 2019).
Numerous studies involving different cell types have demonstrated
that both fiber diameter and alignment positively influence cell
migration (Gholipourmalekabadi et al., 2020). For example, fibrous
silk fibroin (SF) scaffolds with aligned features have proven effective
in expediting cell migration toward wounds, facilitating processes like
neovascularization, tissue infiltration, and the formation of new skin
layers (Gao et al., 2021). However, there are too many studies
focusing solely on the physical cues guiding migration. It is essential
to observe from multiple perspectives, as micro/nano fibers
themselves also influence paracrine signaling, substituting immuno-
modulatory cytokines to render cells chemotactic. For example,
creating a specialized microenvironment with micro/nano fibrous
membranes effectively optimizes mesenchymal stem cells (MSCs)
paracrine signals, fostering chondrogenesis, migration, proliferation,
and anti-inflammatory responses (Kadunc Polajnar et al., 2023). The
mechanical cues from distinct fiber orientations activate a variety of
focal adhesion kinase - extracellular signal-regulated kinase signaling
pathways, shaping paracrine effects (Xie et al., 2022).

Among the micro/nano fiber fabrication technologies, electro-
spinning stands out as a cost-effective and straightforward method
that enables the creation of membranes composed of micro- and
nano-fibers to imitate the native dermal ECM (Zhang et al., 2021). Its
potential applications in wound healing therapy are substantial,

encompassing drug delivery (e.g., growth factors, anti-inflammatory

drugs, live cells) (Ji et al., 2020; Mousavi et al., 2021), the promotion of
cell secretion (Imaichi-Kobayashi et al., 2023), and the guidance of cell
behavior (Li et al, 2017). Among the various polymer options,
numerous studies have demonstrated the superiority of SF in various
forms as therapeutic wound dressings that facilitate the healing
process (Wang et al, 2023), including hydrogels, sponges, films,
electrospun nanofiber membranes, and hydrocolloid dressings (Jiao
et al., 2023). The collector architecture and the control over the
electrostatic field can effectively affect the fiber arrangement, so as
to obtain the aligned micro/nano fibrous membranes (Robinson
et al., 2021). However, challenges arise, particularly when producing
aligned electrospun fibers through selecting specific collectors like a
rotating cylindrical roller or parallel electrodes. The aligned micro/nano
fibrous membranes produced by traditional electrospinning methods
are usually relatively thin, as well as anisotropic and sparse
interconnection together, making the fibrous membranes mechanically
unstable. Therefore, the aligned fibrous membrane is easily destroyed
by external forces under experimental, surgical, and wet physiological
environment conditions, which greatly limits its application in vitro and
in vivo biomedical fields (Navaneethan et al., 2021; Yao et al., 2020).

In this study, a new type of array electrospinning collector has
been developed that can not only accurately control the fiber
orientation distribution but also realize the simultaneous and efficient
preparation of ordered and disordered SF fiber membranes, as shown
in Figure 1a. The array electrospinning collector in the electrospin-
ning process provided a suitable electric field for the deposition of
each aligned and randomly arranged SF fiber layer and realized the
efficient fabrication of patterned SF membrane material arranged in
ordered/disordered array arrangement. Compared with the tradi-
tional single-ordered fibrous membrane, the patterned membrane
exhibited improved mechanical properties and maintained highly
aligned fiber orientation during area expansion. The patterned
membrane was divided into two samples according to fiber
orientations, the ordered region membranes (SF-Fr-O) and the
disordered region membranes (SF-Fr-D) for further research
(Figure 1b). In addition, the flat SF membrane prepared by direct
curing of regenerated SF solution was referred to as silk fibroin flat
(SF-Ft) as a reference sample. Here, all three materials (SF-Fr-O, SF-
Fr-D, and SF-Ft) were designated as growth platforms for both
normal human dermal fibroblasts (NHDFs) and adipose tissue-derived
mesenchymal stem cells (AD-MSCs). We use dual perspectives on
exploring the effects of different conditioned mediums (CMs)
produced by cells and structural cues of materials on NHDFs
migration. When evaluating the secreted products of AD-MSCs and
NHDFs in the form of CMs, the primary emphasis is on assessing
paracrine effects. Also, the physical structural cues of materials on
NHDFs migration are assessed through changes in cell morphology,
orientation, and migration speeds. The ordered and disordered
nanofibers providing the microenvironment can directly guide
NHDFs migration and also affect the AD-MSCs and NHDFs paracrine
effects, which can improve the chemotaxis of NHDFs migration. The
research takes a new approach by exploring the influence of CMs

generated by cells in response to their microenvironment and the
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(a) Schematic diagram illustrating the array electrospinning collecting system used for highly efficient membrane collection. This

system enables the simultaneous collection of both randomly and aligned fiber membranes during a single electrospinning process. The fibers
are suspended sequentially across the inclined gap while also being randomly deposited on the gap. The electrospinning solution used was
extracted from natural Bombyx mori silk. (b) Morphology of adipose tissue-derived mesenchymal stem cells or normal human dermal fibroblasts
grown on the SF-Fr-O, SF-Fr-D, and SF-Ft. (c) Cell migration promotion effects were assessed by the secretion products, in the form of

conditioned mediums, and physical cues.

inherent cues provided by the materials themselves, presenting new

ideas for enhancing wound healing efficiency.

2 | MATERIALS AND METHODS

2.1 | Fabrication of SF materials
Raw silk fibers (Huzhou Zhesi Second Factory Co., Ltd.) underwent a
degumming process involving three cycles in a 0.5g/L Na,CO3
solution (Sinopharm Chemical Reagent Co., Ltd.) at 100°C for 30 min,
with regular stirring. Subsequently, the entire mass was thoroughly
rinsed with warm deionized water to eliminate sericin, a glue-like
substance, and then dried in an oven at 30°C overnight. The
degummed silk fibers were dissolved in a prewarmed 9.3 M LiBr
solution (Sigma-Aldrich) at 60°C for 2 h. The resulting fibroin solution
underwent dialysis using a cellulose membrane-based dialysis cassette
(Mv 3.5 kDa) against deionized water for a duration of 3 days, with
water changes performed every 6 h to remove LiBr. Following dialysis,
the regenerated SF solution was subjected to centrifugation at 5°C and
9000 rpm for 20 min. Finally, the regenerated SF solution was freeze-
dried for subsequent preparation into an electrospinning solution.
The electrospun solution is a ternary system of 14 wt.% freeze-
dried regenerated SF and 0.05 wt.% polyethylene oxide (PEO,
Mv:1,000,000, Sigma-Aldrich) in formic acid (98%, Sigma-Aldrich).

PEO is a synthetic polymer that has been widely utilized in
electrospinning for biomedical applications. This is due to its
nontoxicity and its ability to dissolve in both aqueous solutions and
organic solvents. Here, we have chosen PEO as a supporting material
to enhance the electrospinning process of SF. This solution was
magnetically stirred for 24 h at 4°C. The mixed solution was loaded
into a syringe with a 0.26 mm needle. The flow rate was set at
0.5mL/h, and an applied voltage of 12kV was used with a 15cm
collecting distance.

For the 14 wt.% regenerated SF dissolved in formic acid to create
flat membranes at the same concentration as the electrospinning
solution but without PEO, each 5mL of the solution was dried in a
9 cm glass dish at 30°C for 24 h. All three types of SF materials were
immersed in 80% ethanol for 30 min to induce crystallization and
insolubility. Subsequently, they were immersed in deionized water to
remove PEO and ethanol.

2.2 | Characterization of SF materials

The microstructure of both fibrous membranes and flat membranes
was observed using a field scanning electron microscope (SEM;
S4800) after the samples had been sputtered with gold for 120s.
Image analysis was performed using ImageJ software to determine
the mean fiber diameter, diameter distribution, and fiber orientation.
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To calculate the mean fiber diameter, 500 fibers were randomly
selected from 10 SEM images (n=10). For the analysis of fiber
orientation distribution, fast Fourier transforms (FFTs) were used.
FFTs transform the signal from the time domain to the frequency
domain. The location was displayed in polar coordinates, the angle
was expressed in degrees, and the radius was expressed in pixels.
Therefore, the orientation distribution sums the total intensity for
each angle radially (Taylor et al., 2013).

The chemical structure of the prepared samples was analyzed
using Fourier transform infrared spectroscopy with the total
reflection method (FTIR-ATR, Nicolet-5700). FTIR-ATR spectra were
obtained in the wavenumber range from 2500cm™ to 600cm™
during 32 scans, with 4 cm™? resolutions. FTIR-ATR was used further
to analyze the change of SF secondary structure.

The mechanical properties of the SF membranes were investi-
gated with a tensile tester (ENGYI). The fibers were cut in strips with
a size of 30 x 10 mm?. The tests were conducted with a crosshead
speed of 10 mm/min at room temperature and 60% humidity. The
ultimate tensile strength and elongation at break were calculated

from the stress-strain curve.

2.3 | AD-MSCs and NHDFs culture

AD-MSCs and NHDFs were purchased from PromoCell GmbH Inc.
AD-MSCs and NHDFs were respectively expanded in MSC growth
medium 2 (PromoCell) and fibroblast growth medium 2 (PromoCell) in
the incubator, which had an atmosphere of 5% CO, at 37°C. The
medium was changed every 48 h. When the cells covered 80%-90%
of the bottom of the flask, they were digested with 0.05% trypsin-
EDTA (Invitrogen) and collected for passage. AD-MSCs and NHDFs
were used in passage 8 and passage 10 for further experiments,

respectively.

24 | Toxicity assay
Toxicity assay was determined by measuring the metabolic activity and
proliferation of AD-MSC and NHDFs after exposure to the SF
materials immersed medium. SF materials were cut to fit 24-well
plates and immersed in MSC growth medium 2 (PromoCell)
supplemented with 1% penicillin-streptomycin (Invitrogen). The
collection of the immersed medium was maintained by adding fresh
medium every 48 h at the ratio of a sample with 1 mL medium. The
same culture condition without materials in the medium and fresh
MSC growth medium were used as controls. The AD-MSCs and
NHDFs were seeded in 24-well plates at a density of 8 x 10° cells per
well. After 24 h of proliferation and attachment, the cells were rinsed
twice with 1 mL of Dulbecco's phosphate-buffered saline (D-PBS) and
then exposed to 1 mL of the SF materials immersed medium per well.
After exposure to the extract medium, day O was designated as
the starting point. Before the assay, the cells were rinsed twice with
D-PBS. Absorbance measurements were taken at 450 nm using a

microplate reader (Spark Control, Tecan) via the Cell Counting Kit-8
(CCKS8, Dojindo) assay on days 1, 2, 4, 6, and 8. The OD450 values of
different groups were normalized against the blank samples at their

respective time points.

2.5 | Tunable CM effects on wound healing

In vitro wound healing assessments were conducted using a wound
test. AD-MSCs and NHDFs were cultured on three different surfaces
to collect CM at the density of 1.2 x 10% cells per 24-well. The three
surfaces were SF-Fr-D, SF-Fr-O, and SF-Ft. The materials were cut
into 24-well sizes and washed twice with D-PBS, each for 10 min as
pretreatment. After 24h of cell adhesion and proliferation, the
medium was replaced with serum-free low-glucose Dulbecco's
modified eagle medium (LG-DMEM, Sigma-Aldrich) supplemented
with 1% penicillin-streptomycin (Invitrogen). CM was collected 24 h
later, and the collected CM was centrifuged at 1500 rpm for 10 min
to remove dead cells and cellular debris. It was then stored at 4°C
with a tight seal for not more than 4 h before use.

To ensure that all CM from different surfaces and cells contained
the same protein concentration, the protein content of CM was
determined using the Bicinchoninic Acid assay (BCA, Sigma-Aldrich).
Subsequently, the protein concentration of CM was diluted to 85,
250, and 450 pg/mL using serum-free LG-DMEM.

Here, a gap was created using culture inserts (ibidi) that were
affixed to the plates, serving as templates to guide cell attachment.
P11 NHDFs were seeded onto the inserts at the intensity of
1 x 10° cells with 1.5 mL of medium per well to form a monolayer.
After 24h of attachment, the inserts were carefully removed,
creating a 500 um gap in the center, surrounded by a 1000-pum-
wide square pattern. The cell patterns were subsequently washed
twice with D-PBS before adding the diluted CM. The time of CM
addition was designated as hour 0. Cell migration was observed over
a 72-h period using a bright-field microscope (X53, Olympus), and
images were captured at each time point. Image analysis was
performed using the ImageJ software to measure the gap area. The
wound closure percentage was calculated as the ratio of the reduced

gap area compared to the initial gap area at hour 0.

2.6 | Physical cues for fast wound healing
Fluorescence and SEM methods have been used to examine the
morphology of AD-MSCs and NHDFs on SF materials. Before cell
seeding, the materials were washed with D-PBS twice each for
10 min. Cells were then seeded onto the surfaces of the samples
through natural sedimentation at a density of 8x10%cells per
24-well. It was then placed in a 5% CO, atmosphere and incubated
in a 37°C incubator.

The 10 pg/mL fluorescein diacetate (FDA; Invitrogen) was used
as the viability probe to observe live cells. FDA becomes fluorescent
when activated by intracellular esterase in viable cells. After 5min
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incubation of FDA, cell morphology was observed with a laser
scanning confocal microscope (Olympus, FV3000).

For SEM analysis, the samples underwent several steps. Initially,
they were washed with D-PBS and then fixed overnight in a 2.5%
glutaraldehyde solution at 4°C. Subsequently, the samples were
sequentially dehydrated using increasing concentrations of ethanol
(30%, 40%, 50%, 70%, 80%, 90%, 95%, and 100%). Between each
ethanol treatment, the samples were rinsed with D-PBS for 15 min to
remove any residual glutaraldehyde. Following the dehydration
process, the samples were subjected to drying in a freeze dryer for
4h and then coated with a thin layer of gold using a sputtering
process lasting 120 s. Finally, the prepared samples were examined
using a field SEM (S4800) at an operating voltage of 20kV, with
magnifications ranging between 800 and 2000 times.

Additionally, this is aimed at investigating cell-material interactions
and assessing the impact of topographical cues. Long-term tracking of
NHDFs P8 on SF material surfaces was conducted using a laser
scanning confocal microscope (FV3000, Olympus) equipped with a
x20 dry objective. When NHDFs coverage reached approximately
80% of the flask bottom, NHDFs were prepared for membrane
staining using 4 UM PKH26 (Sigma-Aldrich), following the protocol
recommended by Sigma.

Here, the steps were carried out as the protocol sigma suggested.
NHDFs were resuspended in the serum-free fibroblast growth medium
2 (Promocell) supplied with 1% penicillin-streptomycin (Invitrogen).
The NHDFs were seeded on the surfaces of SF-Fr-D, SF-Fr-O, SF-Ft,
and glass-bottom plates at the density of 5 x 10° cells/mL. After 24 h
of attachment, the materials were flipped over and placed into a glass-
bottom plate. Cells were maintained in the medium in a 37°C, 5% CO,
incubator chamber, which was attached to the confocal. A laser
detected the dyes at an excitation wavelength of 450 nm. Using the
map mode, each sample was z-scanned to capture the entire
fluorescence signal every 30min, lasting for 24h to track cell
migration. The tracking point of NHDFs was automatically identified
from the center of cells at each time point using an ImageJ plugin
called TrackMate (http://fiji.sc/TrackMate) (Loesel et al., 2023). Tra-
jectories were defined using coordinates to describe migration
distance and direction, with the initial positions calibrated as “0,0.”
The Chemotaxis and Migration Tool software (ibidi) was used to
measure cell directionality, Euclidean distance, accumulated distance,
and velocity.

2.7 | Statistical analysis

Three distinct experiments were carried out independently to assess
both toxicity and cell migration. In each experiment, there were three
replicate samples for every condition, resulting in a total of three
experiments, each with its own set of replicates (n=3). For the
toxicity experiment, the Tukey test was subsequently employed to
make pairwise comparisons between the two groups. CM-migration
analysis was conducted using multifactorial analysis of variance

(ANOVA) procedures, facilitated by SPSS software. In cases where
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significant main effects were observed, post hoc Tukey pairwise
comparison procedures were employed for further analysis. Notably,
significant interaction effects were also plotted. The results of this
study are presented in the form of mean + standard deviation, with

statistical significance indicated by p < 0.05. This rigorous methodol-
ogy enhances the reliability and strength of the collected data.

3 | RESULTS AND DISCUSSION

3.1 | Characterization of the SF materials'
physicochemical properties

A 3D-printed static array electrospinning collector has been developed
to guide fiber deposition in two ways. The photo shows alternating
patterned membranes on the collector, with dimensions of 13 cm
width and 19 cm length (Figure 2a). Large areas of ordered fibrous
membranes can be efficiently gathered while maintaining their
integrity over time by inserting the disordered regions. During the
deposition process, charged SF branches are suspended sequentially
across the inclined gap to create ordered fibers (SF-Fr-O). In contrast,
other branches deposited on the gaps appear in a disordered
arrangement, forming disordered fibers (SF-Fr-D). Both SF-Fr-D and
SF-Fr-O exhibited
(Figure 2b). There was always a difference between the SF-Fr-D and
SF-Fr-O in fiber diameter and diameter distribution (Figure 2c). This

could be attributed to the reduced electric field force between the

similar membrane thickness and porosity

gaps, leading to less stretching of the fibers. SEM images were
processed using FFT to represent the distribution of fiber orientation
(Figure 2d) (Brandley et al., 2018). In terms of fiber orientation, both
the qualitative morphology and quantitative data clearly demonstrated
differences between the two types of fibers. The fiber orientation of
SF-Fr-D after electrospinning was random and isotropic, while SF-Fr-O
fibers were highly oriented, influenced by the collector.

In most cases, aligned fibers are collected using dynamic collectors,
such as a rotating cage or narrow plate (Robinson et al., 2021). A thin
membrane is produced efficiently by the rotating cage due to the
limited control over the electric field; the degree of alignment is
affected by extended processing times and thicker electrospun fibers
(In Kim & Kim, 2018). Although magnetic fields (Raymond Kevin Tindell
& Julianne, 2023) and auxiliary electrodes (Oroujzadeh et al., 2024)
have been applied to produce aligned membranes, the membrane area
is insufficient, and the elongation at break is weaker compared to the
normal electrospun membrane. The array electrospinning collector will
overcome these limitations. It can improve the mechanical properties
by inserting disordered regions in the whole membrane. And getting
larger areas by alternating regions, which can produce two distinct
types of fibers in a single electrospinning process.

The insoluble treatment transforms water-soluble SF membranes
into insoluble ones, enhancing their application in wound healing.
This treatment is a method to induce a conformational transition in
SF from a-helices or random coils into a B-sheet structure and

increase crystallinity by adding low dielectric constant organic


http://fiji.sc/TrackMate

ZHU ET AL

6 BIOTECHNOLOGY
WILEY BIOENGINEERING

(@)

b) SF-Fr-D

——

Before 80% Treatment

(d) 90 (e)

ot _SEFrD
5 ~  —SF-Fr-0
g \ LA /\
< N\ 4
£ 0y N Yda | / 30 %
< ”/\ \e< 2 \ &
] /[ | \ i
o f \
] [ ) \
T - \ lg
A Orientation O
I
g H
2 o
17}
£
1]
&
.
: z
5 &9
& 7
<

Orientation

SF-Fr-O

0 min

SF-Ft (c)

SE-FrD 530.98 + 75.54 nm
SE-Fr-0 566.84 + 83.52 nm

\
{

AN A7
300 400 500 600 700 800 900 1000 1100
Diameter (um)

SFErD 54486 71.08 nm
SE-F-0 57358+ 11526 nm|

300 400 500 600 700 800 900 1000 1100

( f) Diameter ()

e SF-F1-D SF-Fr-D after 80% EtOH
e SF-F1-O == SF-Fr-O after 80% EtOH
e SF-Ft SF-Ft after 80% EtOH

"Transmission (a.u.)

2000 1500 1000

1 min Wavenumber (cm!)

FIGURE 2 Collecting alternating patterned membranes and their insoluble treatment. (a) The photo of alternating patterned membranes on
the array electrospinning collector, including ordered and disordered membranes. (b) Scanning electron microscope (SEM) images. (c) Fiber
diameter distribution. (d) Fiber orientations of SF-Fr-O and SF-Fr-D before and after the 80% ethanol treatment. SEM images were processed
with Fast Fourier Transform, which represents the orientation of fibers. (e) Photos illustrating insoluble SF-Fr-D, SF-Fr-O, and SF-Ft in
Dulbecco's phosphate-buffered saline after 80% ethanol treatment. (f) Fourier Transform Infrared Spectroscopy with the total reflection method
diagram of silk fibroin materials both before and after 80% ethanol treatment. The mean and distribution of fiber diameter were measured by
selecting 500 fibers randomly from 10 images obtained from three independent experiments and presented as the mean + standard deviation,

with n = 3 replicates for each measurement.

solvents such as methanol, ethanol, or dioxane (Nogueira et al., 2010).
Here, we choose 80% ethanol treatment. The SEM images after the
water-insoluble treatment revealed that the fibers became twisted
and adhered to each other, resulting in decreased porosity
(Figure 2b). However, the treatment did not significantly affect the
fiber diameter, distribution, and orientation (Figure 2c,d). It increases
the crystallinity and reduces the water solubility of the treated
samples, as shown in Figure 2e. Following insoluble treatment, the
three types of SF membranes retained their membrane integrity and
remained insoluble in D-PBS for a period of up to 7 days. In contrast,
the three untreated SF membranes rapidly disintegrated upon
exposure to D-PBS, dissolving in the solution and disappearing
within 1 min. It signifies that the insoluble treatment is an irreversible
transformation process. The FTIR-ATR spectra of SF-Fr-D, SF-Fr-O,
and SF-Ft before and after ethanol treatment are displayed in
Figure 2f. SF-Fr-O, SF-Fr-D, and SF-Ft, before ethanol treatment,
exhibited absorption bands at 1530 cm™! (amide Il) and 1656 cm™
(amide 1), indicative of the typical random coil. After ethanol
treatment, new absorption bands appeared at 1623 cm™?, associated
with amide |, as well as at 1527 cm™ for amide Il. These results

indicate that the secondary structure of SF-Fr-D, SF-Fr-O, and SF-Ft
underwent a conformational transition from random coils to a
B-sheet structure. This transformation in the secondary structure
and changes in crystallinity are responsible for the insoluble
properties observed. During the ethanol treatment process, SF
undergoes a conformational transition from a-helices or random
coils to a B-sheet structure. This treatment helps strike a balance
between structural changes and insolubility, making the material
suitable for wound healing applications.

The stress-strain curves of SF-Fr-D, SF-Fr-O, and alternating
pattern membranes are shown in Supporting Information S1:
Figure S1. The results show that the tensile strength of SF-Fr-D is
low, but there can be a certain degree of tensile deformation.
However, the tensile strength of SF-Fr-O in the dominant direction is
significantly higher than that of SF-Fr-D, but the elongation is very
low, only 5.1%, showing brittle characteristics. Although the tensile
strength of the patterned fibrous membrane is slightly lower than
that of SF-Fr-O (about 2.4MPa), its elongation at break is
significantly increased, from 5.1% to 31.2%. By inserting the
disordered membranes, the aligned fibrous membrane avoided
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abrupt failure, resulting in an ordered fibrous membrane with a larger

size and better integrity.

3.2 | Toxicity assay of the SF materials

The toxicity test, which is an indirect evaluation, aimed to assess
whether the materials would inhibit cell growth. This was done by
culturing AD-MSCs and NHDFs in a medium that had been exposed
to the materials. The CCK8 mixture was directly added to the 24-well
plate where the AD-MSCs and NHDFs were adhered to the material
surface. The optical density of the mixture was measured at 450 nm
(OD450) using a microplate reader after 4 h of incubation on days 1,
2,4, 6, and 8. The OD450 values represented the in situ metabolic
activity and proliferation of AD-MSCs and NHDFs after being
exposed to the material extracts. The OD450 values of the samples
were corrected for background values by subtracting the OD450
values of the blank. The observed growth curves show that AD-MSCs
experienced a rapid increase in metabolic activity from day 2 to day 4
(Figure 3a), while NHDFs exhibited their highest growth rates
between day 4 and day 6 (Figure 3b). This disparity in growth rates
indicates differences in the metabolism and proliferation behaviors of
these two cell types, with AD-MSCs displaying a more robust growth
profile compared to NHDFs.

Additionally, the analysis of variance between material groups for
each cell type did not reveal significant differences. This suggests that
SF-Fr-O, SF-Fr-D, and SF-Ft materials did not have any adverse
effects on the proliferation of AD-MSCs or NHDFs when compared
to the blank groups. Importantly, the material extracts did not
significantly inhibit the proliferation of AD-MSCs and NHDFs. These
results indicate that there were no statistically significant differences
in cell viability between the material groups (fibrous membranes and
flat membranes) and the control groups (without materials and fresh
medium) for both Ad-MSCs and NHDFs. Therefore, it can be
concluded that the prepared SF-Fr-O and SF-Fr-D did not exhibit a
significant toxic effect on the viability of these cell types. The entire
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protocol, including SF extraction and electrospun solution formula-
tion, is deemed nontoxic, and SF materials are considered to have

good biocompatibility, with no evidence of chemical residue or SF

precipitation.

3.3 | Tunable CM effects on wound healing
CM denotes the phenomenon where, as cells are cultured in a
medium over a period, the medium accumulates bioactive molecules
and extracellular vesicles that are secreted by these cells. CM serves
as a medium of cellular communication, housing a diverse array of
bioactive compounds generated by the cells themselves, including
growth factors, cytokines, hormones, proteins, and more. These
bioactive molecules can elicit various effects, including the promotion
of cell proliferation, facilitation of cell migration, and induction of cell
differentiation (Maarof et al., 2018). Recent research has highlighted
that different structural configurations can stimulate cell-matrix
interactions and activate mechanical transduction signal cascades,
ultimately influencing the secretory profile of cells (Lian et al., 2021).
Notably, transforming growth factor B1 and bone morphogenetic
protein 2, both of which promote cell migration and chondrogenesis,
show comparable upregulation when cells secrete on fibrous surfaces
(Kadir et al., 2021; Xia et al., 2017). In addition, aligned fibers have
been found to be particularly effective in enhancing chondrogenesis
due to the elevated levels of Interleukin-8 (Dahbour et al., 2017).

A scratch test was conducted to assess the migratory potential of
CM generated from different sources, including SF-Fr-D, SF-Fr-O, and
SF-Ft. The results were evaluated using varying CM concentrations
(450, 250, and 85ug/mL) and different cell types (AD-MSC and
NHDF) to study the migration of NHDFs. This tunable paracrine effect,
modulated by electrospun membranes, holds significant promise for
expediting wound healing. In addition, surfaces composed of SF-Ft
have been designed to show physical differences compared to fibrous
membranes. The data were analyzed by multifactorial analysis of
variance (ANOVA). Independent variables included cell, material,
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FIGURE 3 Metabolic viability assay (Cell Counting Kit-8) of adipose tissue-derived mesenchymal stem cells (AD-MSCs) (a) and normal
human dermal fibroblasts (NHDFs) cells (b) on the prepared fibrous membranes (SF-Fr-O and SF-Fr-D) and flat membranes (SF-Ft) at the desired
time point at 1, 2, 4, 6, and 8 days of culture. The control groups include those without materials and fresh medium. The data underwent analysis
through ANOVA, and the results represent the average from three independent experiments, with values averaged by replicates (n = 3). The data
are presented as the mean * standard deviation with a 95% confidence interval, and statistical significance was determined as p < 0.05.
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concentration, and hour. Grouping information using the Tukey
pairwise comparisons method and 95% confidence. Photographs were
taken at 4, 7, 11, 17, 23, 29, 38, 42, 48, 60, 72 h and beginning on the
day of wounding. Time-to-closure was defined as the number of hours
for complete cover of the gap. The wound area was measured by
calculating the area of the gap by the software Imagel. Percentage
wound closure was calculated by the following formula:

At=oh = At=an

Wound Closure Percentage% = t x 100%

At-on
where A; = Oh is the area of the wound measured immediately after
scratching (t =0h) and A; = Ah is the area of the wound measured h
hours after the scratch is performed.

The CM produced by cells cultured on different material surfaces
exhibited varying protein concentration levels as determined by the
BCA assay (Figure 4a). In comparison to SF-Ft, fibrous surfaces including
SF-Fr-O and SF-Fr-D resulted in higher protein concentrations in both
MSCs and NHDFs' CM. Among these fibrous surfaces, MSCs cultured
on SF-Fr-O exhibited the highest protein secretion concentration, with
significant differences with the CM from MSCs on SF-Ft. These findings
suggest that a fibrous surface can stimulate cells to secrete higher
protein concentrations. This implies that the influence of material
surfaces on cell behavior may differ from traditional culture conditions.
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When compared to Dulbecco's modified eagle medium, the CM
contained factors that promote cell migration (Figure 4b). These
results provide robust evidence supporting the idea that the
topological structures of SF indeed influence cellular paracrine
signaling to influence cell chemotaxis. Both cell type and material
independently played a substantial role in the observed disparities in
wound closure percentage (Supporting Information S1: Table S1).
MSCs derived CM is consistently regarded as a favorable candidate
for paracrine effects on wound healing. AD-MSCs CM consistently
exhibited a more pronounced promotion of NHDFs migration
compared to NHDFs CM, resulting in enhanced wound closure
percentage (Supporting Information S1: Figure S2). The distinct
microenvironments created by different materials result in the
generation of CM containing varying contents when cells are cultured
within them. These CM, with their differing compositions, signifi-
cantly influence wound closure percentage, especially the material
and cell types that play an important role. The significant interactions
between cell type and material, evident whenever variations in
wound closure percentage were observed, indicate that the micro-
environments created by these materials are unique and different cell
types exhibit diverse requirements (Figure 4c). The inconsistency in
the effects of NHDFs CM and AD-MSCs CM, derived from different

materials, became apparent when specific material sources were
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FIGURE 4 The conditioned mediums (CMs) from both adipose tissue-derived mesenchymal stem cells (AD-MSCs) and normal human dermal
fibroblasts (NHDFs) on silk fibroin (SF) materials and their effects on NHDFs migration. (a) Protein concentration of the CMs from AD-MSCs and
NHDF on SF materials. NHDFs migration data were analyzed by a two-way interaction plot employing ANOVA procedures, featuring a 95%
confidence interval and incorporating four key factors: Cell type (AD-MSC, NHDF), Materials (SF-Fr-D, SF-Fr-O, SF-Ft), Time (0, 4, 7, 11, 17, 23,
29, 38,42, 48, 60, 72 h), and Concentration (85, 250, 450 ug/mL). The interaction plot assessed (b) material x hour interactions (c) cell x material
interactions, and (d) concentration x material interactions. Tukey test was used for pairwise comparisons between the two groups, with
statistical significance set at p < 0.05. The F-value assessed differences between group means.
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considered. In the case of NHDFs CM, the combination of NHDF and
SF-Ft resulted in superior wound closure. Conversely, AD-MSCs CM
exhibited a more discerning response, with SF-Ft and SF-Fr-D
positively affecting wound closure.

Concentration exerts a significant influence on CM's effectiveness
(Supporting Information S1: Table S1). The obvious interactions
observed between the material and concentration highlight that CM
contains not only beneficial cytokines but also cellular metabolic
byproducts. Hence, striking a balanced concentration is of importance
(Figure 4d). At a low CM concentration (85 pg/mL), CM sourced from
all materials exhibited similar levels of effectiveness, with no significant
difference. However, as the concentration increased, noteworthy
distinctions emerged in the performance of CM sourced from SF-Ft
and SF-Fr-D in comparison to SF-Fr-O. SF-Ft sourced CM notably
enhanced NHDFs migration, and this effect became more pronounced
at higher CM concentrations (450 and 250 pg/mL). Particularly, at a
concentration of 250 pug/mL, SF-Ft CM demonstrated optimal
performance with a significant difference from SF-Fr-O CM.

In summary, SF topological structures can influence the secretion
of cells, thereby affecting the chemotactic behavior of NHDFs and
improving migration efficiency. Upon stimulation by fibrous and flat

structures, cells secreted a greater quantity of factors related to cell

(a) Day 1 Day 3

SF-Fr-O

SF-Ft

FIGURE 5

migration. However, it cannot definitively conclude how precisely
impacts cellular paracrine signaling. SF-Ft, distinguished by its smooth
surface combined with SF, reduced cell anchoring points, resulting in
enhanced cell viability. Furthermore, these findings support the
notion that this SF surface can induce cells to secrete more
migration-related factors. It is speculated that cells on aligned fibers
undergo elongation and orientation changes in cell state, leading to
the secretion of various other factors and potentially contributing to
a slower migration speed. Considering the interaction effects
between materials and cell types, a promising approach to address
varying treatment requirements is the customization of cell selection
along with the corresponding microenvironment they necessitate.

3.4 | Cell morphology on the SF materials

Figure 5 presents a comprehensive overview of AD-MSC behavior on
various SF materials over the course of 1, 3, and 5 days. These AD-
MSCs were fluorescently labeled with FDA to facilitate the
visualization of live cells characterized by intact cell membranes
(Figure 5a). The primary emphasis here lies in the assessment of

cell orientation, a parameter significantly influenced by the cues
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(a) Fluorescence images of adipose tissue-derived mesenchymal stem cells (AD-MSCs) from passage 8, cultured on SF-Fr-D, SF-

Fr-O, and SF-Ft surfaces for 1, 3, and 5 days. These images were captured utilizing the fluorescein diacetate as a molecular probe to visualize the
live cell morphology (in green). The summation of radial pixel intensity plots against the acquisition angle for cell morphology on various material
surfaces was subjected to Fast Fourier Transform, which represents cell orientation. Cell orientation of AD-MSCs cultivated on (b) SF-Fr-D, (c)
SF-Fr-O, and (d) SF-Ft for days 1, 3, and 5 is delineated in these plots. The scale bar in all images is 100 um.
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emanating from the material surface. Fluorescence images under-
went FFT processing to evaluate AD-MSCs orientation, as portrayed
in Figure 5b-d.

On day 1, AD-MSCs exhibited a spherical morphology and
dispersed randomly on SF-Fr-D. Conversely, AD-MSCs cultured on
SF-Fr-O and SF-Ft displayed a spindle-like shape. This phenomenon
was substantiated by the orientation statistics presented in
Figure 4b-d. The cell orientation curves for SF-Fr-D and SF-Ft
appeared uniform, indicating isotropic and stochastic cell orientation.
Notably, on SF-Fr-O, AD-MSCs displayed a high degree of alignment,
extending along the fibers, as indicated by the narrow and nearly
vertical cell orientation curve, approximating 90°.

By day 3, AD-MSC behavior closely mirrored that of day 1,
accompanied by active cell proliferation and consistent cell orienta-
tion. However, by day 5, a noteworthy observation emerged:
AD-MSCs consistently maintained a significantly aligned orientation
on the SF-Fr-O surface, albeit with slower proliferation. In contrast,
AD-MSCs were evenly distributed on the SF-Fr-D surface compared
to days 1 and 3. On the surface of SF-Ft, AD-MSCs proliferated
rapidly and formed multilayered cell structures in some areas. The

results indicate that different material surface topologies have the
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capability to influence cell behaviors and aligned arrangement of fiber
structures can effectively regulate the directional cell growth.

The behaviors of NHDFs on diverse surfaces closely mirrored
those of AD-MSCs, with a specific focus on cell orientation.
Fluorescence images of NHDFs from passage 10, cultivated on
various SF materials, are depicted in Figure 6a. On day 1, NHDFs
exhibited a spindle-shaped morphology and displayed anisotropic
orientation on SF-Fr-D and SF-Ft (Figure 6b,d). The cell orientation
curves for these surfaces were consistent, indicating that NHDFs
grew and migrated without any notable directional bias. In contrast,
NHDFs on the SF-Fr-O surface demonstrated a remarkable degree
of orientation, corroborated by the narrow peak in the statistical
data for cell orientation (Figure 6c). The conditions on day 3
remained akin to those on day 1, with the exception of heightened
cell proliferation. By day 5, little disparity was observed among SF-
Fr and SF-Fr-D, as NHDFs had covered the entire surface.
Surprisingly, NHDFs on SF-Fr-O retained a high level of orientation
from day 1 to day 5, even as proliferation continued. Nevertheless,
as NHDFs proliferated on the SF-Fr-O surface, the level of
orientation gradually declined, resulting in a broader peak in the
statistical data.
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(a) Fluorescence images of normal human dermal fibroblasts from passage 10, cultured on SF-Fr-D, SF-Fr-O, and SF-Ft surfaces

for 1, 3, and 5 days. These images were captured utilizing fluorescein diacetate as a molecular probe to visualize the live cell morphology (in
green). The summation of radial pixel intensity plots against the acquisition angle for cell morphology on various material surfaces was subjected
to Fast Fourier Transform, which represents cell orientation. Cell orientation of adipose tissue-derived mesenchymal stem cells cultivated on (b)
SF-Fr-D, (c) SF-Fr-O, and (d) SF-Ft for days 1, 3, and 5 is delineated in these plots. The scale bar in all images is 100 um.
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In comparison to AD-MSCs, NHDFs exhibited analogous behav-
iors when cultivated on various SF materials. Cells on SF-Fr-D and
SF-Ft displayed similar morphological characteristics, with cells
growing isotopically. However, unlike AD-MSCs, NHDFs did not
maintain robust alignment on the aligned fibrous membranes (SF-Fr-
0), indicating a comparatively weaker influence of aligned fibers on
NHDF orientation. Both cell types exhibited enhanced proliferation
when cultured on SF materials in contrast to the control, and their
morphological characteristics varied depending on the substrate.
Notably, AD-MSCs on SF-Fr-O on day 5 continued to exhibit a high
degree of orientation despite slower proliferation. This underscores
the potential of SF materials to offer customizable microenviron-
ments with significant topographical cues for modulating cell
behavior (Li et al., 2021).

The SEM imaging of cell-substrate interactions provided further
insight into the morphological changes of AD-MSCs and NHDFs on
different material surfaces (Figure 7). These images supported the
findings from fluorescence imaging and revealed distinct morphological
characteristics of the two cell types. NHDFs were larger in size,
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approximately 50 um, while AD-MSCs were smaller, around 20 um.
Furthermore, NHDFs exhibited a slender, spindle-like shape, whereas
AD-MSCs had a rounder morphology. In comparison to SF-Ft, both AD-
MSCs and NHDFs displayed more filopodia on the fibrous membranes
(SF-Fr-D, SF-Fr-O). This phenomenon can be attributed to the higher
surface-area-to-volume ratio of fibrous membranes, which provides
additional anchoring sites for cell attachment (Dong et al., 2021).
Notably, the filopodia of cells on SF-Fr-D extended in various
directions, while on SF-Fr-O, they elongated along the fibers. This
observation suggests that the fibrous membrane structure can guide
the extension of cell skeletons, particularly in the case of AD-MSCs.
AD-MSCs exhibit a significantly larger spreading area on SF-Ft
compared to the fibrous membrane (Figure 7b), but the fibers on
the SF-Fr-O can maintain their elongation. The spreading area of
NHDFs on both SF-Fr-D and SF-Fr-O increased to varying degrees
(Figure 7d), with NHDFs on the SF-Fr-D showing greater
elongation (Figure 7e). These results indicate that the topological
microstructure of the substrate can significantly affect NHDFs
spreading and their alignment.

NHDF

NHDF

2000+

Cell Spread Area / pm?
> &
g 8
T T
Radius Ratio

g

SF-Fr-D SF-Fr-O SF-Ft

SF-Fr-D SF-Fr-O SF-Ft

(a) Scanning electron microscope (SEM) images captured on day 3, showcasing the morphology of adipose tissue-derived

mesenchymal stem cells (AD-MSCs) and normal human dermal fibroblasts (NHDFs) cultured on SF-Fr-D, SF-Fr-O, and SF-Ft. Quantification of
(b) cell spread area and (c) radius ratio of AD-MSCs. Quantification of (d) cell spread area and (e) radius ratio of NHDFs. All values are presented
as mean = SEM. Statistical significance was determined using an unpaired two-tailed Student's t-test. *P < 0.01.
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3.5 | Physical cues for migration

The microenvironment not only influences cellular secretion but also
directly impacts cell motility. Topographical structures effectively
regulate cellular behaviors through physical cues that geometrically
(Wang

et al., 2021). Aligned fibers, for instance, can mimic various natural

restrict adhesion sites, guiding directional migration
soft tissues, actively guiding cell migration and orientation (Celie
et al, 2019), ultimately contributing to the promotion of wound
healing (He et al., 2022). In vitro cell motility monitoring assays can be
used to evaluate the effect of material topology on cell orientation
behavior and explore its possibility as a wound healing material. To
gain a deeper understanding of NHDFs' migration on various material
surfaces, an individual cell tracking-based strategy was employed.
This approach allowed us to thoroughly analyze various aspects of
cell migration. ImageJ plugin was utilized to track PKH-26 labeled
membranes and record the locations of individual cells over a 24-h
period (Videos S1-S3). Based on these tracks, various cell migration
metrics were calculated, including Euclidean and accumulated
distances, cell velocity, and mean cell directionality (Supporting
Information S1: Figure S3 and Table S2). The Euclidean distance for
each cell was determined as the length of the straight line between
the cell's starting and ending points. The accumulated distance for
each cell represented the sum of all incremental movements
measured between individual images. Directionality, a metric that
evaluates the extent to which a cell's movement aligns with a straight
line and represents migration efficiency, was determined by dividing
the Euclidean distance by the accumulated distance for each cell.
Velocity was calculated as the mean value obtained by dividing the
accumulated distance by the tracking time (24 h).

After analysis, it was found that fibers provide NHDFs with
significant physical cues' guidance in direction, velocity, and migra-
tion efficiency, compared to the flat surfaces. NHDFs on SF-Fr-O and
SF-Fr-D exhibit directed migration along the fiber direction, resulting
in increasing directedness values during the 24-h tracking period
(Figure 8a, Supporting Information S1: Table S2). While the velocity
of NHDFs on SF-Fr-D and SF-Fr-O is 6.867+0.2803 and
6.703 + 0.3937 um/min, which is nearly 2 times higher than that on
SF-Ft (Figure 7b, Supporting Information S1: Table S2), respectively.
Additionally, both the Euclidean distance and accumulated distance
measurements support this observation (Figure 8c,d). The Euclidean
distance covered by NHDFs on the SF-Fr-O surface is greater than
that on SF-Fr-D, reflecting a more purposeful initial NHDFs migration
that enables NHDFs to spread more rapidly and in a more defined
manner. SF's cytophilic functional groups could enhance cell
migration by modulating the interaction between cells and the SF
material surface. The migration directedness of NHDFs on SF-Fr-O
and SF-Fr-D reaches 0.6434 and 0.4349, respectively, indicating
higher migration efficiency compared with the SF-Ft (Figure 8e).
Fibers offer a greater number of adhesion sites and directional cues
for cell movement, resulting in enhanced cell migration speed and
directionality during each movement cycle. SF-Fr-D exhibits a
disordered fiber arrangement, while SF-Fr-O features highly aligned

fibers. Although NHDFs migrate along the fibers on both surfaces,
the distinct surface morphologies of SF-Fr-O and SF-Fr-D lead to
differences in cell movement direction. Specifically, NHDFs move-
ment on SF-Fr-D appears more disorganized, whereas on SF-Fr-O, it
is more purposeful, as indicated by the directionality value.

In summary, membranes with aligned fibers (SF-Fr-O) create an
optimized microenvironment for NHDFs to migrate effectively. The
results of this study highlight the important influence of material's
structural factors, including fibrous topology and its orientation,
to enhance cell migration speed and directedness. Compared with
the flat and smooth SF membrane surface, the material surface with
a fibrous structure can effectively promote the cell migration
rate. In addition, regulating the spatial aligned arrangement of fiber
structures can significantly expand the spatial range of cell
movement, especially the cell migration distance in specific
directions. These findings may provide insights into designing
novel wound healing materials for precision treatment in wound
healing therapies.

4 | CONCLUSION

In this investigation, an array electrospinning collector was innova-
tively designed to fabricate the electrospun patterned SF membrane
comprising both aligned and randomly arranged SF fibers. This unique
electrospinning process allowed precise control over the orientation
distribution of SF fibers through electrostatic manipulation, resulting
in the integration of both aligned and random fiber layers.
Additionally, the size of the fibrous membrane was expanded by
configuring the electrospinning collector arrangement and improving
the mechanical properties of the aligned membrane. The resulting
membrane showcased an alternating patterned structure, featuring
regions with both disordered and ordered fiber distributions. This
configuration generated a large-area membrane with outstanding
stability, prompting further exploration into the influence of SF fiber
membrane topology on cell behaviors and its potential applications as
a material for wound repair. Conducting in vitro cell toxicity assays
using AD-MSCs and NHDFs cells demonstrated that the prepared SF
fiber membranes exhibited no significant toxic effects, indicating
commendable biocompatibility. Furthermore, the investigation
delved into understanding the specific microenvironments that could
influence the formulation of cells' CM, consequently enhancing
wound healing efficiency. CMs derived from both AD-MSCs and
NHDFs when cultured on SF-Ft exhibited the ability to promote cell
migration. Notably, CMs from AD-MSCs showcased a substantial
increase in protein concentration when cultured on SF-Fr-O.
Moreover, the topography of electrospun SF materials significantly
influenced cell behavior, impacting cell morphology, migration
velocity, and chemotaxis. Membranes composed of aligned fibers
(SF-Fr-O) created an optimized microenvironment that facilitated
effective NHDF migration. This effect suggested that these fibers
provided enhanced adhesion sites and directional cues, leading to

accelerated cell migration speed and improved directionality.
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FIGURE 8 Tracking of normal human dermal fibroblasts (NHDFs) migratory behaviors on SF-Fr-D, SF-Fr-O, and SF-Ft over 24 h at 30-min
intervals. (a) Fluorescence images of the observation area, where NHDFs labeled with PKH26 are shown in red. Trajectory plots were
generated based on the tracking of NHDFs from the selected area, illustrating the vectors each cell has moved from the origin. Additionally, all
tracks were adjusted to share a common origin (the intersection of the x and y axes) using the Chemotaxis plugin of ImageJ, and the red cross
represents the end point of the trajectory: SF-Fr-D, SF-Fr-O, and SF-Ft. The red arrow indicates the direction of the fibers. Trajectories for
each condition were quantified from the track plot of three independent experiments, measuring: (b) velocity, (c) Euclidean distance, (d)
accumulated distance, and (e) directionality of migration. Accumulated distance refers to the sum of all cell paths, while the Euclidian distance
represents the length of a straight line between the cell's start and end points, as observed in the trajectory plots. Directionality is calculated
by comparing the Euclidian distance to the accumulated distance, providing insight into the straightness of migration. Each symbol represents
an individual cell, and the data were collected from three independent experiments. All values are presented as mean + scanning electron
microscope. Statistical significance was determined using an unpaired two-tailed Student's t-test. **p <0.01, ***p < 0.001, ****p < 0.0001.
Scale bar =50 um.
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Conclusively, the investigation highlighted the potential of tuning the
microenvironment to tailor secretion productions and material
topography cues for guiding directional cell migration, offering

promising avenues for augmenting wound healing efficiency.
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