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ABSTRACT

Understanding the detailed mechanisms driving fibroblast migration within native tissue settings during pathophysiological events presents a
critical research challenge. In this study, we elucidate how stromal cells migrate and contribute to the development of three-dimensional (3D)
cellular aggregates within confined microcavities. Integrin a5b1 and b-catenin (b-cat) are central in guiding this collective migration and
achieving optimal filling of the microcavity. When b-cat is suppressed, cells tend to migrate more sporadically, leading to less efficient cellular
organization. Furthermore, we also detail the pivotal roles of Cx43 and N-cadherin (N-cad) in orchestrating collective migration and in shap-
ing efficient cellular stacking. Suppressing gap junctions, especially Cx43, significantly impacts the extracellular matrix expression, integrin a5
and b1, and other elements in the 3D construct, emphasizing the importance of physicochemical cell–cell interactions. The distribution pat-
terns of N-cad and focal adhesion kinase (FAK) further corroborate the essential roles in forming cell–cell junctions and FAK in establishing
the foundational layer that underpins the cell stacking within the microcavity. Interestingly, neither Rho-associated protein kinase (ROCK)
nor RhoA significantly alter the cell migration pattern toward microcavity. These findings provide fresh perspectives on fibroblast activities
in 3D space, enriching our understanding and offering implications for advancements in wound healing and tissue engineering.

VC 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0197187

INTRODUCTION

Wound healing is a complex process involving numerous cell
types such as epithelial cells, endothelial cells, keratinocytes, fibroblasts,
dermal, mesenchymal tissues, blood vessels, nerves, and immune
cells.1,2 One critical component of this process is the formation of
granulation tissue, where stromal cells are recruited to the wound bed
through the secretion of growth factors such as transforming growth
factor (TGF)-b1, fibroblast growth factor (FGF), and platelet-derived
growth factor (PDGF) by macrophages.3–5 As this occurs, migrating
fibroblasts also secrete extracellular matrix (ECM) necessary for epi-
thelial cell migration and tissue restoration.6,7 This results in the crea-
tion of a three-dimensional (3D) fibroblast-ECM structure at the

wound site, essential for proper tissue healing. The exact mechanisms
directing the collective migration of stromal cells within these 3D tis-
sue settings, however, remain elusive.8,9 While in vitro models, such as
organoids10 or spheroids,11–13 have been used to simulate 3D arrange-
ments of certain cell types, however, the collective migration of stromal
cells and the mechanisms governing their movement within 3D tissue
environments are not fully understood.8,9 The migration of stromal
cells, particularly fibroblasts, is primarily influenced by cell-substrate
adhesions, integrins, and the formation of focal adhesions.14–16 These
adhesion molecules enable fibroblasts to attach to the ECM and regu-
late their migratory behavior.17–19 Unlike closely connected networks
of epithelial or endothelial cells,20,21 fibroblasts rely less on cell–cell
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adhesions with transient cell–cell junction22 and primarily move
through cell–ECM interactions within their tissue microenviron-
ment.23,24 However, in pathophysiological conditions, fibroblasts can
form clusters or aggregates within or around ECM proteins.25,26 In
such situations, fibroblasts undergo phenotypic changes, such as tran-
sitioning to myofibroblasts, which are critical for wound healing, tissue
repair, and fibrosis. Activated fibroblasts synthesize and deposit ECM
components, leading to the formation of a dense fibrous network. This
altered behavior can result in the formation of cell aggregates, particu-
larly in response to tissue injury or inflammation, where fibroblasts
collectively work to facilitate repair processes. During this collective
behavior, cell–cell adhesions and gap junctions play essential roles in
coordinating cell movement and communication, ensuring effective
tissue repair and remodeling.27–29 Previous studies have demonstrated
that fibroblasts exert force on fibronectin to close gaps and that matrix
assembly focal adhesion kinase (FAK) kinase activity is crucial for this
process.30 Additionally, our previous study confirmed that stromal
cells close voids using the purse string contraction mechanism, a well-
known mechanism employed by epithelial cells on 2D substrates.31

While there has been extensive exploration of individual cell migration
in 3D microenvironments, resulting in various migration types such as
ameboid, mesenchymal, or lobopodial,32 collective migration is a prev-
alent phenomenon in physiological processes such as embryonic devel-
opment,33 wound healing,34 immune responses,35 and cancer cell
migration.36 Therefore, understanding the migration mechanisms of
cells in a 3D microenvironment is crucial for mimicking physiological
and pathological processes.

In this study, we present a microcavity with curved topography,
fabricated from a polydimethylsiloxane (PDMS)-based material. This
substrate consists of microcavity that ranges from 100 to 400lm for its
side length (Ls), and a thickness of approximately 110lm (Fig. S1).
Prior to cell culture, the PDMS surface was coated with a 2mg/mL solu-
tion of polydopamine (PDA) for higher cell attachment. Contrary to the
previously understood fibroblast migration mechanism, we show that
cells migrate collectively toward the microcavity, aiding in the formation
of structures that recapitulate granulation tissue formation.

RESULTS AND DISCUSSION
Stacked layers of stromal cells

The NIH 3T3 mouse fibroblast cells were seeded on the substrate
and allowed to migrate into the microcavity over a 3-day period
[Fig. 1(a)]. Initial observations at 24 h after cell seeding revealed the
formation of a monolayer within the microcavity [Fig. 1(b), left, and
Movie S1]. By 72 h, the cells developed a complete stacking formation
with multiple layers filling the microcavity completely [Fig. 1(b), right
and Movies S2 and S3]. Further analyses revealed that this stacked cell
formation occurred not only in microcavities of 100lm Ls (Ls
¼100lm) but also in larger ones up to Ls¼ 400lm (Fig. S2 and
Movies S4–S6). Upon completion of the experiment, a tenfold
increased stacking of the cells was observed compared to the initial
layers of cells across all microcavity side lengths [Fig. 1(c)]. The
increased stacking of the cells resulted in a significantly larger cell pop-
ulation at the final time point compared to the initial time point
[Fig. 1(d)]. Although the starting cell population was similar across all
samples, the cell count increased proportionally to the microcavity
area over time. These data suggest that the cellular stack formation can
be attributed not only to inherent cell proliferation but also to the

collective migration of cells toward the microcavity from the reservoir,
underscoring the crucial role of migrating cells in 3D structure
formation.

To verify the source of cell recruitment into the confined micro-
cavity, we utilized particle image velocimetry (PIV) based on time-
lapse microscopy data [Fig. 1(e)]. By tracing the collective migration of
cells from the reservoir toward the microcavity, the direction of veloc-
ity and trajectory vectors were analyzed [Fig. 1(f) and Movie S7]. Data
showed a prevalent cell movement direction toward the microcavity
(0� representing movement toward the microcavity). This finding con-
firms the persistence of collective cell migration from the reservoir
toward the microcavity, thus supporting the recruitment of cells into
the confined microcavity from the reservoir. In summary, our results
demonstrate that the stacking fibroblasts are collectively recruited
from the reservoir of the substrate, fill the microcavity, and subse-
quently form a fully stacked 3D structure of stromal fibroblasts.
Furthermore, to investigate whether stacking cell formation is limited
to NIH 3T3 mouse fibroblast cells, we conducted experiments using
human dermal fibroblast cells (hDFB). The hDFB cells too exhibited
stacking after 72 h (Fig. S3, refer to statistical analysis in the Method
section). However, with epithelial HaCaT cells, the formation of cellu-
lar stacking did not occur, even when the microcavity side length was
reduced to Ls¼ 50lm [Figs. S4(a)–S4(d) and S4(f), refer to statistical
analysis in the Method section andMovies S8 and S9]. While the num-
ber of cells in the final stage increased compared to the initial stage due
to the dense nature of HaCaT cells, the total number was significantly
lower than that of hDFB cells, also demonstrating the non-stacking
behavior of epithelial cells [Figs. S4(e) and S4(g), refer to statistical
analysis in the Method section]. This pattern suggests that stacked cell
formations are a characteristic behavior of stromal cells, not epithelial
cells. Notably, stromal cells formed stacking structures in the micro-
cavity, while HaCaT cells representing epithelial cells were unable to
do so. We attribute this difference to the curved surface topography of
the microcavity, which requires higher tension exerted from the cells
as well as the ability of the cells in secreting ECM during crawling
toward the confined space.

Stromal cells, under natural conditions, are responsible for ECM
secretion during wound healing processes.6 To discern a possible link
between ECM secretion and stacked cell formation, we checked for
ECM markers, specifically fibronectin (Fn) and collagen I (Col I),
through immunofluorescence staining. We also confirmed gene
expression level and to facilitate this analysis, we used a separate
microcavity substrate that fits into a 6-well tissue culture plate for real-
time PCR and western blot analysis (Fig. S5, refer to statistical analysis
in the Method section). The results revealed abundant presence of Fn
and Col I in the final stacking cell formation [Fig. 1(g)]. Additionally,
real-time PCR analysis confirmed a significant upregulation of Fn and
Col I gene expression at the final stage [Fig. 1(h), refer to statistical
analysis in the Method section]. These findings indicate persistent
secretion of ECM components over time until the final stage of cell
stacking, which is day 3, exhibited a heightened level of the ECM com-
ponents, including as Fn and Col I. This implies that these stacking
cells might emulate the properties of granulation tissue, known for its
ECM-rich composition.37 Overall, our investigation establishes that
the origin of the stacked cells in a microcavity is the reservoir, and
there is a continuous secretion of ECM components throughout their
formation.
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FIG. 1. NIH 3T3 cells stacking on 3D microcavity. (a) The illustration shows the stages of stacking formation in NIH 3T3 mouse fibroblast cells. The cells crawl down from the
reservoir, as indicated by the arrows. After 72 h, the stacking is fully formed within the microcavity. (b) 3D reconstructions of confocal images, displaying the z-projection and
corresponding y–z and x–z sections of cells (along the white lines). The cells are stained for F-actin (red) and the nucleus (blue) at the initial (left) and final (final) stages of
stacking cell formation. The yellow dotted boxes indicate the boundaries of the PDMS substrate. The scale bars represent 100 lm. (c) The plot shows the height of the initial
and final stages of stacking cell formation for different gaps ranging from Ls¼ 100–400lm. The results demonstrate that the final stage of stacking cells has a significantly
greater cell height compared to the initial stage. Statistical analysis was performed using Kolmogorov–Smirnov test, comparing the initial cell height of each group as the con-
trol, ��P< 0.01, n¼ 5, error bars show standard deviation. (d) The plot presents the number of cells at the initial and final stages of stacking formation for various microcavity
side lengths. Statistical analysis was conducted using the Kolmogorov–Smirnov test, comparing the cell number at the initial stage as the control, �P< 0.05, n¼ 4, error bars
show standard deviation. (e) Region of interest (ROI) for migration trajectory analysis around the microcavity represented by Ls¼ 100lm. The scale bar is 100lm. (f)
Determination of the angle during cell migration from the reservoir to the microcavity. The rose plot represents the migration direction from the initial point to the final point dur-
ing the stacking formation from (e). (g) This is a 3D reconstruction of confocal images stained for F-actin, Fn, and Col I at the final stage of stacking formation along the white
lines represented by Ls¼ 100 lm. Single-channel micrographs have been presented in grayscale to improve contrast and clarity. Scale bar: 100lm. h, These plots display
gene expression of Col I and Fn with GAPDH as the housekeeping gene, indicating the upregulation of both genes during the final stage of stacking cell formation. Statistical
analysis was performed using Wilcoxon test, comparing D1 (initial time) as the control, n¼ 3, error bars show standard deviation.

APL Bioengineering ARTICLE pubs.aip.org/aip/apb

APL Bioeng. 8, 046109 (2024); doi: 10.1063/5.0197187 8, 046109-3

VC Author(s) 2024

pubs.aip.org/aip/apb


The efficacy of stacking depends on the collective
migration of cells toward microcavity

To conduct a comprehensive assessment of the efficacy of cell
stacking, we analyzed the directional migration of cells toward the
microcavity. Our objective was to determine the trajectories and veloc-
ities of collective cell migration across different experimental groups,
such as control (untreated), Y-27632 treatment, siRNA ITGA5B1
transfection, and siRNA b-cat transfection. Our hypothesis suggests
that the effective formation of stacking cells occurs through migration
along the PDMS surface toward the microcavity that is facilitated by
cell-substrate adhesion through integrin and cell–cell adhesion
[Fig. 2(a)]. To validate this hypothesis, we employed particle image
velocimetry (PIV) based on time-lapse microscope images.

Initially, we evaluated the effectiveness of the siRNAs by culturing
cells on a separate tissue culture plate and treating them with siRNA
targeting integrin a5b1 (ITGA5B1) and b-cat. The results confirmed a
marked downregulation of both integrin a5 and integrin b1 gene
expression levels, as confirmed by real-time PCR and western blot
analyses [Figs. S6(a)–S6(d), refer to statistical analysis in the Method
section]. Additionally, siRNA b-cat efficacy was confirmed through
the detection of decreased b-cat gene expression level using real-time
PCR [Fig. S6(e)]. Once confirmed, we transfected the siRNA-treated
cells onto a microcavity substrate to evaluate their impact on stacking
cell formation. We tracked the collective cell migration from the reser-
voir to the microcavity in both temporal and spatial dimensions using
Ls¼ 100 lm as the representative microcavity [Fig. 2(b)]. To track the
temporal difference in cell migration, we utilized color-coded trajecto-
ries correlating with time by accumulating the PIV-calculated velocity
fields (Fig. S7). Most cell trajectories displayed synchronized direction-
ality of the migration at subsequent time points, with the exception of
the siRNA b-cat condition. The component analysis of cell velocity
also confirmed the predominance of the velocity component directed
toward the center point over the perpendicular velocity component,
with the exception of the siRNA b-cat condition, which clearly showed
a concentration of cell migration toward the cavity region (Fig. S8).
The results revealed that siRNA b-cat transfection exhibited a signifi-
cantly higher velocity compared to the other groups, succeeded by
siRNA ITGA5B1 transfection and Y-27632 treatment [Fig. 2(c)].
Nonetheless, the migration speed exhibited a significant decrease in
their ability to migrate toward the microcavity under siRNA b-cat
transfection. Notably, analysis of the migration trajectories demon-
strated that cells with siRNA b-cat transfection tended to migrate dif-
fusely, indicating a loss of coordinated migration [Fig. 2(d)].
Conversely, both Y-27632 treatment and siRNA ITGA5B1 transfection
showed persistent collaborative migration, similar to the normal con-
dition, with a strong tendency toward the microcavity. To further
interpret cell migration patterns under various conditions, we assessed
mean square displacement (MSD) analyses. By fitting MSD to a power
function with time iterations, the diffusivity of cell migration was
quantified via the power coefficient a. The magnitude of a offers
insights into migration modes: a¼ 1 indicates unbiased diffusive
motion or random migration, a < 1 signifies hindered sub-diffusive
migration, and a > 1 suggests directed or persistent migration. Our
results indicated that the Y-27632 treatment group has higher a, which
is almost equivalent with the control group [Fig. 2(e)]. This result is
also corroborated with the finding, which is also depicted in Fig. 2(d),
that control cells predominantly exhibited persistent motion,

consistent with aligned migration inferred from migration angles. Y-
27632-treated cells displayed a migration pattern similar to control,
indicating minimal impact of cell contractility on stacking. However,
siRNA ITGA5B1 and siRNA b-cat conditions showed marked diffu-
sivity disparities. Corresponding to Fig. 2(b), siRNA ITGA5B1 exhib-
ited early random migration, transitioning to oriented migration later.
Lower MSD for siRNA ITGA5B1 indicated increased early-stage
migration randomness. Conversely, siRNA b-cat displayed a notable
sub-diffusive migration population (>50%), implying hindered later-
stage migration. Collectively, these results emphasize the role of cell-
ECM and cell–cell adhesion in 3D stacking migration, with each adhe-
sion mode showing unique migration attributes over time.

Dependence of cellular stacking on integrin a5b1

After verifying the efficacy of the stacking cell formation and the
importance of the collective migration toward the microcavity, we pro-
ceeded to investigate the role of integrins. Specifically, we examined
the contribution of ITGA5B1, known as the fibronectin receptor,38,39

to the formation of stacking cells. To assess its significance, we
employed siRNA targeting ITGA5B1 and assessed its efficacy during
stacking cell formation. We noted that at the final stage, the stacking
cells exhibited void spaces, indicated by yellow arrowhead, suggesting
an inefficiency in stacking cell formation [Fig. 3(a)]. Additionally, we
investigated the response of siRNA ITGA5B1 treatment on related
gene expression levels. We then analyzed the gene expression levels of
Col I, Fn, and talin, which showed significant downregulation
[Fig. 3(b), refer to statistical analysis in the Method section]. These
data suggest that void creation, which impedes efficient stacking cell
formation, can be attributed to the diminished activity of the ECM and
cell–ECM interactions. Conversely, there was no significant variation
in the height of the final stacked cells [Fig. 3(c)].

To further validate our findings, we treated the cell culture media
with ATN-161, an antagonist of ITGA5B1, after the cells adhered to
the microcavity. The results demonstrated a suppression of the total
height of stacking cells in the final stage for both Ls¼ 100 and 200lm
sizes [Figs. 3(d) and 3(e), refer to statistical analysis in the Method sec-
tion], highlighting the importance of ITGA5B1 in stacking cell forma-
tion. When examining the gene expression levels of b-cat, integrin b1,
and representative extracellular matrix components, such as Col I with
ATN-161 treatment, we observed a significant downregulation
[Fig. 3(f), refer to statistical analysis in the Method section]. These sug-
gested that ATN-161 treatment disrupts cell–cell adhesion and ECM
components, culminating in a diminished cell stature. The formation
of the stacking cell possess some characteristics of the spheroid forma-
tion, thus, Fn–integrin interaction is also reported to be essential in the
structure of the fibroblast spheroid.40 Overall, these findings strongly
suggest that ITGA5B1 plays a crucial role in effectively filling the
microcavities during stacking cell formation.

Role of cell–cell interactions in layered stromal cell
stacking

Building on our understanding of cell–ECM interactions in fibro-
blast migration, we investigated the role of cell–cell junctions in form-
ing stacked layers through targeted biological assays. Our findings
indicate that b-cat and Cx43 are crucial in stromal cell stacking, dis-
playing more significant roles than N-cad. Immunofluorescence
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staining revealed robust expression of b-cat and Cx43 within the inter-
nal regions of cell stacks, while N-cad was predominantly localized at
the stack’s periphery (Fig. S9). This pattern suggests N-cad facilitates
initial cell–cell adhesion, whereas b-cat and Cx43 are integral to the

structural integrity and organization of deeper layers. Prior research
supports this, showing b-cat’s interaction with gap junction proteins
such as Cx43 aids in regulating cell differentiation and tissue structur-
ing.41,42 The synergy between b-cat’s involvement in Wnt signaling

FIG. 2. Collective migration behaviors in mediating stacking cell formation. (a) This illustration depicts the proposed mechanisms for the cell crawling down process, involving
contractility, cell-substrate adhesion (integrin), and cell–cell junctions. (b) ROI for migration trajectory analysis around the microcavity, comparing control, Y-27632 treatment,
siRNA ITGA5B1 transfection, and siRNA b-cat transfection groups. The scale bar is 100 lm. (c) Plot of the velocity for each group. Statistical analysis was conducted by using
the Kruskal–Wallis test (SPSS) comparing the non-treatment group as the control, ���P< 0.001, data points represent each individual cell. (d) Rose plots along the migration
path from the initial point to the final point during the stacking formation for each group. These plots indicate persistent migration for siRNA ITGA5B1 transfection and Y-27632
treatment, while dispersed migration is observed for siRNA b-cat transfection relative to the microcavity’s direction. (e) Mean square displacement (MSD) of the cells according
to the progress of time (DT) in each group, showing higher MSD during Y-27632 treatment compared to the other groups.
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FIG. 3. Dependence of stacking cells on integrin a5b1. (a) 3D reconstruction of confocal images showing cells stained for F-actin (red) and nucleus (blue) during siRNA
ITGA5B1 transfection. Yellow arrowheads indicate voids in stacking cell formation. Single-channel micrograph have been presented in grayscale to improve contrast and clarity.
Scale bar: 100lm. (b) Gene expression levels of Col I, Fn, and Talin, demonstrating significant downregulation during siRNA ITGA5B1 transfection. Statistical analysis was
conducted using Wilcoxon test, comparing the non-treatment group as control, n¼ 3, error bars show standard deviation. (c) Plot of cell heights during siRNA ITGA5B1 trans-
fection. Statistical analysis was conducted using Wilcoxon test, comparing each group with the ctrl siRNA group as the control, n¼ 3, error bars show standard deviation. (d)
3D reconstruction of confocal images showing cells stained for F-actin (red) and nucleus (blue) during ATN-161 treatment. Y–z and x–z sections along white lines are also dis-
played. Single-channel micrograph have been presented in grayscale to improve contrast and clarity. Scale bar: 100 lm. (e) Quantification plot of cell height during ATN-161
treatment compared to control, demonstrating a significant reduction in cell height with ATN-161 treatment. Statistical analysis was conducted using Wilcoxon test comparing
the non-treatment group as control, n¼ 3, error bars show standard deviation. (f) Gene expression levels of b-cat, integrin b1, and Col I, indicating significant downregulation.
Statistical analysis was conducted using Wilcoxon test comparing the non-treatment group as control, n¼ 3, error bars show standard deviation.
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and Cx43’s role in junction communication is essential for coordinated
cellular activity needed for tissue remodeling and ECM production.

Gene expression and protein quantification analyses emphasized
a significant increase in cell–cell junction components during the final
stacking phases, with the notable exception of protein quantification of
b-cat, which remained consistent (Figs. 4(a)–4(c), and S10, refer to sta-
tistical analysis in the Method section). Probing further into the func-
tionality of these cell–cell interaction proteins, we introduced siRNAs
targeting each protein. Initially, we assessed the efficacy of the siRNA
Cx43 and siRNA N-cad and observed downregulated gene expression
levels for these targeted genes (Fig. S11, refer to statistical analysis in
the Method section). The siRNA experiments targeting Cx43 led to a
marked reduction in integrin b1, a5, vinculin, Fn, and Col I levels
[Fig. 4(d)], disrupting migration and leading to void formation at the
stack’s base, as evidenced by Gap 27 inhibition (Fig. S12). This disrup-
tion highlighted Cx43’s critical role in forming cohesive cell stacks
[Figs. 4(e)�(g)].

Conversely, N-cad knockdown had a moderate impact on stack
structure, suggesting that while it is vital for initial adhesion, it does
not influence the later stages of cell stack formation as significantly as
b-cat or Cx43. b-cat and Cx43, therefore, appear more crucial in main-
taining cellular communication and architectural organization within
the stacks. Our results affirm the hypothesis that b-cat enhances gap
junction functionality through its interaction with Cx43, facilitating
cell adhesion, migration, and ECM organization—key processes for
effective ECM component arrangement and overall tissue stability
essential for wound healing.41,42

Furthermore, transfection of siRNA targeting N-cad resulted in
void formation within the stacking cells, indicating also the inefficient
closure [Fig. 4(h)]. Upon conducting real-time PCR analysis, we
observed downregulation of N-cad gene expression level, while surpris-
ingly noting upregulation of Cx43, with no gene expression level change
in b-cat and Col I [Fig. 4(i)]. Migration trajectory analyses presented a
migration modus operandi reminiscent of siRNA ITGA5B1 responses
[Fig. 4(j)]. These results indicate that N-cad may plays a role in stacked
layers, although it does not significantly affect changes in gene expres-
sion levels. Moreover, when we observed the cell morphology during
siRNA b-cat, we also noted the void formation, indicated with the yel-
low arrowheads and significance reduction of the cell height (Fig. S13,
refer to statistical analysis in the Method section). These again indicated
the significance of b-cat in contributing to the effective stacking cell for-
mation. Contrarily to the scattered migration pattern of fibroblasts on
planar substrates,22,43 here we showed that fibroblast cells were able to
form abundant intercellular junctions. As shown, siRNA-mediated
knockdown of Cx43, N-cad, and b-cat resulted in inefficient stacked
layers with the void formation, which is due to dispersed cell movement
toward microcavity. Depletion of Cx43 through the treatment of Gap 27
indicated that cells were unable to form cell stacking due to the void for-
mation. In essence, our data amplify the pivotal role of intercellular junc-
tions in seamless microcavity filling.

For further analysis, we also observed the role of focal adhesions.
We observed an increase in gene expression levels of vinculin and paxil-
lin upon the formation at the final stacking phase [Figs. S14(a) and S14
(b), refer to statistical analysis in the Method section). This indicated
that vinculin and paxillin (direct binding to vinculin44), which also con-
tributed to the cell–cell junction, are abundant in the final stack, thus
when cell–cell junctions are inhibited with siRNAs, it leads to inefficient

cell stacking. Additionally, our examination of focal adhesion kinase
(FAK) staining revealed abundant expression at the basal layer of stack-
ing cells [Fig. S14(c)], suggesting that normal stacking cells exhibit
higher cell-ECM adhesion at the basal layer, which led to robust and sta-
ble stacking cell formation. In summary, our research emphasizes the
dependence of cell stacking on cell–cell junctions, with stack stability
being augmented by focal adhesions at the foundational layer.

Independence of ROCK and RhoA in stacking cell
formation

Delving deeper, we aimed to elucidate the influence of Rho-
associated kinase (ROCK) and RhoA in the stacking cell process. To
begin, we allowed the cells to adhere to the substrate and subsequently
treated the media with Y-27632, an inhibitor of Rho-associated kinase
(ROCK). The results revealed that after 72h, the cells reached the final
stage of stacked layers, which is similar to the ctrl group (untreated)
[Fig. 5(a), Movies S10 and S11]. Additionally, the measurements of the
stacking cell height indicated similarity to those of normal stacked
layers, approximately 82–88lm for a Ls¼ 100lm [Fig. 5(b)].
Attributing this observation, we posited that the consistent migration
of cells toward the microcavity and an elevated MSD might be causal
factors. From these data, we inferred that ROCK plays a non-critical
role in the stacking cell generation. To further support these data, we
treated the cell culture media with CT-04, an inhibitor of RhoA. The
results corroborated with the findings of the Y-27632 treatment, dem-
onstrating that stacking cell formation was unaffected with the mor-
phology of the stacking cell formation [Fig. 5(c)]. Additionally, there is
no significant difference of the cell height compared to the control
[Fig. 5(d)]. We also analyzed the trajectories of the cell migration
toward microcavity using PIV and found that cells are persistently
migrated toward the microcavity [Figs. 5(e) and 5(f)]. Furthermore, we
also noted that MSD is relatively higher than siRNA ITGA5B1 and
b-cat, the integrin and cell–cell adhesions, even though slightly lower
than the control group [Figs. 2(e) and 5(g)]. Throughout this collective
migration process, cells crawl along the steep curvature toward the
microcavity. However, the ROCK/RhoA pathway, the major regulating
mechanism of the cell migration, is confirmed to have less influence
on the stacking migration. This may be due to the fact that stacked
layers are mainly driven by the cell–ECM interaction and cell–cell
adhesion. Collecting all these together, the data indicate that both
ROCK and RhoA, often integral to cellular migration dynamics, seem
non-essential in the context of stacking cell development. This implies
that stacking cell formation has different migration behaviors from the
mesenchymal or epithelial cell migration behavior in a confined micro-
channel, where cell behavior is affected and varied by the differential
contractility.45–47

CONCLUSIONS

In this study, we have delineated the intricate dynamics of stro-
mal cell collective migration within a confined 3D microcavity envi-
ronment. Stromal cells were successfully able to form a stacking within
a confined microcavity ranging from Ls¼ 100–400lm, with a cell
thickness of approximately 108lm in the case of a 100lm microcav-
ity. Interestingly, the final stage of this stacking cell formation exhibits
a heightened level of the ECM components, including as Fn and Col I.
The analysis of the pattern of the collective cell migration using PIV
confirmed that normal stacking cell formation has the behavior of
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FIG. 4. The role of intercellular cell–cell junctions in stacking cell formation. (a) Representative gene expression levels of Connexin 43 (Cx43), N-cad, and (b-cat) comparing initial and
final stacking cells. Statistical analysis was conducted using the Kolmogorov–Smirnov test for Cx43 and b-cat while the Mann–Whitney test was used for N-cad, comparing the initial
stacking cells as the control. ��P< 0.01, n¼ 6, data points represent individual sample, error bars show standard deviation. (b) Band image showing protein quantification results com-
paring initial and final stacking cells. (c) Plot of protein quantification based on the band images in (b). Statistical analysis was conducted using Wilcoxon test, comparing the initial stacking
cells as the control. n¼ 3. (d) Gene expression levels during siRNA Cx43 transfection cells in stacking cell formation. The expression level of siRNA Cx43 is significantly downregulated,
along with integrin components (ITGA5 and ITGB1). Focal adhesion (vinculin) is also significantly downregulated, as well as ECM components, such as Fn and Col I. Statistical analysis
was conducted using Mann–Whitney test, comparing the ctrl siRNA group as the control. ��P< 0.01, �P< 0.05, n¼ 6. (e) Region of interest (ROI) for migration trajectory analysis
around the microcavity during siRNA Cx43 transfection. Scale bar: 100lm. (f) Rose plot showing the migration direction during siRNA Cx43 transfection cells, indicating dispersed migra-
tion toward microcavity. (g), (h), 3D reconstruction of the z-projection of confocal images stained for F-actin (red) and nucleus (blue) along the white lines during siRNA Cx43 (g) and
siRNA N-cad (h) transfection cells. Yellow arrowheads indicate voids in stacking cell formation, suggesting inefficiency of stacking cell formation. Single-channel micrograph have been
presented in grayscale to improve contrast and clarity. Scale bars: 50lm (g) and 100lm (h). (i) Gene expression levels during siRNA N-cad transfection cells in stacking cell formation.
The results indicate a significant downregulation of N-cad gene expression, while there is an upregulation of Cx43 gene expression and no changes in ECM components, such as Fn
and Col I. Statistical analysis was conducted using the Mann–Whitney test, comparing the ctrl siRNA group as the control. ��P< 0.01, �P< 0.05, n¼ 6. (j) Rose plot showing the migra-
tion direction during siRNA N-cad transfection cells, indicating persistence migration toward microcavity.
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coordinated migration from the reservoir toward the microcavity,
which is also corroborated with the migration pattern of Y-27632
treatment. Our findings highlight that cell-substrate adhesion via
integrin a5b1 and intercellular interaction, such as Cx43, N-cad, and
b-cat, play pivotal roles in mediating collective cell migration. The
effectiveness of the stacked layers relies heavily on the persistence and
dispersal migration of the cells toward the microcavity. However, we
found that the RhoA/ROCK signaling pathway is not affected the effi-
ciency of stacking cell formation in the microcavity. With these
insights, we anticipate that our findings will wield transformative

potential in the realm of tissue engineering, especially in elucidating
wound healing nuances during granulation tissue formation stages.

METHODS
3D microcavity sample preparation

The pattern of the master mold was designed using AutoCAD
software, which was subsequently transferred for mask fabrication.
The patterned mask was printed and applied to a stainless-steel sub-
strate (which become the master mold), after which the exposed

FIG. 5. Cytoskeleton contractility does not alter stacking cell formation. (a) 3D reconstruction of confocal images displaying the z-projection, along with corresponding y–z and
x–z sections of cells (indicated by white lines). The cells are stained for F-actin (red) and nucleus (blue) during Y-27632 treatment. Single-channel micrographs have been pre-
sented in grayscale to improve contrast and clarity. Scale bar: 100lm. (b) Plot of cell heights comparing control and Y-27632 treatment shows no changes of the stacking cell
height. Statistical analysis was conducted using the Kolmogorov–Smirnov test, comparing each group with the ctrl siRNA group as the control, n¼ 4, data points represent indi-
vidual sample, error bars show standard deviation. (c) 3D reconstruction of confocal images displaying the z-projection, along with corresponding y–z and x–z sections of cells
(indicated by white lines). The cells are stained for F-actin (red) and nucleus (blue) during CT-04 treatment. Single-channel micrographs have been presented in grayscale to
improve contrast and clarity. Scale bar: 60 lm. (d) Plot of cell heights comparing control conditions and CT-04 treatment indicated there is no effect of the cell height when Rho
activity is inhibited. Statistical analysis was conducted using Kolmogorov–Smirnov test, comparing each group with the ctrl siRNA group as the control, n¼ 4, data points repre-
sent individual sample, error bars show standard deviation. (e) Analysis of migration trajectories around the microcavity during CT-04 treatment with the progress of time. Scale
bar: 100 lm. (f) Rose plot illustrating the migration of the cells along the edge of the microcavity during CT-04 treatment. The result indicated that there is no effect of the cell
migration in contributing to the stacking cell formation. (g) MSD analysis result during CT-04 treatment, data points represent individual cell.
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surfaces were chemically etched. To enhance the peel-off process, the
fabricated stainless-steel mold was coated with a 10nm thick layer of
polytetrafluoroethylene (PTFE) using deep reaction-ion etching,
reducing adhesion between PDMS and the stainless-steel mold. The
3D microcavities were synthesized by thoroughly mixing a curing
agent and base from the PDMS kit (Sylgard 184, Dow Chemical) at a
ratio of 1:10 (curing agent to base). The mixed PDMS solution was
then poured into the stainless-steel mold and subjected to heat treat-
ment for rapid curing at 150 �C for 10min, following the specifications
provided by Dow Corning Inc. Once cured, the microcavity sample
was peeled off from the mold to serve as the 3D microcavity substrate.

PDA coating

3-Hydroxytyramine hydrochloride (dopamine hydrochloride, cata-
log no. H8502, Sigma-Aldrich Korea) was dissolved in 10mM Tris
buffer (pH 8.5) to 2mg/mL as a polydopamine (PDA) solution. To
enhance the wettability of the PDMS-based microcavity samples and
improve cell adhesion, a surface treatment using dip-coating in a PDA
solution was employed. In brief, the PDMS microcavity sample was ini-
tially rinsed with de-ionized water and then immersed in the PDA solu-
tion for a duration of 2 min. Following this, the sample was removed
and subjected to two subsequent immersions in de-ionized water to
eliminate any excess PDA solution on the PDMS-based microcavity
sample. The sample was dried by blowing nitrogen gas and stored in a
desiccator for subsequent cell culture in this study. While oxygen (O2)
plasma is a common method to enhance the hydrophilicity of PDMS
surfaces, this approach requires an additional layer of ECM proteins for
adequate cell adhesion. In contrast, PDA coating provides dual benefits.
It not only increases surface hydrophilicity but also inherently promotes
cell attachment due to the presence of adhesive molecules like DOPA
and lysine. These molecules enable PDA to form robust covalent and
non-covalent bonds with the PDMS substrate, offering a more stream-
lined and efficient method to create a cell-adhesive environment.

Cell culture

NIH3T3 mouse fibroblast (ATCC CRL-1658) cells, human dermal
fibroblast cells (ATCC PCS-201-012), and HaCaT cells were maintained
in DMEM supplemented with 10% of fetal bovine serum (FBS) and
antibiotics (100U mL�1 penicillin and 100lg mL�1 streptomycin;
Gibco, Grand Island, NY, USA). Normal culture conditions were main-
tained at 37 �C and 5% CO2 in a humidified incubator. Throughout all
the experiments, the initial cell seeding is 100000 cells/cm2. Cell culture
is performed either in a confocal dish (100350, SPL life science) for
immunofluorescence staining analysis or 6-well plate tissue culture plate
for real-time PCR or western blot.

Immunofluorescence staining

To perform immunofluorescence staining, first, cells were washed
with PBS 1x (70011-044, Gibco) three times and then fixed with 4%
paraformaldehyde (P0117CD-500ML, Bylabs, Korea) at room temper-
ature for 30min. Next, cells were rinsed with PBS 1x three times. The
cells were permeabilized with 0.2% triton X-100 in PBS 1x for 10min
and subsequently washed with PBS 1x three times then blocked with
3% bovine serum albumin (BSA) in PBS 1x for 1 h. The samples were
then incubated with primary antibody in 1% BSA at room temperature
(RT). List of primary antibodies are as follows: anti-b-cat antibody

(ab16051, Abcam), anti-Col I antibody (ab34710, Abcam), anti-
fibronectin antibody (sc-8422, Santa Cruz), anti-Cx43 antibody
(3512S, Cell Signaling Technology), and anti-N-cad antibody (4061S,
Cell Signaling Technology). The samples were then rinsed with PBS 1x
and followed by 1h incubation with rhodamine phalloidin (R415,
Thermo Fisher Scientific), 40, 6-diamidino-2-phenylindole (DAPI,
Thermo Fisher Scientific), and secondary antibodies, such as goat anti-
mouse Alexa Fluor 488 secondary antibody (A11001, Invitrogen) and
goat anti-rabbit Alexa Fluor 488 secondary antibody (A11008,
Invitrogen), in 1% BSA at RT. Next, the sample was then washed with
PBS 1x three times and was made ready for image acquisition using a
laser scanning confocal microscope (Zeiss LSM 700; Carl Zeiss Micro-
Imaging GmbH, Germany). For F-actin and nucleus, images were pre-
pared as described above except without primary and secondary anti-
bodies. The images were processed using Imaris 8.0.1, briefly, the
scanned images were processed by section view, 3D, or sliced view for
image extraction. Section view displays three images at one shot, x–y
(right top), x–z (right bottom), and y–z (left) sections. For 3D mor-
phology, section view is a favorable option to display how the mor-
phology of the taken images viewed in all sections. 3D view displays all
the layer of the taken image in one content. 3D view is favorable for
regenerating the image into a motion movie as microcavity. All the
motion movies were made at 250 frames per second. Slice view of the
image will extract all layer-by-layer images.

Cell counting

The number of cells in each microcavity is counted using the
Imaris software. Briefly, the volume of the microcavity is selected to
prevent the inclusion of the number of cells on the reservoir. Next, at
the scene section spots are added to detect the nucleus of the cells and
then skip automatic creation is chosen and edited manually. Under the
main spot tab we chose 8 as the radius size for the cell counting.

ATN-161, Y-27632, and CT-04 treatments

ATN-161 (SML2079-25MG, Sigma-Aldrich) is treated to the cell
culture media with the concentration of 1lM/mL throughout this study.
Y-27632 (Y0503, Sigma) is treated to the cell culture media with the con-
centration of 25lM after the adhesion time, 4h prior to the cell seeding
on the microcavity. CT04 (Cytoskeleton Inc) treatment is done accord-
ing to the protocol from the company. Briefly, cells were seeded on the
microcavity and after 4hrs of the adhesion time the cell culture media is
treated with CT04 with the concentration of 2lg/mL for 2h.

Live-cell imaging

After cells adhere on the microcavity, the samples were transferred
to the live cell imaging incubator and maintained at the standard culture
condition of 37 �C and 5% CO2 in humidified atmosphere. The videos
were acquired by taking the images every 1h using Zeiss live cell imag-
ing confocal with the objective lens of 10x and the z-interval of 10lm
(Zeiss live cell confocal, Observer. Z1, Germany).

PIV analysis

PIV analysis is performed after the acquisition of the images from
live cell imaging with the duration of 3 days. To measure the cellular
velocity, particle image velocimetry (PIV) analysis was conducted by
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using the Image Velocimetry Tool for MATLAB (version: 1.43) soft-
ware. We used double-pass PIV by the fast Fourier transform (FFT)
window deformation algorithm with a first window size of 64 � 64
pixels and a second window size of 32 � 32 pixels. Velocity vectors
were distributed with a 16-pixel interval (20lm), similar to the body
length of a cell. The trajectory of cells was analyzed from the velocity
fields. The first location of each trajectory was allocated by dividing the
whole region with 32 � 43 windows. The next location was updated
by adding the displacement of each window, which was calculated
from the PIV data (Fig. S7).

siRNA transfection

The transfection of the siRNAs was performed according to the pro-
tocol from the company (Bioneer Korea). Briefly, 24h prior to the trans-
fection, normal cell culture media was changed with the absence of
antibiotics. Next, predesign siRNA such as siRNA integrin a5 (siRNA ID:
109700-1; Bioneer, Korea), siRNA integrin b1 (siRNA ID: 16412-1;
Bioneer, Korea), siRNA b-cat (12387-2, Bioneer, Korea), siRNA Cx43
(siRNA ID: 14609–2, Bioneer Korea), N-cad (siRNA ID: 12558-2,
Bioneer, Korea), and negative control of siRNA (AccuTargetTM Negative
Control siRNA, Bioneer, Korea) were used and mixed with the
Lipofectamine RNAiMAX Transfection Reagent (Invitrogen) as the car-
rier. The transfection is done for 24hrs with the concentration of 50nM
for all siRNAs.

Real-time-PCR

For quantitative polymerase chain reaction (qPCR) analysis, cells
were seeded on a specialized designed microcavity (Fig. S5) and the
total mRNA was extracted from the cells using 1ml TrizolV

R

RNA iso-
lation reagents (Invitrogen). The lysis is done for all the cells including
on the reservoir and stacking cells in the microcavity. Concentration
and purity of the samples were quantified using NanoDrop ND-1000
spectrophotometer (Thermo Fisher Scientific). cDNA synthesis was
then performed by adding 4lL of Super-ScriptVR VILOTM into each
sample in MicroAmpV

R

Optical 8-Tube Strip (Applied Biosystems).
The synthesis is done at 45 �C for 60min and RTase inactivation at
95 �C for 5min. Next, the synthesized cDNA (1lL), 10 pmol of each
reverse and forward primer in 2lL Diethyl pyrocarbonate (DEPC)-
treated water, 10lL of SYBR Green real-time PCR mix (RR420A;
Takara), 0.4lL of ROX reference dye II, and 6.6lL DEPC were mixed
in PCR reaction tubes (Applied Biosystems) to a total volume of 20lL.
The reaction reagents were then placed in a real-time cycler (7500
Real-Time PCR System; Life TechnologiesTM) and relative gene
expression level was calculated by 2-DDCt method and normalized with
GAPDH as the housekeeping gene. Target genes and their primer
sequences were listed in Table I (supplementary materials).

Immunoblotting assay

Cells were lysed using RIPA buffer (89900, Thermo scientific)
with the supplement of 1X protease inhibitor cocktail EDTA-free
(87 785, Thermo scientific). The samples were boiled with 1X SDS-
PAGE sample loading buffer (Biosesang, Korea). The samples were
loaded for electrophoresis using Mini-PROTEAN TGX Gels
(4 561 023, Bio-Rad). Transferring is done using polyvinylidene fluo-
ride (PVDF) membrane. The samples were blocked with 5% skim
milk and incubated with following primary antibodies: N-cad

(ab98952, Abcam), b-cat (ab16051, Abcam), Cx43 (3512S, Cell
Signaling), ITGA5 (ab150361, Abcam), ITGB1 (PA5-29606,
Invitrogen), and b-actin (C4, Life science) in 4 �C overnight. The sam-
ples were washed three times in Tris Buffered Saline with Tween
(TBST) 1x and then the samples were incubated in the HRP-conjugated
secondary antibodies, for anti-mouse (31430, Invitrogen) and anti-
rabbit (VJ313046, Thermo Scientific) for 1h at room temperature. Next,
the blot in TBST is rinsed three times and then the chemiluminescent
substrate (34 580, Thermo Scientific) is applied to the blot. iBright
CL1500 (Thermo Fisher Scientific) was used to capture the chemilumi-
nescent signal. All quantified data were normalized with b-actin.

Statistical analysis

For statistical analysis, we used GraphPad Prism 5 for all the anal-
ysis. In this study, we applied Kolmogorov–Smirnov test for Figs. 1(c),
1(d), 4(a), 5(b), and 5(d) as these data follow normal distribution. For
those which do not meet normal distribution, we used nonparametric
statistical Wilcoxon test for Figs. 1(h), 3(b), 3(c), 3(e), 3(f), 4(c), S3(b),
S3(c), S4(f), S4(g), S5(b), S11, S14(a), and S14(b). Additionally, we also
utilized the Mann–Whitney test for Figs. 4(d), 4(i), S6(a), S6(c), S6(e),
and S13(b). In addition, the statistical analysis for the cell migration
result is analyzed using the Kruskal–Wallis test (SPSS, IBM). Statistical
significance is marked as �P< 0.05, ��P< 0.01, ���P< 0.001, and
����P< 0.0001). Furthermore, the figures [Fig. 1(h), 3(b), 3(e), 3(f),
4(c), S3, S4(f), S4(g), S5(b), S6(c), S11, S13(b), S14(a), and S14(b)] have
significant differences using SPSS; however, due to the small sample
size, statistical significances are not indicated.

SUPPLEMENTARY MATERIAL

See the supplementary material for the characterization of the 3D
microcavity; 3D reconstruction images of F-actin and nucleus of cells
on Ls¼ 200, 300, and 400lm; 3D reconstruction images of F-actin
(red) and nucleus (blue) in hDFB cells along white lines on
Ls¼ 100lm; inability of HaCaT cells to form stacking structures on
3D microcavities; characterization of the microcavity substrate for
real-time PCR and immunoblotting assays; confirmation of the down-
regulation of integrin a5 and integrin b1 gene expression levels during
siRNA ITGA5B1 treatment; methodology for tracking cell trajectories
by updating the virtual positions of cells from the interpolated velocity
fields; velocity component changes during the stacking up migration
according to the inhibition of ROCK, ITGA5B1, and b-cat; three-
dimensional reconstruction of the z-projection of confocal images
stained for F-actin (red), nucleus (blue), and Cx43, b-cat, and N-cad
(green) at the final stage of stacking formation; uncut membrane from
the western blot result; optimization of siRNA targeting Cx43 and N-
cad assessed via real-time PCR; effect of gap 27 treatment on cell stack-
ing formation; response of the stacking cells during siRNA b-cat; role
of FA in stacking formation; gene expression level of the vinculin and
Paxillin; and list of primers and sequences used in this study.
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