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Abstract

Rapid migration of mesenchymal stem cells (MSCs) on device surfaces could support in vivo tissue integration and might
facilitate in vitro organoid formation. Here, polydopamine (PDA) is explored as a biofunctional coating to effectively promote
MSC motility. It is hypothesized that PDA stimulates fibronectin deposition and in this way enhances integrin-mediated
migration capability. The random and directional cell migration was investigated by time-lapse microscopy and gap clo-
sure assay respectively, and analysed with softwares as computational tools. A higher amount of deposited fibronectin was
observed on PDA substrate, compared to the non-coated substrate. The integrin 1 activation and focal adhesion kinase
(FAK) phosphorylation at Y397 were enhanced on PDA substrate, but the F-actin cytoskeleton was not altered, suggesting
MSC migration on PDA was regulated by integrin initiated FAK signalling. This study strengthens the biofunctionality of
PDA coating for regulating stem cells and offering a way of facilitating tissue integration of devices.

Introduction

A multifunctional layer created at the interface of stem cells
and biomaterials, for example through the coating and modi-
fication of cell culture material or implant surface, would
play a crucial role to regulate and control the behavior and
function of stem cells and thereby to enhance the beneficial
effect in biomedical applications [1, 2]. The implant sur-
face, as part of the microenvironment presented to the cells,
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should facilitate the cell adhesion, proliferation, migration
and differentiation to support tissue integration and reduce
the foreign body reaction [3, 4]. In addition, precise control
of stem cells and tissue architecture is of great importance
for formation of organoids, which hold great potential as a
model system for biology study and disease treatment [5—7].

Inspired by the natural phenomena of mussel-adhesion,
polydopamine (PDA) was first introduced in 2007 [8], and
to date has become one of the most prominent biomimetic
materials. PDA coatings were proven to be able to promote
adhesion, proliferation, and differentiation of stem cells, and
hence have been used in tissue engineering to modify the
surface of metal-, polymer- and carbon-based implants [9,
10]. The large number of catechol and amine based moieties
in PDA enable the strong binding of PDA to a wide range
of surfaces and meanwhile allow the adhesion of functional
biomolecules through Schiff base reaction and Michael addi-
tion to facilitate cell attachment [8, 11-13]. For example,
the endothelial cells were found to neither attach nor pro-
liferate on the poly(L-lysine) (PLL) coated substrate which
was widely used to assist cell attachment [14, 15], but well
adhere to the PDA substrate [16]. We explore PDA as a mul-
tifunctional substrate coating, which fulfils the design princi-
ples of substratum for adherent cells [17]. In our recent work
two biofunctions of PDA coatings were unravelled: prevent-
ing mesenchymal stem cells (MSCs) from replicative cel-
lular senescence and strongly promoting MSC proliferation
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[18]. In addition, PDA coatings enhanced the adhesion, sta-
bility and differentiation of MSCs as reported in [13, 19, 20].

Given that the therapeutic efficacy of MSCs for implant
integration in tissue highly relies on their migration and
engraftment into the tissue at the implant interface [21, 22],
we hypothesized here that a PDA coating can also promote
MSC migration and in this way exhibit an additional bio-
function. In this study, the PDA coating was applied to a
polystyrene based standard tissue culture plate (TCP) via
polymerization of dopamine solution in alkaline buffer.
MSC migration on PDA substrate was examined with time-
lapse microscopy and gap closure assay. The softwares
were applied as computational tools to precisely trace
and analyse the cell migration. The mechanism that PDA
coated substrate promotes MSC migration was investigated,
focusing on fibronectin deposition, integrin activation,
cytoskeleton organization and focal adhesion kinase (FAK)
phosphorylation.

Experimental details

The multifunctional PDA coatings were prepared on pol-
ystyrene based standard tissue culture plates (TCPs) via
polymerization of dopamine solution in alkaline buffer.
The random and directional migration of human MSCs
was measured using time-lapse microscopy and gap closure
assay respectively. The data were analysed with ImageJ and
Image-Pro Plus softwares. The samples were stained to
identify the fibronectin, active integrin, F-actin and pFAK
(Y397). The protein levels were quantified by measuring
the fluorescence intensity and ELISA assay. See supporting
information for detail of the methods.

Discussion

The random MSC movement on different substrates was first
examined using a time-lapse microscope. Given the shape
change of the cells during migration, the cell nuclei were
stained with the live cell fluorescent dye (Hoechst 33342)
to record the migration trace (Fig. 1a). The PLL substrate
was included here as a reference material, which has been
prove to largely increase MSC migration [23]. Compared to
the control surface (non-coated TCP), the PLL and PDA-0.1
substrates significantly increased the migration velocity of
MSCs (Fig. 1b). A longer straight migration distance was
observed in the cells on PLL substrate (Fig. 1c). The gap
closure on different surfaces was performed to assess the
collective cell migration (Fig. 1d). Compared to the ran-
dom migration assay, this approach measured the directional
migration, since the cells would form lamellipodia protru-
sion and move towards the wound gap. The gap images at
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indicated time points were processed with Image-Pro Plus
software to minimize the influence of background and con-
trast, and to precisely measure the wound gap area. Our
results indicated that the percentage of gap closure was
significantly increased on the PLL and PDA substrates, as
compared to the non-coated TCP (Fig. le).

The complex process of cell migration is orchestrated by
cell adhesion to extracellular matrix (ECM), integrin acti-
vation, intracellular signalling cascade, actomyosin organi-
zation and cytoskeleton dynamics. The surface properties
of PDA layer, such as topography, hydrophilicity and sur-
face charge, play a combinational role to modulate protein
adsorption and cell interaction at the cell-material interface.
In our previous work, we have characterized the surface
nano-structure, hydrophilicity and protein adsorption capac-
ity of PDA coated substrates [18]. Compared to the non-
coated TCP, the PDA coating led to increased nano-rough-
ness. A higher amount and smaller nano-aggregates were
found on PDA-0.1 than on PDA-0.5 substrate. The effect
that the nano-structures on material surface could stimulate
cell migration as described in [24, 25], is in consistence with
our findings. The PDA coated substrates showed a higher
hydrophilicity than non-coated TCP, which could favor the
cell attachment [26]. In addition, PDA coating significantly
enhanced the protein adsorption capacity of the substrate.
The surface charge of the material is crucial to influence the
surface chemistry, protein adsorption, as well as the interac-
tion with cells. Here, the PDA layer would show a negative
surface charge in cell culture medium (pH 7.4) [27]. Given
the potential influence of these surface properties on cells,
we first examined the fibronectin deposition of MSCs on the
substrates in order to understand the mechanism through
which the PDA coating increases the MSC migration. It has
been reported that cell adhesion to fibronectin through inte-
grin a5p1 could activate the PDGFR-p signalling and trigger
the migration of MSCs [28]. Here, the level of fibronectin
deposition on PDA-0.1 substrate was significantly higher
than on non-coated TCP control (Fig. 2a, d). However, the
intracellular fibronectin was at a similar level for all groups
(Fig. 2e).

Integrins are transmembrane receptors that bind to
both extracellular and intracellular ligands and regulate
the transmission of mechanical and biochemical signals
[29]. The dynamic interaction of integrins with the ECM
and the actin cytoskeleton play a crucial role in cell migra-
tion [30]. Upon integrin activation, a rapid and reversible
conformational change in the extracellular domain resulted
in the increased integrin affinity to extracellular ligand
[31, 32]. Fibronectin could be recognized by integrin a581
through the arg—gly—asp (RGD) cell-binding sequence
[33], and the fibronectin-integrin a5f1 interaction could in
turn regulate the fibronectin matrix assembly [34]. Given
the enhanced fibronectin deposition on PDA-0.1 substrate,
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Fig. 1 Migration of MSCs on TCP and coated substrates after 3 days
of culture. Time-lapse microscopy was applied to trace the stained
cell nuclei for 8 h, and the random cell migration was analyzed
using ImageJ software to generate the migration trajectories (a) and
to quantify the moving velocity (b) and straight moving distance (c)
(n>23; mean=standard error of the mean). The directional migra-
tion was examined by gap closure assay. Representative images

we stained the cells to assess the level of integrin 1 acti-
vation. A slightly increase of the fluorescence intensity
of active integrin f1 was observed on PLL and PDA-0.1
substrates, as compared to the non-coated TCP (Fig. 2b),
suggesting the enhanced integrin engagement on these
substrates.

The cell migration is driven by the dynamic assembly
and disassembly of actin and associated proteins. Actin
polymerization regulates extension of the lamellipodia and
filopodia protrusions at the leading edge of a migrating cell.

showed the gaps immediately after insert removal (0 h) and after
24 h (d, bar=200 pm). The percentage of gap closure was quantified
by Image-Pro Plus software (E; n=8). The images were processed
to minimize the influence of background and contrast, and for each
image an area with a length of 1.0 mm along the gap was measured.
*p<0.05

In addition, actin connects with integrins and interacts with
myosin to generate the intracellular contraction forces to trail
the cell body [35, 36]. Here, we did not observe the marked
difference of F-actin cytoskeleton structure and organization
on different surfaces. The cells showed the strong and well-
oriented F-actin stress fibers in all tested groups (Fig. S1).
Focal adhesion kinase (FAK), as a cytoplasmic tyros-
ine kinase, plays an important role in integrin-mediated
signal transduction and cell migration through regulating
cytoskeleton dynamics and focal adhesion turnover [22, 37,
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38]. Upon cell adhesion, FAK could be recruited to focal  their clustering. The kinase activity of FAK can be fully
adhesions, and the autophosphorylation of FAK at Y397  activated via its phosphorylation at Y397 [39]. The regula-
would be initiated by the binding of integrins to ECM and  tory role of FAK in MSC migration has been reported in
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«Fig. 2 Fibronectin deposition, integrin activation and FAK phospho-
rylation of MSCs cultured on different substrates for 3 days. Repre-
sentative staining images showed the fibronectin (green in a), active
integrin B1 (green in b), pFAK (Y397) (red in ¢) and cell nuclei
(blue) (bar=50 pm). d Fluorescence intensity of stained fibronectin
was quantified using ImageJ software and normalized by cell number
(n>4). The value in TCP group was set 1. e Fibronectin amount in
cell lysis was measured using ELISA and was normalized with the
total protein amount (n=4). f Fluorescence intensity of pFAK (Y397)
was quantified using ImageJ software and normalized by cell number
(n=4). The quantity of pFAK (Y397) (g) and total FAK (h) in cell
lysis was determined using ELISA, and was normalized with the total
protein amount (n=4). *p <0.05

different studies [40—45]. Inhibition of FAK resulted in the
suppressed cellular motility of MSCs [46, 47]. Here, com-
pared to non-coated TCP, FAK phosphorylation at Y397 was
significantly upregulated on PLL and PDA-0.1 substrates,
as shown by immunostaining images (Fig. 2c, f) and quan-
tification assay (Fig. 2g). Notably, the level of FAK phos-
phorylation in PDA-0.5 group was lower than in PDA-0.1
group, which might be attributed to the influence of surface
topography. According to our previous study, PDA-0.5 dis-
played a lower amount but larger PDA aggregates on the
surface than PDA-0.1 [18], which might induce different cel-
lular response of MSCs. The total FAK was kept at a similar
level in all groups (Fig. 2h). Taken together, these results
suggested that PDA promoted MSC migration through the
activation of integrin and FAK signalling.

Conclusions

In this study, we investigate the MSC migration on PDA
coated TCP substrate and elucidated the cellular mechanism.
Compared to the non-coated TCP control, PDA substrate
promoted both random and directional migration of MSCs.
The cells on PDA substrate deposited a higher amount of
fibronectin, and showed the increased level of integrin f1
activation and FAK phosphorylation, suggesting the pre-
dominant role of integrin initiated FAK signalling in MSC
migration on PDA. The multifunctionality of PDA coating
highlights its application in cell culture and implant surface
modification for tissue integration. Precise control of stem
cells with PDA substrates shows great potential for promot-
ing organoid formation.
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tary material available at https://doi.org/10.1557/s43580-021-00091-4.
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