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Abstract: Cobalt (CoII) ions have been an attractive
candidate for the biomedical modification of orthopedic
implants for decades. However, limited research has
been performed into how immobilized CoII ions affect
the physical properties of implant devices and how these
changes regulate cellular behavior. In this study we
modified biocompatible poly(vinyl alcohol) with terpyr-
idine and catechol groups (PVA-TP-CA) to create a
stable surface coating in which bioactive metal ions
could be anchored, endowing the coating with improved
broad-spectrum antibacterial activity against Escherichia
coli and Staphylococcus aureus, as well as enhanced
surface stiffness and cellular mechanoresponse manipu-
lation. Strengthened by the addition of these metal ions,
the coating elicited enhanced mechanosensing from
adjacent cells, facilitating cell adhesion, spreading,
proliferation, and osteogenic differentiation on the sur-
face coating. This dual-functional PVA-TP-CA/Co sur-
face coating offers a promising approach for improving
clinical implantation outcomes.

Introduction

Rapidly increasing research toward the exploration and
production of implantable devices for clinical treatment has
revealed an urgent need for materials with specific chemical
and physical properties that can enhance their biological
functions.[1] Introducing implants into lesion sites not only

provides mechanical support and adhesion sites for cell
adhesion and migration, but also presents various biochem-
ical cues (soluble and insoluble growth factors, cell-adhesive
ligands and cell-to-cell contact) and biophysical cues (stiff-
ness, topography and porosity) that together regulate cell
response in the areas of spreading, differentiation, self-
renewal and migration.[2] Therefore, designing a biointerface
with controllable biochemical and biophysical properties
that manipulate cellular functions presents an attractive
research target in tissue engineering. Furthermore, bacterial
contamination on implantable surfaces has emerged as a
severe post-implantation problem in current-stage clinical
applications, which can lead to orthopedic complications
and even trauma, with their attending high rates of morbid-
ity and mortality.[3] Much attention has been directed toward
developing implantable materials whose antibacterial activ-
ity arises from surface decoration with antibacterial agents,
an approach that may decrease the risk of implant-based
infections and prevent postsurgical infections.[4]

Osteointegration is an important factor in the success of
clinical implantation. Various bioactive agents, such as
peptide, enzymes and growth factors, have been used in
biomaterials to enable osteointegration.[4] However, main-
taining high bioactivity of these agents during fabrication
has proven challenging. Cobalt (CoII) ions have recently
emerged as an attractive candidate for the biomedical
modification of implants, due to their remarkable biological
activity and their stability during fabrication.[6] In addition to
their excellent antibacterial activity,[6a,e] numerous studies
have revealed that CoII ions at appropriate concentrations
contribute positively to the regulation of angiogenesis in
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bone formation.[6b–f,7] CoII ions in implants have shown an
ability to stabilize the hypoxia-inducible factors (HIFs) and
initiate a cascade of proangiogenic factors including vascular
endothelial growth factor (VEGF), resulting in enhanced
vessel formation and coupling of osteogenesis and
angiogenesis.[6b] Compared with other biological methods
like bone grafting with a vascular bone flap, gene therapy,
and application of expensive recombinant VEGF proteins,
the cobalt-induced vascularized bone regeneration platform
is much easier to operate and less costly to fabricate.[8]

To date, studies in this area have focused on the cellular
effects of CoII ions or debris released from cobalt-based
biomaterials in the culture environment.[6, 7] However, the
biological activity of CoII ions is highly dose-dependent. For
instance, high levels of CoII ions in the body may cause an
excessive inflammatory reaction, osteolysis, and conse-
quently failure of the implant.[7c] Recently, it was found that
the surface topographic features of implanted devices, for
instance, substrate stiffness or surface roughness, can
dramatically influence cellular functions.[9] However, to the
best of our knowledge, limited research has been performed
into how surface-immobilized metal ions affect the physical
properties of the implant devices and how these changes
influence cellular behavior.[10] Therefore, it would be signifi-
cant to study the immobilized metal ions’ influence on the
implant surface, with an eye toward the resultant surface
physical properties and tissue engineering implications.

With these aims in mind, we designed and synthesized
biocompatible poly(vinyl alcohol) (PVA) modified with

terpyridine (TP) and catechol (CA) groups to afford a new
polymer, PVA-TP-CA (Scheme 1). Because of the strong
adhesive activity of catechol on organic and inorganic
surfaces,[11] we were able to efficiently construct polymer
PVA-TP-CA as an initial polymeric layer on a silicon wafer
surface. The strong coordination interactions between metal
ions and ligand (TP and residual oxidative CA) have offered
a well-traveled path to fabricate versatile metal-incorporated
materials.[12] In this study, the CoII ions immobilized in the
surface coating changed the physical properties of the
material surface to a remarkable degree through the
formation of metal–ligand complexes. The modified surface
coating with enhanced surface stiffness not only showed
good biocompatibility alongside excellent and durable
antibacterial activity toward gram-negative Escherichia coli
(E. coli, ATCC25922) and Staphylococcus aureus (S. aureus,
ATCC25923), but also promoted the adhesion, spreading,
proliferation and osteogenic differentiation of human mes-
enchymal stem cells (hMSCs) on the surface. This antibacte-
rial surface coating provides a favorable platform, with
specific cell adhesion and osteogenesis properties, that can
be further developed into a multifunctional implantable
device.

Results and Discussion

PVA, an FDA-approved biocompatible polymer, can be
easily functionalized with different moieties through the

Scheme 1. a) The synthetic route for the polymer PVA-TP-CA, b) schematic representation of the preparation of PVA-TP-CA surface coatings
encapsulated with CoII ions and c) schematic illustration of the role that metal ions in PVA-TP-CA polymer coatings play in antibacterial activity and
in regulating cell adhesion and fate determination. On one hand, metal ions on the polymeric surface coating realize antibacterial ability via
contact killing of bacteria, while on the other hand, cells sense substrate stiffness via the focal adhesion-ROCK-actomyosin-YAP/TAZ signaling
pathway.
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OH groups on the polymer backbone. In this work, 30 OH
groups on the polymer chain were changed to carboxyl
groups. Then, 9 carboxyl groups were conjugated with 2-
([2,2’ : 6’,2’’-terpyridin]-4’-yloxy)ethan-1-amine (TP)
through an amine coupling reaction to obtain a new
polymer, PVA-TP-COOH. Subsequently, the remaining
carboxyl groups on polymer PVA-TP-COOH were re-
acted with dopamine to afford the final polymer, PVA-
TP-CA (Scheme 1).

As dopamine can self-polymerize to form surface-
adherent polydopamine films on a wide range of organic
and inorganic materials, the polymer PVA-TP-CA with
catechol groups was able to spontaneously and rapidly form
an initial polymeric layer on a silicon wafer via a simple dip-
coating strategy at room temperature. Specifically, we
simply immersed silicon wafers in a dilute aqueous solution
of polymer PVA-TP-CA (3 mgml� 1), then adjusted the pH
to alkaline conditions by the addition of MOPs buffer
(pH 8.5). The catechol groups on the polymer underwent
oxidative polymerization and generated aggregates that
were resistant to common organic solvents, resulting in the
formation of an adherent polymer film on the silicon wafer
surface. Different coating times (2, 4, 8 and 12 h) were
investigated to observe the thickness of the polymeric layers.
The thickness ranged from nanometer to micrometer scales
as the incubation time increased from 2 to 12 h, a finding
confirmed by ellipsometry. For the surface coatings with 2, 4

or 8 h incubation time, the thickness gradually increased
from average 6 nm, to 11 nm, to 22 nm, respectively; the
average contact angles accordingly increased from ca. 55° to
75° and 80°, respectively. It was noted that the surface
coatings fabricated within 8 h were stable in aqueous
solutions for as long as 4 weeks as determined by ellipsom-
etry, while the micrometer-range layer under 12 h incuba-
tion time showed deformation after immersion in solution
for 24 h. This deformation might be attributed to the
significantly increased micrometer-scale thickness of the
coating, which would induce a higher swelling capacity and
lower stability, making ductile fracture of the coating much
easier. Taking consideration of ease of preparation and
stability of the surface coating for further biological
applications, we used a coating time of 4 h in fabricating the
PVA-TP-CA surface coating.

Subsequently, the polymeric layer under 4 h incubation
time was closely investigated by scanning electron micro-
scopy (SEM), X-ray photoelectron spectroscopy (XPS), and
contact angle measurement. From the SEM image (Fig-
ure 1a), we observed that a dense phase-separated polymer
coating was formed on the silicon wafer. The XPS result
shown in Figure 1b demonstrated the presence of carbon,
nitrogen and oxygen in the prepared surface coating, which
confirmed the formation of the PVA-TP-CA surface coat-
ing. The surface coating was then immersed in a CoCl2
solution (2 mgmL� 1). Due to the chelation between metal

Figure 1. SEM images of a) PVA-TP-CA surface coating and c) PVA-TP-CA/Co surface coating c). Scale bar, 500 nm. Insets in a) and c) represent the
respective static water contact angles of the PVA-TP-CA and PVA-TP-CA/Co surface coatings. XPS spectra of b) PVA-TP-CA surface coating and d)
PVA-TP-CA/Co surface coating. Inset in d) is the enlarged XPS spectrum for Co2p. Time-dependent antibacterial activity of PVA-TP-CA/Co surface
coating against e) E. coli and f) S. aureus. g) Bacterial numbers after incubation with PVA-TP-CA/Co and PVA-TP-CA surface coatings and bare
silicon wafer in solution of E. coli and S. aureus. h) Bacterial numbers for three rounds of continuous antibacterial tests against E. coli. i) Bacterial
numbers after incubation with PVA-TP-CA/Co surface coatings with different incubation times against E. coli and S. aureus suspensions.
j) Cumulative release profile of CoII ions from PVA-TP-CA/Co surface coatings immersed in PBS or buffered BSA solution. Data are presented as
the mean�SD, n=3. Statistically significant differences at the same period are indicated by **p<0.01 compared with blank control.
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ions and ligands (TP and residual oxidative CA) on the
polymer backbone, CoII ions were stabilized in the surface
coating networks, as confirmed by the UV/Vis spectroscopic
studies (Figure S4). The morphology of the new polymer
coating (PVA-TP-CA/Co) was more compact (Figure 1c)
than PVA-TP-CA. The contact angle of the new surface
coating increased from 55° (PVA-TP-CA) to 75° (PVA-TP-
CA/Co) (inset pictures in Figure 1a, c). The XPS result
shown in Figure 1d gave direct evidence for the existence of
CoII ions in the surface coating: a peak at 780.0 eV could be
observed in the spectrum, corresponding to CoII ions.
Furthermore, the enlarged, highly resolved Co2p spectrum
(Figure 1d) revealed that the atomic percentage of the CoII

ions was around 0.1%.
It is well-known that CoII ions demonstrate antibacte-

rial activity in solution. Therefore, we treated the PVA-
TP-CA/Co surface coating with representative gram-
negative E. coli and gram-positive S. aureus, to examine
whether the antibacterial activity of CoII ions persisted in
the metal-terpyridine complexes. The PVA-TP-CA/Co
surface coating on silicon wafer showed strong antibacte-
rial activity, with more than 99.99% bacterial reduction
efficiency (Figure 1g). By contrast, the bare silicon wafer
and PVA-TP-CA surface coating showed no antibacterial
activity, indicating that the CoII ions were responsible for
the bacterial reduction by the PVA-TP-CA/Co surface
coating. Furthermore, the antibacterial effects of the
PVA-TP-CA/Co surface coating against E. coli and S. aur-
eus are time-dependent (Figure 1e, f, i). After 8 h of
incubation, about 71% of E. coli and 81% of S. aureus.
were killed by PVA-TP-CA/Co surface coatings. After
12 h, around 94% of E. coli and 96% of S. aureus. had
been destroyed, and after 16 h of incubation almost
99.9% of both types of bacteria were dead. The corre-
sponding bacterial colonies cocultured with PVA-TP-CA/
Co surface coatings with different times are shown in
Figure 1e, f. Notably, our PVA-TP-CA/Co surface coating
can also be constructed on the TC4 titanium alloy, which
is widely used in the clinical bone regeneration. The PVA-
TP-CA/Co surface coatings on TC4 titanium alloys
showed excellent antibacterial activity against E. coli and
S. aureus, killing 99.99% bacteria in solution in 24 h of
incubation (Figure S5) and suggesting compatibility of
PVA-TP-CA/Co surface coatings with a wide range of
different substrates.

The addition of CoII ions imparted excellent antibacterial
properties to the PVA-TP-CA/Co surface coating. However,
the antibacterial mechanism of this coating is unclear. In
accordance with the reported literature,[13] we proposed two
candidates: a) the release of antibacterial CoII ions from the
surface coating; and b) the continuous and effective contact
between bacteria and the coating. To understand the
antibacterial activity of the CoII ions in the surface coating,
we carried out inductively coupled plasma mass spectrome-
try (ICP-MS) to investigate whether the CoII ions could be
released from the coating.

Since the release of CoII ions from the surface coating
may be induced by interaction between the metal ions and
the bacteria’s metalloproteins,[14] we conducted the release

study by incubating the polymer coatings with a model
protein, bovine serum albumin (BSA). This protein is widely
recognized to show affinities towards a multitude of metal
ions, including CoII, ZnII, FeII, CuII, NiII, and MgII.[15] The use
of BSA can also prevent metal ions (derived from the
leakage of metalloproteins from destroyed bacteria) from
interfering in the ICP-MS measurement.[16]

PVA-TP-CA/Co surface coatings were immersed in
phosphate buffer (PBS) or buffered BSA solution (3.5%,
w/v) for various time periods: 2 h, 4 h, 8 h, 12 h, 24 h, 2 d,
3 d, 5 d, 7 d, 10 d, 14 d, 20 d, and 30 d. The ICP-MS measure-
ments on day 14 revealed that CoII ions in the PVA-TP-CA
surface coating remained quite stable in PBS in the absence
and presence of BSA: no significant CoII ions could be
detected (<1 ppb) from the leachate (Figure 1j). Over the
next 16 days, the CoII ions remained stable in the PBS
solutions, showing a slight increase to 3.2 ppb by day 30.
Meanwhile, after 30 d in the BSA solution, the released CoII

ions reached a concentration of 13.1 ppb, representing a tiny
number of ions at a level of nontoxic to bacteria (Figure S6)
and human osteoblast-like cells[17] (Figure 1j). This result
might be ascribed to the long incubation time and the weak
binding competition from BSA (logKBSA-CoII �4.19

[15b] vs.
logβterpyridine-CoII >16[12]).

In other words, due to the strong binding affinity of CoII

ions for the PVA-TP-CA surface coating and the low
affinity of CoII ions for BSA, the embedded CoII ions were
quite stable for 30 days not only in PBS but also in the
presence of protein. As BSA was used to mimic the
interaction of bacteria and the surface coating, we supposed
that the incorporated CoII ions in the coating were also
stable during the incubation with bacterial suspension. It is
therefore possible that the antibacterial activity of the PVA-
TP-CA/Co surface coating can be ascribed to continuous
and effective contact between bacteria and the coating
(Scheme 1c), which may damage the cell wall or reduce the
cell membrane integrity, leading finally to cell death. Martin
et al. reported similar results, finding that direct contact with
a cobalt-incorporated surface resulted in a strong antibacte-
rial effect.[13b] In addition, as the incorporated CoII ions were
quite stable, the antibacterial activity of the PVA-TP-CA/
Co surface coating could be maintained as the sample
underwent three rounds of a continuous antibacterial test
against E. coli (Figure 1h) and S. aureus. (Figure S7), reveal-
ing that the PVA-TP-CA/Co surface coating can act as a
durable antibacterial material. These results suggest that the
coordination interactions between ligands on the polymer
backbone and CoII ions were stable enough to preserve the
bioactive CoII ions in the surface coating networks under
approximately physiological conditions; this stability is
crucial in determining the coating’s in vitro and in vivo
bioactivity.

We further evaluated the PVA-TP-CA/Co surface coat-
ing for potential application in tissue engineering. We first
performed a 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyltetra-
zolium bromide (MTT) assay to evaluate the coating’s
biocompatibility with the hMSCs. The cells’ absorbance at
570 nm (OD570) after 24 and 72 h cultured in the medium
revealed that they maintained a relatively high viability and
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were able to adhere, spread, and proliferate well on the
coating (Figure 2d). The metabolic activities of the cells
were comparable on a bare silicon wafer and on the PVA-
TP-CA/Co surface coating. In addition, after 24 h the level
of metabolic activity on the PVA-TP-CA/Co surface coating
was significantly higher than on the PVA-TP-CA surface
coating. Furthermore, after a longer incubation time of 72 h
on these surfaces, the cells still showed strong proliferation
and comparable levels of metabolic activity between the two
surface coatings. These results demonstrated that the PVA-
TP-CA/Co surface coating was biocompatible with the
hMSCs.

We subsequently investigated early-stage cell adhesion
in detail by culturing the hMSCs on the coatings for 4 h.
As shown in Figures 2a, e, and S8, cells on the PVA-TP-
CA/Co surface coating displayed the largest spreading
area (2833 μm2) and the highest aspect ratio (3.3). More
elongated cells with denser actin fibers were observed on
the PVA-TP-CA/Co surface coating than on the CoII ion-
free coatings (Figure 2a, b). This result demonstrates that
the introduction of CoII ions dramatically enhanced cell
adhesion on the PVA-TP-CA/Co coating. As the ICP-MS
measurement revealed, no CoII ions were released from
the PVA-TP-CA/Co surface coating, and therefore the
CoII ions could not have affected cell adhesion through
the chemical mechanism wherein free CoII ions cross the
cytoplasmic membrane, bind with DNA and regulate
downstream gene and protein expression. The CoII ions
encapsulated in the PVA-TP-CA/Co surface coating must

therefore have influenced the biosystem in a different
way.

Normal tissue cells must adhere to a solid to realize
their functions. The rigidity of the solid biointerface, also
referred to as stiffness or elasticity, can be sensed by cells
and can impact their behavior. As reported in the
literature, CoII ions can bind with terpyridine in water at a
constant ratio of 1 : 2 (logβterpyridine-CoII >16).[12] The strong
coordination between the CoII ions and terpyridine groups
in the polymer PVA-TP-CA could enhance the mechan-
ical properties of the coatings, possibly providing enough
traction force for cell adhesion and spreading. As a proof
of concept, we used FeII ions and ZnII ions, two other
coordinate metal ions for terpyridine, as reference metal
ions. FeII ions can also form relatively stable metal-
terpyridine complexes (constant ratio of 1 : 2, logβ
terpyridine-FeII >16), while Zn

II ions will form weaker mono-
complexes when the metal-ion/terpyridine ratio is higher
than 0.5 (logKterpyridine-ZnII �6.0).

[12] By adding excess CoII,
FeII or ZnII ions in the PVA-TP-CA surface coating, we
achieved PVA-TP-CA surfaces with different mechanical
properties. We performed the surface mechanical study
using atomic force microscopy (AFM).

As expected, the mechanical strength of the PVA-TP-
CA/Co coatings was enhanced by the addition of the metal
ions. The Young’s modulus of PVA-TP-CA/Co is 6.3 kPa, a
value that is 1.49-fold, 6.02-fold, and 11.18-fold higher than
those of PVA-TP-CA/Fe, PVA-TP-CA/Zn, and blank
control, respectively (Figure 3c). In addition, these three

Figure 2. PVA-based polymer coatings embedded with CoII ions regulate cell adhesion and proliferation. a) Morphology of hMSCs after 4 h of
culture on different surfaces. The cells’ actin fibers were stained with phalloidin (red) and their nuclei were stained with 4’, 6-diamidino-2-
phenylindole (DAPI, blue). b) Surface stiffness modulates the cells’ focal adhesion (FA) formation on different surfaces. Cells were stained with
anti-paxillin (green). c) Representative fluorescence images of hMSCs stained with anti-yes-associated protein (YAP, cyan) on different surfaces.
d) Metabolic activities of hMSCs on different surfaces after 24 and 72 h cultured in the medium. e–g) Quantification of cell area, FA area and YAP
nuclear/cytoplasmic ratio of hMSCs on different surfaces after 4 h of culture. Mean values and standard deviations from 30 to 40 cells are
presented. P-values <0.05 were considered statistically significant (*p<0.05, **p<0.01, ***p<0.001).
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metal-treated PVA-TP-CA coatings revealed no clear differ-
ence in surface physical properties like morphology, hydro-
philicity and hydrophobicity (Figure S3). After seeding the
cells on the metal-treated PVA-TP-CA coatings for 4 h, we
found that these coatings promoted the spreading of cells as
compared with blank polymer coatings. In addition, the
PVA-TP-CA/Fe surface coating promoted cell adhesion
more strongly than the metal-free coatings. No significant
difference was found between the cell spreading areas on
the PVA-TP-CA/Co and PVA-TP-CA/Fe surfaces (Fig-
ure 3a,b), a result that may be attributable to their
comparable mechanical properties (Figure 3c). On the other
hand, the cells on the PVA-TP-CA/Zn surface coating with

lower Young’s moduli showed limited cell adhesion, exhibit-
ing no significant difference to cells on the PVA-TP-CA
surface (Figure 3a,b). Taken together, these data revealed
that the mechanical strength of the metal-incorporated
polymer coating played a central role in regulating cell
functions. The stronger the metal-terpyridine coordination,
the stiffer the coating; and the stiffer the coating, the more
conducive it is to cell adhesion.

The mechanical properties of extracellular matrix
(ECM) vary, and cells can agilely detect the subtle
mechanical strength differences within the ECM through
integrin-based focal adhesions (FAs). The force-sensing
molecules in FAs can convert physical signals from the

Figure 3. Cellular response to PVA-TP-CA coatings treated with different metal ions. a) The morphologies of hMSCs after 4 h of culture on different
surfaces. The cell actin fibers were stained with phalloidin (red) and the cell nuclei were stained with DAPI (blue). b) Spreading area of cells on
different surfaces. c) Young’s modulus of PVA-TP-CA coatings treated with different metal ions. d) Cell spread areas on different surfaces after
being treated with Y27632 or blebbistatin for 24 h. e) Representative images of F-actin-stained cells after being treated with control, blebbistatin
and Y27632 on bare silicon wafer (left column), PVA-TP-CA/Co surface coating (middle column) and PVA-TP-CA surface coating (right column).
Scale bar, 100 μm. P-values <0.05 were considered statistically significant (**p<0.01, ***p<0.001, ****p<0.0001).
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ECM to intracellular biochemical signals to induce
cellular contractility through cytoskeletons. The cells
contract their actomyosin cytoskeleton, generating me-
chanical forces at the sites of adhesion in order to
maintain homeostasis. Therefore, the expression and
arrangement of FAs can directly reflect cell mechanics.
We therefore stained paxillin at FAs to investigate
whether the enhanced substrate mechanics contributed to
the assembly of the cells’ FAs. We observed larger FA
areas (1.47 μm2) on the stiffer PVA-TP-CA/Co surface
coating; this result is 1.58-fold the size of the area
measured on the PVA-TP-CA surface coating (Fig-
ure 2b, f). These results are consistent with the observed
cell spreading, suggesting that the best cell adhesion
occurs on CoII ion-treated PVA-TP-CA surface coatings.

Furthermore, in a process known as mechanotransduc-
tion, the extracellular mechanical cues can be transduced
through FAs to the cell nucleus to further regulate down-
stream signaling pathways and protein expression.[18] Yes-
associated protein (YAP) has been identified as a trans-
membrane sensor of the structural and mechanical features
of the cell microenvironment.[19] The hMSCs’ adhesion and
differentiation have been shown to be positively correlated
with YAP activity.[9d] As expected, the YAP nuclear local-
ization of cells on the stiffer PVA-TP-CA/Co surface coating
and bare silicon showed brighter nuclear YAP fluorescence.

In contrast, the fluorescence signaling of YAP in cells on the
softer PVA-TP-CA coating localized homogeneously
throughout the whole cell body due to the lack of cellular
contractility (Figure 2c, g).

To further confirm the role of actomyosin-based contrac-
tility in the substrate mechanics sensing, we treated cells on
all coatings with the myosin II inhibitor blebbistatin and the
Rock inhibitor Y27632. The cell spread areas on the CoII

ion-treated and metal-free PVA-TP-CA coatings displayed
obvious reductions after 4 h of culture, indicating the
importance of actomyosin contractility in substrate-mechan-
ics-induced cell adhesion and spreading (Figure 3d,e). From
these results, we can infer that substrate mechanics
enhancement signals induced by the CoII-terpyridine coordi-
nation were sensed by focal adhesion proteins to activate
ROCK signaling and modulate cellular contractility, which
would facilitate the import of transcriptional regulator YAP
into the nucleus and subsequently regulate downstream
gene expression (Scheme 1c).

After the cell adhesion studies revealed the role of metal
ions in PVA-TP-CA polymer coatings in antibacterial
activity and regulating cell adhesion, we monitored in vitro
osteogenic differentiation of hMSCs on the PVA-TP-CA/Co
surface coating by the expression of osterix, an osteoblast-
specific transcription factor, and the activity of alkaline
phosphatase (ALP), an early marker for assessing osteoblas-
tic metabolic activity. After 5 days of culture in osteogenic
differentiation medium, nuclear osterix accumulation in cells
on PVA-TP-CA/Co was 1.12-fold and 1.47-fold higher than
on PVA-TP-CA and bare silicon surface respectively,
indicating that the osteogenic differentiation was hindered
on the metal-free coatings with lower mechanics (Fig-
ure 4a, c). ALP staining was performed at day 14 (Fig-
ure 4b,d). Compared with bare silicon wafer and the PVA-
TP-CA surface coating, we observed a significantly higher
level of ALP activity on the PVA-TP-CA/Co surface coat-
ing. Therefore, our novel PVA-TP-CA/Co surface coating,
with its enhanced surface stiffness, enables specific cell
adhesion, spreading, and osteogenesis and shows excellent
and sustained antibacterial ability. These properties make it
a promising candidate for implantable material coatings to
promote new bone formation.

Conclusion

Using a simple dip-coating method via the integration of
catechol chemistry and metal coordination chemistry, we
fabricated a novel PVA-based antibacterial polymer coating,
embedded with metal ions, that showed specific cell
adhesion and osteogenesis properties. The PVA-based
polymer, functionalized with terpyridine groups and cat-
echol units, provided a biocompatible platform to efficiently
anchor and stabilize bioactive CoII ions. The immobilized
CoII ions on the surface coating endowed the material with
sustained, powerful antibacterial activity towards gram-
negative and gram-positive bacteria. The metal-ligand inter-
actions enhanced the mechanical properties of the resulting
polymeric surface coating to a remarkable degree. The

Figure 4. a) Representative images of osterix staining of hMSCs
cultured on different surfaces after 5 days. b) Representative images of
ALP staining of hMSCs cultured on different surfaces after 14 days.
c,d) Quantification of osterix expression and ALP activity of hMSCs on
different surface coatings after 5 and 14 days of induction, respectively.
Mean values and standard deviations from 30 to 40 cells are presented.
P-values <0.05 were considered statistically significant (**p<0.01,
****p<0.0001).
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stronger mechanical stimulations were seen to dramatically
promote the hMSCs’ adhesion, spreading, proliferation and
osteogenic differentiation. The newly developed PVA-TP-
CA/Co surface coating described in this study, with its
antibacterial and osteogenesis functions, offers a promising
approach to improving outcomes in bone regeneration on
implantable materials.
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