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Ultraviolet Light-Based Micropattern Printing on Titanium
Surfaces to Promote Early Osseointegration

Yiting Lou, Mouyuan Sun, Jingyu Zhang, Yu Wang, Haiying Ma, Zheyuan Sun,
Shengjie Li, Xiaoyan Weng, Binbin Ying,* Chao Liu,* Mengfei Yu,* and Huiming Wang

Patterned interfaces are widely used for surface modification of biomaterials
because of a morphological unit similar to that of native tissue. However,
engineering fast and cost-effective high-resolution micropatterns directly onto
titanium surfaces remains a grand challenge. Herein, a simply designed
ultraviolet (UV) light-based micropattern printing to obtain geometrical
patterns on implant interfaces is fabricated by utilizing customized
photomasks and titanium dioxide (TiO2) nanorods as a photo-responsive
platform. The technique manipulates the cytoskeleton of micropatterning
cells on the surface of TiO2 nanorods. The linear pattern surface shows the
elongated morphology and parallel linear arrangements of human
mesenchymal stem cells (hMSCs), significantly enhancing their osteogenic
differentiation. In addition to the upregulated expression of key osteo-specific
function genes in vitro, the accelerated osseointegration between the implant
and the host bone is obtained in vivo. Further investigation indicates that the
developed linear pattern surface has an outstanding effect on the cytoskeletal
system, and finally activates Yes-Associated Protein (YAP)-mediated
mechanotransduction pathways, initiating hMSCs osteogenic differentiation.
This study not only offers a microfabrication method that can be extended to
fabricate various shape- and size-controlled micropatterns on titanium
surfaces, but also provides insight into the surface structure design for
enhanced bone regeneration.

Y. Lou, M. Sun, J. Zhang, Y. Wang, H. Ma, Z. Sun, S. Li, C. Liu, M. Yu,
H. Wang
Stomatology Hospital
School of Stomatology
Zhejiang University School of Medicine
Zhejiang Provincial Clinical Research Center for Oral Diseases
Key Laboratory of Oral Biomedical Research of Zhejiang Province
Cancer Center of Zhejiang University
395 Yan’an road, Hangzhou, Zhejiang 310000, China
E-mail: chao_liu@zju.edu.cn; yumengfei@zju.edu.cn
S. Li, B. Ying
Department of Stomatology
The First Affiliated Hospital of Ningbo University
59 Liuting street, Ningbo, Zhejiang 315000, China
E-mail: yingbinbin@zju.edu.cn
X. Weng
The Third Affiliated Hospital of Wenzhou Medical University (Ruian Peo-
ple’s Hospital)
168 Ruifeng Avenue, Wenzhou, Zhejiang 325016, China

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adhm.202203300

DOI: 10.1002/adhm.202203300

1. Introduction

Natural tissues have well-orchestrated sur-
face structures to serve specialized func-
tions. A variety of surface patterns[1] such
as striped lines, grid lines, circles, squares,
and stars are generated to construct the
biomimetic osteon,[2] periosteum,[3] and
muscle tissues.[4] The mechanism of ma-
terial physical signal-regulating cell fate is
the focus of current research.[5] Among
these, the surface topography, especially
the geometric cues, has been demon-
strated to manipulate the behavior and
fates of cells by altering their adhesion
and morphology, and regulating intra-
cellular signal transduction.[6] For exam-
ple, micropatterned surfaces with larger
perimeters and relatively high aspect ra-
tios promote osteogenic differentiation of
human mesenchymal stem cells (hMSCs),
while opposite conditions guide adipogenic
differentiation.[7,8] Therefore, constructing
physical microenvironments with surface
geometric micropatterns on the biomateri-
als has been considered a promising strat-
egy for tissue repair.[6]

Titanium-based materials are widely used in the field of bio-
logical engineering because of their good biocompatibility, mod-
erate mechanical properties, and excellent corrosion resistance,
especially in bone defect repair.[9] It is of great significance to
engineering surfaces with an optimized microgeometry directly
on the metallic implants which can induce osteogenic differen-
tiation and promote bone regeneration.[10] For instance, a spe-
cific groove pattern stimulated new bone formation.[11] Vari-
ous heights and diameters of pillars had significant effects on
the MSCs osteogenic differentiation.[12] Whereas, conventional
strategies such as grinding and electrochemical treatment suf-
fer from complex processes, may cause surface inhomogeneity
and contamination.[13,14] Therefore, it remains a grand challenge
to engineer fast and cost-effective high-resolution micropatterns
directly onto titanium implants for their biological modulation
effects.

Titanium surfaces have remarkable photosensitive
properties.[15] Recent studies indicated that UV light-mediated
photofunctionalization enhanced the physicochemical prop-
erties and biological function of titanium surfaces to form
protein or cellular micropatterns without changing surface
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Figure 1. Schematic illustration of the processing, characteristics, mechanism, and application of UV light-based micropattern printing technique. A)
UV light-based micropattern printing can be realized by combing UV light, photomasks with various patterns, and TiO2 nanorods as a photo-responsive
platform. B) The linear pattern mediates hMSCs spreading, strengthens cytoskeletal tension, and finally activates YAP-mediated mechanotransduction
pathways, initiating hMSCs osteogenic differentiation. C) After implantation, the TiO2 nanorods surface with the linear pattern guides host cell oriental
alignment, achieving a well-coordinated osteogenic effect and ultimately resulting in accelerated osseointegration.

morphology.[16–18] Compared with other methods, this method
for forming micropatterns on the surface of titanium is simple
and efficient. However, whether it has a biological regulation
effect and whether the effect of various patterns differs remains
to be elucidated.

Here, we designed a UV light-based micropattern printing
based on the photoresponsive properties of the titanium surface
(Figure 1). The effects of linear micropattern and photofunction-
alization on osteogenic performance were tested both in vitro and
in vivo. Furthermore, the modulatory effects of relative signaling
molecules were also evaluated. The present study aims to offer
a microfabrication method that can be extended to manufacture
various shape- and size-controlled micropatterns on titanium im-
plants as well as provide insight into the surface structure design
for enhanced bone regeneration.

2. Results

2.1. Titanium Dioxide (TiO2) Nanorods Surface Provides an
Effective Photo-Responsive Platform for UV Light-Based
Micropattern Printing Technique

The process of the fabrication and pretreatment of TiO2 nanorods
was shown in the schematic images (Figure 2A). The results of
SEM showed that nanorods attached to the nanodots surface, and
exhibited typical hierarchical topographies with 30 nm of dimen-
sion, 420 nm of height, and 300 nm of spacing (Figure 2B,C). UV
irradiation increased the surface wettability and altered the com-
position of surface elements on TiO2 nanorods (Figure 2D,F).
Specifically, XPS indicated that the increased UV exposure area
could cause more titanium and oxygen element exposure, and de-

crease the atomic percentage of carbon. In addition, the amount
of adsorbed BSA (Figure 2G) was promoted when increased UV
exposure area. These results were consistent with those found on
TiO2 nanodots in our previous study.[15]

The above physicochemical changes were related to the photo-
functionalization of the TiO2 surface,[19,20] so it is possible to
realize the construction of micropatterns on the surface of TiO2
nanorods based on UV light functionalization. To confirm that,
we fabricated the photomasks with different patterns, as shown
in Figure 2H. After UV micropattern printing, the micropatterns
of BSA protein (Figure 2I), and hMSCs (Figure 2J) were obtained
on the surface of the nanorods, which were in good agreement
with the designed photomasks. As expected, the results showed
the TiO2 nanorods film provided an effective photo-responsive
platform for light micropatterning study. After 5 days of cul-
turing, the expression of osteogenic differentiation markers in
hMSCs on the linear patterned surface was higher than on other
patterned surfaces (Figure 2K). Therefore, in our subsequent
studies, we focused on the role of the linear pattern of TiO2
surface in cell differentiation in vitro and osseointegration
promotion in vivo, simultaneously exploring the mechanisms
involved.

2.2. The Promotion of Osteogenic Differentiation of hMSCs on
UV Patterned Surfaces

To analyze whether linear patterns have a synergistic effect
with UV photofunctionalization, we set up 3 groups. Specif-
ically, the UV-patterned surface with parallel linear patterns
(line/space width: 30 μm) was chosen as the study group (P), and
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Figure 2. TiO2 nanorods surface provides an effective photo-responsive platform for UV light-based micropattern printing technique. A) Workflow for UV
light-based micropattern printing on TiO2 nanorods. B,C) The SEM images show the topographies of nanodots (Scale bar = 2 μm) and nanorods (Scale
bar = 1 μm). D,E) Surface hydrophilicity changes with different UV irradiation patterns. Data are presented as the mean ± SD with three replications.
A one-way ANOVA was performed and corresponding p-values are shown. ***p < 0.001. F) Atomic percentages of oxygen, carbon, and titanium, G)
amount of BSA adsorption on TiO2 nanorods surfaces treated with different UV irradiation patterns. Error bars represent mean ± SD (n = 3). *p < 0.05;
***p < 0.001. H) The patterns on computer-aided design photomasks. The results of UV light-based micropattern printing: I) Fluorescent images of
protein (fluorescein-conjugated BSA) patterns. J) Fluorescent images of cell adhesion patterns after incubation for 12 h on the UV-patterned surfaces
(hMSCs stained by rhodamine-phalloidin). K) RT-PCR analysis of key osteogenic markers (COL I, OPN) expressed by hMSCs on day 5 with error bars
representing mean ± SD of n = 3 samples. p-values were analyzed by the one-way ANOVA with GraphPad Prism software. *p < 0.05; **p < 0.01.

non-patterned surfaces with or without UV pretreatment were
set as control groups, termed non-patterned (−UV) group, and
non-patterned (+UV) surface, respectively. The characteristics of
hMSCs regarding the adhesion, proliferation, and differentiation
under the processing of UV light-based micropatterning were
measured.

The attachment of hMSCs on the patterned surface exhibited
elongated and oriented parallel to the direction of patterned pho-
tomask alignment after 3 days of incubation, while those on the
non-patterned surface became a typical polygonal morphology
without preferred orientation (Figure 3A). In addition, the CCK-8
assay showed that cell numbers on two UV-treated surfaces were
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Figure 3. The osteogenic differentiation of hMSCs is promoted on UV-patterned surfaces. A) The fluorescent images of hMSCs arrangement on different
surfaces (−UV, +UV, Pattern UV). Green represents living cells and red represents dead cells. B) Quantitative analysis of cell viability. Error bars represent
mean ± SD (n = 4). A one-way ANOVA was performed with p-values indicated. ***p < 0.001. C) Representative images and D) quantitative analysis
of ALP staining on day 7. Error bars represent mean ± SD (n = 3). A one-way ANOVA was performed with p-values indicated. *p < 0.05; **p < 0.01.
E) Representative images and F) quantitative analysis of Alizarin red S staining on day 21. Error bars represent mean ± SD (n = 4). A one-way ANOVA
was performed with p-values indicated. *p < 0.05. G) RT-PCR analysis of key osteogenic markers (RUNX2, COL I, OPN) expressed by hMSCs on days 7
and 14. Error bars represent mean ± SD (n = 3). A one-way ANOVA was performed with p-values indicated. *p < 0.05; **p < 0.01. H) Representative
images and I) quantitative analysis of western blot about osteogenic marker expression on day 7. GAPDH was used to normalize the protein input and
quantification. Error bars represent mean ± SD (n = 3). A one-way ANOVA was performed with p-values indicated. *p < 0.05; **p < 0.01; ***p < 0.001.

statistically higher than that on the surfaces without UV pretreat-
ment after 3 and 5 days of incubation (p < 0.001) (Figure 3B).
These results suggested that UV photofunctionalization could
enhance the adhesion and proliferation of hMSCs.

To determine the effects of the UV light-based micropattern
printing technique on hMSCs differentiation, we performed
Alkaline Phosphatase (ALP) staining and Alizarin red staining.

As shown in Figure 3C,D, the activity of ALP was significantly
increased in the cultured cells on UV-patterned surfaces. The
Alizarin red staining and quantitative analysis showed the area
of the mineralized nodule was greatest on the UV-patterned
surface after osteogenic induction for 21 days (Figure 3E,F). Be-
sides, the expression of key osteogenic differentiation markers,
runt-related transcription factor 2 (RUNX2), collagen I (COL I),
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and osteopontin (OPN) were explored by RT-PCR and Western
blot analysis. On day 7, the expression of all markers was no-
tably upregulated in hMSCs on both UV-patterned surface and
non-patterned (+UV) surface, compared to that in hMSCs on
the non-patterned (−UV) surface. After 14 days of culture, the
expression of markers in hMSCs on the patterned surface was
the highest (Figure 3G). In addition, the same results were also
confirmed with Western Blot at the protein level (Figure 3H,I).
Therefore, these results indicated that linear micropatterns
and UV photofunctionalization had an important effect on the
osteogenic differentiation of hMSCs.

2.3. Osseointegration Performance Enhancement on UV
Patterned Surface In Vivo

To evaluate the effects of UV light-based micropattern printing
on in vivo osseointegration, the TiO2 substrate implants with UV-
patterned surface or nonpatterned surface (−UV or +UV) were
implanted into tibial metaphyses of New Zealand rabbits (Figure
4A,B). Micro-CT was performed after 4 and 8 weeks of bone heal-
ing. The results showed that a greater amount of new bone was
found around the UV-patterned surface in comparison to the
control (−UV or +UV) groups, while bone volume in the non-
patterned (−UV) group was significantly lower (Figure 4C,D).
Hard tissue slice is another significant method used to evaluate
osseointegration. The methylene blue staining (Figure 4E) and
Masson trichrome staining (Figure S1, Supporting Information)
showed that bone formation was observed around all the exam-
ined implant surfaces, while more active new bone tissues were
formed on the patterned implant surface at 4 weeks, suggest-
ing micropatterning topography accelerated osseointegration in
the early time. By contrast, at 8 weeks, there was only a small
amount of new bone appeared around the implant in the non-
patterned group, and the bone contact was not continuous. The
statistical analysis indicated that the rates of bone formation and
bone-to-implant contact in the patterned group were higher than
in the control groups (Figure 4F,G). These in vivo results revealed
the feasibility of applying light micropattern printing on the im-
plants’ surfaces for enhancing osseointegration, which was con-
sistent with the in vitro results.

2.4. UV Light-Based Micropatterning Regulates Osteogenic
Differentiation of hMSCs by Increasing Cytoskeletal Tension

To investigate the relationship between cell alignment and os-
teogenic differentiation, the morphology of hMSCs on different
surfaces was further observed with SEM and the staining of the
actin cytoskeleton. After incubation of 12 h, the SEM images
showed that more mature cellular plate-like podia presented on
the patterned surface, and its filopodia with a higher degree of
extension, compared with the cells cultured on non-pattern sur-
faces (Figure 5A). In addition, the majority of F-actin filaments
in hMSCs on the patterned surface were oriented in one direc-
tion, while those on the non-patterned (+UV) surface stretched in
multiple directions and formed a network structure (Figure 5B).
As regards the non-patterned (−UV) surface, the round morphol-
ogy of hMSCs was observed with the less-spread cytoskeleton.

The quantitative data on cell morphology revealed that the aver-
age cell area and aspect ratio were strongly correlated with UV
patterning and photofunctionalization (Figure 5C,D).

Subsequently, to further investigate the role of cytoskeleton
status on the osteogenic differentiation of hMSCs enhanced by
patterned surface, the Rho-associated kinase (ROCK)-specific in-
hibitor Y-27632 and myosin-specific inhibitor Blebbistatin were
added to the culture system to inhibit cytoskeleton tension in hM-
SCs, which inhibited ROCK and Myosin respectively. After hM-
SCs on the patterned surface were treated with Y-27632 and Bleb-
bistatin, the ability of skeletal retraction to maintain the stretched
state was weakened (Figure 5E), and the anisotropy and orienta-
tion were lost (Figure 5F). In addition, the fluorescence expres-
sion of RUNX2 in the nucleus was decreased (Figure 5G,H). Ac-
cordingly, these results implied that the UV light-based micropat-
tern printing technique changed cytoskeletal tension, and reg-
ulated the osteogenic differentiation of hMSCs through the cy-
toskeleton system.

2.5. UV Light-Based Micropattern Printing Activates the
Yes-Associated Protein (YAP) Signaling Pathway to Promote
Osteogenic Differentiation of hMSCs through Cytoskeletal
Tension

Physical signals induced by the microenvironment are reported
to regulate the nuclear localization of mechanosensitive tran-
scription factor YAP, which could control cell fate and regulate
cell function.[21–24] Therefore, the endogenous YAP subcellular
localization of hMSCs in the three groups were analyzed by fluo-
rescence staining. As shown in Figure 6A,B, a notably higher per-
centage of hMSCs on the patterned surface (97.07%) had prefer-
ential nuclear YAP localization compared with those on the non-
patterned (−UV) surface (49.9%) and the non-patterned (+UV)
surface (60.51%), which signified the YAP-associated signaling
activation. When the inhibitors Y-27632 and Blebbistatin were
added to the culture system to inhibit cytoskeletal tension in hM-
SCs, YAP nuclear translocation was cut down, and expression lo-
cation changed from the nucleus to the cytoplasm (Figure 6C,D).
Accordingly, these results implied that the UV light-based pattern
printing technique affected YAP nuclear localization through the
cytoskeleton system.

The relationship between YAP and cytoskeleton status on the
osteogenic differentiation of hMSCs was further explored by
knocking down YAP in the hMSCs. RT-PCR and Western blot
results showed that the osteogenic expression of hMSCs with-
out YAP expression on the patterned surface decreased, which
was contrary to the results of hMSCs with YAP expression.
(Figure 6E,F and Figure S2A,B, Supporting Information). Com-
bined with previous results, YAP directly mediated the osteogenic
differentiation of hMSCs. It is speculated that the cytoskeleton
system played an important role in transmitting extracellular
directional signals and promoting YAP intracellular relocation
(Figure 6G).

3. Discussion

In the present study, we exhibited UV light-based micropattern
printing to manipulate stem cell behaviors on the TiO2 nanos-
tructured surface. The hydrophilic/hydrophobic properties and
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Figure 4. In vivo osseointegration performance enhances on UV patterned surfaces. A) Experimental scheme of the tibial model. Different treated TiO2
substrate implants were implanted in the tibial metaphyses of New Zealand rabbits. B) Experimental timeline for implantation of non-pattern and pattern
TiO2 substrate implants 4 weeks and 8 weeks after surgery. C) Three-dimensional reconstruction from the three groups at 4 weeks and 8 weeks post-
operation. New bones were stained with red. D) Quantitative evaluation of new bone volume based on the analysis of micro-CT. Error bars represent
mean ± SD (n = 6). A one-way ANOVA was performed with p-values indicated. *p < 0.05; **p < 0.01. E) Representative methylene blue images of hard
tissue section at 4 weeks and 8 weeks post-operation. The area indicated by the white pentacle is a TiO2 substrate implant. The red dotted box is the
magnified area. F,G) Quantitative evaluation of new bone and bone-to-implant contact rate in tibial metaphyses. Error bars represent mean ± SD (n = 6).
A one-way ANOVA was performed with p-values indicated. *p < 0.05; **p < 0.01; ***p < 0.001.

the elemental composition ratio of the material surface can be
changed just by UV light irradiation.[25] It can modulate the
ability of the material surface to adhere to proteins and cells,
and further play a role in cell function regulation. The titanium
surfaces with an optimized micropattern contribute to improv-
ing the osteogenic differentiation performance of cells cultured.
Compared with traditional methods such as laser melting and
photoetching, UV light-based micropattern printing technique
only requires simple devices and lower expense. The design prin-
ciple is similar to that of microcontact printing, but it extends

its application scope to metal surfaces. Through this technique,
we can form a variety of cell micropatterns on titanium surfaces
and investigate the effects of different types of micropatterned
cell adhesion and arrangement on the differentiation and func-
tional capacity of MSCs. Linear patterns were found to have a
synergistic effect with UV photofunctionalization, which may
serve as a promising strategy for promoting osseointegration
of titanium surfaces. In agreement with our observations, Yang
et al. found a higher expression of osteogenic and angiogenic
proteins of MSCs on the biomaterial with line patterns.[3]
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Figure 5. UV light-based micropatterning regulates the osteogenic differentiation of hMSCs by increasing cytoskeleton tension. A) SEM images of
hMSCs on different surfaces. B) The fluorescent images of F-actin distribution in hMSCs on the three surfaces. C,D) Quantitative analyses of cellular
spreading area and aspect ratio of hMSCs according to the F-actin staining. Error bars represent mean ± SD (n = 45). A one-way ANOVA was performed
with p-values indicated. ***p < 0.001. E) The fluorescent images showed the morphology of hMSCs on the patterned surface after using inhibitors.
Focal adhesion was stained green, F-actin was stained red, and nuclei were stained blue. F) Representative plots of the anisotropy and orientation of
the hMSCs on the pattern surface after using inhibitors. G) Immunofluorescent staining for the expression of osteogenic markers RUNX2. The proteins
were stained with a VINCULIN-labeled antibody (green), and nuclei were stained blue. H) Quantitative analyses of the ratio of RUNX2 into the nucleus.
Error bars represent mean ± SD (n = 12). A one-way ANOVA was performed with p-values indicated. ***p < 0.001.

Moreover, other studies also evaluated those micro-grooved
substrates that directed stem cell differentiation toward the
osteoblast lineage.[26,27]

UV light-mediated photofunctionalization, one of the effec-
tive strategies of surface modification without changing sur-
face morphology,[17,18] can enhance the adhesion, proliferation,
and differentiation of stem cells, and promote the osseointegra-

tion capability by strengthening the bioactivity of titanium.[28]

In addition, the homogeneous distribution of TiO2 nanorods
can ensure the high efficiency of UV absorption, and its quasi-
three-dimensional nanoscale topography together with its hy-
drophilicity provides the fulcrum for cell extension.[29] The com-
bination of the quasi-three-dimensional nanostructure and UV
light-based micropattern for implant surface modification is
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Figure 6. The expression position of YAP and its effects in hMSCs on the patterned surface. A) Representative images of YAP staining (green) on different
surfaces. B) Nuclear YAP concentration in hMSCs was estimated by the rate of fluorescence intensity of YAP. Error bars represent mean ± SD (n = 5).
A one-way ANOVA was performed with p-values indicated. *p < 0.05; ***p < 0.001. C) Representative images of YAP staining (red) on the pattern
UV surfaces after being treated with Y-27632 and Blebbistatin. D) Nuclear YAP concentration in hMSCs on the pattern UV surfaces after being treated
with Y-27632 and Blebbistatin. Error bars represent mean ± SD (n = 5). A one-way ANOVA was performed with p-values indicated. ***p < 0.001. E)
RT-PCR analysis of key osteogenic markers expressed by hMSCs after using siYAP on day 7. Error bars represent mean ± SD (n = 3). A one-way ANOVA
was performed with p-values indicated. *p < 0.05. F) Western blot analysis of osteogenic markers expression on day 7. GAPDH was used to normalize
the protein input and quantification. G) Schematic showing that the action of ROCK and myosin activate YAP into the nucleus, ultimately promoting
osteogenesis.

an emerging field with significant potential to facilitate early
osseointegration.[17,30]

Furthermore, we delved into the differentiation mechanism
of stem cells affected by UV light-based micropattern printing.
In the present study, the limited activation of bioactivity sites on

the TiO2 nanorods by micropattern modification restricted the
photofunctionalization to a microscale level, which reshaped the
cytoskeleton through stress fibers and focal adhesions to elongate
the stem cell shape.[31,32] Various reports also demonstrated that
cell shape affects cell fate through intracellular signaling.[33,34]
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The Rho-ROCK pathway plays a critical role in the regulation of
cellular tension, which can regulate various cellular processes
such as migration, adhesion, and tissue development. The
pathway activates the downstream effector ROCK, which in turn
activates non-muscle myosin II to generate contractile forces that
increase cellular tension.[35] When using inhibitors of myosin
II or ROCK, cells exhibited defective sensing of micropatterned
cues due to the inhibition of the retraction of lamellipodia. Thus,
cells lost their orientation while still having certain intracellular
tension. In addition, YAP is a critical link between the extracellu-
lar mechanical environment and intracellular signaling.[32,36,37]

Its nuclear translocation plays a crucial role in osteogenesis
induced by physical factors.[38–40] Our results are consistent with
other studies, showing that specific sizes of linear micropatterns
could control the morphology and arrangement of cells to
further direct differentiation in vitro.[3,41] Collectively, hMSCs on
the linear patterned surface exhibited significant cytoskeleton
tension and appreciable cell shape change, which activated
YAP nuclear translocation to further enhance cell osteogenic
properties.

The realization of the UV light-based micropattern printing
technique is that UV light is irradiated on the TiO2 nanorods
through a special photomask to form a pattern consistent with
the designed photomask. The potential is at the convergence of
three main functions, including digital information encoding,
the ability to define arbitrary patterns, and a biomaterial titanium
substrate that can be controllably modified and tuned. The pos-
sibility of simultaneously combining these three functions onto
a single substrate could be interesting for new environmentally
dependent biological behaviors. The primary disadvantage of cur-
rent research is still focused on the surface of a two-dimensional
planar structure. We further consider using a computer-aided 3D
UV light-based micropattern printing technique to modify the
biomaterial surface accurately according to the established pat-
tern to guide the selective adhesion and differentiation of cells.

4. Conclusions

UV light-based micropattern printing enables various high pre-
cision and flexibility in creating microscale patterns on tita-
nium substrates. The linear pattern of titanium surface robustly
promoted hMSCs osteogenic differentiation in vitro by activat-
ing YAP-mediated mechanotransduction pathways and hastened
early osseointegration in vivo. This study not only offers a bio-
compatible and cost-effective microfabrication method but also
provides insight into the surface structure design for enhanced
bone regeneration, which has modest potential for future clinical
application.

5. Experimental Section
Sample Preparation and Characterization: TiO2 nanorod films (TNF)

on quartz or titanium substrates (1 cm × 1 cm) were prepared according
to the previous study.[42,43] Briefly, a precursor sol containing acetylace-
tone (Aladdin, China), distilled water, tetrabutyl titanate (Aladdin, China),
polyvinylpyrrolidone (Ourchem, China), and absolute ethanol, was spin-
coated on the substrate and further calcinated to obtain nanodots films.
Subsequently, the nanodots film was transferred into concentrated HCl
(36.5–38 wt%) and tetrabutyl titanate solution following hydrothermal

treatment. The surface morphology of the substrates was observed by
field-emission scanning electron microscopy (FE-SEM, SU-70, HITACHI,
Japan). The element analysis was conducted with X-ray photoelectron
spectroscopy (XPS, AXIS Ultra DLD, Kratos, UK).

Three distinct micropattern photomasks were put between the UV light
source (254 nm, 300 μW cm−2) and samples to perform the functionalized
treatment for 1 h, respectively. The water contact angle was measured with
a contact angle meter (OCA20, Dataphysics, Germany) and recorded with
a CCD camera. The protein adsorption of three groups was observed using
a fluorescence microscope (Ax10, Zeiss, Germany) after the fluorescein-
conjugated bovine serum albumin (BSA, 3.0 μg mL−1 in PBS, Molecular
Probes, USA) was incubated for 0.5 h at 37 °C.

Cell Culture and Treatment: hMSCs were obtained from ScienCell cul-
tured in basal media consisting of Dulbecco’s Modified Eagle media
(DMEM, Gibco, USA) with 10% fetal bovine serum (FBS, Gibco, USA) un-
der standard conditions (5% CO2, 95% humidity, and 37 °C). Subconfluent
MSCs were trypsinized with 0.25% trypsin, and 1 mm ethylenediaminete-
traacetic (EDTA, Gibco, USA). The culture medium was renewed every 2
days. Passage 3–4 of hMSCs was used for all the experiments in this study.

For the inhibitory assay, both ROCK-specific inhibitor Y-27632 (50 μm,
Miltenyi Biotec, Germany) and myosin-specific inhibitor Blebbistatin
(50 μm, Selleck, USA) were added to the standard culture media at the
concentration of 10 μm.

Small interfering RNA (siRNA) duplexes designed against human YAP
and the negative scramble control siRNA were constructed by Shanghai
GenePharma Co., China. hMSCs were transfected with yap-specific siRNA
(yap-) or negative control (Mock) by the manufacturer’s specification us-
ing Lipofectamine 3000 (Invitrogen, Carlsbad, USA).

Cell Adhesion, Proliferation, and Morphology Observation: hMSCs were
seeded on the samples at a density of 5 × 104 cells cm−2. To evaluate ini-
tial attachment, cells were labeled with 1 μm CellTracker Green CMFDA
and CellTracker Red CMTPX (Invitrogen, USA) for 30 min after 24 h of
incubation and observed using a fluorescence microscope (Ax10, Zeiss,
Germany). Cell proliferation was examined by the CCK-8 assay. On days 1,
3, and 5, the fresh DMEM medium containing the CCK-8 (Dojindo, Japan)
solution was added to each sample and incubated at 37 °C for 2 h. Fi-
nally, each sample was read at an absorbance wavelength of 490 nm with
a microplate spectrophotometer (Spectra M2, Molecular, USA).

The cell morphology was observed by SEM. Specifically, after being
cultured for 12 h, cells were fixed in 2.5% glutaraldehyde overnight
at 4 °C, washed with PBS, postfixed with 1% osmium tetroxide, de-
hydrated through a series of increasing concentrations of ethanol,
then dehydrated by supercritical drying (EM CPD300, Leica, Germany),
and finally coated with gold−palladium in Hitachi Model E-1020 ion
sputter.

ALP Activity and Alizarin Red Staining: After incubation for 14 days,
hMSCs were fixed in 4% paraformaldehyde for 15 min. ALP activity was
determined using ALP Assay Kit (Beyotime, China) according to the manu-
facturer protocol, and the OD values were followed by spectrophotometric
measurement (absorbance at 405 nm).

After being cultured in the basal medium for 7 days, hMSCs were cul-
tured in the osteoinductive medium (Cyagen, USA) for an additional 21
days. Then the cells were fixed and stained with 1% Alizarin Red S solution
for 5 min, washed, and neutralized under 10 mmol L−1 sodium phosphate
with 10% cetylpyridinium chloride for 15 min. Finally, the OD values were
followed by spectrophotometric measurement (absorbance at 562 nm).

Real-Time Polymerase Chain Reaction (RT-PCR) Analysis: RT-PCR assay
was assessed to examine the expression of osteogenesis-related genes at 7
days and 14 days, respectively. The total RNA of each sample was extracted
using the TRIzol reagent (Invitrogen, USA). Following DNAseI treatment,
reverse transcription of 0.5 mg of total RNA was performed using reverse
transcriptase (Clontech, USA) in the presence of oligo (dT) primers (Clon-
tech, USA). Gene levels of RUNX2, COL I, and OPN were detected us-
ing the primers, annealing temperature, and cycle numbers determined
previously.[15,42] The primer sequences for the target genes are listed in
Table S1 (Supporting Information).

Western Blot Analysis: hMSCs cultured with or without inhibitors for 7
days were lysed in RIPA lysis buffer mixed with 1% phosphatase inhibitor

Adv. Healthcare Mater. 2023, 2203300 © 2023 Wiley-VCH GmbH2203300 (9 of 11)
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and 1% protease inhibitor. Then proteins were transferred onto polyvinyli-
dene fluoride (PVDF) membrane (Bio-Rad, USA), blocked with 5% skim
milk (BD, USA) and 0.1% TWEEN 20 (Fluka Chemika, USA) in PBS for 2 h,
probed with primary antibodies GAPDH (Dawen, China), RUNX2 (Abcam,
USA), COL I (Abcam, USA), OPN (Abcam, USA), and YAP (Abcam, USA)
at 4 °C overnight, and treated with secondary antibodies conjugated to
HRP (Dawen, China) for 1 h. The Super Enhanced chemiluminescence
detection reagents (Millipore, USA) and the Image Lab software (Bio-Rad,
USA) were used to analyze protein bands and perform semi-quantified
quantitative intensities.

Immunofluorescent Staining and Quantitative Analyses: hMSCs were
fixed, permeabilized, and blocked according to previous work.[15] The pri-
mary antibodies used were the anti-RUNX2 antibody (12556S, Cell Signal-
ing Technology, USA), anti-VINCULIN antibody (ab18058, Abcam, USA),
and anti-YAP antibody (sc101199, Santa Cruz Biotechnology, USA). The
diluted primary antibodies were incubated with cells at 4 °C overnight and
further incubated with an appropriate fluorescence-conjugated secondary
antibody (Dawen, China). Rhodamine Phalloidin (Cytoskeleton, USA) was
used for cytoskeleton staining, and 4’,6-diamidino-2-phenylindole (DAPI,
Vector Laboratories, USA) was used for cell nuclei. Immunofluorescent
staining was observed by a Nikon A1R/A1 confocal laser scanning mi-
croscopy.

The cell area and aspect ratio were calculated by the software ImageJ
(National Institutes of Health, USA) for at least 50 cells. YAP nuclear local-
ization was observed using an upright fluorescence microscope (DM4000,
Leica, Germany) and evaluated by assessing the nucleus-to-cytosol ratio.

Animals and Surgical Procedures: All animal experiments were ap-
proved by the Ethics Committee of Animal Care and Use Committee for
Teaching and Research at Zhejiang University (ZJU20200004). A total of 36
male New Zealand white rabbits (2.0 kg each) (Animal Experiment Center
of Zhejiang University, China) were randomly divided into three groups,
each comprising six rabbits. All animals were kept at the SPF animal labo-
ratory for one week before the operation. The three types of implants were
implanted into tibial metaphyses. An ear margin intravenous injection of
3% pentobarbital sodium (1 mL kg−1) was administered before the surgi-
cal intervention. After the operation, antibiotics were injected intramuscu-
larly for three days. Animals were monitored daily and were sacrificed four
and eight weeks after surgery.

Micro-CT Analysis: All specimens were scanned using micro-CT (U-
CT-XUHR, Milabs, Netherlands). The micro-CT parameters were set to
50 kV and 210 μA, with an aluminum filter of 0.5 mm. The scanned im-
ages were reconstructed using the Milabs Rec 10.16. Bone volume was
measured at the region of interest using IMALYTICS Preclinical 2.1 soft-
ware.

Histomorphometric Analysis: The tibias containing the implants were
fixed in 4% paraformaldehyde solution for 24 h and dehydrated in an
ethanol series (70–100%) before being embedded in methyl methacrylate.
The specimens were sliced into 30–40 μm thick sections by using a high-
speed precision microtome (Exakt 300 CP, Norderstedt, Germany) and
grinding system (Exakt 400CP, Norderstedt, Germany). Masson trichrome
staining and Methylene blue staining were performed to determine the
area of new bone formation, and images were taken under a Nikon Eclipse
E600 microscope. Bone-to-implant contact and the rate of new bone for-
mation were calculated by the software ImageJ (National Institutes of
Health, USA).

Statistical Analysis: Triplicate parallel samples in each independent ex-
periment were used and each test was repeated at least thrice. All statis-
tical analyses were carried out using GraphPad Prism 8.2.1 (La Jolla, CA,
USA). All values are expressed as mean ± SD and statistically analyzed
using a one-way ANOVA with Tukey post-hoc test. If a value of p was less
than 0.05, the difference was considered statistically significant (*p < 0.05;
**p < 0.01; ***p < 0.001).

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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