Materials Today Bio 23 (2023) 100866

Contents lists available at ScienceDirect =i
materialstoday

BIO

Materials Today Bio

journal homepage: www.journals.elsevier.com/materials-today-bio

materilstoday

ELSEVIER

Synergistic effect of hierarchical topographic structure on 3D-printed
Titanium scaffold for enhanced coupling of osteogenesis and angiogenesis

Leyi Liu™®™?, Jie Wu®™", Shiyu Lv®"', Duoling Xu®", Shujun Li ¢, Wentao Hou®,
Chao Wang ®"", Dongsheng Yu®" "
& Hospital of Stomatology, Sun Yat-sen University, Guangzhou, 510055, China

Y Guangdong Provincial Key Laboratory of Stomatology, Guanghua School of Stomatology, Sun Yat-sen University, Guangzhou, 510055, China
¢ Institute of Metal Research, Chinese Academy of Sciences, Shenyang, 110016, China

ARTICLE INFO ABSTRACT

Keywords: The significance of the osteogenesis-angiogenesis relationship in the healing process of bone defects has been
Hierarchical topography increasingly emphasized in recent academic research. Surface topography plays a crucial role in guiding cellular
Ui0-66

behaviors. Metal-organic framework (MOF) is an innovative biomaterial with nanoscale structural and topo-
logical features, enabling the modulation of scaffold physicochemical properties. This study involved the loading
of varying quantities of UiO-66 nanocrystals onto alkali-heat treated 3D-printed titanium scaffolds, resulting in
the formation of hierarchical micro/nano topography named UiO-66/AHTs. The physicochemical properties of
these scaffolds were subsequently characterized. Furthermore, the impact of these scaffolds on the osteogenic
potential of BMSCs, the angiogenic potential of HUVECs, and their intercellular communication were investi-
gated. The findings of this study indicated that 1/2Ui0-66/AHT outperformed other groups in terms of osteo-
genic and angiogenic induction, as well as in promoting intercellular crosstalk by enhancing paracrine effects.
These results suggest a promising biomimetic hierarchical topography design that facilitates the coupling of
osteogenesis and angiogenesis.

Coupling of osteogenesis and angiogenesis

1. Introduction

The reconstruction of maxillofacial bone defects resulting from
tumor excision, trauma, and congenital diseases continues to pose a
significant challenge. Currently, the use of autologous bony-free flap
implantation remains the preferred method for maxillofacial recon-
struction [1]. However, this approach is not without limitations,
including limited availability, potential complications at the donor site,
graft failure, and the need for additional surgical procedures, which
restrict its widespread application [2]. The titanium scaffolds produced
through additive manufacturing (3D printing) are widely acknowledged
as a highly promising alternative to autogenous bone grafts. This is
primarily due to their exceptional mechanical strength, which enables
them to withstand the stress caused by mastication-related muscle ac-
tivity [3]. Additionally, their intricate geometries and customizable
features, achieved through layer-by-layer manufacturing, allow for
tailored designs that can effectively address specific defects in individual

patients [4]. However, since titanium is a bioinert material, additional
biofunctionalized modifications are indispensable to facilitate adequate
osseointegration in these scaffolds [5] (see Scheme 1).

Micro-scale structures have been successfully created on the initial
3D-printed titanium scaffold through the implementation of production
process [6]. It is indicated that the 3D-printed titanium scaffolds,
characterized by relatively rough microstructures, exhibit enhanced
osseointegration compared to commercially available implants [7,8]. To
further enhance its biomimetic properties, it is anticipated that a
micro/nano topography, resembling the hierarchical structure of natu-
ral bone, is always developed on the surface of the titanium scaffold [9,
10]. This multi-scale topography plays a crucial role in orchestrating
distinct biological responses from osteoblasts [11,12]. Microstructures
have been widely acknowledged for their ability to enhance cell adhe-
sion, migration, and alignment during the initial osseointegration pro-
cess. Meanwhile, nanoscale structures have been found to exert control
over protein conformation, gene expression, and osteoblast
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differentiation [13,14]. Numerous studies have demonstrated that
nano/micro topography elicits superior osteogenic or angiogenic re-
sponses compared to single topography at either the nano or micro scale
[15,16], a phenomenon commonly referred to as "synergistic effects"
[17,18]. This occurrence can be partially attributed to the regulatory
influence of nanoscale structures relying on the mechanical retention
provided by the microscale structures [19]. Furthermore, the incorpo-
ration of nano-topography into scaffolds has also been found to enhance
the recruitment and angiogenic activities of endothelial cells (ECs) [15,
20]. Bai et al. also observed that the presence of micro/nano scale sur-
face features had a more significant impact on angiogenesis compared to
singular nano topographic cues [15]. Therefore, the integration of
nanostructures onto a 3D-printed titanium scaffold that already pos-
sesses established microstructures could effectively promote both
osteogenesis and angiogenesis.

Osteogenesis is a multifaceted intercellular communication process
that encompasses the involvement of various cell types, including os-
teoblasts, osteocytes, endothelial cells (ECs), and macrophages [21,22].
Notably, the interaction between osteoblasts and ECs holds significant
importance within this process [23,24]. In addition to its role in
nutrient, oxygen, and waste transportation, the vasculature also plays a
critical role in regulating the secretion of osteogenic signals, thereby
influencing new bone regeneration [25,26]. Recent advancements have
identified a distinct vascular subtype known as type H vessel, which is
considered as a crucial motivator in bone regeneration through the
secretion of cytokines and facilitating communication between osteo-
genesis and angiogenesis [27]. Relatively, osteoblasts have the ability to
influence angiogenic processes through the release of paracrine factors
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[28,29]. Extensive evidence supports the notion that the successful
formation or remodeling of bone is intricately linked to the close coor-
dination between angiogenesis and osteogenesis [30,31]. Moreover,
recent researches highlighted that implanted scaffolds were capable of
modulating the interplay between angiogenesis and osteogenesis [13,
32]. Hu et al. have provided evidence demonstrating that nanoscale
topography can have significant effects on the development of type H
vessels [33]. Liu et al. have successfully developed a novel biological
membrane with abundant nano-topographic cues, and have demon-
strated its  ability to  synergistically promote coupled
osteogenesis-angiogenesis [34]. Consequently, achieving hierarchical
micro/nano topographic structure with osteogenic-angiogenic coupling
capacity on the surface of titanium scaffold deserves further exploration.

In recent years, the emergence of MOFs (metal-organic frameworks),
a type of multifunctional nanomaterial consisting of metal ions and
organic ligands, has garnered increasing attention within the academic
community [35]. With advantageous characteristics such as large spe-
cific surface area, superior surface acidity and basicity, high porosity,
excellent biocompatibility, and favorable biodegradability, the MOFs
have been extensively explored in diverse medical fields, including but
not limited to biosensing, bioimaging, drug delivery, and photodynamic
therapy [36,37]. Recently, the advanced MOFs also arouse widespread
concerns in the tissue engineering field [38]. The profound influence of
scaffold interfacial properties on bone formation and remodeling,
including topography, rigidity, charge, and hydrophilicity, has been
extensively documented [39,40]. Leveraging the high structural
tunability, surface modification of tailored MOFs allows for precise
regulation of the interfacial properties of titanium scaffolds in terms of
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Scheme 1. A simplified illustration of manufacturing UiO-66 modified micro/nano structure on 3D printed titanium scaffold and general summary of the mechanism

of the topographic structure regulating angiogenesis-osteogenesis relationship.
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biomechanics, topology, and biochemistry to optimize osteogenesis
performance [41]. Additionally, previous research has indicated that the
incorporation of MOFs is an efficacious approach for modulating the
surface topography of scaffolds [42-44].

Ui0-66 is considered a prominent MOF, which is synthesized using a
zirconium oxide complex [ZrgO4 (OH)4 bridged by 1,4-benzene dicar-
boxylic acid ligands (H2BDC) [45]. In addition to possessing typical
advantages observed in most MOFs, such as a large specific surface area,
high porosity, and the presence of catalytically active sites [46], UiO-66
distinguishes itself due to its notable attributes of low toxicity and
exceptional mechanical, thermal, acidic, and aqueous stability [47,48].
The inherent stability of UiO-66 allows for more flexible incorporation
of various functionalizations [49-51]. For example, depending on the
high tolerance of ligand defects, the incorporation of four drugs into
UiO-66 was successfully realized [52]. Consequently, the integration of
UiO-66 onto the titanium scaffold provides a basis for introducing
additional biological factors, such as immunomodulators and antibiotics
[53,54]. Moreover, it is demonstrated that some specific types of MOFs,
including UiO-66, exhibit remarkable protein absorption and retention
properties [55,56], which serve as the basis for cell adhesion and
cell-topography interaction [57]. While the osteogenesis promotive
function of UiO-66 has been established, its potential effects on angio-
genesis have yet to be determined [54]. Consequently, this study aims to
investigate the impact of UiO-66 modified hierarchical micro/nano
topographic structure on a 3D-printed titanium scaffold on osteogenesis,
angiogenesis, and their interrelationship.

A 3D-printed titanium scaffold was produced using the techniques
described in our previous research, resulting in the development of
natural micro-scale formations on its surface [58]. Building upon this
foundation, supplementary nanostructures modified with UiO-66 were
created to establish a hierarchical micro/nano topographic structure in
this study. Subsequently, the scaffold’s effectiveness in the coupling of
osteogenesis and angiogenesis was thoroughly examined through both
in vitro and in vivo experiments.

2. Materials and methods
2.1. Materials

Ti6Al4V spherical powder of a particle size of 45-100 mm was
purchased from EOS GmbH (Krailling, Germany). Terephthalic acid,
zirconium oxide chloride (ZrOCl2), acetic acid, dimethylformamide
(DMF), 4,6-diamidino-2-phenylindole (DAPI), and rhodamine-
phalloidin were attained from Sigma Aldrich Co. (St. Louis, USA). Dul-
becco’s Modified Eagle’s Medium (DMEM), Minimum Essential Medium
(a-MEM), penicillin-streptomycin (P/S), fetal bovine serum (FBS),
bovine serum albumin (BSA) as well as fibronectin (FN) were obtained
from Gibco Co. (Carlsbad, USA). RNA-Quick Purification kit was pur-
chased from Yishan (Shanghai, China). Meanwhile, the PrimeScript RT
reagent kit and SYBR Premix Ex Tagll kit were acquired from TaKaRa
(Dalian, China). Crystal violet, cell counting kit-8 (CCK8), and LIVE/
DEAD viability kit (calcein AM/PI) were supplied by Solarbio (Beijing,
China). Matrigel Matrix gel was provided by Corning Inc. (Corning,
USA). A vascular endothelial growth factor (VEGF) enzyme-linked
immunosorbent assay (Elisa) kit was brought from Neobioscience
(Shenzhen, China), while basic fibroblast growth factor (bFGF), Wnt3a
and bone morphogenetic protein 2 (BMP2) Elisa kits were attained from
Meimian Industrial Co. (Yancheng, China). Rabbit polyclonal antibodies
against integrin f1 (ITGB1), Endomucin (EMCN), osteocalcin (OCN),
mouse polyclonal antibody against CD31, fluorescein isothiocyanate
(FITC)/Cyanine 3.5 (Cy 3.5)-conjugated goat anti-rabbit IgG secondary
antibody and Alexa Fluor® 594 conjugated anti-mouse secondary anti-
body was supplied by Affinity Biosciences (Changzhou, China). Alizarin
red, BCIP/NBT alkaline phosphatase (ALP) color development kit, and
ALP assay kit were purchased from Beyotime Biotechnology Inc.
(Shanghai, China).
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2.2. Manufacture of UiO-66 modified 3D-printed titanium scaffold

The 3D-printed Ti6Al4V scaffolds were manufactured by an electron
beam melted (EBM) system (ARCAM Al, Gothenburg, Sweden) in the
Institute of Metal Research, Chinese Academy of Sciences. In a word, the
electron beam melted the Ti6Al4V powder in a layer-by-layer manner
with each layer thickness of 0.1 mm in a chamber at 550 °C and 5 x
10~*m bar on average. After finishing, the scaffolds were cooled in a He
atmosphere (200 m bar) until the temperature bed declined to 100 °C to
introduce air into the chamber. Corrosive acid with ultrasonic oscilla-
tion clean was used to remove the residual powder on the microstruc-
ture. The Ti6Al4V scaffolds in the shape of a disk (10 mm x 10 mm x 2
mm) were applied in vitro experiments, while scaffolds in the shape of a
cylinder (5 mm x 5 mm x 8 mm) were employed in vivo animal ex-
periments (Fig. 1a). The titanium scaffolds were rinsed ultrasonically
with distilled water, ethanol, and acetone in sequence, eventually dried
before the UiO-66 loading experiment.

Alkali-heat treatment was applied for preliminary nano-topography
fabrication, as mentioned previously [59]. The titanium scaffolds were
immersed in a 5 M NaOH solution at 60 °C for 24 h, followed by a gentle
wash in distilled water for 15 min and dried at 37 °C overnight. Sub-
sequently, the scaffolds were heated to 600 °C at a rate of 5 °C/min in an
electrical furnace. After treatment at 600 °C for an hour, the scaffolds
were cooled to room temperature in the furnace.

An available and environmentally friendly hydrothermal strategy
was adopted to load the UiO-66 nanocrystal onto the scaffold surface.
According to the previous literature [60], ZrOCl, (187 mg), terephthalic
acid (185 mg), and glacial acetic acid (1 mL) were mixed and dissolved
in 20 ml of N, N-dimethylformamide (DMF). The mixture was dispersed
ultrasonically for 30 min. After that, the attained solution was attenu-
ated to concentrations of 1/2 and 1/4. The pre-treated Ti6Al4V scaffolds
were put horizontally into the Teflon-lined autoclaves filled with the
mixed solution and heated at 120 °C for 24 h. Then, the UiO-66 nano-
crystals were obtained on the bottom of Ti6Al4V scaffolds. The Ti6A14V
scaffolds were washed three times with DMF and ethanol, then dried at
37 °C overnight. The precipitates from the mother liquor were harvested
by centrifugation (5000 rpm, 5 min), rinsed with ddH50O 3 times, and
eventually dried at 37 °C overnight.

Ti6Al4V scaffolds were defined as a negatively controlled group and
named TI simply. The samples treated with alkali-heat treatment were
called AHT, while UiO-66 nanostructure modified AHTs were named
UiO-66/AHT, 1/2Ui0-66/AHT, 1/4UiO-66/AHT, corresponding to
different concentration of the synthesis solutions.

2.3. Characterization

The surface topography of scaffolds was observed using a scanning
electron microscope at 20 kV (SEM, Nexsa, Thermo Fisher Scientific,
USA). The surface arithmetical mean height (Sa) at the micro was
detected by a confocal laser scanning microscopy (CLSM, LSM700, Zeiss,
Germany), while the Sa at nanoscale was examined by an atomic force
microscope (AFM, Dimension Fastscan Bio, Bruker, Germany). The
chemical status and crystalline structure of the synthetic nanocrystals
were determined by a FTIR spectrometer (Nicolet NXR 9650, Thermo-
Fisher, USA) and an X-ray diffractometer (XRD, Supernova, Japan).
Software package Mercury was employed to simulate the XRD pattern of
UiO-66. The surface wettability of scaffolds was ensured by measuring
the contact angles of ddH20 with a contact angle goniometer
(OCAH200, Dataphyscics, Germany).

For protein absorption detection, the scaffolds were immersed in
o-MEM with 10 % FITC-labeled serum at 37 °C for 60 min. Then, they
were observed under CLSM after PBS rinsing.

To further quantitatively assess the adsorption capability of proteins,
BSA and FN were measured as targeted proteins according to Refs. [61,
62]. Briefly, titanium scaffolds were incubated with the protein solution
(10 mg/ml BSA or 1 mg/ml FN) at 37 °C for 2h. After then, the samples
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Fig. 1. Morphological observation of different scaffolds: (a) The physical images of EBM printed scaffolds; (b) Micro-topography of EBM printed scaffolds; (c) Nano-
topography of TI, AHT, 1/4UiO 66/AHT, 1/2UiO-66/AHT, UiO-66/AHT; (d) Three-dimensional reconstruction view of scaffolds surface by the CLSM (at microscale);
(e) Three-dimensional reconstruction view of scaffolds surface by the AFM (at nanoscale).

were taken out and washed with PBS, immersed into 5 % sodium
dodecyl sulfate (SDS) solution at 37 °C under ultrasonic concussion to
release the adsorbed proteins. The wash solutions were collected, and
the amounts of tightly adsorbed proteins were quantified by using the
BCA assay reagent Kkits.

2.4. Culture, adhesion, viability, and morphology of BMSCs

Human bone marrow stromal cells (BMSCs) were purchased from
Procell Life Science & Technology Co. (Wuhan, China). BMSCs were
cultured in a-MEM added with 10 % FBS and 1%P/S. Moreover, the
culture medium was changed every 2 days. After reaching 90 %
confluence, the cells were digested by 0.25 % trypsin. The incubation
density of cells was 2 x 10* cells/cm? unless otherwise stated.

2.4.1. Cell proliferation and viability evaluation

The proliferation of BMSCs on each sample was detected with CCK-8.
In brief, the cell suspension was put on each sample and cultured for 3
days, 5 days and 7 days. At the detected time points, the medium was
replaced by the mixed solution at 1:9 vol ratio of CCK-8 reagent and
DMEM, and then incubated at 37 °C for 1 h. After that, 100 pL solution of
each sample was shifted into a 96-well plate and evaluated absorbance
at 450 nm under a microplate reader (n = 3).

After incubation for 3 days, the cell viability was evaluated by a
LIVE/DEAD viability kit (calcein AM/PI). Briefly, the scaffolds were
rinsed by PBS for 3 times softly after the medium removal. Being diluted
1000 times with HBSS, calcein AM was placed into each well with the
sample and incubated at dark for 25 min. After incubation, the scaffold
was washed with PBS again and then incubated 2-3 min with PI. Sub-
sequently, photos were captured by a CLSM (LSM780, Zeiss, Germany).
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2.4.2. Adhesion observation and immunofluorescence staining

BMSCs were seeded to each group in a 24-well plate and incubated
for 24 h. The cells were fixed with 4 % paraformaldehyde for 15 min,
following permeabilized with PBS solution containing 1 % Triton X-100
and blocked by TBST containing 5 % BSA for 1 h. After incubation with
polyclonal antibody against ITGB1 (1:200) overnight, the cells seeded in
the scaffolds were incubated with Cy3.5-conjugated secondary antibody
for an h, stained with phalloidin for 30min, and ultimately counter-
stained with Hoechst for 5 min in a dark condition. Representative im-
ages were recorded by CLSM (Olympus FV3000, Japan).

2.4.3. Cell morphology observation

BMSCs were seeded on the various Ti6Al4V scaffolds. After cultiva-
tion of 3 days, the cells were fixed with 2.5 % glutaraldehyde at 4 °C for
24 h. The scaffolds were dehydrated with graded ethanol (30, 50, 70, 90,
100 %) for 5 min in order. The cell morphology on the scaffolds was
detected by SEM (Nexsa, Thermo Fisher Scientific, USA).

2.5. Osteogenesis assays of BMSCs

In osteogenesis assays, the conditional medium was firstly collected
after BMSCs incubating on the scaffolds for 1 day [15]. 1 % p-glycerin,
0.05 % ascorbic acid, together with 0.01 % Dexamethasone, were sup-
plemented into the conditional medium mentioned above to prepare an
osteogenic induction medium (OM).

The expression of ALP activity and mineralized nodules in the
extracellular matrix, as well as osteogenic-related genes, were investi-
gated for evaluating the osteogenic regulatory effect of UiO-66 modified
micro/nano structures. BMSCs were incubated in a 24-well plate with
the OM. After cultivation for 7 days, the qualitative along with quanti-
tative ALP activity was evaluated by BCIP/NBT ALP color development
kit and ALP assay kit. After cultivation for 21 and 28 days, calcium
nodules were assessed by Alizarin Red staining. In brief, the cells were
rinsed with PBS twice and fixed for 30 min. After that, the cells were
stained with 0.1 % Alizarin Red S for 30 min and subsequently washed
with ddH,0 once. The ALP products and mineralized nodules were
photographed by optical microscope.

In order to extract the total amount of RNA of BMSCs, the RNA-Quick
Purification kit was adopted after cultivation with OM for 14 days. The
complementary DNA was reversely transcribed from RNA by the Pri-
meScript RT reagent Kit. cDNA amplification and fluorescence detection
were carried out by the real-time PCR system. The mRNA expression
levels for each group were calculated after the difference in total cDNA
amount was normalized to the GAPDH gene. The primer sequences of
the osteogenesis-related genes evaluated in this research were listed in
supplementary data (Fig. S1).

2.6. Culture, adhesion, viability, and morphology of HUVECs

The Human umbilical vein endothelial cells (HUVECs) were obtained
from Cibioer Biosciences (Nanjing, China). HUVECs were cultivated in
DMEM complemented with 10 % FBS and 1 % P/S. Other culturing
conditions are the same as BMSCs. The proliferation, adhesion, viability,
together with morphology of HUVECs were evaluated by the same
method as aforementioned.

2.7. Angiogenesis assays of HUVECs

The effect of UiO-66 modified micro/nano structures on the migra-
tion along with the tube formation ability of HUVECs was evaluated.
HUVECs were cultivated in a conditional medium collected as described
in osteogenesis assays above. For migration assay, HUVECs were seeded
onto a 6-well plate and cultured overnight to achieve 80-90 % conflu-
ence. Thereafter, a pipette was adopted to straightly scratch the cell
monolayer. After PBS washing the non-adherent cells away, the rest of
the adhesive cells were co-cultured with sample extraction for 12 h and
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stained with calcein AM.

For tube formation assay, the 24-well plate was pre-treated by 100 pL
Matrigel Matrix and then incubated with sample extraction at 37 °C for
30 min. After the gel solidified, HUVECs at the density of 3 x 10* cells/
cm? suspended in sample extraction were seeded on the gel. After
incubating for 6 h, the vascular-like structures by HUVECs on the gel
were stained by calcein AM. The results were both imaged by a fluo-
rescence microscope (Zeiss, Germany).

To further investigate the angiogenic-related gene expression of
HUVECs, the cells were incubated on the scaffolds for 3 days. In a similar
manner, the gene expression level of the selected genes was assayed by
RT-PCR.

2.8. Osteogenic regulation of HUVECs mediated by scaffold

2.8.1. mRNA and protein expression of osteogenic factors

Firstly, the osteogenic-related gene expression of HUVECs was
detected. HUVECs were seeded to the scaffolds and cultured 3 days for
mRNA extraction. After reverse transcription, RT-PCR detected the
amount of related gene expression. The supernatant of the cultural
medium was collected after HUVECs culturing on the scaffolds for 3
days. The secretion of related osteogenic factors (BMP-2, Wnt3a) was
assessed by the corresponding Elisa Kit.

2.8.2. Osteogenic regulation of HUVECs

In order to survey the migration and osteogenic activity of BMSCs
adjusted by HUVECs mediated by different scaffolds, a co-culture
transwell system was adopted.

In the migration assay, HUVECs (5 x 10* cells/well) were incubated
on the scaffold in the 24-well plate for 48 h. Afterward, BMSCs (4 x 10*
cells/well) were seeded onto the upper chamber (pore size = 8 pm)
while the complete medium was refreshed in the lower chamber. After
co-culturing for 24 h, the transmembrane BMSCs were fixed with 4 %
paraformaldehyde for 30 min and then stained with 0.4 % crystal violet
for 20 min. The optical microscope was employed to photograph the
migrated BMSCs at 5 random spots. The representative optical images of
migrated BMSCs from different groups were recorded at 5 random spots.
The number of migrated cells was calculated by ImageJ.

In the osteogenic differentiation assay, HUVECs (2 x 10% cells/well)
were seeded on the scaffold in the lower chamber. After incubation of
48 h, BMSCs (1 x 10* cells/well) were seeded on the upper chamber of
the transwell system (pore size = 0.4 pm) and co-culture for 7 days. The
cultural medium was replaced with an osteogenic medium after
achieving 80 % confluence and continued to refresh every 2 days.
Eventually, qualitative and quantitative ALP activity was evaluated in
the upper chamber, as mentioned above.

2.9. Angiogenic regulation of BMSCs mediated by scaffold

2.9.1. mRNA and protein expression of angiogenic factors

To evaluate the angiogenic promotive effect of BMSCs inspired by
scaffolds, mRNA expression of angiogenic factors was detected by RT-
PCR. Cell cultivation, mRNA extraction, reverse transcription, and RT-
PCR proceeded as described before. Elisa kit was employed to detect
the secretion amount of angiogenic factors (VEGF, bFGF).

2.9.2. Angiogenic regulation of BMSCs

The co-culture transwell system was also utilized to evaluate the
migration and tube formation capacity of HUVECs. BMSCs were seeded
onto the scaffold in the 24-well plate and incubated for 48 h. The cul-
tural medium was refreshed, and HUVECs (2 x 10* cells/well) were
seeded in the upper chamber.

After two types of cells were co-cultivated in that transwell system
for 24 h, the migrated HUVECs through the porous membrane (pore size
= 8 pm) were investigated. In tube formation assay, the HUVECs were
seeded on the upper chamber with 30 pL Matrigel Matrix gel and co-
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cultivated with BMSCs for 6 h. Crystal violet was adopted to stain the
migrative cells and tubular structures the same as mentioned above.

2.10. Animals and surgical procedures

2.10.1. Implantation surgery

The entire process of the animal experiment was performed under
the approval of the Experimental Animal Ethics Committee of Sun Yat-
sen University and conformed to the relevant laws and institutional
guidelines. The ethical approval number provided by the Ethics Com-
mittee is SYSU-IACUC-2022-002000. Fifteen adult male New Zealand
white rabbits (2.5-3.0 kg per rabbit) were used for this implantation
surgery experiment. The rabbits were divided into three groups
randomly to evaluate the osteogenesis and angiogenesis in vivo. Briefly,
the rabbits were intravascular anesthetized. With fur at the femur
shaved and disinfected, a cylindrical defect was made with a surgical
electrical drill under cooled sterile saline irrigation. A scaffold was
inserted softly into the hole, and the wound was sutured.

Six weeks after implantation surgery, the rabbits were sacrificed for
the assessment of bone tissue regeneration and vascularization. The
scaffolds and the surrounding femurs were harvested and fixed in 10 %
paraformaldehyde for the following experiments.

2.10.2. Histological analysis

The femoral tissue around the scaffolds was first decalcified in 10 %
(w/v) EDTA solution (pH = 7.4) for 28 days. After decalcification, the
femoral tissue was dehydrated in an increasing series of ethanol and
then embedded in paraffin wax blocks. The hard bone tissue slices were
cut to vertical cross-sections with 5 pm thickness and stained with HE or
Goldner’s trichrome to observe histological features of tissue around the
scaffold under the optical microscope (Olympus, Japan).

For coupling osteogenesis-angiogenesis relationship observation, the
sections were adopted immunohistochemical staining with OCN or
CD31. To survey type H vessel distribution, the sections were immu-
nofluorescence stained with EMCN, CD31, and DAPI in immunohisto-
chemical staining assay, and the sections were incubated with citrate
buffer(pH = 6.5)at 80 °C to perform the antigen retrieval first. After-
ward, the sections were incubated with anti-CD31 or anti-OCN antibody
at 4 °C overnight, followed by further incubating with horseradish
peroxidase (HRP) labeled goat anti-mouse/rabbit secondary antibody
for another 30 min. At last, the sections were dealt with 3,30-diamino-
benzidine tetrahydrochloride (DAB) and counterstained with hematox-
ylin. In the immunofluorescence staining assay, the sections were
permeabilized with 0.3 % Triton X-100 at room temperature for 10 min
and blocked with TBST containing 5 % BSA for 30 min. After that, the
sections were incubated with anti-EMCN and anti-CD31 antibodies at
4 °C overnight and then counterstained with FITC-conjugated goat anti-
rabbit IgG secondary antibody and Alexa Fluor® 594 conjugated anti-
mouse secondary antibody for an hour, eventually stained with DAPI
for 5 min. The sections with immunohistochemical staining were
observed by optical microscope, and those with immunofluorescence
staining were observed under CLSM.

2.11. Statistical analysis

All data are presented as means + standard deviation. One-way
ANOVA or unpaired t-test was employed to analyze the statistical dif-
ference among groups with the software package GraphPad Prism 8.0
(GraphPad Software Inc., San Diego, USA). Moreover, when p < 0.05,
the difference was regarded as statistically significant.
3. Results and discussion

3.1. Surface characterization

The EBM-printed titanium scaffold on naked eye observation was
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shown in Fig. la. Due to the layer-by-layer productive technology,
natural microstructure formed on the surface of EBM-printed titanium
scaffold. As shown in Fig. 1b, circular microstructures with a diameter of
50 pm-70pm on the EBM-printed titanium scaffold surface exhibited a
continuous valley-peak pattern, which was consistent with a previous
study [63]. The surface topography and roughness of TI, AHT,
1/4Ui0-66/AHT, 1/2Ui0-66/AHT, and UiO-66/AHT were character-
ized by SEM, CLSM, and AFM. The nanostructures of each group were
displayed in Fig. 1c. SEM images at high magnification revealed that the
surface of the TI group looked smooth at nanoscale, while the scaffolds
treated with alkali-heat were full of ordered linear nanorods with
approximately 300-350 nm in length. Besides, numerous mesopores
with 100-150 nm in length formed between adjacent clusters of nano-
rods. In UiO-66 modification groups, hexagon nanocrystals with a size of
80-120 nm were covered on the nanorods or mesopores randomly, and
the numbers of crystals increased from 1,/4UiO-66/AHT to UiO-66/AHT.

To further evaluate the topographic change at different scales, the 3D
view of each scaffold was reconstructed by the CLSM (Fig. 1d) and AFM
(Fig. 1e). The images of CLSM indicated that the microroughness of
scaffolds fluctuated from a low of 24 pm-28.5 pm, agreeing with the
report that raw 3D-printed scaffolds possess high rough surfaces with R,
about 25 pm [63]. The results revealed that nanostructures had weak
impaction on the original topography and roughness at the microscale.
In addition, the ordered nanorods in AHT improved the nanoroughness
of scaffolds from 15.6 nm to 91.9 nm, while the random cover of UiO-66
crystals further elevated the nanoroughness in 1/4UiO-66/AHT and
1/2Ui0-66 AHT. However, the nanoroughness in UiO-66/AHT
decreased oppositely, which could be explained by the fact that most
prominent nanorods were covered by two-dimensional nanosheets.
Considering the results above, the micro/nano topography was suc-
cessfully constructed.

To determine the crystalline structure and chemical status of the
nanocrystals on the scaffold surface, precipitates in the mother solution
were measured by XRD and FTIR spectroscopy. As shown in Fig. 2a,
absorption bands at 680 cm ™! and at 1510 cm ™! were observed due to
stretching vibrations in the Zr-O bond and C—=C bond in benzene ring
[48]. Moreover, the peaks at 1395 cm ™! and 1590 cm ™, respectively,
reflected the symmetrical and unsymmetrical stretching vibrations in
the C=C-O bond of HoBDC. The peak positions and their assignment of
FTIR conformed to the former references about UiO-66 synthesis [64].
XRD patterns (Fig. 2b) of UiO-66 coating groups and the one simulated
in software all demonstrated the characteristic peaks at 20 = 7.3°, 8.5°,
consistent with previously reported literature [65]. The results of FTIR
and XRD implied that the pure UiO-66 crystals were successfully
composed and loaded on the surface of scaffolds.

The surface wettability of scaffolds was displayed in Fig. 2c. The
contact angle of the TI scaffold was beyond 80°, whereas that for AHT
was less than 10°. Furthermore, the contact angle gradually increased
from 1/4Ui0-66/AHT to UiO-66/AHT from 38° to 60° with the
ascending trend of UiO-66 nanocrystals, in agreement with former
literature [66]. The hydrophilicity of the scaffold was influenced by its
chemical composition and surface roughness [67]. The enhanced hy-
drophilicity observed in the AHT could be attributed to the presence of
numerous hydroxyl groups [68,69]. Consequently, the UiO-66 modifi-
cation groups displayed an increasing hydrophobic trend with the
higher loading quantity. The introduction of hydroxyl through
alkali-heat pretreatment effectively enhanced the complexation be-
tween the UiO-66 coating and the titanium surface. Besides electrostatic
adsorption, the functional groups and metal ions of MOFs form chemical
covalent bonds (such as esterification) and intermolecular hydrogen
bonds with the hydroxyl groups [70-72].

As shown in Fig. 2d and e, scaffolds with nanostructures all displayed
higher serum protein adsorption properties than the TI group (p < 0.05).
Additionally, the enhancement of serum protein absorption capability
was observed through further modification of UiO-66 with increasing
dose. BSA mimics total protein in human plasma, while FN is the most



L. Liu et al.

—— Ui0-66/. \HI

Materials Today Bio 23 (2023) 100866

C

—— Ui0-66/AHT
—— 122Ui0-66/AHT

150

1/4Ui0-66/AHT
—— Simulated

100

Intensity

Degree

50

Transmitiance

3500 3000 2500 2000 1500 1000 500

Wavenumber(cm™)

200m

o IS Y

Relative fluorescence density

<

-
£
(]

L
=3
£

s

=
Q

2
o
S
S

o
@

2
P
<]
(7]

2

<

1/4Ui0-66/AHT

ES
]

w
1

]
1

—
1

<

1/2Ui0-66/AHT UiO-66/AHT

T

3 AHT

3 1/4Ui0-66/AHT
B 1/2Ui0-66/AHT
mm UiO-66/AHT

YN

#ih

i —
ek

asa
ann

w4
sk Fkk

|

m ’_I—‘BSA

Fn
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to AHT group;
absorbed adhesive protein among the thousands of proteins present in
human plasma [73]. The quantitative assessment in Fig. 2f further
revealed that the protein adsorbing ability of TI was relatively lowest
when 1/2Ui0-66/AHT and UiO-66/AHT absorbed most protein, either
for BSA or for FN (p <0.05).

The adsorption of proteins is influenced by various surface physi-
cochemical properties, including surface wettability, roughness, topog-
raphy, charge, and chemistry [55]. While a hydrophobic surface
promotes protein absorption, it may also cause denaturation of the
absorbed proteins [57]. Therefore, it is crucial to regulate surface
wettability within an appropriate range to facilitate increased protein
absorption while preserving its native conformation. Several studies
have also demonstrated that the moderate surface wettability, charac-
terized by water contact angles of 40-50°, is indicative of hydrophilicity
satisfaction [74,75]. The hydrophilicity of the titanium surface can be
effectively regulated within an optimal range by employing a combi-
nation of alkali-heat treatment and the incorporation of hydrophobic
UiO-66. Besides hydrophobicity, nanoroughness has been found to
enhance protein absorption by increasing surface free energy and
altering the adsorption mechanisms from protein monolayer to multi-
layer adsorption [57,76]. It is the topography, rather than roughness or
wettability, that primarily determines the protein adsorption ability, as
proteins tend to aggregate within the physical nano-traps formed by the
convex and concave features of nanostructures [57,77]. Therefore, the
mesopore created by AHT effectively improved protein absorption.
Additionally, recent research has demonstrated that certain types of
MOFs, such as UiO-66, possess remarkable protein adsorption and
retention properties due to their large specific surface areas and pore
volumes [55,56]. This is significant as protein adsorption serves as the
primary stage in the implantation of scaffolds within living organisms

**p < 0,005 compared to TI group; **p <0.01, **#p <0.005 compared

and is crucial for subsequent biological processes [78]. Extensive
research has consistently demonstrated that scaffolds exhibiting a high
affinity for protein adsorption can induce the activation of integrin
expression, leading to enhanced cell adhesion, spreading, and ultimately
facilitating successful osseointegration [79,80]. For example, Griffin
et al. conducted a study that implants with better protein absorption
ability after argon plasma treatment performed better osteogenic as well
as angiogenic activity [81]. Fu et al. provided evidence for the positive
impact of nano-topography on protein absorption, as well as the pro-
motion of angiogenic and osteogenic activity [82]. Wu et al. developed a
novel nanocoated scaffold that exhibited high protein absorption and
confirmed its capability to promote osteogenesis and angiogenesis [83].

3.2. Viability, proliferation adhesion, and morphology of BMSCs on
scaffolds

Live/dead staining assay and CCK-8 assay were applied to appraise
the viability and proliferation of BMSCs on the scaffold with time
passing by (Fig. 3a—c). Live/dead staining assay results revealed that
most BMSCs of all groups were still alive, and simultaneously, only
several dead cells existed. More live cells were observed on 1/2Ui0-66/
AHT than the TI and AHT group (p < 0.05). The results of CCK8 revealed
that the cell proliferation elevated in a time-dependent manner from day
3 to day 7. As time went to day 7, the 1/2Ui0-66/AHT turned out to be
the group with the highest cell proliferation (p < 0.01), while cells on
UiO-66/AHT displayed less proliferative activities than AHT (p < 0.01).
According to reports, the utilization of nanoMOFs at low or appropriate
concentrations has been found to enhance cell proliferation and
viability, whereas high concentrations have been observed to inhibit
these processes [42,84]. Furthermore, the findings of this study suggest
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that despite UiO-66’s high biocompatibility resulting from its excep-
tional stability [48], excessive loading of this material can still induce
cytotoxic effects during the later stages of cultivation.

The initial adhesion of BMSCs was investigated by immunofluores-
cence staining. As shown in Fig. 3d, the cells in all groups were inclined
to accumulate in the concave of the EBM-printed titanium scaffolds. TI
scaffolds displayed the least adherent cells, while 1/2UiO-66/AHT
scaffolds adhered to the most. Additionally, it was observed that 1/
2Ui0-66/AHT exhibited the highest level of integrin expression, a
crucial cell surface receptor involved in cell adhesion [85] (Fig. S2).
Similarly, The SEM images at low magnification also revealed that most
adherent cells existed in 1/2Ui0-66/AHT among 5 groups (Fig. 3e). The
immunofluorescence staining and SEM images provided confirmation
that the micro/nano topographic structure of the scaffolds facilitated

cell attachment [19]. Moreover, the SEM images at higher magnification
revealed that the bone marrow-derived mesenchymal stem cells
(BMSCs) in the tissue engineering (TI) groups exhibited a short spindle
shape, while those in the groups with nanostructures displayed more
extensive cell spreading and active polygonal lamellipodium extensions.
The findings of this study align with previous research indicating that
nanostructures promote cell spreading and extensions by facilitating
binding between transmembrane integrin and peptide ligands derived
from absorbed proteins [15,17]. More importantly, the BMSCs exhibited
improving spread, adhesion, and displayed a greater propensity for
osteogenic differentiation [86].
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3.3. Osteogenic differentiation of BMSCs on scaffolds

ALP is commonly employed as a marker for evaluating osteogenesis
[54]. Qualitative analysis of ALP staining revealed that the UiO-66/AHT
groups exhibited higher levels of ALP production compared to the AHT
and TI groups (Fig. 4a). The quantitative result further evidenced that
1/2Ui0-66/AHT group secreted the highest amount of ALP product
(Fig. 4c). The result of ECM mineralization by Alizarin staining was
shown in Fig. 4b and d, cells on the 1/4UiO-66/AHT and
1/2Ui0O-66/AHT possessed significantly higher ECM mineralized activ-
ity than that on TI and AHT (p < 0.05). Among the three UiO-66 groups,
though the 1/2Ui0-66/AHT group showed the highest ECM minerali-
zation level, there is no significant difference between them at day 21.
Moreover, the 1/2UiO-66/AHT turned to display the best ECM miner-
alization at day 28 (p <0.05). In order to further assess the osteogenic
activity of cells on different scaffolds at the molecular level, the mRNA
expression levels of osteoblast-related markers were investigated by
RT-PCR (Fig. 4f). The results showed that cells on 1/4UiO-66/AHT and
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1/2Ui0O-66/AHT displayed superior expression of ALP, RUNx2, and OPN
than other groups (p < 0.05). Meanwhile, 1/2Ui0-66/AHT exhibited the
markedly highest expression of OCN (p < 0.005). In brief, UiO-66 hybrid
micro/nano topographic structures on the 1/2Ui0-66/AHT group
resulted in the optimal promotion of osteogenic differentiation.

Cells do not interact directly with the topographic cues but sense it
through peptide ligands derived from absorbed proteins to trans-
membrane receptors, such as integrin [17]. The integrin-ligand binding
leads to the formation of intracellular focal adhesion complexes [(e.g.,
focal adhesion kinase(FAK)] and subsequent up-regulation of FAK/-
MAPK and ILK/f-catenin signaling pathways [87,88]. In the described
process above, the extracellular physical cues are transferred to intra-
cellular biochemical signals, a process known as indirect mechano-
transduction [89]. The topographic structures on the titanium scaffold
surface could regulate the expression of integrin subunits to further
regulate cell behavior by altering the amount, type, and configuration of
the adsorptive proteins [40]. Furthermore, the binding of
integrin-mediated by surface topography can lead to the reorganization
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Fig. 4. In vitro osteogenic differentiation of BMSCs incubated on different scaffolds: (a) Representative images of ALP staining results of BMSCs; (b) Representative
results of mineralized nodules at Day 21 and Day 28; (c) Quantitative analysis of ALP activity; (d) Semi-quantitative analysis of Alizarin Red staining of BMSCs at Day
21 and Day 28; (e) Relative osteogenlc -related mRNA expression of BMSCs; *p < 0.05, **p < 0.01, ***p < 0.005 compared to TI group, *p <0.05, **p <0.01, **#p <
0.005 compared to AHT group, 2p < 0.05, AN, £p<0.01, AL, Ap <0.005. (For interpretation of the references to colour in this figure legend, the reader is referred to

the Web version of this article.)
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of the cytoskeleton, subsequently affecting the shape of the nucleus and
potentially the orientation of chromosomes, a phenomenon known as
direct mechanotransduction [89]. Additionally, the introduction of
UiO-66 as an additional modification to the nano-topography resulted in
enhanced absorption of serum proteins [55]. Superior expression of
integrin f1 and reorganization of the cytoskeleton were both observed in
1/2Ui0-66/AHT. Consequently, 1/2Ui0-66/AHT, with its heightened
protein adsorption capacities, positively influenced the interaction be-
tween cells and topography, thereby promoting cell adhesion, prolifer-
ation, and  differentiation  through  direct or indirect
mechanotransduction mechanisms.

The hierarchical micro/nano topography has the potential to
enhance the osteogenic promoting effect by replicating the microscale
collagen fiber structure and nanoscale hydroxyapatite composition of
natural bone [90,91]. This finding aligns with the observation that both

a
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the AHT and UiO-66/AHT groups exhibited elevated levels of osteogenic
markers. Several investigations on scaffold topography have focused on
emulating the nanoscale topography of natural bone, which comprises
hydroxyapatite nanocrystals ranging from 2 to 5 nm in thickness and
20-80 nm in length [40,92,93]. Dably et al. found that comparing
nanostructures aligned in totally ordered or random pattern, cells in
moderate disorder mode performed higher potential of osteogenic dif-
ferentiation [94]. Other researches also demonstrated that nanopatterns
characterized by precise order resulted in reduced cell adhesion [95,96].
Therefore, the incorporation of rod/crystal hybrid nanostructures on
1/2UiO-66/AHT reasonably increased the degree of disorder in nano
topographic patterns, thereby yielding the most favorable outcome for
osteogenic differentiation.
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3.4. Adhesion, morphology, viability, and proliferation of HUVECs on
scaffolds

In views of the live/dead cells assay, nearly all adhesive cells on
scaffolds were alive (Fig. 5a). The quantitative counting result in Fig. 6b
displayed that more alive cells attached on the 1/2Ui0-66/AHT and
UiO-66/AHT than that on AHT and TI (p < 0.05). The results of the CCK8
assay displayed that the cells in different groups had similar metabolic
activities on day 3 (Fig. 5c). During the late cultivation period, the
findings exhibited a comparable trend to the live/dead cells assay,
indicating that 1/2Ui0-66/AHT and UiO-66/AHT groups demonstrated
superior proliferation compared to other groups (p < 0.05). In contrast to
BMSC, HUVECs exhibited greater tolerance towards high doses of UiO-
66.

The initial adhesion images revealed that all scaffolds facilitated
HUVEC adhesion, with 1/2UiO-66/AHT exhibiting the most favorable
adhesion property (Fig. 5d). Similar to the results observed in BMSCs,
the enhanced protein adsorption property induced by UiO-66 modified
nanostructures enhanced the adhesion of HUVECs. The surface topog-
raphy and composition had a profound influence on the morphology and
orientation of endothelial cells [97]. In this study, the cells in the TI
group looked round and arranged individually, whereas cells on scaf-
folds with nanostructures displayed elongated spindles with numerous
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Fig. 6. In vitro angiogenic differentiation of HUVECs cultured on different scaffolds: (a) Representative wound healing migration images; (b) Quantitative analysis
for the migrated HUVECs in scratch wound healing assay (0 h, 12 h); (c) Representative fluorescence images of tube formation; (d) Quantitative analysis of nodes and

(e) junctions of tubular structures; (f) Relative anglogemc -related mRNA expression of HUVECs; *p < 0.05, *
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extensive filopodia, interconnected in a net-like pattern (Fig. 5e). Filo-
podia, a distinguishing feature of a specialized subtype of endothelial
cells known as tip cells, are primarily found at the leading edge of
branching blood vessels during the process of neo-angiogenesis [98].
These tip cells play a crucial role in guiding the directional growth of
sprouts [99]. The formation of filopodia depends on integrin-mediated
adhesion to the local extracellular matrix [100]. Therefore, combining
the result of immunohistochemical staining, the nano-topographic
structure may upregulate the activation of tip cells due to the
enhancement of integrin expression and adhesion.

3.5. Angiogenic differentiation of HUVECs on scaffolds

The migration of endothelial cells serves as the primary stage in the
development of new blood vessels [101]. The nanostructures on AHT
and UiO-66/AHT groups, particularly in the 1/2UiO0-66/AHT group,
significantly enhance the migratory capability of HUVECs, as demon-
strated by the wound healing assay (Fig. 6a-b). The enhanced migratory
action may be attributed to the enhanced viability of HUVECs achieved
through modification of UiO-66 nanostructures [15]. Additionally, the
adhesion mediated by integrin is fundamental of cell migration [102].
The improved cell adhesion on 1/2Ui0-66/AHT also facilitated cellular
movement. The formation of tube-like structures by ECs is a critical step
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in angiogenesis [101]. The results of the tube-like structure formation
assay revealed that tube networks were better connected on
1/4/Ui0-66/AHT and 1/2/UiO-66/AHT, indicating that the modifica-
tion of Ui0-66 nanocrystals with a medium concentration had a signif-
icant impact on angiogenesis (Fig. 6c-e). Bai et al. found that
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nano-topography, particularly micro/nano topography, had the poten-
tial to stimulate greater nitric oxide (NO) synthesis compared to a
smooth titanium surface, thereby enhancing the tube formation activity
of ECs [15]. Besides, Tang et al. reported a novel silk fibroin film with
microstructure could promote angiogenesis via upregulating the
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expression of bFGF and VEGF [103]. Consequently, the distinctive
nanostructures, particularly those present on 1/2UiO-66/AHT, may also
induce the autocrine release of angiogenic factors, thereby further
enhancing the functional capabilities of ECs.

The detected results of mRNA expression about angiogenesis-related
genes illustrated that the expression of vVWF, CD31, and KDR was
upregulated in 1/4/Ui0-66/AHT and 1/2/Ui0-66/AHT (Fig. 6f). It is
evidenced that increased expression of vVWF and CD31 facilitate the
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migration and angiogenesis progression [15]. The high expression of
KDR indicated that ECs were in a highly proliferative condition [31]. In
addition, EMCN expressed highest in 1/2UiO-66/AHT (p < 0.05), which
is also highly expressed in Type H blood vessels, the hallmark of
coupling osteogenesis-angiogenesis relationship [30]. Briefly,
UiO-66/AHTs, especially 1/2UiO-66/AHT, significantly facilitated the
adhesion, viability, morphology, and functionality of ECs to promote
angiogenesis.
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Fig. 8. In vitro angiogenic regulation of BMSCs on different scaffolds: (a) Relative angiogenesis-related mRNA expression of BMSCs; (b) Quantified analysis of VEGF
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Integrin, a family of adhesion proteins in endothelial cells, plays a
significant role in mechanotransduction and the sensing of topography
[104]. The nano-topography, such as nanotubes, has been shown to
facilitate the clustering of integrin, leading to the reorganization of the
cytoskeleton and activation of the PI3K/Akt/eNOS pathway [92,105,
106]. Therefore, the scaffold with nano-topography could induce the
upregulation of the phosphorylation of eNOS and the synthesis of NO to
promote the angiogenic differentiation of ECs [107].

3.6. Communication between BMSCs and HUVEC mediated by scaffold

3.6.1. Osteogenic promotion of HUVECs mediated by scaffold

The mRNA expression and secretion level of paracrine factors of the
Wnt and BMP family were first detected (Fig. 7a-b). The RT-PCR results
displayed that the mRNA expression level of osteogenic factors in 1/
4Ui0-66/AHT and 1/2UiO-66/AHT were generally higher than that in
TI and AHT groups (p < 0.05). The Elisa results confirmed a similar trend

a
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as well. To further assess the osteogenic regulatory effect of HUVECs
inspired by scaffolds, the migrative situation and ALP activity of BMSCs
co-cultivated with HUVECs in the transwell system were evaluated
(Fig. 7d-g). The BMSCs in 1/4UiO-66/AHT and 1/2/UiO-66/AHT were
observed to have significantly better transmembrane migration than the
TI group (p <0.05). As to ALP activity evaluation, the cells in 1/2UiO-
66/AHT accumulated more ALP product than other groups (p <0.05).
Recent studies stressed the beneficial impact of EC-derived osteogenic
factors in bone regeneration [26]. The Wnt/f-catenin signaling pathway
is a crucial axis that significantly contributes to the maintenance,
restoration, and regeneration of bone and cartilage homeostasis [108].
One notable member of this pathway is Wnt3a, which can be secreted by
endothelial cells and is involved in the coordination of angiogenesis and
osteogenesis [109,110]. According to reports, endothelial cell-derived
Wnt3a has been found to enhance the early osteogenesis of
co-cultured BMSCs [32]. The BMP family, which is widely expressed in
the vasculature, acts as a regulatory factor and has a positive impact on

H & E Staining

T

1/2UiQ-66/AHT

Fig. 9. Histological observation of osseointegration in vivo: (a) Representative H&E staining images, red arrow: newly formed but unmineralized bone (osteoid),
black arrow: mineralized and matured bone; (b) Goldner’s Trichrome staining images, red arrow: newly formed but unmineralized bone (osteoid), black arrow:
mineralized and matured bone; yellow arrow: new vessels. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web

version of this article.)
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bone mineralization and regeneration [111,112]. BMP2, the primary
member of the BMP family, induces osteogenesis through the activation
of Smads, as well as transcription factors like Runx2, and others [113].
These results indicated that the incorporation of UiO-66 modified
nanostructures into titanium scaffolds, particularly at a 1/2Ui0-66/AHT
ratio, could significantly enhance the paracrine activity of HUVECs,
thereby promoting osteogenesis through the activation of the Wnt and
BMP signaling pathways.

3.6.2. Angiogenic promotion of BMSCs mediated by scaffold

The expression of angiogenic-related genes and secretion of para-
crine factors of BMSCs were first evaluated. Compared to TI group,
scaffolds with UiO-66 modified nanostructures generally improved the
expression of VEGF, bFGF, bb-PDGF, and SDF-1 (Fig. 8a). The Elisa re-
sults further validate that BMCSs adhered to AHT with UiO-66 modifi-
cation tend to secrete higher levels of VEGF and bFGF, particularly in the
1/4Ui0-66/AHT and 1/2UiO-66/AHT groups (Fig. 8b) (see Fig. 9).

It is worth noting that MSC participated in neo-angiogenesis via
paracrine effects, involving diverse angiogenic factors and cytokines
[111]. For example, SDF-1 is one of the chemokines stimulating cell
migration [114]. PDGF-bb is a chemotactic and mitogenic factor
participating in the formation of type H blood vessels [115]. The
HIF-1o/VEGF signaling pathway is considered an indispensable driving
force for angiogenesis induction during bone regeneration [116]. bFGF
is a wide-spectrum growth stimulant activating ECs proliferation,
chemotaxis, and intercellular junction communication [117]. It has
been proven that the secretion of angiogenic factors could be enhanced
by single microstructured or nanostructured topography [21,118]. Our
studies provide additional evidence supporting the synergistic impact of
micro/nano hierarchical structures on the angiogenic paracrine activ-
ities of BMSCs.

TI AHT

OCN

CD31

Emcn

AHT

1/2Ui0-66/AHT
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The BMSCs were seeded on different scaffolds and co-cultured with
HUVECs on the upper chambers (Fig. 8c). 1/2UiO-66/AHT displayed
both the highest tube formation activity and migrative action
(Fig. 8d-g). The aforementioned findings indicate that the incorporation
of 1/2Ui0-66/AHT has the potential to augment the paracrine
communication between BMSCs and HUVECs, thereby facilitating
enhanced angiogenic capabilities.

3.7. In vivo osteogenesis and angiogenesis of different peri-scaffolds

To further evaluate the combined effects of UiO-66 modified hier-
archical micro/nano topography, 1/2UiO-66/AHT, which showed the
best capability of enhancing osteogenesis, angiogenesis, and their
coupling relationship in vitro experiments, was selected for further vivo
studies. Both H&E and Goldner’s trichrome staining images displayed
that thicker and more mature bone contacted directly to the scaffold in
the AHT and 1/2UiO-66/AHT group, confirming the higher levels of
bone formation. Moreover, more new blood vessels were observed in 1/
2Ui0-66/AHT in comparison to the other two groups.

The immunohistochemistry staining of OCN and CD31, the marker of
neo-bone tissue and blood vessels, was carried out and depicted
(Fig. 10a) [32]. As we could see, both OCN or CD31 staining areas
presented most in the 1/2UiO-66/AHT group, indicating the highest
potential for osteogenesis and angiogenesis coupling promotion. In
addition, it was observed that the presence of OCN, a recognized indi-
cator of mature osteoblasts, was concentrated around the blood vessels
across all experimental groups. This observation agreed with previous
research suggesting that osteoprogenitors tend to localize around type H
vessels, owing to the abundant supply of oxygen, nutrients, and cyto-
kines provided by these vessels [115]. his phenomenon provides clear
evidence that neo-vasculature has the ability to support bone
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Fig. 10. Immunohistochemistry and immunofluorescence staining evaluation: (a) Representative immunohistochemistry staining images for OCN,CD31 and the
colorimetric quantitative results, black triangle: blood vessel; (b) Representative immunofluorescence staining images for EMCN, CD31 and quantitative analysis of H
type vessel, S:scaffold; *p <0.05, **p < 0.01, ***p < 0.005 compared with TI group, *p <0.05, **p <0.01, **#p <0.005 compared with AHT group.
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regeneration [119]. OCN, as a regulatory factor secreted by osteoblasts,
also has a positive impact on vasculature [111]. Research has shown that
OCN can enhance the functionality of ECs by upregulating NO and
NF-kB signals through the PI3K/Akt/eNOS pathway [120].

It has been widely considered that the blood vessel in bone tissue
with high expression of CD31 and EMCN could be subdivided into type
H vessels while the one with low expression is subdivided into type L
vessels [32]. Type H is regarded as a specific subtype of blood vessel
grown in the area with dynamic bone metabolism regions, which sug-
gests the tight coupling relationship between angiogenesis and osteo-
genesis [27,30,115]. Due to the unique characteristics of dual positive
EMCN and CD31, the type H vessels were performed as yellowish areas
in the images (Fig. 10b). It was difficult to observe yellowish areas in the
pictures of the TI group. Oppositely, the yellowish areas representing
type H vessels were visible in the AHT and more abundant in the
1/2UiO-66/AHT. The quantitative analysis provided confirmation of the
visual observation that 1/2Ui0-66/AHT exhibited the greatest enrich-
ment of type H vessels among the three groups (p <0.05). The in vivo
experimental results validated the in vitro finding that the hierarchical
micro/nano topographic structure modified by UiO-66 could facilitate
coupling osteogenesis and angiogenesis in bone healing.

Chen et al. reported that scaffolds featuring nano-topographic
structures exert a stimulating influence on the coupling relationship of
angiogenesis and osteogenesis via cell-topography interaction [21].
Moreover, Hu et al. found that nanotubes, especially those with a
diameter of 70 nm, had remarkable influences on the development of
type H vessels via binding to integrin [33]. Zeng et al. developed a
biomimetic hydrogel mixed micro/nano bioactive glass, which effec-
tively accelerated vascularization and osteogenesis synergistically
[121]. In this study, a novel biomimetic titanium scaffold with UiO-66
modified hierarchical micro/nano structure was constructed to pro-
vide a strategy to promote angiogenesis-osteogenesis coupling via
integrin-mediated mechanotransduction. In comparison to other single
micro or nano topographies, the hierarchical micro/nano structure ex-
hibits notable advantages. The micro-scale structure enhances me-
chanical interlocking, while the nanoscale structure promotes protein
absorption, cell adhesion, and mechanotransduction [90,122].
Furthermore, the additional modification of UiO-66 not only enhances
the protein absorption capability of the scaffold but also creates a
rod/crystal hybrid nanostructure that increases the disorder of the
nanopattern and further stimulates osteogenic differentiation [55,94].
The enhanced protein capability resulting from the modification of
nanostructures with UiO-66 reinforces the integrin-mediated mecha-
notransduction and activation of several downstream signaling path-
ways [40,123,124]. Eventually, the activated pathways exerted a
positive effect on osteogenic differentiation of BMSCs, angiogenic dif-
ferentiation of HUVEC, and the communication between them by
enhancing paracrine behaviors [21,114].

4. Conclusion

In this work, a novel UiO-66 modified hierarchical micro/nano
topographic structure on a 3D-printed titanium scaffold was successfully
constructed. In comparison with TI, AHT, and other UiO-66/AHTs, 1/
2Ui0-66/AHT exhibited the best osteogenic and angiogenic induction
as well as promotion of the intercellular communication between BMSCs
and HUVECs by enhancing paracrine effects. This study provides a
surface topography design by taking full advantage of the synergistic
effect of the hierarchical topographic structure to achieve the coupling
of osteogenesis and angiogenesis. This strategy holds promise for
improving the biological inertness of titanium scaffolds and facilitating
the successful integration of regenerated bone with the scaffold.
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