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To solve the issue of unsatisfactory recruitment of mesenchymal stem cells (MSCs) around implant in osteopo-
rotic fractures, we fabricated a ROS-responsive system on titanium surface through hydroxyapatite coating and
biomolecule grafting. The porous hydroxyapatite and phosphorylated osteogenic growth peptides (p-OGP) were

?i}t’:;?ﬁnapame introduced onto titanium surface to synergistically improve osteogenic differentiation of MSCs. After the p-OGP-
Osteoporosis promoted expression of osteogenic related proteins, the calcium and phosphate ions were released through the

degradation of hydroxyapatite and integrated into bone tissues to boost the mineralization of bone matrix. The
ROS-triggered release of DNA aptamer (Apt) 19S in the osteoporotic microenvironment guides MSC migration to
implant site due to its high affinity with alkaline phosphatase on the membrane of MSCs. Once MSCs reached the
implant interface, their osteogenic differentiation potential was enhanced by p-OGP and hydroxyapatite to
promote bone regeneration. The study here provided a simple and novel strategy to prepare functional titanium
implants for osteoporotic bone fracture repair.

1. Introduction

Titanium and its alloys are extensively used in the medical field ac-
counting on their good biomechanical properties and biocompatibility
[1,2]. However, the poor osseointegration of titanium implants may
severely compromise the efficacy of fracture healing [3,4], especially for
patients with osteoporosis. Early loosening of implants is common se-
vere complication in osteoporosis patients, which often necessitates the
secondary surgery [5,6]. Therefore, it’s crucially important to improve
the early bone healing of the implants. Many strategies have been
developed to endow titanium substrates with bioactivity, which mainly
include various mechanical or physicochemical treatment or introduc-
tion of biomolecules cues on the titanium surface. These strategies have
great effects on the behavior of osteoblast cells, especially mesenchymal
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stem cells (MSCs).

During osteoporotic fracture repair, osteoblastic differentiation of
bone marrow MSCs plays an important role in bone repair and bone
remodeling [7]. When bone injury occurs, MSCs migrate from bone
marrow or other adjacent tissues to the site of bone injury and secrete
paracrine nutrients [8-10]. Meanwhile, MSCs also participate in the
healing process of inflammatory, repair, and remodeling together with
progenitor cells, stromal cells, pro-inflammatory and anti-inflammatory
macrophages [11,12]. After their directed differentiation into osteo-
blasts, MSCs secrete major components of extracellular bone matrix such
as osteocalcin, osteopontin, type I collagen to promote the in-situ
deposition of calcium ions, leading to the formation of hard tissues
[13,14]. Therefore, the number of MSCs in the site of bone injury and
their ability to differentiate into osteoblasts are directly related to the
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early bone repair process.

In osteoporotic condition, the lack of estrogen would up-regulate the
reactive oxygen species (ROS) such as O,~, Hy02, OH™, resulting in
rapid accumulation of HyO in the bone marrow micro-environment,
which is the primary site for bone formation through providing
biochemical, physical, and mechanical signals for bone related cells [15,
16]. The increasing HyO2 level would suppress the differentiation of
MSCs and seriously hinder the early bone integration of implants,
leading to increasing risk of secondary surgery. At the same time, the
amount and activity of MSCs in osteoporotic fracture site are usually
insufficient, which may potentially undermine the bone repair effi-
ciency. It’s thus necessary to mobilize MSCs from the medullary cavity
into the injured site. Many MSC-recruiting strategies have been devel-
oped to address this issue. Remarkably, some bioactive molecules that
could drive stem cell migration have attracted much attention, such as
SDF-1 [17], LL-37 peptide [18] and aptamer (Apt) [19]. Aptamer is a
DNA or RNA fragment containing 20-60 base pairs, which has similar
specific binding ability like antibodies [20-22]. Apt 19S is a DNA
aptamer that can be used to specifically identify pluripotent stem cells,
owing to its high affinity with alkaline phosphatase protein on the
membrane of bone MSCs that is highly expressed on MSC membrane at
all stages [23,24]. Hu et al. developed a double-layer scaffold func-
tionalized with aptamers to capture MSCs [25]. Son et al. proved that
combining Apt with hydroxyapatite could promote bone regeneration
and angiogenesis [26].

Based on the high ROS level in osteoporotic microenvironment, in
this study, we fabricated a ROS-responsive system on titanium surface
with hydroxyapatite coating and grafted biomolecules to enhance MSC
recruitment and osteogenic differentiation for improving implant
osteointegration (Scheme 1). Briefly, the porous hydroxyapatite was
introduced onto titanium surface via electrochemical deposition, which
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was denoted as Ti/HA. Then, phosphorylated osteogenic growth peptide
(p-OGP, NH,-gly-gly-phe-gly-tyr-leu-thr-arg-gly-gln-arg-lys-leu-ala-T-
(Sp)-E—(Tp)-COOH) was synthesized and reacted with 4-nitrophenyl 4-
(4, 4, 5, 5-tetramethyl-1,3,2 -dioxa borolan-2) benzyl carbonate (NBC)
via the amino groups of p-OGP with a high conjugation yield of over
85%, which was denoted as NBC-p-OGP. After that, NBC-p-OGP were
immobilized onto Ti/HA surfaces through the binding affinity between
phosphate groups of p-OGP and calcium on Ti/HA interfaces, which was
denoted as Ti/HA/p-OGP. Finally, Apt 19S (modified with an RNA
molecule at the 3’ end) were grafted onto Ti/HA/p-OGP implants
through the reaction between the boric acid groups of NBC and the
dibasic alcohol of Apt 19S. The obtained sample was denoted as Ti/HA/
p-OGP/Apt. Herein, hydroxyapatite is a commonly used component for
titanium modification to enhance biocompatibility and MSC function on
account of its structural and elemental resemblance to natural bone.
Calcium ion released from degraded hydroxyapatite can also contribute
to the osteogenic differentiation [27]. Meanwhile, p-OGP is an activator
of osteogenic activity and has close relationship to collagen deposition
and matrix mineralization [28,29], which can directly regulate the
proliferation and differentiation of osteoblasts and mesenchymal stem
cells. Previous study confirmed that p-OGP can be grafted onto implant
surface by covalent bonds and non-covalent interactions to regulate cell
behaviors [18] and increase bone formation and trabecular bone density
[30]. Apt 198 is the regulatory molecule responsible for MSC recruit-
ment in this study. However, the realization of Apt 19S-mediated MSC
recruitment for bone repair requires intricate regulation of its concen-
tration in the implantation site as the MSCs usually move from
Apt19S-low to Apt19S-high regions due to the ability of Apt19S to bind
with the alkaline phosphatase on MSC surface. Consequently, we have
synthesized HoO»-responsive 4-nitrophenyl 4-(4, 4, 5, 5-tetramethyl-1,3,
2 -dioxa borolan-2) benzyl carbonate (NBC) to anchor the Apt 19S
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Scheme 1. Construction of bioresponsive functional titanium implant and investigation its effect on local bone remodeling in osteoporosis.
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(modified with an RNA molecule at the 3° end) through the reaction
between boric acid groups of NBC and the catechol of Apt 19S. Once
exposed on the high ROS level, the covalent bond between NBC and Apt
19S was cleaved to regulate the local Apt19S levels for maximized MSC
recruitment efficiency. Once MSCs reach the implant interface, their
osteogenic differentiation potential would be drastically enhanced by
p-OGP and hydroxyapatite to facilitate bone regeneration. The study
here provided a simple and novel strategy to enhance osteoporotic bone
fracture repair via biofunctional titanium implants.

2. Materials and method
2.1. Materials

Titanium disks (diameter: 15 mm; thickness: 3 mm) and rods
(diameter: 1.2 mm; length: 10 mm) were purchased from Northwest
Institute for Non-ferrous Metal Research, China. The osteogenic growth
peptide modified with two phosphate groups (p-OGP, NH,-gly-gly-phe-
gly-tyr-leu-thr-arg-gly-gln-arg-lys-leu-ala-T-(Sp)-E—(Tp)-COOH)  was
purchased from Shanghai Xinhao Biological Technology Co., Ltd. Apt
19S were synthesized by Biotechnology (Shanghai) Co. (Chongging,
China). Calcium chloride (CaCly), fluorescein isothiocynate (FITC),
rhodamine and Hoechst 33258 were purchased from Sigma-Aldrich (St.
Louis, MO, USA). Other chemicals were provided by Oriental Chemical
Co. (Chongging, China).

2.2. Preparation and characterization of surface coating

2.2.1. Synthesis of NBC-p-OGP

4-nitrophenyl 4-(4, 4, 5, 5-tetramethyl-1,3,2-dioxa borolan-2) benzyl
carbonate (NBC) was synthesized by literature method [31]. Firstly,
(hydroxymethyl) phenylboronic acid pinacol ester (0.5 g) was dissolved
in anhydrous tetrahydrofuran (THF, 15 mL) under protection of nitrogen
at 0 °C. Then, triethylamine/4-(dimethylamino) pyridine (0.6 mL/0.04
g) and 4-nitrophenyl chloroformate (0.47 g) were dissolved in THF (15
mL). The above solution was mixed gently and stirred for 3 h at room
temperature. The target products were extracted with saturated sodium
chloride and HCI solution (1 M). The organic phase was collected and
dried in high vacuum. NBC was purified by passing through silica gel
column and eluted with dichloromethane solution containing 40% pe-
troleum ether. White NBC solids were obtained after high vacuum dry-
ing. To characterize the NBC linkers, the samples were dissolved in
Chloroform-d and detected by Bruker Swiss 400 MHZ. 1H NMR (400
MHz, CDCls-d): § (ppm) 1.26 (s, 12H, (CHs)3), 5.42 (s, 2H, CHy), 7.3 (d,
2H, (CH)»), 7.45 (d, 2H, (CH)3), 7.85 (d, 2H, (CH),), 8.2 (d, 2H, (CH)3).

Subsequently, the NBC-p-OGP was prepared. Briefly, 14 mg of oste-
ogenic growth peptide modified with two phosphate groups (p-OGP)
was dissolved in aqueous solution (2.3 mL). DMSO solution (80 pL)
containing 5 mg of NBC was then added to the above solution and
further stirred at room temperature for 12 h. The target product was
purified by dialysis with double distilled HO (ddH20) using dialysis bag
(500 D) for one week, then freeze-dried and stored at —20 °C.

Fluorescamine (4-phenylspiro [furan-2(3H), 1’-phthalan]-3, 3'-
dione) was used for the quantification of amines groups on p-OGP.
Fluorescamine (0.3 mg) was dissolved in acetone (1 mL) and p-OGP or
NBC-p-OGP (0.1 mg) was dissolved in deionized water (1 mL). Then the
fluorescamine solution was added into 240 pL p-OGP or NBC-p-OGP
solution and incubated 20 min at 37 °C. The fluorescence emission in the
range of 460-560 nm was measured at the excitation wavelength of 388
nm by fluorescence spectrophotometer (RF-6000, Shimadzu).

2.2.2. Preparation and characterization of ROS responsive Ti substrate
Titanium disks (diameter: 15 mm; thickness: 3 mm) were polished
and cleaned, then washed with mixed acid (HF/HNO3/H>0:1/3/10) for
5 min to form a rough surface. Afterwards, titanium disks were used as
the cathode of electrochemical reaction and platinum as the anode in
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electrolyte solution A (CaCly: 0.133 g/L; NH4H,PO4: 0.083 g/L; NaCl:
5.844 g/L) with a constant voltage of 3 V for 1 h at 85 °C. Then the
electrolyte solution A was replaced with electrolyte solution B (CaCly:
1.0656 g/L; NH4H2PO4: 0.6624 g/L; NaCl: 5.844 g/L; trisodium citrate:
1.195 g/L) and the reaction was carried out at a constant voltage of 3.4 V
for 35 min at 60 °C. Finally, white hydroxyapatite powder was observed
on the surface of titanium, denoted as Ti/HA.

NBC-p-OGP was grafted on Ti/HA surface via chelation between
calcium ion on hydroxyapatite and phosphate group on NBC-p-OGP
molecules. Briefly, Ti/HA was soaked in 5 mg/mL of NBC-p-OGP solu-
tion with stirring for 12 h. After washing with distill water, the obtained
samples were denoted as Ti/HA/p-OGP, which was further treated with
0.5 mM of Apt 19S solution and stirred for 12 h. The samples were
denoted as Ti/HA/p-OGP/Apt.

Scanning electron microscopy (SEM), atomic force microscopy
(AFM) and water contact angle analysis were used to characterize the
surface morphology. X-ray photoelectron spectroscopy (XPS) and
transmission electron microscope (TEM) were used to analyze the
element composition of different substrates. The copper grid was
attached onto the Ti surface before the electrodeposition-enabled
preparation of Ti/HA. After formation of HA on the surface of Ti and
copper grid, the copper grid was taken out for TEM imaging. The total
porosity of the mineral coating was calculated using the following for-
mula: Total porosity = 100% — f,—g x 100% , where pB is the bulk den-

sity of mineral layer calculated by dividing the total mass with volume
(pB = 1.56 mg/mm?) while p0 is the density of hydroxyapatite (p0 =
3.16 mg/mm?’) [32]. Besides, the mechanical properties of different
substrates were also measured by TRM100 friction testing machine
equipped with load (2 N and 15 N) at a crosshead speed of 70 r/min,
which resembles the knee movement. The tribological behaviors were
tested under lubrication of PBS at 37 °C. The friction coefficient and
cumulative wear mass were directly measured by the machine. The wear
rate (W, mm3/Nm) was calculated using the following formula.

w=_ o2
pXNXS

In this formula, m is cumulative wear mass (mg), p is the density of
hydroxyapatite (p = 3.16 mg/mm?>), N is loading force (15 N), S is wear
distance (m) in the testing process.

2.2.3. Drug loading capacity of the titanium implant

FITC labeled p-OGP was used to monitor the loading of p-OGP on
titanium surface, and entire operation was carried out in the dark.
Briefly, p-OGP and FITC were dissolved in PBS (pH 7.8) at a molar ration
of 1:1 with stirring at room temperature for 20 h. After dialysis for 3
days, the target products were denoted as FITC-p-OGP. Ti/HA samples
have a disk-like shape with a diameter of 15 mm and a thickness of 3
mm, both of which were measured by digital caliper. According to the
calculations, the samples have a volume of 0.53 cm? and surface area of
1.766 cm?. The sample was immersed into FITC-p-OGP and washed with
PBS for three times and denoted as Ti/HA/p-OGP-FITC. Fluorescence
microscope (IFM, OLYMPUS IX71, Japan) was used to observe the dis-
tribution of p-OGP-FITC on the surface of titanium. Fluorescence anal-
ysis of FITC-p-OGP solution was performed before and after soaking Ti/
HA, the optimal concentration of p-OGP solution (5 mg/mL) was
selected as the standard treatment for the following experiments.

FITC-labeled Apt 19S (purchased from Biotechnology (Shanghai)
Co., Ltd, FITC-Apt 19S) was used to study the loading and release
behavior of Apt 19S from substrates. Ti/HA was firstly treated with 5
mg/mL of NBC-p-OGP as descripted above. After that, the obtained
sample (Ti/HA/p-OGP) were immersed into FITC-Apt 19S solution
different concentrations (0.1 mM, 0.2 mM, 0.5 mM, 1 mM) with stirring
for 24 h at ambient temperature. After rinsing three times with PBS, the
obtained sample was Ti/HA/p-OGP/Apt-FITC. CLSM was used to
observe the distribution of Apt 19S on the substrates. Meantime, the
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samples of Ti/HA were immersed into FITC-Apt 19S to detect the un-
specific binding between HA and Apt 19S. Nanodrop was used to detect
the amount of Apt 19S (single-stranded DNA) before and after soaking,
the optimal grafted concentration of Apt 19S was 0.5 mM, which was
used to prepare the samples for the following experiments.

2.2.4. The release behavior of Apt 19S from titanium substrates

Ti/HA/p-OGP/Apt was immersed into 1 mL of PBS buffer with or
without HO5 (300 pM) supplementation. 2 pL of the incubation solution
was taken out to detect the Apt 19S level by Nanodrop. The incubation
solution (2 pL) was taken out at predetermined time points such as 1, 5,
10, 24, 48, 96 h). Meantime, 2 pL fresh PBS with or without H,O, was
added into incubation solution.

2.2.5. The degradation of hydroxyapatite

Ti/HA, Ti/HA/p-OGP and Ti/HA/p-OGP/Apt were immersed into 1
mL PBS buffer with H,O,. The incubation solution was collected at
different time and added with fresh PBS buffer containing HyO9. The
incubation solution was used to detect the content of calcium and
phosphorus by inductive coupled plasma emission spectrometer (ICP)
and micro tissue inorganic phosphorus content assay kit (solarbio),
respectively. During phosphorus detection, the baseline phosphorus
level in PBS buffer should be deducted.

2.3. Cell culture

MSCs were extracted from bone marrow cavity of Sprague Dawley
rat (female, 100 g) under sterile conditions and the associated experi-
mental methods have been reviewed and approved by the Animal
Welfare Committee of Chongqing Medical University. The MSCs culti-
vated with DMEM low-glucose medium (containing 10% FBS), and the
culture-medium was replaced every other day. When cell confluence
reached 90%, they were detached and reseeded in new culture flasks.
The third passage cells were used for all experiments.

2.4. In vitro osteogenesis assay

2.4.1. Cell morphology observation

Cells were cultured on Ti, Ti/HA, Ti/HA/p-OGP, Ti/HA/p-OGP/Apt
with DMEM containing 300 pM of H30,. The initial cell density was 5 x
10 cells/cm?. After culturing for 24 h, cells on different samples were
treated with paraformaldehyde for 30 min and then permeabilized with
Trixton-X100 for 5 min at room temperature. Thereafter, cell cytoskel-
eton and nucleus were stained by 5 U/mL of rhodamine-labeled phal-
loidin (Invitrogen Co.) and 5 pg/mL of Hoechst 33258 (Sigmae Aldrich),
respectively. Finally, the samples were mounted by 95% glycerin and
characterized by a confocal laser scanning microscope (CLSM).

2.4.2. Cell viability assay

MTT assay was used to detect the viability of MSCs cultured on
different substrates with an initiated density of 1 x 10* cells/cm? and
the media were changed every two days. Briefly, MSCs were seeded on
different substrates supplied with DMEM containing H0,. After 3 and 7
days, the medium was discarded and the cells were washed three times
with sterile PBS. Then, 400 pL of serum-free medium containing 10%
MTT was added to every well and incubated at 37 °C for 4 h. After that,
200 pL of dimethyl sulfoxide (DMSO) solution was used to replace the
serum-free medium and shaken at room temperature for 10 min. Finally,
the DMSO was transferred to 96-well plates and measured at 490 nm
using a microplate reader (Bio-Rad 680).

2.4.3. Alkaline phosphatase (ALP) activity

The MSCs were seeded onto the surface of TCPS, Ti, Ti/HA, Ti/HA/p-
OGP, Ti/HA/p-OGP/Apt and the media were changed every two days,
respectively. After culturing for 3, 7 and 14 days, cells were lysed by 1%
Triton X-100 for 30 min, then the alkaline phosphatase activity and the
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total protein concentrations of MSCs were detected according to the
instructions of the Alkaline phosphatase assay kit (Nanjing Jiancheng
Bioengineering Institute) and BCA Protein Assay Kit (Beyotime),
respectively. After that, the optical densities that corresponded to the
alkaline phosphatase activity and total protein concentration were
measured with microplate reader (Bio-Rad 680) at wavelengths of 490
nm and 595 nm.

2.4.4. Intracellular calcium and phosphorus test

The MSC was cultured on different Ti-based substrates for 7 days.
The samples were washed three times with PBS and added 300 pL
Hoechst 33258 for staining nucleus. Then 300 pL Fluo-4 AM working
solution was added to stain intracellular calcium. After culturing for 30
min at 37 °C, the samples were observed by CLSM.

To quantify the intracellular calcium, MSCs were seeded on different
substrates for 7 days. After washing with PBS for three times, the cells
were treated by cell lysis buffer for 1-2 s, centrifuged at 10000 g for 5
min at 4 °C to collect the supernatant for quantify intracellular calcium
by calcium colorimetric assay kit (beyotime).

MSCs were cultured on different Ti-based substrates for 7 days, then
the intracellular phosphorus was detected according to the instruction of
the micro tissue inorganic phosphorus content assay kit (solarbio).

2.4.5. Mineralization test

The MSCs were seeded on the different substrates and the media was
changed every two days. After 14 days, cells were fixed with 4% para-
formaldehyde and stained by alizarin red S (40 mM, pH 4.1). The
samples were washed with deionized water and photographed with an
optical microscope (MVX10, Olympus). After that, the stained cells were
scraped off and washed with 200 pL 10% V/V acetic acid and transferred
into 1.5 mL Eppendorf tubes at 85°Cfor 10 min. Then, the supernatant
containing cells and acetic acid was collected after centrifugation with
10000 r/min. Finally, 10% ammonium hydroxide was added and the
absorbance at 450 nm was detected by microplate reader (Bio-Rad 680).

The mineralization was calculated according to the formula:

Absorbance(sample) —Absorbance(hydroxyapatite) 0,
Absorbance (TCPS) x 100%.

2.4.6. Quantitative real-time PCR

mRNA levels associated with osteogenesis (Runx2, Col I, OCN, OPN
and OPG) were quantified by qRT-PCR. Briefly, the mRNA of MSCs
grown on different substrates were extracted according to the in-
structions of the RNA extraction kit (Bioteck Coand), of which the first
strand cDNA was synthesized by reverse transcription of RNA. Finally,
real-time PCR was done on the Bio-Rad CFX Manager system. The
amplification conditions of cDNA are: 95 °C for 3 s, followed by 45
cycles at 95 °C for 5 s, and subsequently 60 °C for 30 s.

2.4.7. Western blot analysis

MSCs on different substrate surfaces for 24 h and change the media
every two days. Then lysed the cells with RIPA Lysis Buffer and collected
the protein-containing supernatant after centrifugation for 5 min at
12000 rpm. After that, proteins were segregated by 10% SDS poly-
acrylamide and blotted with polyvinylidene fluoride (PVDF) membrane
(Millipore). Then, the protein samples were blocked with 5% skimmed
milk solution for 2 h before being immersed into solution containing
specific primary antibodies for incubation at 4 °C overnight, followed by
the treatment with secondary antibodies under room temperature for 1
h. Finally, the samples were analyzed via a luminescent imager. Image
analysis was performed using Quantity One (version 4.6.2). The primary
antibodies in this study include Runx2, Col I, OCN, OPN, OPG, cdc42, p-
FAK/FAK, Vimentin and integrin a5p1 which were originated from
rabbit and obtained from Cell Signaling Technology co. ltd. They were
diluted by primary antibody dilution buffer (Beyotime co. Itd.) with a
ratio of 1:1000. The secondary antibody was anti-rabbit and obtained
from Bioss co. Itd, which was diluted with secondary antibody dilution
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buffer (Beyotime co. 1td.) with a ratio of 1:5000.
2.5. In vitro migration evaluation

2.5.1. Cell invasion assay

Invasion assay was used to assess the effects of Apt 19S on MSC
migration, the initial cell density was 1 x 10* cells/cm?. Briefly, the
transwell chambers (pore size = 8 pm, Corning) were placed on a 24-
well plate as upper chamber. Ti, Ti/HA, Ti/HA/p-OGP and Ti/HA/p-
OGP/Apt were put into bottom chamber. Then 500 pL medium with
1% FBS and 100 pL serum-free DMEM were added into the bottom
chamber and upper chamber, respectively. After culturing for 12, 24 and
36 h, the non-migrated MSCs were removed gently by a cotton swab and
the migrated MSCs were immobilized with paraformaldehyde. Finally,
migrated MSCs were stained with 0.1% crystal violet solution. Five
random areas in every sample were imaged by Olympus inverted mi-
croscope and the average of cells number were counted.

2.5.2. Gelatin zymogram

The MSC-mediated degradation of extracellular matrix was tested by
gelatin zymography. Briefly, the supernatant of culture medium of MSCs
was collected after 12 h and 24 h, the protein concentration was
measured by BCA kit. The extracted proteins were added into 10% SDS-
polyacrylamide gels (contained 1% gelatin). After electrophoresis for 1
h, the gels were washed with 2.5% Triton-X 100 for 3 times and soaked
into proteolysis buffer at 37 °C for 16 h. Then, the samples were washed
with Triton-X 100 and stained with Coomassie blue solution for 1 h.
After treatment with methanol and acetic acid solution for 20 min, the
bands could be clearly observed and the gels were imaged to record the
MMP activity by Molecular Imager Versa Doc MP 4000 system (Bio-
Rad).

2.5.3. Wound healing assay

Wound healing assay was used to investigate the mobility of MSCs.
Briefly, the third passage stem cells were seeded on TCPS, Ti, Ti/HA, Ti/
HA/p-OGP, Ti/HA/p-OGP/Apt, the initial cell density was 1 x 10* cells/
cm?. Then a straight scratch was made via P20 pipette tip when cell
confluence reached 90% on different samples. After culturing for 24 h,
MSCs were immobilized and stained with rhodamine-phalloidin and
Hoechst 33258. Finally, cells in the wound area were observed by CLSM.

2.6. In vivo study

2.6.1. Implantation surgery

The rats were also purchased and housed in Chongging Medical
University and the in vivo experiment was carried out strictly following
the guidelines of the Animal Welfare Committee of Chongqing Medical
University (SYXK-PLA-20120031). After both ovaries have been
removed three months, different Ti rods (diameter: 1.2 mm; length: 10
mm) were implanted into the epiphysis of osteoporotic (OVX) rat femur.
The whole surgical procedure was done under sterile conditions. Briefly,
4% chloral hydrate sodium was injected into abdominal cavity to
narcotize rats. Then a cylindrical defect was created on the epiphysis of
femur of OVX rats through surgical drill and different Ti implants were
inserted into the defect of the femoral epiphysis. Finally, the incision
was sewed up with sutures.

2.6.2. X-ray observation and histology analysis

To observe the position of implants in the femoral epiphysis of OVX
rats, X-ray imaging was performed at 30 days post surgery. For histology
analysis, the femoral epiphysis containing Ti rod was taken out at 3, 7,
30 days after implantation. The samples were fixed with 4% of para-
formaldehyde for 48 h before treating with 12% ethylene diamine tet-
raacetic acid (EDTA) for 4 weeks. Then different Ti implants were
removed out from femoral epiphysis and treated with alcohol of graded
concentrations. Next, the samples were embedded into paraffin to
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prepare the sections with a thickness of 3-5 pm. After that, the sections
were stained by hematoxylin/eosin (H&E) and immunofluorescence
(CD29, CD90) to characterize the newborn bone and MSCs recruitment
around the implants (n = 5).

2.7. Statistical analysis

The data in current study was analyzed with OriginPro (version 9.0)
via student’s t-test and one-way analysis of variance (ANOVA). P < 0.05
and P < 0.01 were considered statistically significant.

3. Results and discussion
3.1. Synthesis of NBC-p-OGP

In this study, the synthesis of NBC and NBC-p-OGP was characterized
by 'H NMR and fluorescent amine assay. Fig. S1 A showed the 'H NMR
spectrum of NBC molecule. The characteristic peaks at 8.2, 7.85, 7.45,
7.3, 5.42 and 1.26 ppm corresponded the hydrogen atoms on benzene
ring, methylene and methyl groups of NBC molecules, which was
consistent with previous literature [31]. Then, NBC molecule was graf-
ted onto p-OGP via the reaction between the ester bond of NBC and the
primary amino group of p-OGP. The reaction was confirmed by fluo-
rescamine. It’s reasons that the reaction between p-OGP and NBC would
eliminate the primary amide for the reaction with fluorescent amine,
leading to a lower level of fluorescent intensity. As shown in Fig. S1B,
NBC-p-OGP showed significantly reduced fluorescence intensity
compared to p-OGP. The result indicated that NBC-p-OGP was success-
fully synthesized.

3.2. Characterization of functionalized titanium substrate

SEM was employed to characterize the surface morphology of
different Ti substrates. As shown in Fig. 1A pure Ti displayed a flat and
smooth surface. After the electrodeposition, needle-like hydroxyapatite
nanostructures were formed on titanium surface (Ti/HA). According to
Fig. 1A, the pores were found homogenously distributed in the mineral
coating, which was consistent with the pore distribution in previous
reports employing electrochemical deposition technique [33-35]. The
eventual porosity of the mineral coating was around 60%. According to
the statistical analysis of SEM images, the pore size was in the range of
50-370 nm with an average diameter of around 177 nm. We have
detected the element composite of HA on the surface of Ti by energy
dispersive X-ray spectroscopy (EDS). The samples showed a Ca/P molar
ratio of 1.65 (Figs. S2A and B), which is close to the calculated Ca/P ratio
in HA of 1.67 [36,37] and validated our hypothesis that the CaP min-
erals on the Ti surface by electrolytic deposition was HA. There was no
dramatic difference in surface morphology after the treatment of p-OGP
and Apt 19S compared to Ti/HA. TEM results further confirmed hy-
droxyapatite nanostructures with needle-like morphology was formed
on titanium substrates (Ti/HA), which were mainly composed of cal-
cium, oxygen and phosphorus (Fig. 1B). After treatment with p-OGP and
Apt 198, nitrogen also appeared on the titanium surface (Fig. 1B). It was
ascribed to the amide group of p-OGP and basic group of Apt 19S.

X-ray photoelectron spectroscopy (XPS) was further used to monitor
the deposition of hydroxyapatite and functional molecules on titanium
surface. Compared to bare Ti substrates, Ca and P elements were
observed on Ti/HA, which was attributed to the deposited hydroxyap-
atite (Ca;o(PO4)6(OH)2) on titanium surface (Fig. 1D). Ti/HA/p-OGP
displayed N1s peaks in its XPS spectrum, which was due to the amide
group in p-OGP. After Apt 19S treatment, of P2p peak intensity increased
on XPS spectrum of Ti/HA/p-OGP/Apt, which was mainly caused by the
large number of phosphate groups on Apt 19S molecules. The above
results suggested that functional molecules of p-OGP and Apt were
successfully grafted onto hydroxyapatite coated titanium surface.
Typically, the atom ratio of Ca and P in Ca;((PO4)s(OH)3 is around 1.67,
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Fig. 1. SEM images and XPS spectra of different substrates. (A) SEM images; (B) TEM images of HA, HA/p-OGP and HA/p-OGP/Apt. (C) Electron diffraction patterns

of HA grafted p-OGP and Apt. (D) XPS spectra.

while the Ca/P ratio of HA on the surface of Ti according to the energy
dispersive X-ray spectroscopy (EDS) was 1.65, which was highly
consistent and confirmed the successful deposition of HA on the tita-
nium surface (Fig. S2C). The EDS data was also supported by the results
of the XRD analysis on the crystalline investigations, of which the
crystalline peaks were almost identical to the HA-characteristic peaks in
the ICDD database. These observations collectively confirmed that HA
has been successfully immobilized on the Ti surface by electrolytic
deposition. To determine the degradation capability of the HA coating,
we have detected the release of Ca and P by inductive coupled plasma
emission spectrometer (ICP) and micro inorganic phosphorus content
assay kit, of which the results showed that the Ca and phosphate ion
levels in the solution would increase gradually, which can be explained
by the degradation of hydroxyapatite. As shown in Fig. S2, after 7 days
the accumulated released amount of calcium and phosphorus was 5.2 pg
and 1.8 pg, respectively. The MSCs could take in calcium and phos-
phorus from Ti/HA, Ti/HA/p-OGP and Ti/HA/p-OGP/Apt implants,
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which is beneficial for biomineralization.

AFM was used to characterize surface roughness of different Ti
substrates. As shown in Fig. 2A, Ti/HA displayed a rougher surface with
a root mean square (RMS) roughness of 41.8 nm as compared to bare Ti
substrate at 27.6 nm. After p-OGP and Apt grafting, the surface rough-
ness of samples slightly decreased to 34.4 nm and 39.0 nm, respectively
(Fig. 2A). Previous studies confirmed that the nanostructure with a
surface roughness of 30-100 nm was beneficial for the cell growth [38].
The results indicated that hydroxyapatite deposition was the primary
cause for the surface roughness changes on Ti substrate. To further
investigated the stability of hydroxyapatite on titanium surface, friction
testing was carried out with water loading force at 2 N and 15 N and the
crosshead speed was 70 rmin~?, which were consistent with the me-
chanical stress of implants in the clinics [39]. As shown in Fig. 2C,
Ti/HA, Ti/HA/p-OGP and Ti/HA/p-OGP/Apt groups displayed higher
(P < 0.05) friction coefficient compared to flat Ti surface, which was
ascribed to the lower roughness of coating layer compared to other
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Fig. 2. Physical property characterization. (A) 3D AFM images of different Ti substrates. (B) The cartoon to show the schematic abrasion test process. (C) The
coefficient of friction of different substrates. (D) The cumulative weight loss of different substrates, (E) The wear rates of different substrates.

groups. Previous studies have shown that rough surface was beneficial
for cell adhesion [40,41]. Furthermore, we have calculated the wear rate
(Fig. 2E) of Ti-based substrates according to the cumulative weight loss
(Fig. 2D). Specifically, it’s well established that the normal load at the
femur bone is around 2 N, under which the wear rate of the implant was
0.00007 mm>/Nm and within acceptable range. Moreover, when
increasing the load to 15 N, the wear rate of the implant increased
substantially to 0.0037 mm®/Nm and was consistent with the mechan-
ical performance of Ti-based materials in similar reports [42-44]. These
results collectively demonstrated that the implant could well resist the
mechanical abrasion under normal conditions for a long period, which is
beneficial to facilitate its clinical translation. After modification with
p-OGP and Apt 19S didn’t affect the stability of hydroxyapatite (Fig. 2E).
The observations were also consistent with previous studies [45]. The
results confirmed that hydroxyapatite on titanium has excellent abra-
sion resistance, which simultaneously avoided the adverse effects of
hydroxyapatite shedding on bone tissue. Therefore, Ti/HA/p-OGP/Apt
had a potential advantage as bone repair implants.
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3.3. The loading of p-OGP and Apt 19S on the titanium

FITC labeled p-OGP was used to monitor p-OGP loading on Ti/HA. As
shown in Fig. S5, the molecular weight of phosphorylated OGP mole-
cules was 2103, which increased slightly to 2492 after the immobiliza-
tion of FITC molecules. Meanwhile, the FITC-labeled Apt 19S molecules
were obtained from Sanggon Biotech. According to the MS provided by
the manufacturer, pristine Apt 19S has an average molecular weight of
around 15682, while that for the FITC/RNA dual-modified Apt 19S was
16218. These results collectively demonstrated the successful prepara-
tion of FITC modification of these biomacromolecules. As shown in
Fig. 3A, the green fluorescence intensity of Ti/HA substrate increased
along with the p-OGP concentration. The Ti/HA substrate displayed the
higher level of green fluorescence intensity when the loading concen-
tration of Ti/HA substrate was 5 mg/mL and 10 mg/mL. The green
fluorescence intensity with 5 mg/mlL was significantly higher than that
at 2 mg/mL or 1 mg/mL and there was no significant difference
compared to that at 10 mg/mL (Fig. 3A). The results indicated that the
optimal grafting concentration of p-OGP was 5 mg/mL. The p-OGP
binding sites might become saturated when its concentration increased
above 5 mg/mL considering the insignificant difference in the green
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Fig. 3. The loading amount of p-OGP and Apt 19S in different substrates and the release profiles. (A a-d) Distribution of FITC-p-OGP at different concentrations on
the surface of the substrate, (a) 0.2 mg/mL, (b) 1 mg/mL, (¢) 5 mg/mL, (d) 10 mg/mL; (A e-h) Distribution of FITC-Apt 19S with different concentrations on the
surface of the substrate, (e) 0.1 mM, (f) 0.2 mM, (g) 0.5 mM, (h) 1 mM, n = 4, Scale bar = 200 pm. (B) The fluorescence absorbance of differentiation concentration of
FITC-p-OGP before and after treatment. (C) The UV absorbance of differentiation concentration of Apt 19S before and after treatment. (D) Quantitative analysis of the
loading amount of p-OGP. (E) Quantitative analysis of the loading amount of Apt 19S. (F) Apt 19S release profiles from bioresponsive functional interface.

fluorescence between 5 mg/mL and 10 mg/mL. The peptide loading

amount per surface area was determined using the following formula:

the amount of peptide loading s 2 .
urface aren of Tt disks > Which was around 118 pg/cm*® and confirmed

the high drug loading of the implants. (Fig. 3B and D). Next, we also
investigate the optimal dose of Apt 19S for the reaction with Ti/HA/p-
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OGP under a p-OGP loading amount of 118 pg/cm?. Ti/HA/p-OGP dis-
played obvious higher green fluorescence intensity when Apt 19S was
0.5 mM and 1 mM, but no obvious difference was found between the two
loading conditions (Fig. 3 A e-h). Furthermore, the quantitative analysis
was performed by nanodrop and showed that the loading amount of Apt
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19S was about 98 nmol and 106 nmol at the concentration was 1 mM
and 0.5 mM (Fig. 3C and E). The results indicated that the optimal
concentration of Apt 19S was 0.5 mM on Ti/HA/p-OGP substrate as the
effective loading amount only increased slightly after treating with 1
mM Apt 19S. Based on above studies, 5 mg/mL p-OGP and 0.5 mM Apt
19S were used for fabricating Ti/HA/p-OGP/Apt in the following
experiments.

3.4. The ROS responsive release behavior of Apt 19S from Ti/HA/p-
OGP/Apt

The ROS responsive release behavior of Apt 19S from Ti/HA/p-OGP/
Apt was investigated by Nanodrop. As shown in Fig. 3F, Apt 19S was
slowly released from Ti/HA/p-OGP/Apt when exposed to PBS buffer
without HyO2. However, a burst release of Apt 19S (78% of the loading
amount) from Ti/HA/p-OGP/Apt was observed when incubated in PBS
buffer with 300 pM of H20; in the first 24 h. In addition, the Apt-
characteristic UV absorption in supernatants of Ti/HA group
decreased by 23% after incubation for 12 h. It may be caused by un-
specific binding between HA and Apt 19S (Fig. S3). The burst release
behavior of Apt 19S was caused by the amide bond cleavage under HoO»
condition.

As shown in Fig. 3F, Apt 19S could be efficiently released from the
implant surface, for which 76 nmol of Apt 19S was released into the
solution medium after 24 h. It could thus be concluded that the HyO»-
triggered Apt 19S release could indeed promote the MSC migration to
the implantation site, which was also consistent with the data in
Fig. SOC.

3.5. Cell migration in vitro

Here we firstly used the transwell chamber to explore the ability of
different Ti substrates to recruit stem cells (Fig. 4 A). MSCs were seeded
on transwell chamber while functionalized titanium was placed on 24
well plate. Therefore, MSCs would migrate to the lower layer of
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transwell chamber due to the bioactive molecules released from Ti
substrates. As shown in Fig. 4 B, greater number of cells was observed on
the lower layer of transwell chamber after co-incubation with Ti/HA/p-
OGP/Apt for 12 h. Nevertheless, Ti/HA/p-OGP/Apt can’t induce MSC
migration without HyO; in the medium due to insufficient interaction
between Apt 19S and MSC. The trend was more obvious when the time
was extended to 24 h. Quantitative analysis further confirmed that Ti/
HA/p-OGP/Apt could significantly promote MSC migration as
compared to Ti, Ti/HA and even Ti/HA/p-OGP (P < 0.01) (Fig. 4C).
MSCs from osteoporotic rats showed the same trend (Fig. S7). Mean-
while, gelatin zymography analysis demonstrated that MSCs on Ti/HA/
p-OGP/Apt displayed significantly higher secretion level of matrix
metalloproteinase 9 (MMP-9) as compared to other groups for 24 h
(Fig. 4D).

To further evaluate the effects of different Ti substrates on MSC
mobility in vitro, wound healing assay was carried out. As shown in
Fig. 5A, significant great number of cells migrated into the center of the
scratch and formed a new compact cell monolayer for 24 h. However,
the amount of cells that migrated to scratch was much lower for bare Ti
and Ti/HA substrates. The migration ability of MSCs in the scratch test
would be affected by a variety of factors other than the electric potential
difference including topological features and hydrophilicity of the
implant surface, all of which may retard the migration rates and cause
the seemingly low wound healing in the scratch test [46,47]. Conse-
quently, we have extended the incubation period of the scratch test to
36 h and the MSC migration in the Ti/HA group has become more
evident compared to the Ti group. We have imaged the scratched area by
SEM. As shown in Fig. S4, no apparent damage was observed in the
hydroxyapatite coating and consistent with its mechanical resistance in
previous sections.

Finally, we evaluated the expression level of migration related pro-
teins including cell division cycle 42 (Cdc42), integrin focal adhesion
kinase (FAK) and vimentin in MSCs on different substrates via WB assay.
As shown in Fig. 5B, Ti/HA/p-OGP/Apt group significantly improved
the protein expression levels of Cdc42, p-FAK/FAK, integrin a5 and

Fig. 4. Transwell and gelatinase spectra of MSCs: (A) Scheme of responsive functional substrate affecting MSCs transmembrane migration; (B) Image of different
materials affecting MSCs transmembrane migration; (C) Quantitative analysis of different materials affecting MSCs transmembrane migration, n = 6, *p < 0.05, **p

< 0.01; (D) Image of gelatinase spectra of cells cultured for 12 and 24 h.
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Fig. 5. CLSM images of MSC migration and

A TilHA/p-OGP Ti/lHA/p-OGP/Apt expression of migration related protein. (A)
CLSM images of MSCs for 0, 12, 24 and 36 h
culture after scratch. The actin filaments

= (red) and cell nuclei (blue) were stained
© individually. (B) Western blot bands of
migration related proteins after 24 h of cell
culture; (C) Quantitative analysis of the
cdc42, p-FAK/FAK, Vimentin and integrin
a5p1. (D) Quantitative analysis of integrin a5
and integrin $1, n = 6, **p < 0.01. (For
interpretation of the references to color in
this figure legend, the reader is referred to
e the Web version of this article.)
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integrin 1 in MSCs as compared to other groups. Quantitative analysis
also demonstrated that the corresponding protein expression levels in
MSCs on Ti/HA/p-OGP/Apt were 1.62, 1.56, 1.27 and 1.46 times higher
than that of bare Ti substrate, respectively (Fig. 5C and D). The Ti/HA/p-
OGP/Apt implants could promote MSC migration through the combined
action of Apt-mediated chemotaxis and HA/p-OGP-mediated galvano-
taxis. Specifically, Fig. 5B describes the expression of proteins related to
chemotaxis. Due to the lack of Apt component that was critical for
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driving the chemotaxis process, it’s reasonable that the Ti/HA/p-OGP
group wouldn’t show significant expression of chemotaxis-related pro-
teins. The cell proliferation of MSCs were detected at 0, 12, 24, 36 h, as
shown in Fig. S4B, cells in all groups have showed similar levels of
proliferation at all time points with no significant difference, while the in
vitro scratch tests showed that the MSC number in the scratch area in the
Ti/HA/p-OGP/Apt group has increased significantly compared to the
other groups, which evidently confirmed the coating-enhanced MSC
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migration. On the other hand, Figs. 6B and S9A showed that Apt19S has
no promotional effect on MSC proliferation, while Fig. 5B showed that
the expression levels of chemotaxis-related proteins have increased
significantly in MSCs of the Ti/HA/p-OGP/Apt group. These results
collectively demonstrated that the chemotaxis-mediated MSC recruit-
ment was the primary contributing factor for the wound healing effects.

In our study, MSC migration was closely related with Apt 19S
released from Ti/HA/p-OGP/Apt substrate. The borate bond between
Apt 19S and NBC-p-OGP could be cleaved in a responsive manner when
Ti/HA/p-OGP/Apt was exposed to HyO,, leading to a rapid accumula-
tion of Apt 19S around Ti/HA/p-OGP/Apt substrates within a short
period (Fig. 3C). Previous studies have demonstrated that Apt19S has
high binding affinity to the MSCs by binding to the alkaline phosphatase
overexpressed on MSC membrane. Consequently, a key design in this
study is to create a calibrated negative Apt19S gradient from the implant
surface, which should stimulate the migration of MSCs from low to high
Apt19S concentrations. To realize such a design, the Apt19s molecules
were anchored into the mineral coating via HpO-responsive NBC
linkers, which could be liberated in response to the elevated H,O; levels

TilHA
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in osteoporotic environment and gradually spread to the surrounding
space through diffusion to drive MSC migration. During the migration
process, MSCs showed increasing expression levels of related proteins
such as MMP, cdc42, p-FAK/FAK and integrin. MMP 9 can expose the
arginine-glycine-aspartic acid (RGD) in the extracellular matrix by
degrading gelatin. The amount of exposed RGD sequences in extracel-
lular matrix was positively correlated to the expression level of integrin
in MSCs. Cdc42 regulates the aggregation of actin and forms microfil-
aments to promote the formation of pseudopodia [48,49]. As a bridge
between extracellular matrix (ECM) and actin, integrin responds to the
stimulation from ECM and provides a driving force for cell migration
[50,51]. FAK activated (phosphorylation of Tyr>®?) by integrin promotes
the transduction of extracellular matrix, which facilitates the anchoring
of the cells and affects their movement and migration [52,53]. The dy-
namic properties of vimentin can also guide the flexibility of cells [54].
Our results indicated that Ti/HA/p-OGP/Apt have higher level expres-
sion of MMP9, cdc42, p-FAK/FAK and integrin a5p1, which in turn
promoted MSC migration.

Ti/HA and Ti/HA/p-OGP promoted MSCs migration was a
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Fig. 6. Morphological characterization, proliferation, alkaline phosphatase activity and mineralization of cells on different materials. (A) CLSM after 24 h of cell
culture, n = 4, scale bar = 50 pm. (B) MTT after 3 and 7 days of cell culture. (C) ALP activity after 3, 7 and 14 days of cell culture; (D) Quantitative mineralization
after 14 days of cell culture, (E) Alizarin red staining after 14 days of cell culture, (a) TCPS, (b)Ti, (c)Ti/HA, (d)Ti/HA/p-OGP, (e)Ti/HA/p-OGP/Apt, (f) Ti/HA
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galvanotaxis process. Specifically, it was well-established that HA is a
biomaterial with negative zeta potential, while the electric potential of
MSCs membrane was positive in the outer surface but negative in the
inner surface. The p-OGP molecules have an isoelectric point (PI) of
9.99, while the physiological pH is significantly lower than the PI of p-
OGP. Consequently, it’s anticipated that p-OGP molecules would scav-
enge the protons in the solution environment and cause a significant
decrease in the zeta potential of the peri-implant region. Considering the
charge status of the MSCs membrane, this would cause a significant
electric potential difference between the implant and the MSCs. The
exposure of the MSCs to the electric field would asymmetrically open the
voltage-gated ion channels and cause the infusion of large amounts of
ions, eventually leading to the polarization of the MSCs and activating
those associated signaling pathways including PI3K/AKT and PTEN [55,
56]. These effects would induce the MSCs to migrate along the electric
field line and enrich on the implant surface. As shown in Fig. S6, the
galvanotaxis-related protein expression was increased in the group of Ti,
Ti/HA and Ti/HA/p-OGP.

3.6. Cell viability and osteogenic differentiation in vitro

MSC morphology on different Ti surfaces was observed by CLSM
after 24 h incubation. As shown in Fig. 6A, MSCs on both Ti/HA/p-OGP
and Ti/HA/p-OGP/Apt showed better spreading ability and lateral
expansion than those of other groups. Meantime, cell viability assay
result displayed that both Ti/HA/p-OGP and Ti/HA/p-OGP/Apt signif-
icantly improved MSC activity compared to those of bare Ti and Ti/HA
after incubation for 3 and 7 days (Fig. 6B). The results indicated that Ti/
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HA/p-OGP/Apt has good compatibility in vitro.

Next, the intracellular calcium and phosphorus levels were detected.
As shown in Fig. S11, MSCs cultured on Ti/HA, Ti/HA/p-OGP and Ti/
HA/p-OGP/Apt displayed higher levels of intracellular calcium and
phosphorus after 7 days. The underlying mechanism is that the degra-
dation products of hydroxyapatite were taken in by MSC, which is
beneficial for promoting biomineralization. Finally, the osteoblastic
differentiation potential of MSCs on different substrates were evaluated
by ALP activity and cellular mineralization capacity assay. As shown in
Fig. 6C, Ti/HA/p-OGP and Ti/HA/p-OGP/Apt culture. The trend was
more obvious as the time was extended to 7 and 14 days. Furthermore,
the mineralization capacity of MSCs on Ti/HA/p-OGP and Ti/HA/p-
OGP/Apt was nearly 2.5-fold higher than that of bare Ti substrate
(Fig. 6D). ALP activity was the biomarker of the early osteogenic dif-
ferentiation of bone repair, which would usually increase rapidly in the
early stage of osteogenic differentiation. The obvious mineralized nod-
ules (marked by red color) were observed in Ti/HA/p-OGP and Ti/HA/
p-OGP/Apt (Fig. 6E). The results indicated that introduction of bioactive
molecules including p-OGP and Apt on Ti substrate was beneficial for the
osteoblastic differentiation of MSCs. The existence of H,O2 would sup-
press the osteogenic differentiation capability of rat bone marrow MSCs,
which may contribute to the absence of alizarin red color in the images.

Western blot and qPCR were used to further detect the effect of
different Ti substrates on osteoblastic differentiation of MSCs at mo-
lecular levels. Runx2 is not only an early marker of osteogenic differ-
entiation but also could act as a transcription factor to stimulate
osteogenic differentiation-related proteins (such as OCN, OPN), which is
usually highly expressed throughout the osteogenic differentiation
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Fig. 7. Expression of osteoblast related protein. (A) Representative western blotting analysis and quantitative analysis of Runx2(B), Col-I (C), OCN(D), OPN(E) and

OPG (F) proteins. n = 3, *p < 0.05, **p < 0.01.
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process [57,58]. We have measured the mRNA and protein expression
levels of Runx2 in MSCs after culturing for 3- and 7-days on different
Ti-based substrates, which have both increased significantly (Figs. S10
and 7A). By referring to the protocols established in previous reports
[59,60], we also detected the expression levels of Col I, OCN, OPN and
OPG in different groups after 7 days of incubation, which are the
important indictors of osteogenic differentiation and closely related to
the mineralization of extracellular matrix [61,62]. As shown in Fig. 7A,
MSCs on Ti/HA/p-OGP/Apt groups showed the highest expression levels
of osteogenic related proteins, followed by Ti/HA/p-OGP and Ti/HA.
Compared with Ti group, Ti/HA/p-OGP/Apt increased the protein
expression of Runx2, Col I, OCN, OPN, OPG by 1.2 times, 1.85 times,
1.26 times, 2.26 times, 1.76 times at 7 days, respectively (Fig. 7B-F).

MSCs cultured on Ti/HA/p-OGP/Apt showed the highest osteo-
blastic differentiation level, which was related to p-OGP and hydroxy-
apatite. The C-terminal pentapeptide of p-OGP is the physiological
active form of p-OGP. It can not only improve the proliferation and
differentiation ability of osteoblasts and MSCs in vitro, but also accel-
erate the bone formation and enhance trabecular bone density in vivo
[63]. Meanwhile, hydroxyapatite is structurally and chemically resem-
blant to natural bones and its degradation products are primarily cal-
cium ions and phosphate ions that could participate the formation of
new bone apatite [64,65]. In this study, p-OGP boosted the expression of
osteogenic differentiation-related proteins and increased the collagen I
expression in extracellular matrix. Then, the calcium ions and phosphate
ions from hydroxyapatite were assembled into amorphous calcium
phosphate (ACP) in endoplasmic reticulum. After that ACP was trans-
formed to extracellular compartment through lysosomal pathway. The
combination of ACP and collagen could promote the formation of
mineralized extracellular matrix. Herein, Once MSCs are adhered onto
Ti substrate under the guidance of Apt 19S, p-OGP and hydroxyapatite
synergistically promoted the osteoblastic differentiation of MSCs.

The promotional effect of the Ti/HA/p-OGP/Apt implants on MSC
migration and differentiation was further evaluated on MSCs extracted
from osteoporotic rats (OP-MSCs), of which the results revealed an
almost identical trends and consistently validated the pro-healing
benefit of the Ti/HA/p-OGP/Apt implants. Nevertheless, it’s also
noted that the corresponding values in the OP-MSC-based tests were
lower than that on normal MSCs, which could be explained by the
osteoporosis-induced inhibition of MSC activities and also consistent
with the observations in previous reports [66-68].

3.7. MSC recruitment and new bone formation in vivo

As shown in Fig. S13, we have constructed osteoporotic rat through
removing both ovaries, the quantitative results show that the epiphysis
of osteoporotic rats has significantly lower bone volume per total vol-
ume (BV/TV), trabecular thickness (Tb. Th), trabecular number (Tb. N)
compared to the control group while the trabecular bone pattern factor
(Tb.Pf) and trabecular separation (Tb.Sp) have increased, which is in
accordance with the typical osteoporosis-associated bone features in
recent reports [69,70]. Different Ti rods were implanted into osteopo-
rotic rat to investigate their effects on promoting new bone formation at
implant interface. X-ray detection demonstrated that the implant was
located at the distal end of the femur and no defect or inflammatory
reaction were found around the Ti/HA/p-OGP/Apt implant interface,
suggesting that Ti/HA/p-OGP/Apt implants had good histocompatibil-
ity. As shown in Fig. S12, the expression levels of TNF-a and IL-6 at the
wound area in all groups increased to a high level at 3 days post im-
plantation but decreased steadily afterwards, which eventually dropped
to physiological levels at 30 days post implantation. The transient in-
crease in TNF-a and IL-6 levels could be explained by the acute immu-
nological response of the rats after the implantation of foreign objects
and confirmed the low inflammation-inducing ability of the implant.

To monitor the MSC recruitment on implant interface, immunobhis-
tochemical staining (CD29/CD90 labeled MSCs) were performed after
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implantation for 3 days, 7 days and 30 days, respectively. As shown in
Fig. 8A, the yellow fluorescence was due to the overlapping of green
(originated from the CD29 proteins) and red (originated from the CD90
proteins) colors, both of which are located on the surface of MSCs.
Typically, Apt 19S could be completely released from the implant within
7 days according to the release profiles in Fig. 3F, during this period the
MSCs would continuously migrate to the injured site and adhere to the
implant surface, eventually differentiate into osteoblasts under the in-
fluence of both HA and p-OGP within 30 days. The yellow fluorescence
intensity was used for reflecting the amount of MSCs in Fig. 8A, which
supported the visual trends shown by Fig. 8C and collectively confirmed
that only small amount of MSCs have migrated to the implanted site in
the group of Ti, Ti/HA and Ti/HA/p-OGP after implantation for 3 days.
In contrast, the amount of peri-implant MSCs in the Ti/HA/p-OGP/Apt
group has increased by 3 times than the control groups at 3 days.
Moreover, the amount of MSCs in the Ti/HA/p-OGP/Apt group showed
a steadily increasing trends and was 4 times higher than the control
group at 7 days post implantation (Fig. 8C). After implantation for 30
days, the MSC signal decreased greatly in all groups because they have
differentiated into osteoblasts. The changes in the amount of peri-
implant MSCs were also consistent with the results in Fig. 8B. At the
same time, the new bone thickness around the implants at 30 days was
quantified for comparison. Previous studies confirm that both CD29 and
CD90 are expressed on the surface of MSCs but not the fully differenti-
ated osteoblast, which could explain the disappearance of yellow fluo-
rescence at the implantation site [71,72]. The results indicated that
Ti/HA/p-OGP/Apt could effectively recruit MSCs to bone-implant
interface for the bone regeneration that followed.

Finally, we evaluated the new bone formation at bone-implant
interface via hematoxylin/eosin (H&E) staining. As shown in Fig. 8B,
after 3 days of implantation, large number of inflammation-related cells
appeared at the site of bone injury in all groups. After 7 days of im-
plantation, it was observed that the amount of newly-formed fibrous
bone like tissues was evidently higher in the Ti/HA/p-OGP/Apt group
than the others. When the incubation time was extended to 30 days, the
new bone formation at the implant-bone interface in the Ti/HA/p-OGP/
Apt group was significantly higher than the other groups.

Estrogen deficiency is a hallmark of osteoporosis, which can up-
regulate ROS levels and enhance H,0Oy accumulation in the bone
marrow microenvironment. Once Ti/HA/p-OGP/Apt was implanted
into osteoporotic rats, the higher ROS level triggered complete Apt 19S
release from the implant within 7 days according to the release profiles
in Fig. 3F, during this period the MSCs would continuously migrate to
the injured site and adhere to the implant surface, eventually differen-
tiate into osteoblasts under the influence of both HA and p-OGP within
30 days. Importantly, previous studies confirm that both CD29 and
CD90 are expressed on the surface of MSCs but not the fully differenti-
ated osteoblast, which could explain the disappearance of yellow fluo-
rescence at the implantation site (Fig. 8A). In addition, p-OGP and
hydroxyapatite on Ti/HA/p-OGP/Apt interface synergistically
enhanced the osteogenic differentiation of MSCs, leading to increased
new bone formation at the implant interface as compared to other
groups after implanting 30 days (Fig. 8B).

4. Conclusion

In this study, we fabricated a ROS responsive release system on ti-
tanium substrates (Ti/HA/p-OGP/Apt) via hydroxyapatite coating and
covalent linking with biomolecules. Under higher ROS levels, Ti/HA/p-
OGP/Apt could release Apt 19s in response to the surrounding micro-
environment, which effectively promoted MSC migration. When
implanted into osteoporotic rat, Ti/HA/p-OGP/Apt displayed superior-
ity MSC recruiting capacity and promoted new bone formation after 30
days. Therefore, the study herein provided a simple and effective
method to prepare functionalized titanium-based implant for osteopo-
rotic bone repair.
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Fig. 8. Histological and immunohistochemical staining of the bio-implant interface. (A) Immunofluorescence of CD29/CD90 labeled MSCs at the bio-implant
interface at 3, 7 and 30 days after the implantation, MSCs are labeled with yellow fluorescence. (B) H&E staining of the bio-implant interface at 3, 7 and 30
days after the implantation. n = 6, Scale bar = 100 pm. (C) Quantitative analysis of immunofluorescence staining of the bio-implant interface. (D) The new bone
thickness around the implants after implantation 30 days. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version
of this article.)
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