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ARTICLE INFO ABSTRACT

Keywords: Bone diseases, for example, osteoporosis, cause excessive differentiation of osteoclasts and decreased bone for-
D?Pafnlne (DA) mation, resulting in imbalance of bone remodeling and poor osseointegration, which can be considered a relative
T“almum contraindication for titanium implants. Dopamine (DA) might provide a solution to this problem by inhibiting
Implant osteoclasts and promoting osteoblasts at different concentrations. However, current commercial implants cannot
Osteoclast . . . e .

Osteogenic load bone-active molecules, such as DA. Therefore, this study aimed to develop a surface modification method for

implants to achieve a controlled release of DA and enhance the resistance of titanium implants to bone resorption
and bone regeneration. DA-loaded alginate-arginine-glycine-aspartic acid (RGD) (AIgR) coatings on a vaterite-
modified titanium surface were successfully assembled, which continuously and steadily released DA. In vitro
studies have shown that materials showing good biocompatibility can not only inhibit receptor activator of
nuclear factor-kappa B (NFkB) ligand (RANKL)-induced osteoclastogenesis but also enhance the adhesion and
osteogenic differentiation of human bone marrow mesenchymal stem cells (hBMSCs). The optimal DA-loaded
concentration of this bidirectional regulation is 100 pM. Interestingly, DA more effectively attenuated osteo-
clastogenesis when released in a sustained manner from titanium coatings than it did via traditional, free
administration, and the alginate-RGD coating and DA clearly exhibited great synergy. This study provides a

Alginate-RGD hydrogel

design of titanium implant surface modification to improve bone remodeling around implants.

1. Introduction

Bone remodeling is the dynamic balance between bone resorption
and bone formation [1]. Excessive differentiation of osteoclasts affects
bone tissue resorption and decreases bone formation, which are com-
mon in osteoporosis and other metabolic bone-related diseases [2-4].
This outcome causes poor osseointegration between implants and the
surrounding bone tissue, rendering patient recovery difficult [5].
Regulating this imbalance of bone remodeling in bone diseases
including inhibiting active osteoclasts around the implants to improve
osteogenesis is one of the main methods employed to solve these
problems.

Because the systemic administration of drugs with implant place-
ment creates systemic complications and inconvenience for patients,
localized strategies such as coating-released molecules usually refrain
from systemic drug administration to avoid these limitations [2,6,7].
The localized release of bisphosphonates, one of the most common drug

classes, has been studied as a way to inhibit bone resorption [8-10]. The
side effects of oversuppressed bone turnover caused by the systemic
administration of bisphosphonates are also likely to occur with improper
localized application [11].

Dopamine (DA), the main neurotransmitter in the central nervous
system, transmits signals through five G protein-coupled receptors (D1
to D5) to regulate the function of multiple tissues and organs within the
brain as well as in other tissues [12,13]. DA has several advantages, such
as high loading efficiency in bone repair materials, high biological
safety, easy degradation, low-cost synthesis, and suitability for drug
delivery, and is a natural, endogenous, small-molecule substance that is
related to the nerves of bone marrow [14]. In recent years, great prog-
ress has been made in research on DA and its receptors in bone tissue. An
increasing number of studies have shown that DA functions in bone
tissue in addition to nerves [15-17]. DA receptors are widespread in
bone tissues and expressed on the surfaces of osteoclasts, osteoblasts and
stem cells [16,18]. By directly affecting receptors on the cell surface, DA
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can simultaneously enhance osteogenesis by activating DA D1 receptor
(D1R) and inhibit osteoclastogenesis by activating DA D2 receptor
(D2R), as demonstrated in our earlier research and the research of others
[15,16,18]. Considering its moderate osteogenic activity through both
osteoblasts and osteoclasts, DA might be used as a small molecule for
bone defect repair. In addition, fewer peripheral nerves have been
detected around implants compared to natural teeth, and this neuro-
transmitter has greater potential for implant surface modification. In
this study, we load DA onto the surfaces of implants to regulate bone
remodeling.

Titanium has fine biocompatibility and mechanical properties, but
its surface lacks enough functional groups to promote protein and cell
adhesion [19]. Drug-loaded, controlled release systems have been
shown to improve cell adhesion, growth and differentiation. Under
degenerative conditions, such as those in osteoporosis, surface-modified
and drug-loaded implants undoubtedly show better osseointegration
than implants alone [5]. Recently, due to their biocompatibility,
wettability and adjustability, polymer hydrogels have received exten-
sive attention for their use as coatings on titanium materials [20-22].
Hydrogels have been successfully utilized in tissue engineering because
their microstructure is similar to the natural extracellular microenvi-
ronment and due to their characteristic porosity and ability to be easily
formed and processed, which is conducive to cell growth and tissue
regeneration [23-25]. Interstitial pores can be used to load therapeutic
drugs and help drug molecules diffuse in the tissue or surrounding cells
[26]. In addition, hydrogels used as coatings provide a three-
dimensional (3D) soft material-based interface, which can increase the
ability to immobilize proteins compared to that with flat 2D coatings
[27]. Hence, titanium coated with hydrogels combines the excellent
properties of titanium (biocompatibility and mechanical properties)
with the excellent properties of hydrogels (hydrophilicity, lubricity,
biocompatibility, and drug storage and release behaviors) [21].

The purpose of this research was to create a hydrogel-coated tita-
nium implant to carry out sustained, controlled release of DA into the
microenvironment and to explore its regulatory effect on bone remod-
eling and the optimal concentration of DA. This bioactive coating could
improve the ability of the titanium surface to resist bone resorption and
penetrate the bone tissue and thus shows good prospects for inhibiting
osteoclast formation and resorption and promoting bone regeneration.

2. Materials and methods
2.1. Materials

DA hydrochloride, sodium alginate, calcium chloride (CaCly,
>99.0%) and sodium carbonate (NaCO3, >99.5%) powders, SKF-38393
(>98%) and pramipexole (>98%) were purchased from Sigma-Aldrich
(St. Louis, MO, USA). 2-(N-morpholino)ethanesulfonic acid (MES,
>99.5%), N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide (EDC,
98.0%), N-hydroxysulfosuccinimide (sulfo-NHS, 98%) and hydroxyl-
amine (NH,OH) solutions (50 wt% in H,O) were obtained from Aladdin
Reagent Co. Ltd. (Shanghai, China). The arginine-glycine-aspartic acid
(RGD) peptide with a sequence of (glycine)s-arginine-glycine-aspartic
acid-serine-proline (abbreviated G4RGDSP, 97.1% purity) was pur-
chased from Chinese Peptide Co., Ltd. (Hangzhou, China).

2.2. Fabrication of an alginate-RGD@DA hydrogel precursor solution

Sodium alginate (ratio of guluronic acid to mannuronic acid (M/G)
= 1.56) was selected for alginate-RGD (AlgR) synthesis. Using published
carbodiimide chemistry methods, covalent coupling of the RGD peptide
with an alginate polymer was performed, as described by Rowley et al.
[28] Briefly, sodium alginate was dissolved in 0.1 M MES buffer (pH 6.5,
0.3 M NaCl) at a final concentration of 1% w/v and stirred overnight at
room temperature. To each gram of alginate, 27.4 mg of sulfo-NHS,
48.42 mg of EDC, and 16.7 mg of RGD peptide were added. The
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reaction was stirred at room temperature for 20 h and then quenched
with an appropriate amount of NHoOH. The alginate mixture was then
transferred to a prewetted 3.5-kDa MWCO (Spectra/Por S) dialysis
membrane, dialyzed against buffer with a reduced salt concentration
over 5 days, sterile filtered with a 0.22-pm filter, frozen, lyophilized, and
stored at —80 °C until use. A DA solution with sodium alginate or
lyophilized sodium AlgR was added to form 2% Alg and AlgR, which
were dissolved overnight in a 37 °C incubator to obtain hydrogel pre-
cursor solutions.

2.3. Preparation of hydrogel-coated titanium

Commercial pure titanium sheets (grade 2, purity >99.6%, diameter
of 15 mm and thickness of 1 mm, Baoji, China) were used in this work.
First, the titanium sheets were polished with silicon carbide sandpaper
(#240-#2000) and then ultrasonically cleaned with acetone, absolute
ethanol, and deionized water, after which the material was defined as Ti.
Thereafter, the Ti sheets were sandblasted with Al,O3 particles (diam-
eter of 0.25-0.5 mm), followed by etching using HCl/HSO4 to increase
the roughness, after which the material was defined as SLA titanium.

Calcium carbonate (CaCO3) was then formed on the surface of the
SLA titanium using the CaCOs crystallization method developed by
Savelyeva et al. [29] Briefly, the CaCO3 coating was formed by chemical
precipitation of 0.33 M CaCl; and 0.33 M NaCOs solutions. Before the
mineralization process, the SLA titanium sheets were sonicated in a
CaCl; solution for 10 min, after which an equal volume (1 mL) of a
NaCOj3 solution was added, and ultrasonication (US) was performed for
305 (20 °C and 40 Hz). The mixture was allowed to rest in a Petri dish for
1 min to complete the crystallization process, followed by 3 wash steps
with deionized water. The abovementioned precipitation step was
repeated once. The samples were sterilized in an autoclave (120 °C and
30 min) to obtain SLA/CaCOs3 titanium.

To form a hydrogel coating on the surface of SLA/CaCOs, 70 pL of
hydrogel precursor solution (Alg, AlgR or AlgR@DA) was loaded on the
interface and incubated for 10 min. Thereafter, the treated samples were
immersed in 2 mL of a CaCl, solution (0.5 M) for 10 min to crosslink the
hydrogel. The treated samples were washed 3 times with phosphate
buffer saline (PBS) to remove excess Ca®" ions.

2.4. Physicochemical property analyses

Scanning electron microscopy (SEM) (S-3000N, Hitachi, Germany)
and a 3D optical microscope were employed to observe the different
interfaces. The average interface roughness (Ra) and surface roughness
(Sa) values were calculated. The contact angle test was conducted to
check the hydrophilicity by dropping 10 pL of deionized water onto the
surface. This measurement was carried out with a contact angle system
(OCA-20, DataPhysics, Germany). The average water contact angle
(WCA) was evaluated for the 3 samples in each group. Fourier transform
infrared (FTIR) spectroscopy was performed using an FTIR spectrometer
(Nicolet IS10, USA). After each group of coatings had naturally dried,
the chemical compositions and changes in the chemical bonds in the
coatings were detected. Each spectrum was collected from 400 to 4000
em™! at a resolution of 0.4 cm™! through 25 scans. The crystalline
phases of the coatings were identified using an X-ray diffraction (XRD)
instrument (Brucker D8 Advance, Japan). The diffractograms were
scanned in 20 ranges from 20 to 60° at a step rate of 0.02°/s. The
hydrogel-titanium binding strength was tested by the lap-shear adhe-
sion test, in which the surfaces of two CaCOs-modified SLA titanium
plates were bonded using a 2-mm-thick hydrogel layer and pulled apart
with a Tensirech testing system equipped with a 3-kN load cell. There
were 3 replicates for each group.
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2.5. DA release profile testing by high-performance liquid
chromatography (HPLC)

High-performance liquid chromatography (HPLC) was used to
measure the release of DA from AIgR@DA coatings using an Xselect T3
column (250 x 4.6 mm, 5 pm, Waters, USA). The mobile phase was 0.1%
phosphoric acid/acetonitrile (9:1), and the number of theoretical plates
exceeded 3000. The flow rate was 0.8 mL/min, and the detection
wavelength was 280 nm. The column temperature was 35 °C, and the
injection volume was 15 pL. The dialysis bag method was applied to
assess the release of DA from the AIgR@DA coating in vitro. The release
of DA from modified titanium sheets was analyzed at 37 °C in PBS at
various pH values (pH 6.5, 7.4 and 8.0). One milliliter of the release
media was obtained at each indicated time point and used to measure
the DA content and simultaneously supplement the release media.
External media were replaced every other day, at which time the cu-
mulative release amount was calculated, and the release curve was
drawn.

2.6. Culture and differentiation of RAW264.7 osteoclast precursor cells

RAW264.7 cells, which comprise a murine, osteoclast, precursor
macrophage cell line, were purchased from Peking Union Medical Col-
lege (Beijing, China). The cells were cultured in Dulbecco's modified
Eagle's medium (DMEM) supplemented with 10% fetal bovine serum
(FBS) and placed in a humidified incubator with 5% CO; at 37 °C. The
osteoclast differentiation media consisted of DMEM containing 10 ng/
mL receptor activator of nuclear factor-kappa B (NFxB) ligand (RANKL)
(R&D Systems) and 10% FBS. Cell fusion was observed under a light
microscope. RAW264.7 cells on the interfaces in which osteoclast dif-
ferentiation had been successfully induced and osteoclasts were identi-
fied by cells with 3 or more nuclei and by typical osteoclasts.

2.7. Proliferation assays of RAW264.7 cells

RAW264.7 cells were seeded on the materials at a density of 3 x 10*
cells/well, with 5 replicates in each group for 1, 4, and 7 days. The media
in each well were replaced with 10% CCK-8 reagent (Dojindo, Japan),
and the cells were incubated for 2 h at 37 °C in the dark. Afterwards, the
supernatant was aspirated and added to a 96-well plate, and the optical
density (OD) of each well at 450 nm was measured using an ELx808
multifunction microplate reader (BioTex, Winooski, VT), with the values
from multiple wells averaged in each group. Furthermore, a fluorescent
live/dead viability assay kit (KeyGEN BioTECH, China) was employed to
evaluate cell viability. Briefly, a fluorescent dye solution containing 8
pM propidium iodide (PI) and 2 pM calcein-AM in PBS was utilized to
replace the media in each well, after which cells were incubated at 37 °C
in the dark for 15 min. Live cells were stained green with calcein-AM
(490 nm), while PI-stained dead cells were stained red (535 nm). To
determine cell viability, the ratio of live/dead cells was calculated in 10
random fields per sample (n = 3).

2.8. TRAP staining and TRAP activity assay

Tartrate-resistant acid phosphatase (TRAP) staining was conducted
with an acid phosphatase leukocyte staining kit (Sigma) according to the
manufacturer's protocol. TRAP-positive cells with 3 or more nuclei were
regarded as osteoclasts. To determine TRAP activity, the cells were
washed twice with PBS and lysed by radioimmunoprecipitation assay
(RIPA) lysis buffer at 4 °C. The supernatant was collected, and the TRAP
Assay Kit (Beyotime, China) was selected to measure the TRAP activity
according to the manufacturer's instructions.

2.9. Cytoskeleton staining

To further observe the effect of DA administration through
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controlled release from the hydrogel coating on the formation of oste-
oclasts, immunofluorescence staining of the F-actin ring was performed,
as previously reported [30]. After 2 days of culture with RANKL, cells
grown on interfaces were fixed with 4% paraformaldehyde for 15 min
and washed twice with PBS at room temperature. Afterwards, the cells
were stained with 0.1% phalloidin (Abcam) and ProLong® Gold Anti-
fade Reagent with 4,6-diamidino-2-phenylindole (DAPI) (cell signaling
technology (CST)) according to the manufacturers' protocols. Immuno-
fluorescence images were captured with a laser scanning confocal mi-
croscope (LMS710, Zeiss, Germany).

2.10. Immunofluorescence staining

RAW264.7 cells were plated on interfaces at a density of 3 x 10*
cells/well, cultured with RANKL for 4 days, and then fixed with para-
formaldehyde (4%) for 30 min. Afterward, the cells were permeabilized
with Triton X-100 (0.1%) for 5 min and blocked with 5% goat serum for
30 min at room temperature. Alexa Fluor488-conjugated anti-NFATc1
antibody (1:200, Biolegend) was incubated for 1 h at 4 °C. The nuclei
were stained with DAPI. Images were obtained with a confocal
microscope.

2.11. Total RNA isolation and quantitative real-time PCR (qRT-PCR)

To evaluate gene transcription in cells at the interfaces, total RNA
was isolated using TRIzol reagent (Invitrogen, USA). An ultraviolet (UV)
spectrophotometer was used to detect the RNA concentration and pu-
rity, and only samples with an absorbance ratio (260/280 ratio) >1.8
were selected for subsequent experiments. mRNA was reverse tran-
scribed into cDNA using aPrimeScript RT Kit (Takara, Japan) according
to the manufacturer's instructions. Quantitative real-time polymerase
chain reaction (QRT-PCR) was carried out with an ABI 7500 RT-PCR
system (Applied Biosystems, USA). Glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) mRNA served as an internal control. Table S1 lists
the primer sequences in this study. The 2722t method was employed to
determine relative gene expression levels.

2.12. Protein extraction and western blot analysis

After 7 days of culture with RANKL, cells were lysed in RIPA buffer
(Sigma Aldrich, USA) with a protease inhibitor cocktail (Solarbio,
China) for 30 min. A bicinchoninic acid (BCA) protein assay kit
(Thermo, USA) was used to quantify the total protein content of the
lysates. Proteins were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to pol-
yvinylidene fluoride (PVDF) membranes (Millipore, USA). After block-
ing with skim milk (5%) in (tris-buffered saline with 0.1% Tween 20)
TBST for 1 h, membranes were incubated with rabbit primary antibodies
including NFATcl, p-actin, p-AKT, t-AKT, p-NFkB, t-NFkB, p-PKA, t-
PKA, p-CREB, and t-CREB (Abclonal, China) overnight at 4 °C . The blots
were then visualized with an ECL detection kit (CWBIO, China) after
incubation with horseradish peroxidase (HRP)-conjugated secondary
antibodies. ImageJ software was employed to measure the gray value for
each target protein band.

2.13. Culture of hBMSCs

Human bone marrow mesenchymal stem cells (hBMSCs) were ob-
tained from ScienCell Company (San Diego, CA). The cells were cultured
in a-Minimal Essential Medium (MEM) supplemented with 10% FBS,
100 U/mL penicillin G and 100 mg/mL streptomycin (Gibco, Grand Is-
land, NY). The media were replaced every 2-3 days. Cells at passages
5-6 were employed for the experiments.
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2.14. Proliferation and morphologies of hBMSCs

The morphology of the hBMSCs cultured on the hydrogel-coated ti-
tanium sheet was examined by SEM (SU-8020, Hitachi, Japan) of the
sample dried at the critical point. The proliferation and morphology of
the hBMSCs were examined by CCK-8 and live/dead staining.

2.15. Osteogenic differentiation of hBMSCs

For osteoinduction, hBMSCs were seeded onto different interfaces at
a density of 2 x 10*/well. After the hBMSCs were 70-80% confluent, the
media were replaced with osteogenic media (OriCell™ hMSC Osteo-
genic Differentiation Media, Cyagen Biosciences, China) and changed
every 3-4 days. After 7 and 14 days of osteoinduction, osteogenic dif-
ferentiation was evaluated by alkaline phosphatase (ALP) activity using
an ALP activity kit (JianCheng Bioengineering Institute, China). The
results were normalized to the levels of total protein, which were
measured by a BCA Kit.

2.16. Statistical analyses

All data were analyzed in triplicate and are expressed as the mean +
standard deviation. Student's t-test or one-way analysis of variance
(ANOVA) followed by Tukey's post hoc test was performed using SPSS
25.0 software.

3. Results and discussion
3.1. Preparation of DA-loaded bioactive hydrogel coatings on titanium

A schematic of the entire surface engineering process utilized for
stepwise assembly of the biological interface on the Ti surface is shown
in Fig. 1.

(1) The titanium surface was roughened by sandblasting and acid
etching, the most commonly applied clinical titanium roughening
treatments [31]. High surface roughness is crucial for the adhe-
sion of a hydrogel layer to a titanium substrate [32].

(2) The SLA Ti samples were further modified by in situ CaCOs
mineralization. In recent years, many studies to improve the
adhesion of hydrogel coating materials to metal substrates have
been conducted [32,33]. Due to the inertness of coatings and the
poor adhesion of coatings to the Ti surface, complex physical and
chemical methods, such as pulsed laser deposition (PLD), plasma
spray deposition (PSD), electrophoretic deposition (ED), and
strong chemical etching are usually required to deposit coatings

ALO,

HCI/H,S0,

Ca2*
— |
Gelification ’

T

) CaCO, Hydrogel coating

—— Alginate
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[20,34,35]. Recent studies have assessed the introduction of co-
valent bonds between hydrogels and titanium [33,36]. However,
this strategy requires complex physical or chemical surface
modification and is suitable for hydrogels containing only spe-
cific functional groups, such as methacrylate and acrylate. The
latest research indicated that a CaCOgs layer fabricated at the
hydrogel-titanium interface can act as a “binder” to increase the
surface roughness through positively charged Ca®' ions and
negatively charged TiO, tightly attaching the hydrogel to the ti-
tanium surface through bonds between the sites [37,38]. Addi-
tionally, mineral crystals can grow inside alginate hydrogels and
then bind the polymer network to achieve a firm interface bond
[38]. The CaCOs layer significantly enhances interfacial bonding
between hydrogels and titanium. This strategy does not require
complex chemical or physical surface modification; therefore, it
shows good performance in a wide range of biomedical applica-
tions in the field of hydrogel-titanium hybrids. Here, in situ
mineralization of CaCO3 was selected to enhance the adhesion of
titanium to the hydrogel coating.

(3) Sodium alginate was grafted with an adhesion peptide with an
RGD sequence with carbodiimide. Alginate is widely utilized in
many biomedical applications, such as tissue regeneration, drug
delivery, and cell encapsulation properties, due to its high
biocompatibility, low toxicity, and relatively low cost [39].
Alginate is rich in calcium-binding groups (such as carboxyl
groups), which can serve as nucleation sites for the growth of
Ca—P crystals [40]. In addition, a study showed that alginate
itself has bone-stimulating properties and increased bone density
on titanium implants and tissue scaffolds compared to that of the
corresponding control [41]. Because of the diverse advantages
and drug-loading properties of alginate, we expect its use for the
biologically active coating of titanium implants to achieve the
controlled release of DA. Cells do not have receptors for alginate
polymers, and extracellular matrix (ECM) proteins are not easily
absorbed onto the hydrophilic surface of hydrogels [28]. Integ-
rins are the main family of cell/surface adhesion receptors that
bind adhesion ligands (for example, a peptide containing Arg-
Gly-Asp [RGD]) [42]. The binding of integrins to individual li-
gands is relatively weak. However, when integrins aggregate and
bind ligands in the same area, considerable cell adhesion is
generated, forming focal adhesions. These focal adhesions recruit
and control signaling molecules involved in differentiation, pro-
liferation, and proliferation [43,44]. Therefore, RGD peptides are
usually coupled to alginate polymer chains to enhance cell
adhesion and viability [23]. Here, we proposed grafting RGD
onto a sodium alginate hydrogel to support cell adhesion and

Ca2*+CO3? ions
RN
us

AlgR@DA
solution

SLA/CaCO,/AlgR@DA

/‘%’:r'\ AlgR

4, RGD peptide ¢« Dopamine

Fig. 1. Schematic of the step-by-step fabrication of AIgR@DA hydrogel coatings by the CaCO3 mineralization of SLA titanium surfaces. (US: ultrasonication, 20 °C,

40 Hz).
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diffusion. By covalently coupling the RGD peptide to an alginate
polymer chain, it was possible to create cell adhesion sites,
enhance the binding of cells and alginate, promote cell attach-
ment, and cause cells to adhere to the surface of the material and
receive DA stimulation, thereby changing the regulation of cell
processes.

(4) Subsequently, DA was added to the RGD-treated alginate solution
by thorough mixing. The DA-loaded, RGD-grafted, sodium
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alginate solution was evenly coated on the surface of the CaCO3-
modified SLA to achieve hydrogel precursor coating.

(5) The hydrogel was crosslinked in solution. In this study, hydrogels
were prepared by immersing hydrogel-coated titanium sheets
with CaCl,. The guluronate block of one alginate chain was
combined with that of the other alginate chain for crosslinking,
generating a gel structure [45].
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Fig. 2. SEM (A), WCA (B) and 2D optical microscopy images (C) of Ti, SLA, SLA/CaCO3, SLA/CaCO3/Alg, SLA/CaCO3/AlgR, SLA/CaCO3/AlgR@DA and the
quantitative results for each group (*p < 0.05, **p < 0.01; *#p < 0.01, relative to Ti group).
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3.2. Physical and chemical properties of engineered titanium

The morphology of the modified titanium was characterized by SEM
(Fig. 2A). The SLA surface obtained by sandblasting and acid etching
showed a porous surface with pits with a depth range of several mi-
crometers to tens of micrometers. Schwartz et al. showed that a rough
surface provides an interlocking structure with hard tissues and im-
proves osteointegration between the bone and the implant material
[46]. Porous spherical vaterite CaCO3 particles were formed in the form
of particle aggregates in micron-scale pits. CaCOs easily nucleated on
the titanium surface. Calcium ions accumulated on the titanium surface
due to electrostatic bonding. The vaterite layer, which can be regarded
as an adhesive that bonds the hydrogel to the solid substrate and anchors
the hydrogel to the titanium surface, can significantly enhance interfa-
cial bonding between the hydrogel and the titanium substrate [38]. The
EDX analysis results of the elemental chemical composition of the SLA/
CaCO3/AlgR@DA matrix are shown in Fig. S1. The existence of Ca, C, O
and Cl was confirmed, and trace amounts of N were detected, indicating
that CaCOs, calcium alginate and DA were deposited on the titanium
surface.

After fabrication of the hydrogel coating, the interfaces showed
uniform spherical protrusions, with uniformly dispersed, spherical,
vaterite crystals underneath, with SEM. The porous structure of the
hydrogel coatings was difficult to observe due to collapse.

In addition, the WCAs of the interfaces are widely applied to provide
information about the wettability and surface energy of biological ma-
terials [47]. The results in Fig. 2B show that the WCA of the SLA surface
decreased from 98.51 + 1.93° to 15.58 + 1.28° upon modification with
CaCOs. Modification with the RGD peptide (13.07 + 1.89°) and DA
(8.59 + 1.98°) increased the hydrophilicity of the material, while the
hydrophilicity of the SLA surface coated with alginate without RGD
modification (25.56 + 1.73°) was inferior to that of the CaCOs-modified
SLA surface. This change in hydrophilicity was due to the super-
hydrophilic properties of the RGD peptide and DA, which might affect
cell adhesion and recognition.

Surface roughness data and 2D images of the samples were obtained
through an optical microscope (Contour GT, Bruker). Vision64 software
was applied to analyze the roughness data. By calculating the Ra and Sa,
hydrogel coating-modified titanium was determined to have a higher Ra
value, and the DA-loaded group had the highest Ra value (9.66 pm) and
a Sa value of 1-2 pm (Fig. 2C). The presence of a certain degree of
roughness (Sa should fall in the range 1-2 pm) and micron-scale
morphology could activate the interaction of integrin receptors on the
surface of specific osteoblast membranes with bone matrix proteins,

Materials Science & Engineering C 129 (2021) 112376

thereby affecting the biological activity of the cells [48].

In the FTIR spectrum, the characteristic peaks for Ti and SLA
(Fig. 3A) at 482 cm ™! and 436 cm ™! were designated as the stretching
vibration peaks of Ti—O. The characteristic alginate peaks were clearly
observed for the mixed material scraped from the substrate of the
CaCOs-modified SLA [49]. The stretching vibration peak characteristic
of the OH functional group was observed at 3343 cm™!, and the CH
em ! stretching band appeared at a wavenumber of 2928 cm™!. The
C=O stretching vibration peak at 1597 cm™! was observed; a peak at
1426 cm™!, the symmetrical peak for the COOH stretching vibration
peaks, was also observed. Additionally, stretching vibration peaks from
the CO bond were observed at 1078 cm ™! and 1010 em ™. In addition,
the observed peak at 876 cm™! confirmed the adherence of CaCOs to the
internal surface of the hydrogel coatings [37]. For RGD-modified cal-
cium alginate, a peak (1510 cm™!) characteristic of the amine group
(amide II band) was observed, indicating that the RGD peptide, which
contains a large number of amine groups, was introduced by grafting
[50]. The characteristic DA peak overlapped with the alginate peak, so
the spectrum of the AIgR@DA group was similar to that of the AlgR
group [51].

The results of XRD analysis to determine the crystallinity of the
coatings are shown in Fig. 3B. Ti displayed signals with 20 values of
approximately 35°, 38°, 40°, and 53°. After sandblasting and acid
etching, the chemical composition of the porous surface layer also
changed to rutile TiO2 (20 values of approximately 27°, 36°, 54°). After
in situ mineralization and CaCO3 modification, peaks indicating vaterite
polycrystals appeared at 20 values ~25°, 27°, 33°, 44° and 51°, and a
small peak indicating rhombus calcite appeared at ~29° [37]. This
finding was consistent with our FTIR spectroscopy results. The XRD
pattern with the hydrogel coatings was similar to that of the CaCOs-
modified SLA, which showed only the vaterite crystal peak, indicating
that the composition in the coating was amorphous.

3.3. Bonding strength of the hydrogel coatings

Taking into account the working conditions of the implant, we found
that achieving improved adhesion to the Ti surface in a humid envi-
ronment is critical to the successful use of multifunctional hydrogel
coatings on Ti implants. The adhesive strength of the CaCOs-modified
SLA titanium surface grafted with the hydrogel was evaluated by the lap-
shear adhesion test. In the test, a 200-pL alginate hydrogel layer was
applied to bond two titanium plates (area of 25 mm x 25 mm), and a
tensile tester was utilized to pull them apart. The load/position curve is
shown in Fig. 4A. The peak force load was defined as the highest point of
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the perceived peak of the force-displacement curve and represented
bond failure between the hydrogel and the titanium. Shear strength was
calculated by using the peak force ratio of the contact area of the
hydrogel and titanium plate and applied to evaluate the bonding
strength of the hydrogel and titanium. The results showed a shear
strength of 41.5 kPa after 10 min of Ca®" crosslinking. The vaterite
crystals formed a continuous mineral layer at the interface, thereby
expanding the contact area of the titanium substrate and enhancing the
bonding strength. The maximum bond strength (approximately 41.5
kPa) mainly depends on the mechanical strength of the hydrogel
because during the lap-shear test, due to cohesive failure of the massive
hydrogel, the hydrogel-titanium interface bond is broken [38]. Hydro-
gels with lower strength exhibited lower shear adhesion and were
considered to provide the required shear adhesion by increasing the
concentration of the hydrogel or crosslinking agent [52].

3.4. Release profiles of DA from hydrogel coatings

In the process of bone defect repair, different cells have different
effects on the pH of the microenvironment. Osteoclasts are present in an
acidic environment (pH = 5.0-6.5), and the microenvironment of os-
teoblasts is slightly alkaline (pH = 7.4-8.5) [53]. Therefore, the release
profiles of DA from the coatings at various pH values (6.5, 7.4 and 8.0)
were analyzed. With the previously described method, HPLC was
employed to detect the release of DA from DA-loaded hydrogel coatings
[54]. The results in Fig. 4B show that DA underwent burst release in the
early stage, during which approximately 50% of the DA was released
within 24 h. The release in the first 12 h was slightly faster than that at
pH = 7.4 and weakly alkaline in a weakly acidic environment. No sig-
nificant difference was observed in the release profiles of DA between
pH = 7.4 and pH = 8.0. This early burst release may be conducive to cell
adhesion [55]. Later, the relatively steady release of DA was observed
over the next 14 days of incubation, and the cumulative release of DA
was near 80%, which showed that the hydrogel coating has a certain
ability to control DA release (Fig. 4C). We observed that the solution pH
did not change significantly before and after the release of DA (Table

S2). Released DA could continue to affect the bone microenvironment.
Therefore, we believe that our method provides an efficient way to
control the release of DA from the surfaces of implants.

3.5. Identifying the concentration of DA used for drug loading

RAW264.7 cells, a classic model cell line for in vitro studies of os-
teoclasts, were employed in this study. First, the effect of DA on the
differentiation of RAW264.7 cells, osteoclast precursors, was deter-
mined to identify the proper concentration of DA for drug loading. We
conducted a concentration-response experiment on tissue culture poly-
styrene (TCPS) by CCK-8 assay to determine a safe concentration of DA
for RAW264.7 cells. The results showed that DA at concentrations below
100 pM did not affect the proliferation of RAW264.7 cells (Fig. S2).
RANKL is a key receptor activator of NFkB ligand and key cytokine
required for the survival, proliferation, formation and differentiation of
osteoclast precursor cells in vitro. RANKL treatment strongly induces
osteoclastogenesis in RAW264.7 cells. Osteoclast differentiation is
accompanied by a series of intracellular changes in gene and protein
expression [56]. TRAP is a crucial biochemical marker of osteoclasts; its
serum concentration acts as a marker of osteoclast function and bone
resorption [57]. The TRAP activity assay and TRAP staining results in
Fig. S3 show that among safe DA concentrations, DA at a concentration
above 100 nM started to inhibit TRAP activity in a concentration-
dependent manner (p < 0.05). The number of TRAP-positive multinu-
cleated osteoclasts on day 7 was significantly reduced by treatment with
10 pM DA but was not substantially reduced with 10 nM DA compared to
the corresponding proportion of RANKL-treated RAW264.7 cells. In
addition, through gRT-PCR, which is the expression of osteoclast-
specific genes, TRAP, MMP-9, Cathepsin K, and NFATcl were shown
to not be significantly affected by 10 nM DA, but their expression levels
were downregulated by 10 pM DA (Fig. S4A). Cathepsin K is a vital
determinant of resorptive activity by osteoclasts and may be partly
involved in bone-remodeling diseases [2]. MMP-9 has a direct role in the
activation of osteoclastogenic genes by cutting the terminal tail of his-
tone H3N (H3NT) and changing the chromatin structure [58]. NFATc1
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mediates osteoclast differentiation and fusion and the degradation of
inorganic and organic bone matrices [59]. Thus, western blotting was
applied to identify the protein expression level of NFATc1; the results
were consistent with those previously reported (Fig. S4B). These find-
ings showed that DA had high biological safety. Based on these results,
we applied a concentration of DA of 10 pM for loading in the low-
concentration group for follow-up experiments.

3.6. Survival and proliferation of RAW264.7 cells on interfaces

Calcein-AM and PI were employed to determine the ratio of live/
dead cells and analyze the viability of RAW264.7 cells on the interfaces
(Fig. 5A). Live cell membranes bound calcein-AM and appeared green,
and dead cell nuclei were stained with PI and appeared red [39]. After 2
days of culture, most of the cells in all groups were stained green, except
the group treated with 10 mM DA, indicating that the viability was good.
Compared with those in the hydrogel-modified group, the cells on SLA
titanium were more likely to aggregate into clusters of osteoclasts. Ag-
gregation is conducive to osteoclast differentiation [60]. We counted the
number of live/dead cells to determine cell viability (Fig. 5B). The
survival rates of the cells in each group were 82.56% =+ 0.91%, 81.35%
+ 0.99%, 83.03% + 0.98%, 81.92% =+ 2.01%, 81.69% =+ 0.57%, and
64.37% + 1.53%. Significant differences in survival rate were observed
between the 10 mM DA-treated group and other groups (p < 0.01). The
CCK-8 assay was utilized to evaluate the proliferative ability of
RAW264.7 cells on the interfaces. The results showed that on the 4th
and 7th days, the proliferation of RAW264.7 cells on the surfaces of the
hydrogel-modified materials was slightly inhibited compared to that of
the SLA group. Similar to the previous results of the experiment con-
ducted with TCPS, DA at the appropriate loading concentration
(10-1000 puM) did not affect cell proliferation (Fig. 5C). However, after
the loading concentration of DA reached 10 mM, the proliferative ability
of the cells was significantly affected, likely because the high drug-
loading concentration caused the early release of DA at a high concen-
tration. Therefore, in a follow-up functional experiment, we discarded
the group treated with DA at a loading concentration greater than 10
mM. These results showed that the viability of RAW264.7 cells cultured
on the surfaces of hydrogen coatings loaded with DA at the proper
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concentration (approximately 1000 pM) was not affected, the cells did
not easily aggregate, and the proliferation rate was slightly decreased.

3.7. Expression of genes and proteins related to osteoclastogenesis in
RAW264.7 cells at the interfaces

TRAP activity assays showed that continuous stimulation of the
modified hydrogel group without DA loading with RANKL reduced
TRAP activity on the 4th and 7th days and that DA (100 pM and 1000 pM
groups) loading further inhibited TRAP activity in a concentration-
dependent manner (Fig. 6A-B). The qRT-PCR results on the 7th day
demonstrated that DA inhibited the expression of osteoclast-specific
genes (Cathepsin K, MMP-9, NFATc1 and TRAP) (Fig. 6C).

The formation of F-actin is considered to be a prerequisite for the
resorption of bone tissue by osteoclasts [61]. The phalloidin immuno-
fluorescence staining results revealed that cells on the surface of the SLA
showed a clear, large, F-actin ring, indicating the formation of a sealing
zone and the strong ability to dissolve the bone matrix, but formation of
the F-actin ring was restricted on hydrogel-modified titanium surfaces
and further downregulated by DA (Fig. 6D). NFATcl activation and
nuclear translocation have leading roles in the transcriptional regulation
of osteoclastogenesis marker genes (TRAP, MMP-9 and cathepsin K)
related to osteoclast differentiation. To evaluate the effect of the in-
terfaces on the activation of NFATcl induced by RANKL, immunofluo-
rescence staining was employed to examine the expression and nuclear
translocation of NFATcl. The immunofluorescence staining results
shown in Fig. 6E show that the expression and nuclear translocation of
NFATc1 were distinctly weakened in the groups administered 100 pM
and 1000 pM AIgR@DA. These results indicate that the sodium AlgR-
modified hydrogel coating inhibited the maturation and differentia-
tion of osteoclasts and formation of the sealing zone. In addition, DA
further inhibited this process and reduced the nuclear translocation of
NFATc1. These in vitro results indicated that the modification might
have the potential of the hydrogel to inhibit osteoclastogenic activity
when it was implanted in vivo.

DA receptors are divided into two subgroups: D1-like receptors (D1
and D5) and D2-like receptors (D2, D3 and D4). Although osteoclasts
express all five receptors, Hanami et al. showed that DA inhibits the
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Fig. 6. Effect of different interfaces on TRAP activity and osteoclast-specific gene expression in RANKL-induced RAW264.7 cells. (A-B) TRAP activity after 4 and 7
days of culture. (C) qRT-PCR analysis of osteoclast-specific genes after 7 days: Cathepsin K, MMP-9, NFATc1, and TRAP. (D) F-actin staining of osteoclasts after 4 days
(scale bar: 50 pm). (E) In-situ immunofluorescence staining for NFATc1 on day 7 (scale bar: 25 pm).

formation and function of osteoclasts through only D2-like receptors
[15,16]. Thus, we verified the effects of DA in RAW264.7 cells under our
culture conditions. The qRT-PCR results showed that from the first to the
7th day, D1IR and D2R were expressed in RAW264.7 cells and
upregulated during RANKL-induced osteoclastogenesis (Fig. S5). Next,
siRNA transfection was applied to knock down D1R and D2R expression
in RAW264.7 cells. The qRT-PCR results showed that the inhibitory
effect of DA on the differentiation of RAW264.7 cells into osteoclasts
was significantly inhibited by D2R knockdown (Fig. S6). We then
added 5 pM DA, 1 pM SKF-38393 (a D1R agonist) or 10 pM pramipex-
ole (a D2R agonist) to RAW264.7 osteoclast differentiation media. As
shown in Fig. S7A, when pramipexole was added to the media, TRAP
activity significantly decreased, and the number of TRAP-positive
multinucleated osteoclasts was significantly reduced, which were
equivalent to the effects in DA-stimulated cells. In contrast, SKF-38393
seemed to have almost no effect on the osteoclastogenesis of
RAW264.7 cells. Consistent with these results, qRT-PCR analysis
revealed that the mRNA expression levels of osteoclast-specific genes
were downregulated by only DA or pramipexole treatment (Fig. S7B). In
summary, these results clarified that DA-induced inhibition of the
osteoclast differentiation of RAW264.7 cells was mediated by the acti-
vation of D2R.

3.8. Different mechanisms of controlled DA release and traditional, free,
DA administration

The binding of RANKL and RANK is a key step in the development of

osteoclasts, as it triggers several crucial downstream signaling path-
ways. Previous research has shown that Akt phosphorylation promotes
the activation of NFxB, which can be transferred to the nucleus, where it
regulates the expression of different genes and affects the survival of
osteoclasts [62,63]. In addition, cAMP response element binding protein
(CREB) is a mediator of the cAMP signaling pathway that is activated by
PKA [64]. A recent study showed that CREB is essential for inducing the
transcription of c-Fos and NFATc1 during osteoclastogenesis [65]. The
latest research has revealed that PKA-CREB mediates the inhibitory ef-
fects of DA during osteoclastogenesis [66]. DA-mediated D2R activation
can cause the phosphorylation of Akt or PKA, depending on whether the
G-protein has dissociated from D2R [67]. Additionally, the opposing
effects of AKT and PKA after the activation of D2R were shown to
regulate GH4T2 cell proliferation [68]. Therefore, we identified the ef-
fect of DA released from the AIgR@DA coating and traditional, free
administration on these two signaling pathways.

RAW264.7 cells cultured on SLA administered 1 pM DA were utilized
as a control. After 7 days of RANKL-induced osteoclastogenesis, cellular
proteins were extracted from RAW264.7 cells on SLA and AIgR@DA-
modified SLA. SLA and hydrogel-coated interfaces without DA loading
were applied as controls. The results of the western blot analysis shown
in Fig. 7A-B demonstrate that the AIgR@DA coating downregulated the
protein expression of NFATc1 on the 7th day.

The results in Fig. 7C-D show the mechanism of dopamine in the
inhibition of osteoclastogenesis. DA administered as a free agent
inhibited the phosphorylation of PKA and CREB via the activation of a
classic G-protein-dependent D2 receptor signaling pathway, which led
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Fig. 7. Proteins associated with osteoclastogenesis, including those in the AKT/NFxB pathways and PKA/CREB signaling, in RANKL-induced RAW264.7 DA cells
through controlled release or the traditional, free drug administration method. (A-B) Western blot analysis to assess changes in NFATc1 protein expression after 7
days (*p < 0.05, **p < 0.01). (C-D) Western blot and semiquantitative analyses of p-Akt, p-NFkB, p-PKA, and p-CREB levels after 7 days of induction. t-Akt, t-NF«B, t-

PKA, and t-CREB served as internal reference proteins (*p < 0.05 and **p < 0.

to the decreased expression of NFATC1 and further suppressed the dif-
ferentiation of osteoclasts. This research is consistent with previous
research [66]. In addition, we discovered that the opposite regulation of
AKT phosphorylation after DA was given directly in vitro or by AlgR
hydrogel coating since the nonloaded AlgR hydrogel coating inhibited
AKT phosphorylation. Interestingly, we noticed that DA released from
AlgR@DA inhibited not only phosphorylation of PKA and CREB but also
phosphorylation of AKT and NF-kB, which caused a decrease in
NFATC1. These changes might explain why the DA released from
AlgR@DA showed the lowest expression of NFATC1 and the most sig-
nificant inhibition of osteoclast differentiation (Fig. 7A-B). This result
may be attributed to the notion that DA-mediated D2R activation upon
traditional, free, DA administration also causes a decrease in voltage-
dependent Ca?* channel currents, negatively regulating D2R activa-
tion [69]. However, when Ca?tis displaced from alginate coatings in an
ion-rich microenvironment, it can regulate Ca®" channels [45]. There-
fore, further research is needed to determine how to control D2R acti-
vation. To the best of our knowledge, most of the studies on drug
delivery systems have explored their effects via drug models. This study
used DA for drug delivery via implants to regulate bone homeostasis; the
results proved that DA showed ideal biocompatibility and that DA
released from materials in a controlled fashion had a better inhibitory
effect than DA administered via traditional, free, drug administration.
We could also draw the same conclusion from the results of a western
blot analysis of the protein expression level of NFATC1 (Fig. 7A-B).

01).
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3.9. hBMSC responses to DA-loaded hydrogel coatings on titanium

To determine the optimal concentration of DA-loaded materials to
regulate the balance between bone resorption and osteogenesis, we
conducted assays on hBMSCs. BMSCs are derived from a mesodermal
cell line with self-renewal and multidifferentiation potential. They can
differentiate into osteoblasts, chondrocytes and other mesenchymal cell
types. This process is affected by the characteristics of the interfaces in
contact with the cell [70]. We investigated the effects of the coatings on
the proliferation, adhesion and osteogenic differentiation of hBMSCs. As
shown in the live/dead staining and SEM results in Fig. 8A and C,
compared with SLA, more cells with better adhesion and spreading were
observed in the hydrogel-coated group on the first day of culture. The
DA-loaded group showed more pseudopodia with greater spreading
mainly because both the grafted RGD ligands and DA promoted cell
adhesion [42,43,55]. The results of the live/dead staining and CCK-8
assays revealed that the hydrogel coating had a minimal effect on the
proliferation of hBMSCs, while a high concentration of DA (10 mM)
significantly inhibited the proliferation of hBMSCs (Fig. 8A-B). This
phenomenon was also observed in RAW264.7 cells (Fig. 5A-C). To study
the effect of the DA-loaded coatings on osteogenic differentiation, we
tested the ALP activity of hBMSCs after osteogenic induction. Studies
have shown that DA can activate receptors on the surfaces of osteogenic
precursor cells and promote osteogenic differentiation of cells [13]. ALP
has a major role in bone mineralization and is considered to be a
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Fig. 8. hBMSC responses to DA-loaded hydrogel coatings on titanium. (A) Representative live/dead staining images of hBMSCs on different interfaces for 24 h and 7
days (scale bar: 200 pm). (B) Proliferation of hBMSCs after 1, 4 and 7 days by CCK-8 (**p < 0.01). (C) SEM images of hBMSCs grown on different interfaces for 24 h
(hBMSCs are indicated by black arrows, scale bar: 100 pm). (D) ALP activity of hBMSCs (*p < 0.05, **p < 0.01, ##p < 0.01 relative to the 100 pM DA-loaded group).

phenotypic differentiation marker of osteoblasts [19]. As shown in
Fig. 8D, on the 7th day of induction, compared with the SLA and DA-
unloaded groups, higher ALP activity was observed in the DA-loaded
groups. The promotion effect on osteogenic differentiation was the
best in the 10 pM and 100 pM DA-loaded groups. On the 14th day, the
ALP activity of the 100 pM DA group was the highest. This finding is
consistent with our previous results that low concentrations of DA can
promote the osteogenic differentiation of BMSCs [18]. These experi-
mental results illustrate that for the osteogenic differentiation of BMSCs,
loading a suitable concentration of DA hydrogel coating to continuously
deliver DA can promote a osteogenic response and that the promotion
effect is best when the loading concentration is 100 pM in this coating.

In this study, in vitro results showed that control-released DA can not
only inhibit osteoclastic activity but also promote osteogenesis, thereby
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accelerating bone remodeling, as shown in Fig. 9. The optimal DA-
loaded concentration of this bidirectional regulation is 100 pM.

As an endogenous small molecule substance, DA has the character-
istics of rapid metabolism in the body, and it is difficult to accumulate an
effective concentration. The use of a slow-release system can be fully
utilized and shows sequential release characteristics. From the
perspective of cellular and molecular mechanisms, osteoclast precursor
cells colonize the defect surface in the early stage of osteogenesis and
then recruit mesenchymal stem cells to differentiate into osteoblasts. DA
initially has the physiological characteristics of osteoclasts and then
exhibits the physiological characteristics of bone formation. The early
release of DA in this gel coating can not only increase the concentration
of local DA and affect the differentiation of osteoclasts but also promote
the adhesion of stem cells. A small amount of DA is released slowly, and
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the local low concentration of DA effectively promotes the differentia-
tion of mesenchymal stem cells. Compared with common bone repair
materials (such as bone growth factors, bisphosphonate drugs and
apatite), DA acts as a natural small compound in the bone marrow and is
milder. Previous studies have proven the safety of alginate hydrogels
and DA [15,23,71]. These findings provide a new perspective for the
preparation of bone implanting materials. However, this study had
several limitations. First, it was not clear whether the release behavior of
DA in vivo was similar to that in vitro. Second, this study did not verify
the osseointegration effect of the materials in vivo. The in vivo envi-
ronment is more complicated, and further optimization of synthesis
parameters may be needed. Therefore, the in vivo effectiveness of DA
sustained-release coatings needs to be further explored.

4. Conclusion

In this study, we successfully fabricated a bioactive hydrogel layer on
a rough titanium surface that continuously and steadily released DA,
which is an active small-molecule drug. The experimental results show
that the RGD-coupled, alginate hydrogel coating inhibits TRAP activity
and that DA released into the microenvironment further impairs the
formation and differentiation of osteoclasts while promoting the adhe-
sion and osteogenic differentiation of BMSCs. Based on the results of
functional experiments, the optimal DA loading concentration to regu-
late the balance between bone resorption and osteogenesis is 100 pM.
This method has great potential in solving the problems around the
implant in patients with metabolic bone-related diseases.
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Appendix A. Supplementary data

qRT-PCR primer sequences of genes in RAW264.7 cells (Table S1);
The solution pH after DA release (Table S2); EDX spectroscopy results
(Fig. S1); CCK-8 of different concentration of DA on RAW264.7 cells
(Fig. S2); TRAP activity and staining assay of DA on RANKL-induced
RAW264.7 cells (Fig. S3); qRT-PCR analysis and western blot of DA on
RANKL-induced RAW264.7 cells (Fig. S4); D1R and D2R expression (Fig.
S5); transfection with D1 or D2 receptor-specific siRNAs (Fig. S6); and
D1 and D2 receptor agonists on RAW264.7 cells osteoclastogenesis (Fig.
S7). Supplementary data to this article can be found online at https://do
i.org/10.1016/j.msec.2021.112376.
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