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An on-demand delivery of chemotactic and osteogenic biomolecules to induce the recruitment and osteogenic
differentiation of endogenous stem cells for in situ bone regeneration is appealing but challenging. To meet the
changing demands at different periods of bone regeneration, a programmed delivery system was successfully
fabricated by incorporating the near-infrared (NIR) light-responsive polydopamine-coated hydroxylapatite
nanoparticles (nHA@PDA) into the thermo-responsive hydroxybutyl chitosan (HBC) hydrogel to regulate the
therapeutic concentrations and time points of chemotactic simvastatin (SIM) and osteogenic pargyline (PGL).
This smart hydrogel composite could perform an initial rapid release of SIM to meet the need of endogenous stem
cell recruitment at the beginning of bone healing. Meanwhile, a flexible and NIR light-triggered increased release
of PGL could promote osteogenic differentiation of migrated cells via a safe and stable epigenetic mechanism.
Taken together, a well-orchestrated therapeutic timeline of two drugs was obtained in our programmed delivery
system, thus enhancing bone regeneration in a highly effective method. In addition, the small molecular drugs
utilized in this study were stable, safe, and easy for translation and clinical applications in bone tissue

engineering.

1. Introduction

For decades, bone defects resulting from trauma or disease are
treated by transplantation of autologous bone, which leads to a high
incidence of complications including infection, necrosis, nerve damage,
pain, and morbidity of donor site [1-3]. In current bone tissue engi-
neering, efforts have been made to establish the co-delivery systems for
multiple kinds of bioactive factors, which play crucial roles to modulate
a cascade of events of bone regeneration [4-6]. Especially, there are two
essential steps to accelerate bone tissue regeneration: one is the early-
staged recruitment of stem cells to injured sites, another is the further
osteogenic differentiation of migrated cells and the mineralization of
extracellular matrix [7]. Considering the therapeutic effects of bioactive
factors are mostly dose and time-dependent, it is appealing and neces-
sary to deliver both chemotactic and osteogenic biomolecules in an on-
demand and tunable manner to align with the natural bone healing
cascades [8-11]. In current delivery systems, the most common strategy

to control the release timeline is to combine a rapid release of one
biomolecule with a slow but sustained release of another via encapsuling
them within multi-material-based or multi-layer-based compositions
[11-14]. However, these systems still exist a lot of limitations to
orchestrate the suitable concentration and therapeutic time points of
biomolecules in an on-demand manner. Firstly, the release profiles of
biomolecules mainly depend on their physical diffusion rates, which is
usually concentration gradient-dependent [15]. Secondly, the release of
different biomolecules also highly depends on a series of intrinsic
properties of respective compositions in these systems, such as degrad-
ability, hydrophilicity, or surface charges [16-18]. Thirdly, these de-
livery systems often require complicated structural design and complex
fabrication procedures to realize the efficiently spatial separation of
biomolecules. The development of a more feasible, programmed, and
controllable delivery system is still challenging.

The stimuli-responsive delivery systems have been reported for the
on-demand release of therapeutic agents in situ [19-22]. Especially,
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near-infrared (NIR) light-responsive delivery systems have been re-
ported to control the on-demand release of biomolecules in situ and play
efficient roles for anti-tumor or anti-infection treatments, while the
controlled delivery of osteogenic biomolecules has rarely been reported
[23-27]. Polydopamine (PDA) is a typical NIR light-responsive agent
with suitable biocompatibility, photothermal conversion ability, and
efficient drug loading and releasing capabilities [28,29]. By modifying
with PDA coating, hydroxyapatite nanoparticles (nHA) with good
osteoinductivity could serve as an efficient drug carrier under the con-
trol of NIR light [30-32]. Moreover, thermo-responsive hydrogels,
which could perform “sol-gel” transformation under the physiological
temperature, possess convenient manipulative flexibility without detri-
mental to living systems [33-36]. Among them, hydroxybutyl chitosan
(HBC) has distinctive merits such as high water-content, porous micro-
structures, suitable biocompatibility, and fast “sol-gel” transformation,
which facilitates the efficient rapid diffusion of bioactive factors at the
early stage of bone repair in the programmed delivery system [36-38].

Meanwhile, the use of protein drugs, such as growth factors, as
therapeutic agents in stimuli-responsive delivery systems has been
limited due to their short half-life within the physiological microenvi-
ronment and low stability under the most of stimuli [39-41]. Instead,
small molecular drugs with stabler and more efficient therapeutic effects
could serve as potential alternatives to solve this limitation [42]. Our

Chitosan

o 6
/ \Q )

AN
o

NHz 0’| 1,2-Butylene oxide HO
n

Dopamine
0 coating @
i —

nHA@PDA-PGL

nHA@PDA

l

“Sol-gel”
Transformation

Osteogenic differentiation

Early-stage release of SIM

Chemical Engineering Journal 438 (2022) 135518

previous studies found that simvastatin (SIM), a classical hypolipidemic
agent, has promising chemotactic effect on mobilization, recruitment,
and migration of endogenous mesenchymal stem cells (MSCs) at the
early stage of bone healing [43,44]. In addition, our previous studies
demonstrated that antihypertensive drug, pargyline (PGL), could pro-
mote the osteogenic differentiation of MSCs via epigenetic regulation
[45,46]. It is worthwhile to explore their synergistic effects on osteo-
genesis and program the releasing concentration and time points of
these biomolecules for bone tissue regeneration.

In this study, we aimed to design a programmed delivery system by
combining the thermo-responsive HBC hydrogel with NIR light-
responsive PDA coated nHA nanoparticles (nHA@PDA) for the on-
demand release of chemotactic SIM and osteogenic PGL. Firstly, an
initial burst release of SIM was designed to reach its therapeutic con-
centration rapidly and enhance the recruitment of MSCs. Meanwhile,
the therapeutic concentration and time point of PGL could be controlled
under the NIR light to facilitate the osteogenic differentiation of
recruited MSCs (Fig. 1). Accordingly, we firstly validated the pro-
grammed release timeline of SIM and PGL, then investigated the in vivo
stem cell recruitment and new bone formation capabilities of our pro-
grammed delivery system in the mice calvarial bone defect models.
Especially, the flexible NIR light-triggered release profile and epigenetic
regulation ability of PGL have been explored to confirm its osteogenesis

—_——

New bone formation

Fig. 1. Overview of our programmed delivery system with on-demand release of simvastatin (SIM) and pargyline (PGL) to orchestrate the processes in bone healing.
An initial burst release of SIM could meet the demand of the recruitment of endogenous mesenchymal stem cells (MSCs). Meanwhile, the therapeutic time point of
PGL could be controlled under the near-infrared (NIR) light irradiation to promote the osteogenic differentiation of recruited MSCs and new bone formation.
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mechanism.

2. Materials and methods

2.1. Preparation of hydrogels composites

The freeze-dried HBC were sterilized under UV light irradiation for 2
h. The nanoparticles were sterilized by soaking in 75% ethanol for 2 h
and freeze-dried. The formulated compositions of different hydrogel
composites were shown in Table S1. Taking the HBC+SIM+nHA@PDA-
PGL hydrogel for example, the 50 mg nHA@PDA-PGL nanoparticles
were resuspended in 1 mL SIM solution (2 pM) via vortexing for 5 min.
Then 50 mg HBC was dissolve into above nanoparticles suspension
under simultaneous stirring in ice water for 2 h, and kept at 4 °C over-
night for further dissolving to obtain homogeneous mixed solutions.
These mixtures were stocked at 4 °C for further use.

2.2. Rheological analysis

The rheological properties of the hydrogels were analyzed by parallel
plate geometry using a Peltier plate on MARS 40 rheometer (Thermo
HAAKE, Waltham, MA, USA). The diameter of the steel plate was 25 mm
with a gap of 0.5 mm. The storage modulus (G’) and loss modulus (G”) of
samples were measured at 1% strain amplitude and 1 Hz and tempera-
ture range from 4 to 40 °C at a heating rate of 1 °C/min. The incipient
gelation temperature (T;) was defined as the time when G’ and G” were
equivalent in value. Shear-dependence viscosity was measured at 25 °C
and 37 °C in a shear rate range between 0.1 and 400 s~ _.

2.3. In vitro photothermal properties of hydrogel composites

The NIR photothermal ability of the HBC+SIM+nHA@PDA-PGL
hydrogel was characterized by irradiating the hydrogels with the MDL-
I11-808 NIR laser (Changchun New Industries Optoelectronics Technol-
ogy Co., Changchun, China) at 0.1, 0.2, 0.3 W/cm? for 3 min. The
photothermal heating profiles were recorded by the 875-1i infrared
thermal camera (Testo, MUN, Germany). Besides, the HBC+SIM+n-
HA@PDA-PGL hydrogel was repeatedly irradiated by the NIR laser for
five cycles in the 6 min intervals (3 min on, 3 min off) to evaluate its
photothermal stability. In addition, the temperature of HBC,
HBC+nHA@PDA, HBC+SIM+nHA@PDA and HBC-+nHA@PDA-PGL
hydrogels were also periodically recorded at 0.2 W/cm? for 3 min.

2.4. Invitro cell migration assay

The primary mouse bone marrow-derived mesenchymal stem cells
(mBMMSCs) purchased from the Procell (CP-M131, Wuhan, China) were
used for all in vitro studies. At first, two different kinds of cell migration
assays were performed to evaluate the chemotactic ability of SIM
referring to the previous studies [9,39]. In Transwell assay, a total
number of 2 x 10* mBMMSCs were resuspended in 100 pL of serum-free
o-MEM and placed in the upper chamber of a 24-well Transwell
(Corning, 8 pm). Then, 500 pL of a-MEM (2% FBS) with different con-
centration of SIM (0.1 pM, 0.2 pM, 0.5 pM, and 1.0 pM) were added into
the lower chamber. The group cultured with the SIM-free medium was
used as the blank group. After cultured with 24 h, the mBMMSCs on the
upper surface of chamber was wiped off with a cotton swab. The
Transwell membrane was rinsed with PBS, and then fixed in methanol at
room temperature for 30 min. For observation and quantitation, the cells
were stained with 0.1% crystal violet solution. The migrated cells were
observed in five random fields under 100 x magnification and counted
using Image J software.

Meanwhile, upward migration of mBMMSCs through a fibrin gel
stimulated by SIM containing culture medium on top of the gel was
evaluated. mBMMSCs were resuspended in 3 mg/mL fibrinogen solution
(4 x 10* cells/mL). Fibrin gels were formed by adding 25 pL of 1 mg/mL
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thrombin solution and 475 pL of cell-fibrinogen solution into 24-well
plate. After gelation at 37 °C for 10 min, 500 pL culture medium were
added onto the top surface of fibrin gels (Fig. 5c. (i)). Four groups were
set: blank (without drugs), SIM, PGL, SIM + PGL. For all groups, con-
centrations of SIM and PGL were 0.2 pM and 0.2 mM respectively in
a-MEM culture medium supplemented with 2% FBS. After cultured for
24 h and 72 h, the culture medium was removed, and gel was incubated
with 2.5% glutaraldehyde for 15 min at 4 °C for fixation, then stained
using DAPI for 5 min at room temperature for fluorescent staining. Cell
distribution in the gels was imaged using 3D LSM710 confocal laser
scanning microscope (CLSM) (Zeiss, Oberkochen, Germany) from bot-
tom to top.

2.5. In vitro osteogenic differentiation of mBMMSCs

2.5.1. Alkaline phosphatase (ALP) activity

The details of cell culture were provided in Supplementary material.
ALP is a glycoprotein located on the cell surface and is widely recognized
marker of osteoblast differentiation. After culturing for 7 days, the cells
were fixed in 95% cold ethanol for 30 min and stained according to the
manufacturer’s protocol of a BCIP/NBT ALP staining Kit. Then images
were obtained under microscopes or using a scanner. The ALP activity
was evaluated using an ALP activity kit followed by the instruction and
normalized to the total protein content of each sample.

2.5.2. Expression of osteogenic genes

Quantitative real-time polymerase chain reaction (QRT-PCR) assays
reflecting on the gene expression were used to evaluate the osteogenic
differentiation ability of mBMMSCs cultured with different hydrogel
composites in the upper chamber of Transwell. Several osteogenic
differentiation-related genes, such as runt related transcription factor 2
(Runx2), alkaline phosphatase (Alp), osteocalcin (Ocn) and collagen type
I (Col-1) were further examined at 4 and 7 days. The total RNA was
isolated with TRIzol reagent and measured via Nano Drop 8000 (Thermo
Fisher Scientific Inc., MA, USA). Then, only those RNA with optical
density ratio of 1.8-2.0 (260/280 nm) were reverse-transcribed to
cDNA. qRT-PCR was conducted using the 7500 Real-Time PCR detection
system (Applied Biosystems, Foster City, CA) with SYBR Green master
mix (Roche Applied Science, Mannheim, Germany). Glyceraldehyde-3-
phosphate dehydrogenase (Gapdh) was used for normalization. Primer
sequences used in this study were listed in Table S2 in the Supplemen-
tary material.

2.5.3. Immunofluorescence staining

The expression levels of bone specific proteins including RUNX2,
OCN and COL-1 were evaluated using immunofluorescence staining.
The mBMMSCs were cultured on glass slides in the lower chambers of
24-well Transwell plates and the hydrogels were injected into the upper
chambers. The expression levels of bone specific proteins were observed
by labeling the anti-RUNX2 antibody (1:1000) for 3 days and anti-OCN
antibody (1:100) as well as anti-COL-1 antibody (1:1000) for 7 days,
respectively, according to manufactures recommendations. Briefly, the
samples were fixed using 4% paraformaldehyde solution for 30 min,
permeabilized with 0.25% triton X-100 for 7 min, and blocked in 0.8%
bovine serum albumin (BSA) for 1 h. After that, the samples were
incubated at 4 °C overnight with primary antibodies, washed, and the
TRITC conjugated IgG (1:100) was added. All the samples were coun-
terstained for F-actin using FITC conjugated phalloidin, stained with
DAPI for the nucleus and finally imaged under the LSM710 CLSM.

2.6. In vivo bone regeneration and MSC recruitment assessment

2.6.1. Surgical procedure and hydrogels injection

C57BL/6 mice (6-weeks-old, male, 18-20 g) were used for in vivo
studies. All animal experiments were approved by the Peking University
Animal Care and Use Committee (Project Number: LA2021040) and
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performed in accordance with the institutional animal guidelines. A
critical sized calvarial bone defect model was used to evaluate the stem
cell recruitment and osteogenesis abilities of hydrogel composites in this
study [34,47-49]. After general anesthesia administration and disin-
fection, a sagittal incision was made to expose the calvarium of mice.
Periosteum covering the bone was removed and two circular full-
thickness bone defects, each with a diameter of 3 mm, were created
on the bilateral parietal bone of mouse by using a trephine bur under
low-speed drilling and copious saline irrigation. The bone debris was
removed carefully without the damage to the underlying dura mater.
Two defects in each mouse were injected with 100 pL same hydrogel
composite. Hydrogel composites were prepared as listed in Table S1 and
stored on ice before injection. Finally, the incision sites were sutured
with 6-0 nylon sutures.

2.6.2. Analysis of bone regeneration in vivo

At first, to evaluate the osteogenic abilities of different hydrogel
composites, 24 animals were randomly divided into six groups: (1) blank
group (without hydrogel); (2) HBC+nHA@PDA hydrogel; (3)
HBC+SIM+nHA@PDA hydrogel; (4) HBC+nHA@PDA-PGL hydrogel +
NIR light irradiation; (5) HBC+SIM+nHA@PDA-PGL hydrogel; (6)
HBC+SIM+nHA@PDA-PGL hydrogel + NIR light irradiation (n = 8
defects per group). Eight weeks after surgery, the animals were
euthanatized and then calvarial bones were harvested for micro-
computerized tomography (micro-CT) scanning and histological evalu-
ation. The experimental procedures and details were shown in Supple-
mentary material.

In addition, to investigate the in vivo bone formation influenced by
the simultaneous or programmed release of SIM and PGL, animals were
randomly assigned as three groups: (1) control group (repaired with
HBC+nHA@PDA hydrogel), (2) simultaneous release group (repaired
with HBC+SIM+PGL+nHA@PDA hydrogel), (3) programmed release
group (repaired with HBC+SIM+nHA@PDA-PGL hydrogel + NIR light
irradiation) (n = 10 defects per group). Twelve weeks after surgery, the
animals were euthanatized and then calvarial bones were harvested for
micro-CT scanning and histological evaluation.

2.6.3. In vivo MSC recruitment assessment

The capacity of hydrogels to recruit host MSCs in vivo was assessed
using immunofluorescence staining and flow cytometric analysis. The
calvarial defect model of C57BL/6 mice was established as previous.
Four kinds of hydrogels were applied to repair the calvarial bone defects
as follows: (1) HBC+nHA@PDA hydrogel, (2) HBC+SIM+nHA@PDA
hydrogel, (3) HBC+nHA@PDA-PGL hydrogel, (4) HBC+SIM-+n-
HA@PDA-PGL hydrogel (n = 6 defects per group). Three days after in-
jection, three calvarial samples of each group were harvested and fixed
in 4% paraformaldehyde and decalcified with 12% EDTA (pH 7.4).
Frozen sections (5 pm) of samples were blocked with 5% BSA for 30 min
at 37 °C and then stained with Alexa Fluor® 488-labeled CD90 antibody
and Cy3-labeled CD44 antibody at 4 °C overnight. Afterwards, the
samples were counterstained with DAPI to label the nuclei and imaged
by LSM880 CLSM (Zeiss, Oberkochen, Germany). The cells in defect area
were identified as MSCs when they stained double-positive for the
mesenchymal marker CD90 (green) and CD44 (red). The numbers of
MSCs in the defect area were measured using Image J software.

The percentages of recruited MSCs in defect areas were further
analyzed via flow cytometry (n = 3 mice per group). Three days after
implantation, fraction type of non-hematopoietic MSCs to the defect
areas was analyzed by cytometry after staining with 4 monoclonal an-
tibodies including anti-CD45, anti-TER119, anti-CD44 and anti-CD90
(Biolegend, San Diego, CA, USA). Briefly, the hydrogels and surround-
ing calvarial bone tissues were fragmented using a surgical scissor,
washed with buffer solution, incubated in 1.5 mg/mL Type II/IV colla-
genase (Gibco, Thermo Fisher Scientific Inc., MA, USA) for 30 min at
37 °C and filtered through 40 pm cell strainer. The red blood cells were
lysed and the cells were stained with anti-bodies on ice for 30 min. The
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flow cytometric experiments were performed on the CytoFlex LX flow
cytometer (Beckman Coulter, Inc. Boulevard Brea, CA, USA). Data were
analyzed using Flowjo 10.6.2 software (Tree Star, San Carlos, CA, USA).

2.7. Analysis of epigenetic mechanism

2.7.1. Immunofluorescence staining

The epigenetic mechanism was firstly evaluated via immunofluo-
rescence staining. As described above, mnBMMSCs were cultured on glass
slides in the lower chambers of 24-well Transwell plates (Corning, 0.4
pm) with 100 pL. HBC+nHA@PDA and HBC+nHA@PDA-PGL hydrogels
injected into the upper chambers. The NIR light irradiation was per-
formed in HBC+nHA@PDA-PGL group at day 3. To examine the
methylation of histone H3 at lysine 4 (H3K4), the samples were incu-
bated with 1:1000 H3K4mel, H3K4me2 and H3K4me3 primary anti-
bodies after washed, fixed, permeabilized and blocked at 7 days of
culture. Then the incubation of TRITC conjugated secondary antibody,
FITC conjugated phalloidin, and DAPI was performed. The immuno-
fluorescence images were taken under the LSM710 CLSM.

Furthermore, the expression levels of methylation of H3K4 in vivo
were evaluated via immunofluorescence staining as described above.
The calvarial tissues in HBC+nHA@PDA and HBC+nHA@PDA-
PGL-+NIR groups (n = 6 defects per group) were harvested after 14 days
of injection and stained with Cy3-labeled H3K4-methylation antibody
and DAPI. The immunofluorescence images were taken under the
LSM880 CLSM.

2.7.2. Chromatin immunoprecipitation (ChIP) assay

ChIP assay was performed using a ChIP assay kit (Beyotime, Nanjin,
China). The cell culture was performed using Transwell methods as
above. mBMMSCs were seeded into the lower chambers of six-well
Transwell plates (Corning, 0.4 pm) and 200 pL hydrogels were injec-
ted into the upper chambers. At day 3, 7 and 11, the HBC+nHA@PDA-
PGL+NIR group was irradiated with an 808 nm NIR light (0.2 W/cm?, 3
min, 3 times). Briefly, after cultured for 14 days, mBMMSCs cells were
cross-linked with 1% formaldehyde, terminated with glycine, lysed, and
sonicated on ice. The sonicated DNA fragments were incubated with
H3K4me2, non-specific rabbit IgG and H3 antibodies overnight and then
incubated with protein A/G agarose at 4 °C for 6 h. Finally, immune
complexes were captured by protein A/G agarose and eluted with
elution buffer (1% SDS, 0.1 M NaHCOs3). Cross-linked DNA were
reversed at 65 °C for 4 h in a high salt buffer (0.2 M NaCl, 50 mM Tris,
pH 6.5, 10 mM EDTA, and 0.2 mg/ml proteinase K) and purified using
DNA purification kit. Finally, the extracted immunoprecipitated DNA
fragments were quantified by real-time PCR. The primer pairs used in
this study were as follows: mouse Runx2 promoter, (forward) 5'-
GAGACAGAGGAACACCCATAAG-3’ and (reverse) 5/-
CTTCCCTCCCTCTTTCTCAATC-3’; mouse Ocn promoter, (forward) 5'-
GAGAGTTGGAGCCCAGTTTATC-3’ and (reverse) 5-TACTCC-
TACTGTGTGCTCTCTC-3'.

2.8. Statistical analysis

All data were analyzed via SPSS 19.0 software (SPSS Inc., Chicago,
IL, USA). The statistical analysis between two groups were performed
using independent two-tailed Student’s t tests. One-way analysis of
variance (ANOVA) followed by a Tukey-Kramer post hoc test was used
to analyze the difference between more than two groups. Statistical
significance was accepted for P < 0.05, and reported as follows: *P <
0.05, **P < 0.01.

3. Results
3.1. Synthesis and characterization of HBC

HBC was synthesized by connecting the ring-opening product of 1,2-
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butane oxidation to the chitosan molecular chain under alkaline con-
ditions. In this study, the degree of hydroxybutyl substitution assessed
by elemental analysis was 1.88 (Table $3). The 'H nuclear magnetic
resonance (NMR) spectrum of HBC dissolved in in deuterium oxide
(D20) was presented in Fig. Sla. The peaks at 0.9 and 1.5 ppm were
assigned to —-CH3 and —CHy- of the hydroxybutyl moiety, respectively.
Moreover, the ratio of the integrated areas of these new peaks was 3:2,
which indicated that the hydroxybutyl groups have successfully conju-
gated on the chains of chitosan. The peaks from 3.5 to 4.0 ppm attrib-
uted to the non-anomeric protons (H3-6). The resonances from 2.5 to
3.0 ppm were assigned to the three protons of N-acetyl glucosamine and
the proton of glucosamine residues (H2). Meanwhile, the 'H NMR
spectra of chitosan and HBC dissolved in 10% deuterated hydrochloric
acid (DCI) in D20 were present in Fig. S1c. New signal at 0.4 and 1.0
ppm (which were not observed for chitosan) were assigned to -CH3 and
—CHjy- of the hydroxybutyl moiety, respectively.

The Fig. S1b showed the fourier transform infrared spectroscopy
(FTIR) results of chitosan and HBC. Compared to the spectrum of the
original chitosan, the spectrum of the HBC showed new absorption
peaks at 2876-2920 and 1462 cm™!, which corresponded to the C-H
stretching and bending of the ~CH3 group of the hydroxybutyl moiety,
respectively. The absorption peaks at 1023 cm ™! in chitosan spectrum
was contributed to the C-O stretching vibration of C6-OH. This peak was
enhanced and shifted into double-peak at 1026-1054 cm ™! in the HBC
spectrum, implying that hydroxybutyl group introduction mainly at the
C6-OH position.

3.2. Physical characterizations of nHA@PDA and hydrogels composites

Fig. 2a and Fig. S2c showed the transmission electron microscopy
(TEM) and scanning electron microscopy (SEM) images of the nHA and

nHA

nHA@PDA

Zeta potential (mV)

Qo
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nHA@PDA, respectively. The diameter of nHA was approximately 38.03
+ 10.51 nm, which was similar to the diameters of natural bone nano-
crystals [50,51]. The TEM images showed that there was a uniform PDA
coating (~8 nm) appeared on the surface of nHA, and the diameter of
nHA@PDA revealed an increased size to about 54.66 + 10.60 nm after
coating process. In addition, as shown in the UV-Vis spectra (Fig. S2c),
the absorbance of PGL at 262 nm could be observed in the samples of
PGL and nHA@PDA-PGL solutions. The drug loading content on the
PGL-loaded nHA@PDA (nHA@PDA-PGL) was 9.58 + 0.46%. Besides,
the zeta potential of the nHA@PDA increased from —16.77 + 0.65 mV
to —10.83 + 0.42 mV after the PGL loading (Fig. 2b). These results
indicated the successful loading of PGL on the nHA@PDA nanoparticles.

Thereafter, different hydrogel composites were successfully prepared
by mixing the SIM as well as nHA@PDA nanoparticles with or without
the loading of PGL into the thermo-responsive HBC hydrogel, and their
compositions and abbreviations were listed in Table S1. The structure
and physical characterizations of three typical hydrogel composites
(pure HBC hydrogel, nanoparticles containing HBC-+nHA@PDA
hydrogel as well as drugs-loaded HBC+SIM+nHA@PDA-PGL hydrogel)
were further investigated. At first, the sol-gel transition of hydrogels
was observed via a tube inversion method (Fig. 2¢). It can be observed
that the aqueous solution of the pure HBC was transparent at low tem-
perature and became turbid after incubated at 37 °C. The hydrogels
became dark with the incorporation of nanoparticles. The “sol-gel”
transition occurred within 3 min at 37 °C. Besides, the SEM images
(Fig. 2¢) revealed that HBC hydrogel without nanoparticles had a looser
internal micro-structure with an average pore size around 99.06 +
22.83 pm. After adding nHA@PDA or nHA@PDA-PGL nanoparticles, the
wall of gels was homogenously embedded with many grains, which
could be nanoparticles and their aggregates. The pore sizes of the
hydrogels were slightly reduced to 92.71 + 27.41 pm (HBC+nHA@PDA

HBC+nHA@
PDA

HBC+SIM+nHA@
PDA-PGL
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Fig. 2. Characterizations of hydrogel composites. (a) TEM images of hydroxylapatite nanoparticles (nHA) and polydopamine-coated hydroxylapatite nanoparticles
(nHA@PDA). (b) Zeta potentials of nHA, nHA@PDA, and nHA@PDA loaded with pargyline (nHA@PDA-PGL) nanoparticles. (c) Photographs denoted the inceptive
mixtures and the terminative gels after incubated in 37 °C for 3 min as well as SEM images showing the internal microstructures of different hydrogel composites
after freeze-dried. (d) FTIR spectra of different hydrogel composites. (e) Degradation degrees of different hydrogel composites in PBS solution (n = 6 per group). (f)
Swelling ratios of different hydrogel composites in PBS solution (n = 4 per group, N.S. no significance, **: P < 0.01).
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hydrogel) and 85.69 + 32.76 pm (HBC+SIM-+nHA@PDA-PGL hydro-
gel). Meanwhile, the energy-dispersive spectroscopy (EDS) spectrums of
hydrogels (Fig. S2a) were recorded to identify their element composi-
tion. The elemental mapping images (Fig. S2b) illustrated that the Ca
and P elements were uniformly distributed in both HBC+nHA@PDA and
HBC+SIM+nHA@PDA-PGL  hydrogels, which representatively
confirmed the uniform distribution of nHA@PDA nanoparticles.

The Fig. 2d showed the FTIR spectra of hydrogel composites.
Compared to the spectrum of the HBC, the sharp adsorption peak at
around 1033-1036 cm™! and the characteristic spectra bands at
566-601 cm ! were attributed to the components of v antisymmetric P-
O stretching mode and v, O-P-O bending mode of hydroxyapatite in
nHA@PDA containing hydrogels. The absorption peak from 1250 cm -
1550 cm ™! was considered as the stretching vibration and asymmetric
deformation of C-H bond of aromatic structures in composites. The
broad band at 3410 cm ™! was the characteristic peak of the ~OH and
N-H groups of HBC and catechol groups of PDA coating, which mainly
helping the formation of hydrogen bonds. Meanwhile, the abundant
aromatic structures and catechol groups of the hydrogel composites may
contribute to their potential application in drug loading and releasing.

The in vitro biodegradation profiles of hydrogel composites were
shown in Fig. 2e. The degradation rate of pure HBC hydrogel was
significantly faster than nanoparticles containing hydrogels by about
20% because that nHA has slow degradation rate [52-54]. In addition,
the abundant active groups, such as catechol, amine, and imine groups,
on PDA coating of nanoparticles could afford secondary adhesion re-
actions with chains of HBC and increase their crosslinking density,
leading to a decreased degradation rate of hydrogel [55-57]. The weight
loss of HBC hydrogel was more than 80% after immersing in PBS for 42
days, while the remaining mass ratio of nanoparticles containing
hydrogels decreased by 65% within 42 days. There was no obvious
difference in the degradation behaviors between nHA@PDA containing
hydrogels with or without drugs loading.

Meanwhile, both HBC hydrogel and nanoparticles modified hydro-
gels exhibited high swelling ratio (Fig. 2f), which indicated high
porosity and ideal water absorption performance of gels. The intro-
duction of hydroxybutyl groups facilitate the formation of hydrogen
bonds between the chains of HBC and water molecules, resulting in more
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water absorption. Compared to the pure HBC hydrogel, the nano-
particles modified hydrogel composites displayed a declined swelling
ratio, which may due to that abundant functional groups on PDA coating
enhanced the interactions between hydrogel networks and lead to a
better structural stability [58-60].

3.3. Rheological properties of hydrogel composites

The thermo-responsive abilities of hydrogel composites were inves-
tigated via rheometric measurements. The incipient gelation tempera-
ture (T;) of different hydrogels was determined via temperature-
dependent functions of G’ and G” in Fig. 3a and listed in Table S4.
The T; of HBC hydrogel was 22.56 °C while T; of nHA@PDA containing
hydrogels tended to decrease. The gap between the G’ and G’’ curves in
gels incorporated with nanoparticles became smaller when compared
with the HBC gel, suggesting that incorporation of nanoparticles would
enhance the elasticity of mixtures. To further investigate the inject-
abilities of hydrogels, the viscosity variation against shear rate (Fig. S3a
and Fig. S3b) was measured at 25 °C and 37 °C, respectively. The vis-
cosity of all samples decreased sharply with the increasing shear rate,
indicating the shear thinning behavior of the hydrogel composites.

3.4. In vitro photothermal properties of hydrogel composites

At first, the photothermal effects of HBC+SIM+nHA@PDA-PGL
hydrogel composite at different NIR power densities were observed
(Fig. 3b). After irradiation under 808 nm NIR light at different densities
of 0.10, 0.20, and 0.30 W/cm? for 3 min, the temperature increase of
HBC+SIM+nHA@PDA-PGL hydrogel finally reached 5.2, 8.6 and
15.6 °C, respectively. Considering that hyperthermia (above 50 °C) may
cause normal cell/tissue necrosis [27,61,62] and physiological temper-
ature of body is about 37 °C, the temperature increase should be
controlled around 8 °C and the laser density of 0.20 W/cm? was selected
for the following in vitro and in vivo experiments. The Fig. S2d showed
that there was no obvious difference within the photothermal effects of
nHA@PDA containing hydrogels with different drugs loading under the
same density of NIR light irradiation (0.20 W/cm?), indicating the SIM
and PGL did not impact on the photothermal properties of
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Fig. 3. Stimuli-responsive properties of hydrogel composites. (a) Typical temperature-dependent functions of storage modulus (G’) and loss modulus (G’*) for HBC
(i), HBC+nHA@PDA (ii), and HBC+SIM+nHA@PDA-PGL (iii) hydrogel composites. (b) Photothermal property evaluation of HBC+SIM+nHA@PDA-PGL hydrogel.
Infrared thermal images (i) and temperature changes (ii) of HBC+SIM+nHA@PDA-PGL hydrogel at different NIR power densities (808 nm, 0.10, 0.20, and 0.30 W/
em?, 3 min). (¢) Temperature changes of HBC+SIM+nHA@PDA-PGL hydrogel over 5 irradiation cycles (808 nm, 0.2 W/cm?, 3 min on, 3 min off, 6 min intervals).
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HBC+SIM+nHA@PDA-PGL hydrogel. Furthermore, it was observed
that no decline in the maximum temperature of HBC+SIM+nHA@PDA-
PGL hydrogel over five irradiation cycles (Fig. 3c), indicating the
excellent photothermal stability of hydrogel composites.

3.5. The release profiles of SIM and PGL from hydrogel composites

At first, we investigated the release profile of SIM and the loading
concentration of SIM in hydrogel composite was 2 pM. As shown in
Fig. 4a, an initial burst release of SIM was observed from
HBC+SIM+nHA@PDA hydrogel and the release of SIM could quickly
reach about 0.2 pM within the first 3 days, which was consistent to the
therapeutic concentration of SIM and may facilitate its chemotactic ef-
fect at the early-stage of bone repair. Most of SIM could be efficiently
released within the first 7 days in two groups, followed by a slow and
limited release of SIM during the next 3 weeks. Meanwhile, the NIR light
irradiation may slightly increase the release of SIM by 6% at the end of
28 days of observation.

To confirm the NIR light triggered release of PGL, we investigated
the release profiles of PGL from HBC+nHA@PDA-PGL hydrogel with or
without NIR light irradiation (Fig. 4b). Firstly, a mild release of PGL
could be observed before NIR light irradiation. Thereafter, a significant
increased release of PGL could be detected after NIR light irradiation at
the day 3, 7 and 11, respectively, which could maintain the optimal
therapeutic concentration of PGL (0.2 to 0.3 mM) within 21 days
(Table S5). On the contrary, the group without NIR light irradiation
performed a slow and decreased release with time and resulted in an
insufficient concentration of PGL after 7 days of observation (Table S5).
In addition, we also evaluated the release kinetics of PGL from
HBC+PGL+nHA@PDA hydrogel. The results showed that there was a
fast and burst release of PGL within the first 10 days (Fig. 4b, blue line),
leading to a high concentration of PGL (about 0.8 mM) at the beginning
of releasing (Table S5). Then a sharply slower release of PGL could be
observed during the next 3 weeks. Among the three different release
manners, a flexible and on-demand release of PGL could be obtained via
using the nHA@PDA as the drug carrier and regulating the release time
point of PGL under the control of NIR light irradiation.

These results indicated that a well-orchestrated programmed release
of SIM and PGL could further obtain from HBC+SIM-+nHA@PDA-PGL
hydrogel under the control of NIR light, and a burst and simultaneous
release of two drugs may occur when directly applying HBC hydrogel
itself as the drugs reservoir in HBC+SIM+PGL+nHA@PDA hydrogel.

3.6. Cell culture and cell viability assay

The mBMMSCs were seeded on the surface of HBC hydrogel and their
proliferation was evaluated via live/dead staining assay on day 1, 3 and
7 (Fig. S4a). There were no obvious dead cells in the HBC group and no
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obvious difference in cell density between the group without hydrogels
(blank) and HBC group at each time point, suggesting the HBC hydrogel
did not influence the cell viability and proliferation of mBMMSCs.
Furthermore, the biocompatibility of different nanoparticles containing
hydrogel composites were tested. The live/dead staining (Fig. 5a)
demonstrated that the numbers of live cells on the drugs loading
hydrogel composites were similar to that on the HBC+nHA@PDA
hydrogel and blank group. After culturing for 3 and 7 days, the viable
cells in all groups had remarkably higher density than that on day 1,
visually demonstrating that cells cultured on hydrogels have already
significantly proliferated. No obvious cytotoxicity could be observed in
different nanoparticles containing hydrogel composites. Moreover, the
short-time NIR light irradiation on day 3 and 7 had no obvious influence
on cell adhesion and proliferation, indicating that the well moderated
photothermal effect of hydrogel composite was harmless to mBMMSCs
in vitro.

3.7. In vitro mBMMSC recruitment by SIM

In order to optimize the SIM dose for in vitro mBMMSC recruitment,
the chemotactic effects of different concentrations of SIM had been
preliminarily evaluated via Transwell migration assay (Fig. S4b). The
results showed that SIM exerted a concentration-dependent effect on in
vitro mBMMSC recruitment. The number of migrated mBMMSC
increased with the increasing concentration of SIM from 0 pM to 0.2 pM,
while this chemotactic effect became weaker under the higher concen-
tration of SIM. The most efficient chemotactic concentration is at 0.2
pM, which was consistent to our previous studies [44,63]. Furthermore,
we evaluated the in vitro chemotaxis of mBMMSCs by SIM, PGL and
combination of both. As shown in Fig. 5b, more cell migrated to the
lower chamber in the SIM group than the PGL group after 24 h of cul-
ture, representing that SIM alone exerted superior chemotactic effect
compared to PGL alone. The mBMMSCs cultured with both SIM and PGL
also performed significant chemotaxis, indicating that SIM played the
certain role in the recruitment of mBMMSCs. In addition, Fig. 5c showed
the upward migration of mBMMSCs stimulated by SIM and PGL in fibrin
gels. The mBMMSCs started to migrate upward in gels after cultured for
24 h in SIM containing groups and most of mBMMSCs completed the
migration to the top of fibrin gels at 72 h. While, the mBMMSCs in
groups without SIM had no obvious migration and distributed uniformly
in fibrin gels. These results verified the efficient chemotactic ability of
low dose SIM in vitro.

3.8. Invitro osteogenic induction abilities of different hydrogel composites

The results of ALP staining and quantification (Fig. S4c) demon-
strated that mBMMSCs cultured with 0.2 mM PGL exhibited the stron-
gest ALP activity compared with the other concentrations of PGL. The
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Fig. 4. Programmed release profiles of SIM and PGL from hydrogel composite. (a) In vitro drug release profile of SIM from HBC+SIM+nHA@PDA hydrogel composite
(red: with NIR light irradiation, black: without NIR light irradiation). (b) In vitro drug release profile of PGL from HBC+nHA@PDA-PGL hydrogel composite (red:
with NIR light irradiation, black: without NIR light irradiation) and HBC+PGL+nHA@PDA hydrogel composite without NIR light irradiation (blue).
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Fig. 5. The biocompatibilities of hydrogel composites and the in vitro mBMMSC recruitment ability of SIM. (a) Live/dead staining of mBMMSCs after cultured on
different hydrogel composites for 1, 3 and 7 days. Living cells were stained with calcein-AM in green and dead cells were stained with propidium iodide in red. (b)
Transwell chemotaxis assay of mBMMSCs cultured with SIM and PGL. The cells that migrated to the lower chamber were stained with crystal violet (i) and the
number of migrated cells per microscopic field were counted using Image J software (ii) (n = 7, **: P < 0.01.). (c) (i) Hlustration of the upward migration of
mBMMSCs through the fibrin gels. (ii) 3D images of the fibrin gels were scanned from the bottom to the top and the nuclei of mBMMSCs were stained with DAPI.

ALP activity increased with the increasing concentrations of PGL from
0.05 to 0.2 mM. However, the ALP activity decreased when the con-
centrations increased to 0.5 and 1.0 mM, indicating that the osteogenic
ability of PGL was concentration-dependent. It was essential to control
the concentration of PGL to optimize its osteogenic ability.

To investigate the in vitro osteogenic induction abilities of different
hydrogel composites, the ALP staining of migrated mBMMSCs after 7
days of culture was evaluated (Fig. 6b). All groups cultured with SIM
loaded hydrogels displayed higher levels of positive staining and activity
in favor of the chemotactic effect of SIM with more migrated mBMMSCs.
Among them, the HBC+SIM-+nHA@PDA-PGL group with NIR light
irradiation expressed the highest level of positive staining and activity,
which evidenced the best osteogenic ability. The NIR light-responsive
hydrogel composites could control the release of PGL, maintain the
concentration of PGL within the suitable range and significantly pro-
mote the ALP activity. Besides, a quantitative analysis of ALP activities
was presented in Fig. 6b, which also in accordance with the staining
results.

The expression levels of bone-related genes, such as Runx2, Alp, Ocn
and Col-1, were measured and presented in Fig. 6d. Compared with the
HBC+nHA@PDA group, the SIM containing hydrogel composites groups
slightly enhanced the expression of osteogenic genes in mBMMSCs.
Meanwhile, groups with NIR light-controlled release of PGL
(HBC+nHA@PDA-PGL+NIR, HBC+SIM+nHA@PDA-PGL+NIR groups)
exhibited higher upregulated expression levels of osteogenic genes.
Specially, the HBC+SIM+nHA@PDA-PGL+NIR group with the pro-
grammed release of SIM and PGL showed much higher upregulated gene
expression levels of Alp (2.06-fold), Runx2 (2.19-fold), Ocn (1.81-fold),
Col-1 (3.20-fold) compared with the group without drug loading after 7
days of culture.

Furthermore, the potent expression levels of RUNX2 (the early
marker of osteogenic maturation), OCN and COL-1 (later markers of
osteogenic differentiation and mineralization) in mBMMSCs were
confirmed via immunofluorescence staining (Fig. 6e, f). Similarly, the
expression of osteogenic genes, the mBMMSCs in groups with the NIR
light-controlled release of PGL, exhibited higher levels of RUNX2 (3

days), OCN, and COL-1 (7 days) expression than groups without the
loading of PGL. Among them, the mBMMSCs cultured in the
HBC+SIM+nHA@PDA-PGL+NIR group with programmed release of
SIM and PGL had the highest up-regulated expression levels of these
osteogenesis-related proteins.

In general, our in vitro results showed that the HBC+SIM-+n-
HA@PDA-PGL hydrogel composite with the programmed release
manner owned the strongest ability to induce the osteogenic differen-
tiation of mBMMSCs in vitro, which mainly attributing to the NIR light-
controlled release of PGL from the hydrogel composite and the syner-
gistic effect combined with the released SIM. The low concentration of
SIM released from the hydrogel composites could slightly enhanced the
osteogenic differentiation of mBMMSCs but not so obvious compared
with the released PGL.

3.9. In vitro osteogenic induction abilities of hydrogel composites
influenced by the simultaneous or programmed release of SIM and PGL

Furthermore, we investigated the osteogenic induction abilities of
PGL-loaded hydrogel composites with simultaneous or programmed
release of SIM and PGL. The total dose of PGL in two kind of hydrogel
composites was same (5 mM). ALP staining and quantification showed
that the programmed release group (HBC+SIM+nHA@PDA-PGL-+NIR)
exhibited the significantly higher level of ALP activity than control
group (HBC+nHA@PDA) and simultaneous release group
(HBC+SIM+PGL+nHA@PDA) (Fig. 7a, b). Meanwhile, the expression
levels of osteogenesis-related genes, such as Alp, Runx2, Ocn and Col-1
were significantly up-regulated at 4 d and 7 d in programmed release
group (Fig. 7c). In simultaneous release group without NIR light-
controlled release of PGL, the expression levels of genes were moder-
ately increased compared with the control group without drug loading,
yet still lower than the programmed release group. Moreover, the pro-
tein expression levels of the RUNX2, OCN and COL-1 were analyzed at
the specific time periods (Fig. 7d, e). The fluorescent images exhibited
that higher RUNX2 expression (3 days) was observed in programmed
release group compared with other two groups. Imaging at the end of 7
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Fig. 6. Evaluation of in vitro osteoinductivities of different hydrogel composites. (a) Schematic representation of mBMMSCs cultured with hydrogel composites for
migration and in vitro osteogenic differentiation evaluation. (b) ALP staining (i) and quantification of the ALP activity (ii) of mBMMSCs cultured with different
hydrogel composites via Transwell method. (c¢) Schematic representation of mBMMSCs cultured with different hydrogel composites. (d) Expression of osteogenic
genes including Alp, Runx2, Ocn and Col-1 of mBMMSCs cultured with different hydrogel composites for 7 days. (e) The expressions of osteogensis-related proteins,
such as RUNX2 (3 days), OCN and COL-1 (7 days), of mBMMSCs after cultured with different hydrogel composites. (f) Semi-quantification of (e) (*: P < 0.05. **

< 0.01.).

days showed the similar increased OCN and COL-1 expression levels of
mBMMSCs after co-cultured with hydrogel composite with programmed
release of SIM and PGL.

These results indicated that the programmed release of SIM and PGL
exhibited a synergistical effect to promote the osteogenic differentiation
of mBMMSCs. While mBMMSCs cultured with

HBC+SIM+PGL+nHA@PDA hydrogel, which could release SIM and
PGL simultaneously, led to only slightly enhanced osteogenic differen-
tiation comparing to the control group. Considering that osteogenic
ability of PGL was concentration-dependent, it was essential to maintain
the concentration of PGL within a suitable range. The suitable concen-
tration of PGL controlled via NIR light irradiation will be favorable to
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Fig. 7. Evaluation of in vitro osteoinductivities of hydrogel composites with programmed release of SIM and PGL. ALP staining (a) and ALP activity (b) of mBMMSCs
after culturing with hydrogel composites with different PGL releasing manners for 7 days. (c) Expression of osteogenic genes including Alp, Runx2, Ocn and Col-1 of
mBMMSCs cultured with hydrogel composites with different PGL releasing manners for 4 and 7 days; (d) The expression levels of osteogenesis-related proteins, such
as RUNX2 (3 days), OCN and COL-1 (7 days), in mBMMSCs after cultured with hydrogel composites owning different PGL releasing manners. (e) Semi-quantification

of (d) (**: P < 0.01.)
maximize its osteogenic ability.

3.10. SIM and PGL enhanced in vivo bone regeneration

Furthermore, we applied our hydrogel composites to repair the cal-
varial critical sized defects of C57 mice and evaluate the in vivo bone
regeneration (n = 8 defects per group). From hydrogels injection, NIR
light exposure to euthanasia, all mice lived healthy and well. The
infrared thermal images of calvarial defect areas implanted with
HBC+SIM+nHA@PDA-PGL hydrogel during the NIR light irradiation
indicated an efficient photothermal conversion capability of our
hydrogel composite (Fig. S5c). The local temperature at the defect sites
were controlled under 45 °C during the NIR light irradiation. Eight
weeks after hydrogel injection, we evaluated the in vivo new bone for-
mation in calvarial bone defects repaired by different hydrogel

10

composites. The micro-CT images (Fig. S6a) showed that no significant
new bone formation in the group without hydrogels (blank), which
indicated the defects (diameter: 3 mm) had inability to self-heal. Various
degrees of regenerated bone were formed from the edge to the center of
the defects in different groups. Furthermore, the ratios of bone volume/
tissue volume (BV/TV, %) of different groups were evaluated (Fig. S6b).
There was no significant difference in BV/TV of the HBC group and
HBC+nHA@PDA group compared to the blank group. The BV/TV value
in HBC+SIM+nHA@PDA-PGL+NIR group with programmed released
SIM and PGL was highest (39.38%) and significantly higher than
HBC+SIM+nHA@PDA group (20.84%) and HBC+nHA@PDA-PGL+NIR
group (24.23%) respectively (P < 0.01), indicating that the programmed
released SIM and PGL played synergistical roles on osteogenesis. The
HBC-+SIM+nHA@PDA-PGL+NIR group with the controllable release of
PGL also performed better osteogenesis capability compared with the
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group without NIR light irradiation (HBC+SIM-+nHA@PDA-PGL,
30.78%) (P < 0.05). In addition, the quality of new bone formation also
was observed via histological evaluation (Fig. S6¢). The defects treated
with HBC+SIM+nHA@PDA-PGL + NIR was occupied with the most
obvious bone-like tissue connected the edges, while the blank and HBC
groups presented very limited bone tissue and very thin soft tissue
covering the defects. Meanwhile, a few residues of hydrogel composites
were stained in red and could be found in the defect areas, which was
more obvious in Masson staining.

a

Calvarial bone defect
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3.11. Augmenting bone formation by programmed release of SIM and
PGL

Next, we reasoned that concentration and timeline of small mole-
cules’ release should be aligned with the natural healing cascade of
bone, in which SIM firstly enhanced the stem cell migration and PGL
induce their osteogenic differentiation of the migrated cells. Therefore,
we further evaluated the influence of different releasing manners of SIM
and PGL on in vivo bone regeneration (n = 10 defects per group). As
shown in Fig. 8a, calvarial samples were obtained at week 12 after the
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operation for 3D micro-CT and histomorphometric analysis. Plenty of
bone-like tissues covering the defects in the programmed release group
(repaired with HBC+SIM+nHA@PDA-PGL hydrogel with NIR light
irradiation to control the release of PGL) could be observed in Fig. 8b.
The value of bone volume/tissue volume (BV/TV, %) in the programmed
release group was significantly elevated to about 52.54 + 20.63%, while
was limited at 23.09 + 8.10% in the control group (repaired with
HBC+nHA@PDA) (Fig. 8c). It’s worth noting that the BV/TV value in
group repaired with HBC+SIM+PGL+nHA@PDA hydrogel only
increased to 31.59 + 13.03%, indicating that simultaneous burst release
of SIM and PGL at the beginning of bone repair could not promote new
bone formation effectively. Moreover, the relative bone growth surface

a (o
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area (%) and trabecular number (Tb.N., mm 1) increased to 59.46% and
5.33 mm™! for the programmed release group, considerably higher
compared with that of the control group (21.41% and 3.02) or the
simultaneous release group (33.77% and 3.84), which indicated that the
HBC+SIM+nHA@PDA-PGL+NIR group with the programmed release
of SIM and PGL possessed the best bone integration ability. The in vivo
bone regeneration demonstrated that the releasing manner and timing
of PGL were important to optimize its therapeutic effect for bone repair,
and the programmed released SIM and PGL played synergistic effects for
bone regeneration.

Histological analysis of regeneration new bone in defect areas was
also performed via HE and Masson staining. As shown in Fig. 8d,
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different degrees of new bone formation were observed in three groups.
In particular, the defects in the programmed release group were obvi-
ously occupied with newly formed bone, the thickness of which was
nearly same as that of original bone. The simultaneous release group
present less new bone formation only on the edges of the defects. The
residues of hydrogel composites also could be observed in three groups
after 12 weeks of implantation. Images of immunohistochemical stain-
ing for the osteogenic marker OCN also showed that the dark-brown
granules were much more in programmed release group, indicating
that higher number of OCN positive cells were observed. However, the
simultaneous release of SIM and PGL may restrict the in vivo perfor-
mance of HBC+SIM+PGL+nHA@PDA hydrogel.

Meanwhile, the histology of hearts, livers, spleens, and kidneys
showed no abnormalities or pathological changes in all experimental
groups compared with the mice without hydrogel injection (Fig. S7),
suggesting that our hydrogel composites cannot induce any obvious
systemic reaction, and hence can be used in vivo with good biocompat-
ibility. The in vivo biodegradation behaviors of the hydrogel composites
were also evaluated via subcutaneous injection into the dorsal areas of
nude mice. As shown in the macroscopical photographs (Fig. S8), part of
hydrogels was degraded in vivo and the volume of hydrogels was obvi-
ously reduced after 4 weeks and 8 weeks of observation. The HE staining
images showed that the structure of hydrogel tended to be incomplete
and more fibrous tissue could be observed around and inside the
hydrogel composite. In addition, there was no obvious inflammatory
response or necrosis in all experimental groups.

3.12. In vivo MSC recruitment by the SIM loaded hydrogels

As demonstrated in Fig. 9a, the in vivo MSC recruitment conducted by
SIM loaded hydrogel composites at calvarial defect areas was studied
through immunofluorescence staining after 3 days of hydrogel injection.
Classical cell surface markers, CD44 and CD90, were selected as the
markers of endogenous MSCs [64]. Confocal images demonstrated that
CD44 (red) and CD90 (green) double-positive cells were more concen-
trated at the defect areas in HBC+SIM+nHA@PDA and HBC+SIM+n-
HA@PDA-PGL groups (Fig. 9b). As shown in Fig. 9¢, the numbers of
CD447CD90™ cells in SIM-loaded groups were significantly higher than
HBC+nHA@PDA group without drugs loading. Similarly, as shown in
results of flow cytometric analysis (Fig. 10), after 3 days of implantation,
the percentages of CD45 TER119°'CD44"CD90™" cells in SIM-containing
hydrogels groups were significantly higher than that of in
HBC+nHA@PDA group. These results suggested that the SIM-
containing hydrogel composites could effectively capture and enrich
the surrounding MSCs to the defect areas at the early stage of tissue
remodeling, which will benefit the further regeneration of damaged
bone tissue in vivo.
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3.13. The epigenetic effects of hydrogel composites

The potential epigenetic effects of PGL-loaded hydrogel composites
were subsequently investigated through immunofluorescence staining
and ChIP assay. Two representative groups, HBC + nHA@PDA group
(without PGL) and HBC+nHA@PDA-PGL+NIR group (with NIR light-
controlled released PGL and without the influence of SIM), were cho-
sen for the analysis of epigenetic mechanism. The immunofluorescence
images of mBMMSCs in HBC+nHA@PDA-PGL+NIR group exhibited
much higher levels of methylation in H3K4, especially the mono-
methylation and di-methylation of H3K4 (H3K4mel, H3K4me?2) after
7 days of culture (Fig. 11a, b). The similar expression levels of methyl-
ation of H3K4 were observed in calvarial defect areas repaired with
hydrogel composites for 2 weeks (Fig. S9). The group with the
controllable release of PGL induced much higher levels of H3K4mel and
H3K4me2 in defect areas compared with the group without the loading
of PGL.

Furthermore, the results of ChIP assay in Fig. 11c demonstrated
enhanced levels of H3K4me2 at the promoter regions of osteogenesis-
related genes, such as Runx2 and Ocn. Compared with the
HBC+nHA@PDA group, the expression level of H3K4me2 in
HBC+nHA@PDA-PGL+NIR group was increased hugely at the Runx2 as
well as Ocn promoter regions. Simultaneously, the histone H3 level was
considered as the positive control, and there was no much difference of
H3 levels between the HBC+nHA@PDA and HBC+nHA@PDA-
PGL+NIR groups. Moreover, the negative control IgG was detected to
exclude the possibility of false positive results.

These results demonstrated that hydrogel composite with the
controlled release of PGL could promote the osteogenic differentiation
of mBMMSCs by enhancing the di-methylation level of H3K4, giving a
better understanding of the epigenetic mechanism of how PGL-loaded
hydrogel composites modulate the stem cells’ fates and enhance bone
regeneration.

4. Discussion

Bone tissue regeneration is a well-orchestrated process and the
controlled release of chemotactic and osteogenic biomolecules could
efficiently enhance bone tissue regeneration [40,65-67]. Especially, it
has been reported that the osteoinductive biomolecules were maximized
beneficial when applied after the formation of a stable hematoma and
the recruitment of the osteoprogenitor cells [68-70]. However, the
current delivery systems mostly regulate the release timeline of bio-
molecules via encapsuling them within multi-material-based or multi-
layer-based structures, which is still heavily dependent on the degra-
dation rates, initial porosity as well as processing conditions of matrix
[11,13,40]. The therapeutic concentrations and time points of
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Fig. 11. Epigenetic regulation of PGL-loaded hydrogel composites on mBMMSCs. (a) Immunofluorescent staining for methylation of H3K4 in mBMMSCs cultured
with HBC+nHA@PDA and HBC+nHA@PDA-PGL+NIR hydrogels for 7 days. The methylation levels of H3K4 were shown in red, the cytoskeletons were in green and
nuclei were in blue. (b) Semi-quantification of (a). (c) ChIP assay of di-methylation level of H3K4 at the promoter area of osteogenic Runx2 and Ocn at 7 days after

cultured with hydrogel composites. (**: P < 0.01.)

biomolecules are still difficult to control. Here, we designed a pro-
grammed delivery system by combining thermo-responsive HBC
hydrogel with the NIR light-responsive nHA@PDA to enhance bone
tissue regeneration via regulating the on-demand release of two bioac-
tive small molecules. This programmed delivery system performed a
burst release of SIM to reach its therapeutic concentration rapidly and
enhance the recruitment of MSCs at the beginning of bone repair. Sub-
sequently, a flexible release of PGL was obtained under the control of
NIR light to regulate the therapeutic concentration and time point of
drug, thereby facilitating the osteogenic differentiation of recruited
MSCs via a stable and safe epigenetic mechanism. By programming the
release of two small molecules, our delivery system could well orches-
trate the process of bone healing, providing a unique and efficient
strategy for bone tissue regeneration.

The utilization of two small molecular drugs in our programmed
delivery system has explored a novel option for bone tissue engineering.
Compared with the traditional chemokines (such as stromal cell derived
factor-1, interleukin-8) and osteogenic proteins or peptides (such as
bone morphogenetic proteins), which have short half-live and slow tis-
sue penetration, these small molecular drugs are cheaper, stabler, and
more accessible, making them more suitable for the responsive drug
delivery systems, especially under the NIR light irradiation [41]. Be-
sides, both SIM and PGL have been approved by the U.S. Food and Drug
Administration (FDA) and achieved commercial success [71,72]. The
pharmacokinetics and safety considerations of drugs also have been
evaluated [73,74], which made their translation and further application
in the field of bone tissue engineering possible and easier. Our results
demonstrated that a low concentration of SIM could perform an efficient
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chemotactic capacity to recruit MSCs both in vitro and in vivo (Fig. 5,
Fig. 9 & Fig. 10). The programmed delivery of SIM and PGL have
exhibited synergistic effect on osteogenic differentiation of mBMMSCs
(Fig. 6) and in vivo bone regeneration (Fig. S6). Especially, the epigenetic
mechanism involved in the PGL loaded hydrogel composites was also
investigated (Fig. 11). The epigenetic regulation could influence the
expression of genes via histone modification, DNA methylation, as well
as RNA interference, and play essential roles in cancer therapy and bone
homeostasis [75,76]. Our previous studies have reported that PGL en-
ables to effectively inhibit the activity of demethylase lysine-specific
demethylase 1 (LSD1) and rescue the osteogenic differentiation ability
of mBMMSCs under osteoporotic conditions [45,46]. By controlling the
release of PGL, our hydrogel composite significantly increased the
demethylation level of histone at the promoter regions of osteogenesis-
related genes (Runx2 and Ocn) in mBMMSCs. Compared with addition of
osteogenic factors or the expression of exogenous genes, this epigenetic
regulation was stabler and more potentially heritable without altering
the sequence of DNA [77,78]. With a deeper understanding of epigenetic
regulation as well as epigenetic therapy, our study provided an efficient
alternative for bone tissue engineering via controlling the release of
similar epigenetic small molecules, providing more possibilities for
further clinical transformation.

To program the therapeutic concentration and time points of SIM
and PGL in bone tissue regeneration, a well-designed stimuli-responsive
hydrogel composite was utilized as the drugs carrier in this study. It has
been demonstrated that the dynamic hydrogels possess unique extra-
cellular matrix-like, three-dimensional networks, which enable to de-
livery multiple kinds of therapeutic agents and provide local rigid cell
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anchorage sites for various cellular events [79-85]. The tunable stiff
network structures of hydrogels could support the infiltration of
endogenous stem cells and modulate their mechanosensing capacity,
thereby facilitating the osteogenic differentiation of cells and enhancing
the in vivo bone tissue regeneration [86-88]. Thereafter, the thermo-
responsive HBC hydrogel with reversible “sol-gel” transformation ca-
pacity (Fig. 3a), unique thixotropic property (Fig. S3), as well as suitable
injectability (Fig. 8a) was successfully prepared, which could serve as a
suitable and stable carrier for SIM and PGL loaded nanoparticles
[38,89-91]. A fast and efficient release of SIM could be observed
(Fig. 4a) at the beginning of releasing to reach its therapeutic concen-
tration rapidly within a short time period, after which a slow and
decreased release of SIM still existed for a long time. The SIM loaded in
hydrogel composite mainly released via physical diffusion and accom-
panied with the biodegradation of hydrogel [92]. The hydrophobicity of
SIM may restrict its full release and almost 56% of SIM could be finally
released after 28 days of observation. In addition, this hydrogel com-
posite with initial sol phase could flow and fill the 3 mm-sized calvarial
bone defect areas and transform into the immobile gel under the phys-
iological environment without using the cytotoxic initiators or cross-
linking agents (Fig. 8a), thereby facilitating its further application in
repair of irregular shaped or deep bone defects via a minimally invasive
manner [79-84].

In addition, the NIR light-responsive drug delivery systems have
exhibited enormous potential for controllable release of biomolecules at
targeted bone tissues [93-95]. On the one hand, the NIR light
(700-1350 nm) displays higher tissue penetration depth (~1-2 cm) and
less damages to normal tissues compared with ultraviolet (200-400 nm)
or visible (400-700 nm) light due to its minimum refraction and
attenuation by endogenous biomolecules and chromophores (e.g.,
water, blood, and melanin), making it more suitable to apply in bone
tissue engineering [96-99]. On the other hand, the NIR light-triggered
release of biomolecules could be successfully activated via photo-
thermal (generation of heat) and photodynamic (production of reactive
oxygen species) mechanisms [100]. The photosensitive agents with high
energy-absorption/conversion capability are needed to ensure its ther-
apeutic efficiency in clinical applications [101,102]. Currently, the NIR
light-responsive delivery systems have been applied for the on-demand
release of anti-tumor or anti-infection drugs for the treatment of bone
cancers, infections, and inflammation, while only a few studies reported
their application for bone tissue regeneration [23,103,104]. For
example, a heat-activated and dimerizer-dependent transgene expres-
sion system incorporated with a NIR light-responsive hydrogel has been
designed for the controllable release of bone morphogenetic protein 2
[105]. However, the complexity and limited tenability of delivery sys-
tem was still restricted in further applications.

Recent studies have demonstrated that the mussel-inspired material,
PDA, possesses higher excellent photothermal conversion efficiency
compared with many photothermal agents, such as carbon-based
nanomaterials, Cu-based nanoparticles, Au-based metal nanoparticles,
and organic polymers [28,32]. It also possesses many ideal properties for
tissue engineering, such as strong adhesive capacity, good biocompati-
bility, as well as simple preparation process [28]. The PDA coating with
abundant functional groups, such as catechol, amine, and imine, could
act as the anchors for multiple kind of biomolecules via © — = stacking,
electrostatic adsorption and hydrogen bonding interactions [106-108].
Due to the high photothermal conversion efficiency of PDA under the
NIR light irradiation, the above interactions between biomolecules and
PDA would become looser and the release of biomolecules could
markedly increase accompanied with the rise of temperature [109].
Thereafter, the NIR light-responsive nHA@PDA nanoparticles have been
designed to control the on-demand release of osteogenic small molecule
PGL in this study. Unlike the PGL being simply dissolved in hydrogel
composite which exhibited the concentration gradient-dependent drug
diffusion, our HBC + nHA@PDA-PGL hydrogel exhibited a more
controllable NIR-triggered “off-on” release of PGL (Fig. 4b). This
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flexible NIR light-triggered release manner may be beneficial to prolong
the accumulation of PGL followed by the therapeutic effects of SIM,
maximizing their synergistical effects to promote the osteogenic differ-
entiation of stem cells (Fig. 7) and enhance the new bone formation at
the calvarial bone defect sites (Fig. 8). Meanwhile, it should be noticed
that hyperthermia (over 50 °C), resulted from the photothermal effect of
NIR light, can potentially induce cell damage and necrosis both in tumor
and healthy regions [110-112]. In this study, we refined the irradiation
parameters of NIR light irradiation and maintained the tissue tempera-
ture under 45 °C to avoid over-heating of local tissue, making it suitable
for bone tissue regeneration.

In a word, our programmed delivery system successfully enhanced
bone tissue regeneration via programming the on-demand release of
both chemotactic SIM and osteogenic PGL. The novel usage of classical
drugs, SIM and PGL, not only reduced the cost of manufacturing, but
also was easy for clinical transformation based on the known pharma-
cological effects and existing safety evaluation of drugs. However, a few
challenges should be overcome when broadening its application for the
on-demand delivery of other biomolecules. Firstly, the HBC hydrogel
performed a burst and rapid release profile of SIM, which may restrict its
further applications for the delivery of other biomolecules with a sus-
tained and long-time release. What’s more, the NIR light-triggered drug
carrier had great advantages for the on-demand release of small mole-
cule drugs, while it may not suitable for the delivery of bioactive pro-
teins and peptides with low stability and short half-lives. More
modifications should be made to optimize our programmed delivery
system and extend its future applications for regenerative medicine and
bone tissue engineering.

5. Conclusion

In this study, our programmed delivery system could perform an on-
demand release of two small molecules, in which an initial and rapid
release of SIM was performed at the early stage of bone regeneration
followed by a flexible NIR light-controlled release of PGL. This pro-
grammed delivery system successfully orchestrated the bone tissue
regeneration via MSC recruitment and epigenetic modulation, providing
great insights into the design of efficient delivery systems for bone tissue
engineering and regenerative medicine.
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