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ARTICLE INFO ABSTRACT

Keywords: The balance of redox homeostasis is key to stem cell maintenance and differentiation. However, this balance is
Microfluidics disrupted by the overproduced reactive oxygen species (ROS) in pathological conditions, which seriously impair
Fullerf’l . the therapeutic efficacy of stem cells. In the present study, highly dispersed fullerol nanocrystals with enhanced
fslteeé;cltlcveeuoxygen pectes bioreactivity were incorporated into hydrogel microspheres using one-step innovative microfluidic technology to

construct fullerol-hydrogel microfluidic spheres (FMSs) for in situ regulating the redox homeostasis of stem cells
and promoting refractory bone healing. It was demonstrated that FMSs exhibited excellent antioxidant activity to
quench both intracellular and extracellular ROS, sparing stem cells from oxidative stress damage. Furthermore,
these could effectively promote the osteogenic differentiation of stem cells with the activation of FoxO1l
signaling, indicating the intrinsically osteogenic property of FMSs. By injecting the stem cells-laden FMSs into rat
calvarial defects, the formation of new bone was remarkably reinforced, which is a positive synergic effect from
modulating the ROS microenvironment and enhancing the osteogenesis of stem cells. Collectively, the anti-
oxidative FMSs, as injectable stem cell carriers, hold enormous promise for refractory bone healing, which can

Refractory bone healing

also be expanded to deliver a variety of other cells, targeting diseases that require in situ redox regulation.

1. Introduction

Restoration of extensive bone loss and defects remains a challenge in
modern society, and difficulties are enhanced when in the condition of
aging and other diseases (e.g diabetic or osteoporosis), which make
refractory bone healing an intractable medical issue that seriously
jeopardizes an individual’s health worldwide [1]. In these diseased
conditions, oxidative stress occurs and induces the production of excess
ROS that destroys the redox balance, which in turn results in the
structural damage and dysfunction of stem cells [2,3]. At present,
mesenchymal stem cell (MSC) transplantation is one of the most
promising approaches for bone tissue engineering. However, the low
delivery efficacy and low retention of MSCs in these defects hamper its
clinical application [4]. The delivery of stem cells via hydrogel micro-
spheres provides an appealing strategy for tissue engineering, which has
significant advantages over conventional bulk hydrogel (e.g. flexible in
injectability and optimization of the cell maintenance microenviron-
ment) [5,6]. However, the ROS microenvironment of diseased
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conditions not only impairs the regenerative potential of inherent stem
cells but also reduces the therapeutic efficacy of implanted stem cells in
the impaired areas [7,8]. The excessive ROS and, or insufficient anti-
oxidant agents make these defects difficult to heal [9]. Hence, novel
strategies for manufacturing antioxidative hydrogel microspheres as
stem cell carriers to promote bone regeneration in the ROS microenvi-
ronment are urgently needed for the clinical therapeutics of refractory
bone healing.

The combination of a crosslinkable hydrogel network with functional
nanoparticles (NPs) can provide preferable functionality to the com-
posite material [10,11]. Gelatin methacryloyl (GelMA) has been exten-
sively used in the application of tissue engineering due to their inherent
bioactivity and tunable physicochemical properties [12]. The chemical
properties of GelMA can be easily regulated by adjusting the ratio of
gelatin and merhacryloyl. From the processing perspective, GelMA can
form photo-crosslinkable hydrogels with tailorable mechanical proper-
ties. Fullerol, which is a powerful antioxidant, is one of the C60 de-
rivatives [13]. Compared with other carbon nanomaterials (i.e. carbon
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nanotube and graphite), fullerol has a much lower cytotoxicity [14]. As
one of the most exploited properties in biomedical study, the antioxidant
performance of fullerol largely depends on the hydroxyl groups and
their location on the C60 sphere [15]. Although the specific mechanism
of fullerol in quenching ROS is not completely understood, the main-
stream “cage capturing” theory holds that ROS adheres to the
electron-deficient fullerol surface via n-n interactions, and are destroyed
by transferring electrons to the inner cage, which is similar to the ROS
quenching of superoxide dismutase [8,16]. By quenching excessive ROS
in pathological conditions, fullerol exhibits an excellent therapeutic ef-
fect towards bacterial infection [17], chemotherapy side effects [18],
and acute myocardial infarction [19]. In the musculoskeletal system,
fullerol prevents the degeneration of the intervertebral disk [20] and
articular cartilage [21]. More importantly, the antioxidative fullerol
promotes osteogenesis [22] and inhibits osteoclastogenesis [23], sug-
gesting its tremendous potential of application in bone tissue engi-
neering. Physically, the water solubility of fullerol reinforces due to the
presence of multiple hydroxyl groups, which is favorable for preparing
the homogeneous hydrogel [24]. However, due to the big size and high
rigidity of the C60 sphere, fullerol in aqueous solutions tends to
self-assemble into aggregates with different structures and sizes [25,26].
Upon the aggregation of C60 spheres, hydrophobic domains are formed,
resulting in a reduced surface area available to react, which may weaken
their biochemical performance in the aqueous solution [27]. Therefore,
it is extremely vital to optimize the fullerol-in-GelMA hydrogel system to
maximize its biological efficacy.

With a narrower particle-size distribution and higher reproduc-
ibility, microfluidic technology has a significant advantage in preparing
monodisperse hydrogel microspheres with suitable size, which is
essential for maintaining a microenvironment that favors cell survival
[28-30]. More importantly, compared with bulk synthesis methods (e.g.
sonication and static mixer), the microfluidics method, which controls
the solvent flow rates, heat transfer efficacy, channel length and

Ful
Cross-linker

GelMA
Fullerol-hydrogel microfluidic sphere (FMS)

b r

{{5\

Fullerol (Ful)

Bioactive Materials 6 (2021) 4801-4815

geometry, can effectively produce smaller nanoparticles with a narrower
size distribution [31,32], and this can be used to promote the fullerol
reactivity. Using microfluidic technology, both monodisperse hydrogel
microspheres and highly dispersed fullerol nanocrystals can be achieved
at the same time. Hence, the optimization of the fullerol-in-GelMA
hydrogel system via fabricating GelMA hydrogel microspheres contain-
ing highly dispersed fullerol nanocrystals is not only conducive for the
better delivery of stem cells, but also improves the biochemical reac-
tivity of fullerol, which should be a promising strategy for bone healing
in the ROS microenvironment. In general, there are two strategies to
deliver cells using microfluidic spheres, i.e. in the microsphere and on
the microsphere. Compared to the “in the microsphere” strategy, the “on
the microsphere” strategy generates microspheres before cell ingrowth,
providing more flexibility in the choice of gelation conditions and pre-
cursor solution. Furthermore, cells “on the microspheres” proliferate
faster than that in the inner space of microspheres, since space is not
tightly confined [33,34].

In the present study, highly dispersed fullerol nanocrystals with
enhanced bioreactivity were incorporated into GelMA microspheres
using one-step innovative microfluidic technology to construct fullerol-
hydrogel microfluidic spheres (FMSs) for in situ regulating the redox
homeostasis of stem cells and promoting refractory bone healing
(Fig. 1). The fullerol nanocrystals were firmly immobilized within
hydrogel microspheres via both the physical entanglement of hydrogel
matrix [10] and non-covalent interactions (e.g. hydrophobic and n-n
binding) between the GelMA and the C60 sphere surface [35]. Initially,
the biocompatibility and antioxidant activity of FMSs were investigated
to demonstrate that they could effectively quench ROS to create a
favorable microenvironment for survival of bone marrow mesenchymal
stem cells (BMSCs). Furthermore, the in vitro osteogenic differentiation
of BMSCs was analyzed to validify the intrinsically osteogenic property
of FMSs. Finally, the in vivo bone healing effect were investigated via
implanting BMSCs-laden FMSs into a rat cranial bone defect model.
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Fig. 1. a) Schematic of the three-dimensional structure of FMSs, molecule structures of fullerol, and gelatin methacryloyl (GeIMA). To show the three-dimensional
structure, the hydrogel matrix network of FMS are rendered into different colors. The fulerol was immobilized within the GelMA microspheres by both the physical
entanglement of hydrogel matrix network and the noncovalent interactions between GelMA and fullerol. b) Schematic illustrations of the FMSs fabrication, and the
growth and differentiation of BMSCs on FMSs. The freeze-drying process, indicated by dotted arrow, was performed to show porous structure of FMSs and the wet
(non-lyophilized) FMSs were used for cell culture. c¢) The in vivo bone repair schematic of BMSCS-laden FMSs in a rat calvarial defect model.
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2. Materials and methods
2.1. Materials

All reagents were obtained from Sigma-Aldrich, unless noted other-
wise. Fullerol nanoparticles (C60[OH]2g-17H20, 99.5% purity) were
obtained from Tanfeng Graphene Technology Co., Ltd. (Suzhou, China).

2.2. GelMA synthesis

GelMA was synthesized according to the method that reported in our
previous study [36]. Briefly, the 10% (w/v) gelatin was completely
dissolved into Dulbecco’s phosphate-buffered saline (DPBS) (Invitrogen)
at 60 °C. The methacrylic anhydride (MA) (0.8 mL per g gelatin) was
supplemented to react with gelatin at 50 °C under staring for 2 h. The
reaction was stopped by supplementing additional DPBS (5-fold dilu-
tion). The diluted solution was dialyzed in distilled water at 40 °C for 1
week. Afterwards, the purified solution was freeze-dried 1 week, form-
ing a white foam that could be long-term stored at —80 °C.

2.3. Microfluidic generation of GelMA-Fullerol microspheres

In order to prepare the prepolymer solution, fullerol at different
concentrations (0, 1, 10, 100, and 200 uM) were supplemented into the
5 wt% GelMA solution containing 0.5 wt% photoinitiator. Then, the
mixture was then sonicated for 30 min at 55 °C, forming a homogeneous
solution. In order to fabricate the GelMA-Fullerol microspheres, the
prepolymer solution was employed as the dispersed phase, and the
continuous phase contained paraffin oil with 5 wt% Span80. These two
phases were injected into different microchannels and the flow rates of
them were fine-tuned by syringe pumps to obtain the monodisperse
droplets (<200 pm). The collected emulsion droplets were photo-
polymerized for solidification under UV irradiation (365 nm, 5 min). In
order to remove the excessive additives, including paraffin oil and
photoinitiator, the microspheres were thoroughly extracted in cleansing
water, and then purified in phosphate buffer saline (PBS). The resulting
microspheres were imaged using an optical microscope, and their par-
ticle sizes were analyzed using Image J software.

2.4. Physical characterization of GelMA-Fullerol microspheres

(I) Scanning Electron Microscopy (SEM): The surface morphology of
the hydrogel microspheres was examined by a SEM (S-4800; Hitachi,
Kyoto, Japan). Lyophilized hydrogel microspheres were added on the
conductive adhesive and were spray-coated with gold. (II) Laser Scan-
ning Confocal Microscopy (LSCM): The surface morphology of the
hydrogel microspheres was examined by LSCM (ZEISS, Axio, Germany).
Alizarin Red and Calcein were added to stain the hydrogel microspheres,
respectively. After freeze-drying, the hydrogel microspheres were
monolayer dispersed on a confocal dish. The Alizarin Red staining
revealed the morphology of the hydrogel microspheres in red, while the
Calcein staining revealed the morphology of the hydrogel microspheres
in green. (III) Transmission Electron Microscope (TEM): The
morphology of the fullerol nanoparticles within the hydrogel micro-
spheres and in the degradation solution was, respectively, investigated
under a high resolution TEM (H-7500, Hitachi Ltd. Japan). For the
former, hydrogel microspheres were rapidly dissolved with collagenase
type II (10 U mL™Y), and the lysed solution that contained the fullerol
nanoparticles was dropped onto holey-carbon film-supported grids and
imaged under TEM (IV). Degradation analysis: By mimicking the phys-
iological environments [37], 0.5 mL of hydrogel microspheres were
incubated with 0.5 ml of type II collagenase (0.1 U mL™})-containing
PBS (pH 7.4) in 1.5-mL tubes at 37 °C for 5 weeks. The investigation was
continued by monitoring the pH value and replenishing the equal
amount of collagenase-containing PBS every week. At the pre-
determined time points, the hydrogel microspheres were subjected to
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several analyses, including microscopic observation and residual weight
measurement. For the latter, after washing with deionized water, the
hydrogel microspheres were freeze-dried for weighting. The degrada-
tion rate (DR) was calculated, as follows:

W,—W,

DR(%) = x 100% )

o

(Wo refers to the initial weight, and Wt refers to the weight at time t)
2.5. Biocompatibility of GelMA-Fullerol microspheres

(I) Cell Culture: The BMSCs of Sprague Dawley (SD) rats were pur-
chased from Cyagen Biosciences (Suzhou, China) and were cultured on
hydrogel microspheres in Dulbecco Modified Eagle Medium, supple-
mented with 10% fetal bovine serum (Gibco), 100 pg-mL-1 of strepto-
mycin (Gibco) and 100 U-mL-1 of penicillin (Gibco) in an incubator at
37 °C with 5% CO2. The hydrogel microspheres were dispersed in the
medium for 24 h to form medium-containing hydrogel microspheres,
which were mixed with fresh medium in different ratios (v/v) to prepare
the solution for the BMSCs culture. The culture media was exchanged
every 3 days. (I) Cell Viability: At day 3, 7 and 14, the cell viability was
examined to determine the BMSCs survival on the hydrogel micro-
spheres at different fullerol concentrations (0, 1, 10, 100, and 200 pM).
Then, 1 x 10° BMSCs were mixed with 300 pL of 33.3% (v/v) microgel
solution (V[microgel]:V[total] = 1:3) in 48-well tissue culture plates. At
day 3, 7 and 14, the cell viability was measured using a live/dead cell
staining kit (Life Tech, US), which stained the live cells with calcein-AM
(green) and stained the dead cells with ethidium homodimer-1 (red).
Next, cells were stained at room temperature for 20 min and then
observed under LSCM. At day 14, these cells were successively labelled
with phalloidin (5 pg mL’l) (Life Tech, US) and DAPI (10 pg mL’l) (Life
Tech, US) for 20 min, and 10 min at room temperature, respectively. The
positively labelled cells were detected using LSCM. (III) Cell Prolifera-
tion: In order to exclude the interference effect that from the deposited
cells on the culture plate, the cell-laden hydrogel microspheres were
transferred to a new plate for the test. At day 1, 4, and 7, the prolifer-
ation capability of BMSCs was detected by the CCK-8 assay. After in-
cubation with 10% CCK-8 solution (Beyotime, China) for 2 h, the
resulting solution absorbance was detected using a microplate reader
(Tecan, Switzerland) at a wavelength of 450 nm. All samples were tested
in triplicate.

2.6. Antioxidant activity of GelMA-Fullerol microspheres

(I) Total Antioxidant Capability (TAOC) Assay: TOAC was measured
using a rapid ABTS test (Beyotime, China). Briefly, the peroxidase so-
lution (20 pL), sample/Trolox standard (10 pL) and ABTS solution were
successively added into a 96-well-plate. Then, the mixed solution was
incubated for 5 min at room temperature, and detected at 414 nm
wavelength. (II) Intracellular ROS Detection: In order to induce the
oxidative stress of stem cells, HyO, was used at a concentration of 100
pM, which was consistent with a previous study [8]. BMSCs-laden
hydrogel microspheres with different fullerol concentrations (0, 1, 10
pM) were incubated with Hy0 for 2 h. Following H0, treatment, the
intracellular ROS was measured using a ROS Assay Kit (Beyotime,
China). Briefly, HyO,-treated BMSCs were incubated with DCFH-DA (10
pM) at 37 °C for 20 min, washed with PBS for three times, and stained
with DAPI (10 pg/mL). The positively stained cells were detected by
LSCM. The fluorescence intensity of DCFH-DA was detected at 525 nm
emission wavelength and 488 nm excitation wavelength, and then
quantified using Image J software. (III) Live/dead staining: As
mentioned above, the BMSCs-laden hydrogel microspheres were incu-
bated with HyO2 (100 pM) for 12 h and 24 h, and the cell viability of
BMSCs was detected. The labelled cells, including green live cells and
red dead cells, were detected by LSCM. The stained cells were quantified
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using the Image J software. The following equation was used to calculate
the cell viability:

The amount of live cell

" The amount of total cell

Cell viability(%) x 100% )

2.7. Osteogenic activity of GelMA-Fullerol microspheres

(D) Alizarin Red S staining: BMSCs-laden hydrogel microspheres with
different fullerol concentrations (0, 1, and 10 uM) were incubated with
growth or osteogenic media in a 24-well-plate. At day 7 and 14, cell-
laden hydrogel microspheres were stained with Alizarin Red S dye
(Solarbio, China) according to the instructions. The stained samples
were imaged using an optical microscope and digital camera, respec-
tively. After dissolving the mineralized extracellular matrix with 10%
acetic acid, the OD values of the solution at wavelength 405 nm were
measured to quantify the Alizarin Red S staining. (II) Alkaline Phos-
phatase (ALP) staining: At day 4 and 7, the cell-laden hydrogel micro-
spheres were stained using a ALP staining kit (Beyotime, China). The
stained cells were imaged using an optical microscope and digital
camera, respectively. After the lysing of cells with RIPA lysis buffer, the
ALP activity was obtained by measuring the OD value in the supernatant
at 405 nm wavelength. The value was normalized to the total protein
detected at 560 nm wavelength using a BCA Protein Assay Kit (Thermo
Scientific, US). (III) Immunofluorescence Staining: At day 7, cells were
fixed with 4% paraformaldehyde. After overnight incubation with the
primary rabbit anti-OCN (Abcam), anti-BMP2 (Abcam) and anti-
COL1A1 (Abcam) at 4 °C, these cells were incubated with the FITC-
conjugated secondary antibody (Servicebio, China) for 1 h at room
temperature. Then, the cell nuclei was stained with DAPI (Life Tech,
USA) in the darkness for 15 min. Subsequently, these stained cells were
observed by LSCM. (IV) Quantitative real-time PCR (qRT-PCR) analysis:
At day 7, the cells were harvested. The total RNA was extracted using
RNAiso Reagent (Takara, Japan), and reverse-transcribed into cDNA
using the PrimeScript® RT reagent Kit (TakaRa, Japan). Afterwards, the
RT-RCP was conducted using the a 7500 Fast Real-Time PCR system
(Applied Biosystems, US) with the SYBR® Green Assay kit (TakaRa,
Japan). The primer sequences are listed in Table S1. The expression
levels of genes were determined using specific primers, and normalized
to p-actin. (V) Western blot: The primary rabbit anti-FoxO1(Abcam),
anti-SOD2 (Abcam) and mouse anti-f-Actin (Life Tech) were used in
the test. The total protein was extracted from the collected cells using
the BCA protein assay kit (Thermo Scientific, USA). After the protein
transferring, and membrane blocking and washing, the primary anti-
bodies were used to incubated with the membranes at 4 °C overnight.
Then, the secondary antibody (Life Tech) was used to incubate with the
membrane for 1 h at room temperature. The proteins labelled on the
membrane were detected using the ChemiDoc Imaging Systems (Bio-
Rad, USA).

2.8. In vivo bone repair via BMSCs-laden GelMA-Fullerol microspheres

(I) Rat calvarial defect model and BMSCs-laden hydrogel micro-
spheres implantation: The calvarial defect model of SD rats (300 + 10 g)
was used to study the osteogenic effect of BMSCs-laden hydrogel mi-
crospheres. The in vivo experiment was approved by the Animal Ethics
Committee of Ruijin Hospital Affiliated to Shanghai Jiao-Tong Univer-
sity School of Medicine. The calvarial defect model was prepared as
previously described [38]. Briefly, the parietal bone was exposed
through a midline incision from the bipupillar line to the occipital. Using
an electric drill, the critical-size defects with a 5-mm diameter were
randomly generated on the unilateral parietal bone. These rat models
were divided into four groups (n = 6, per group): (a) blank, (b) BMSCs,
(c) GeIMA microspheres + BMSCs, (d) GelMA-Fullerol microspheres +
BMSCs. BMSCs (1 x 107 cells mL ') were resuspended in PBS, GelMA
microspheres and GelMA-Fullerol microspheres (the concentration of
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the microsphere was 50% [v/v], Cpy = 10 pM, 0.035 wt% in respect to
GelMA). These mixtures (100 pL) were rapidly injected into these cal-
varial defects using a 24-gauge needle. PBS was given to the blank
group. (II) Micro-CT evaluation: At 8 weeks after surgery, the calvarial
bones were collected, fixed with 10% paraformaldehyde solution, and
evaluated using micro-CT (Scanco Medical, Switzerland). The current
was 130 pA, and the voltage was 70 kV. The specimens were further
analyzed using the Scanco software. The entire defect area was
semi-automatically selected as the region of interest (ROI), and the bone
volume fraction (bone volume [BV]/total volume [TV]) and bone min-
eral density (BMD) of the ROI were analyzed using this software. (III)
Histological evaluation: After the micro-CT scanning, the fixed samples
were decalcified, paraffin-embedded, and sliced for H&E staining. The
morphology and new bone were observed under the microscope. (IV)
Immunohistochemical Analysis: For immunohistochemical examina-
tion, the samples were permeabilized with Triton X-100 (0.3%, 10 min),
blocked with goat serum (5%, 30 min), and then incubated with the
primary antibody at 4 °C overnight. The primary antibodies included
rabbit anti-FoxO1l(Abcam; Ref. s1), anti-SOD2 (Abcam; Ref.s2),
anti-OCN (Abcam; Ref.s2), and anti-BMP2 (Abcam; Ref.s3). After the
incubation with the primary antibody, the secondary antibody was used
to incubated with the samples at room temperature for 1 h. The staining
was developed using the diaminobenzidine tetrachloride. Finally, the
positively stained cells were observed under a microscope, and quanti-
fied by Image J software.

2.9. Statistical analysis

All data were expressed as mean + SD. The two-tailed non-paired
Student t-test was employed for comparisons between two groups. P <
0.05 was considered statistically significant.

3. Results and discussion

3.1. Microfluidic synthesis of FMSs containing highly monodispersed
fullerol nanocrystals

The physicochemical properties of the fullerol was verified in
Figure S1a-S1d, and the fullerol with multiple hydroxyl groups (n~28)
(Fig. S2) exhibited excellent water solubility (Figs. Sle and S1f).
Spherical FMSs were prepared using a microfluidic flow-focusing device,
which is suitable for the high throughput fabrication of highly mono-
disperse microspheres with suitable size [34]. Aqueous FMSs were
initially presented in emulsion drops of water-in-oil (W/0) (Fig. 1b).
Fullerol mixed with 5 wt% GelMA containing 0.5 wt% photoinitiator
were used as the aqueous phase, while the oil phase consisted of paraffin
oil and 5 wt% span80. The 5 wt% GelMA was used based on the fact that
concentrations below 4% hinders hydrogel formation, while concen-
trations exceeding 8 wt% inhibited the cell growth in the hydrogel [39].
Both flow rates at the aqueous phase (Qa) and oil phase (Qo) affected the
particle size of microspheres. By tuning these two phases ratios (Qa: Qo
=1/6-1/10), FMSs with a diameter between 140 pm and 170 pm were
obtained (Fig. 2c and d). The size falls within the ideal microsphere size
range (100-300 pm), which is beneficial for good growth of BMSCs [40].
The porous surface topography of the microcarriers increased surface
area for cell attachment (microporous), and provided multiple internal
pores for cell ingrowth (macroporous) [41]. In order to investigate the
surface morphology of these FMSs, the FMSs were instantly fixed in
liquid nitrogen at ultra-low temperature, and lyophilized. Through this
process, the morphology of the FMSs was preserved to a large extent,
which is close to that in the hydrated state. As shown in Fig. 2a, the
surface pores of FMSs range from a few microns to dozens of microns
(2.9-34.3 pum), which is suitable for cell attachment. However, due to
the soft and fragile properties of FMSs (<200 pm), the structures of most
FMSs were destroyed during the sample preparation process for the SEM
examination. In order to address this, the dye-labelled FMSs were
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Fig. 2. Characterization of FMSs (Cgy = 10 pM, 0.035 wt% in respect to GelMA). a) SEM image of FMSs. b) The LSCM image of FMSs embedded with Alizarin Red (i)
and Calcein (ii). The Alizarin Red and Calcein were incorporated into GelMA pre-solution, and then solidified into dye-labelled FMSs via photopolymerization. ¢) The
Optical Microscopy (OM) image of FMSs. d) The particle size distribution of FMSs. e) The TEM image of fullerol nanocrystals within FMSs. The FMSs are degraded via
collagenase and the exposed fullerol nanocrystals in the aqueous solution were detected using the TEM. f) The photograph of deposited FMSs with different con-

centrations of fullerol (0, 1, 10, 100, and 200 pM) in the aqueous solution.

further observed under LSCM, in which the structure of most FMSs were
intact. The results were similar to that of SEM detection, which again
confirms the porous surface morphology of FMSs (Fig. 2b). Once formed,
the FMSs with diameters of less than 200 pm can be easily injected
through a 24-gauge syringe head, which is suitable for in situ minimally
invasive tissue repair (Fig. 1c). Fullerol is highly water soluble due to the
presence of abundant hydroxyl groups on the surface. However, the
hydrophobic nature of the aromatic carbon cage enables these to self--
assemble in the aqueous solution, forming larger aggregates with di-
ameters of hundreds of nanometers [42,43]. The structure and size of
the nanoparticle in the suspension varies according to the hydrody-
namics as well as the solution conditions [44]. Using the microfluidic
device, highly monodispersed fullerol nanocrystals with a smaller size
(average diameter of approximately 40 nm) were obtained (Fig. 2e).
Under this condition, the curvature of fullerol nanocrystals increased to
obtain a larger exposed surface area of the C60 sphere, which may be
beneficial for fullerol-related biological applications [27]. Theoretically,
hydrogel microspheres with nanoscale-sized network pores are ready to
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stabilize nanoparticles within their matrix, forming composite micro-
spheres with additional functionalities [10,45]. In addition, the hydro-
phobic and n-r interactions between the GelMA and the C60 sphere
surface further immobilize fullerol within the microspheres (Fig. 1a)
[35]. The produced FMSs can be dispersed into a homogeneous
supennsion via gentle shaking, and completely precipitated after a few
minutes standing, with a clear supernatant, while the deposited FMSs
would be colored (Figs. S3a and S3b). The state can remain unchanged
over a month in PBS at 4 °C, which is indicative of the structural stability
of FMSs and the retention of fullerol within FMSs (Fig. S3c) The
deposited pure GelMA microspheres are translucent by visual inspec-
tion, while the color of deposited FMSs deepens with the addition of
fullerol (Fig. 2f), which is similar to that of fullerol solutions [46].

3.2. Degradation behavior of FMSs and morphological change of
dissociated fullerol nanocrystals

In order to assess the ability of the FMSs as stem cell carriers for bone
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healing, the degradation performance was investigated. A previous
study investigated GeIMA hydrogel degradation using 2 U mL™! of
collagenase solution [39]. However, the FMSs rapidly degraded within a
few hours under this condition, which was probably due to the larger
surface-area-to-volume ratio, when compared to the bulk hydrogel. In
fact, this process was too quick to be observed in the dynamic changes of
microspheres in vitro, and this can hardly represent the gradually
degradation process in vivo in much lower collagenase conditions. By
mimicking the in vivo healing environment [37], FMSs were incubated in
PBS containing collagenase with a much lower concentration (0.1 U
mL™) for five weeks (Fig. 3a). It was observed that fine degradation
particles appeared on the surface of FMSs within the first week. At week
two, the marginal structure of FMSs started to collapse with increased
cracks. The number of existing FMSs dropped at week three, and the
FMSs completely disappeared at week five. In addition, the particle size
tended to increase over time, which is indicative of bulk degradation.
Overall, the FMSs degradation was a slow, progressive, and dynamic
process. The residual weight of FMSs decreased with time, which was
consistent with the morphological change (Fig. 3b). With the complete
FMS degradation, the final residual component should be fullerol
(~0.035 wt%), which, however, could hardly be precisely measured
using the weight method, and was neglected. Beyond the changes in the
body frame of FMSs, the change in fullerol nanocrystals was also
investigated. After the FMSs degradation, the immobilization effect of
fullerol nanocrystals was destroyed and the split fullerol nanocrystals
could diffuse to the surrounding aqueous solution due to
concentration-gradient effect. Of course, it couldn’t exclude the capture
of a small amount of split fullerol nanocrystals within the remaining
FMSs. Over a period of 5 weeks, the split fullerol nanocrystals in lysis
supernatant turned into larger particles (average diameter of approxi-
mately 200 nm) (Fig. 3c), which was similar to those directly formed in

Residual weight (%)
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the aqueous solution (Fig. S1d). The underlying mechanism of this
change may be the growth of the nanocrystal itself and/or the coales-
cence of nanocrystals. On the one hand, the fullerol in the aqueous so-
lutions tended to self-assemble into large aggregates due to the big size
and high rigidity of the C60 sphere [26]. On the other hand, the nano-
particles grew in the solution based on the mechanisms of the surface
reaction and the monomer’s diffusion to the surface [47].

3.3. Survival and proliferation of BMSCs on FMSs

Cell culturing on the hydrogel microspheres exhibits obvious ad-
vantages, when compared to the conventional plate culturing system
[34]. Due to their larger surface-to-volume, hydrogel microspheres take
less substrates to culture more cells. In addition, the three-dimensional
culture using hydrogel microspheres are more closely to that in the in
vivo conditions, and hydrogel microspheres can be used as cell carriers
for minimally invasive tissue repair. The fullerol nanocrystals, which
gradually exposed following FMSs degradation, could directly contact in
situ with and be taken up by the cells. Previous studies have demon-
strated the dose-dependent cytotoxicity of water-soluble fullerene on
several cells [48]. In fact, the cytotoxicity varied in different cells due to
various factors (e.g. cell type, the dissolving medium, aggregation of
nanoparticles, and group number of fullerene derivatives), and the cell
type was considered as the most significant factor that influenced the
cytotoxicity of fullerene and its derivatives [49,50]. However, most
previous studies have investigated the toxicity of fullerol in the aqueous
solution, which might be different from that in the hydrogel. In order to
investigate the viability of BMSCs seeded on FMSs with different con-
centrations of fullerol, the live/dead cell assay was employed for the
quantification of live cells and dead cells (Fig. 4a). The results revealed
that BMSCs maintained better viability on FMSs that contain 0, 1 and 10

120+
90+
60+
30+
c T T T T T
0 7 14 21 28 35
Time (Days)

Fig. 3. Degradation analysis of FMSs incubated with the collagenase (Cgy = 10 pM, 0.035 wt% in respect to GelMA). a) The OM images showing morphological
changes of FMSs over 5 weeks. The fine particles around FMSs increased in the early stage (D3-D7), and cracks (D24) and fractures (D21) of FMSs were observed in
the late stage. b) The residual weight of FMSs (n = 3). The final residual component was fullerol (~0.035 wt%). ¢) The TEM image of fullerol nanocrystals in the

degradation solution after 5 weeks.
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pM of fullerol when compared to FMSs that contain 100 and 200 pM of
fullerol at day three, which indicate the cytotoxicity of fullerol at the
high dose. The BMSCs in Ful 0, Ful 1 and Ful 10 expanded well at day
seven, and this almost covered the FMS surface at day 14. In contrast,
the number of viable BMSCs in the Ful 100 and Ful 200 groups hardly
increased at day 7 and 14, which might be the combined effect of
cytotoxicity and cell differentiation. These results were also verified by
F-actin staining, which mainly revealed the cell morphology and
extension on FMSs at day 14 (Fig. 4b). Furthermore, the CCK-8 assay
demonstrated that the proliferation activity of BMSCs was similar in the
Ful 0, Ful 1 and Ful 10 groups, while this was significantly undermined
in the Ful 100 and Ful 200 groups (Fig. 4c). In addition, the morpho-
logical changes of BMSCs seeded on FMSs (Ful 10) were also observed
under the optical microscope (OM) at different culture times (Fig. 4d).
The BMSCs were globosely and homogeneously suspended around the
FMSs at day one, expanded and confluenced on FMSs at day 4 and 7, and
spread out of FMSs at day 14. Obviously, the BMSCs on the FMSs
proliferated over time with high viability. Furthermore, as the BMSCs
proliferated and the amount of loaded cells increased, the morphological
change of FMSs (e.g. decreased transparency, blurred outline, and
fusion), was presented. These results showed that FMSs with certain
dose fullerol (1 and 10 pM) are not cytotoxic, and could be used as
promising carriers for BMSCs delivery.

3.4. FMSs protect BMSCs from oxidative stress damage under the ROS
environment

Excessive ROS in the tissue microenvironment cause oxidative stress
to impair cellular functionalities, thereby causing various disorders
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[51]. In the case of refractory bone defects, the generated ROS (mainly
027, Hy05 and OH') at the lesion sites could induce oxidative stress
damages to the host, as well as to the implant cells. According to the
sources of ROS generation, the cellular localization of ROS quenching by
fullerol is illustrated in Fig. 5a. In addition to the exogenous ROS from
environment factors, the ROS were generated within cells at multiple
sites, including the mitochondria, cytoplasm, endoplasmic reticulum,
and plasma membrane, in which the mitochondria is not only the main
source of intracellular ROS, but also the major target [52]. Specifically,
intracellular ROS induces the depolarization of mitochondria, releasing
pro-apoptotic molecules to cause cell apoptosis. In turn, mitochondrial
depolarization promotes the ROS production with the activation of
electron transfer, making the positive feedback for ROS generation. Pure
GelMA microspheres exhibit a certain scavenging ability against hy-
droxyl radicals due to the presence of the hydroxyl groups [53]. How-
ever, their scavenging capacity against other forms of ROS remains
limited. Fullerol is an excellent free-radical scavengers, which quenches
ROS in a manner similar to biologically enzyme reactions [54]. In order
to examine the scavenging ability of FMSs against extracellular ROS, the
total antioxidant capability (TAOC) assay was conducted. The results
indicated that the TOAC of FMSs was significantly enhanced with the
increase in fullerol concentration: Ful 10 > Ful 1 > Control (Ful 0)
(Fig. 5b). Next, the scavenging ability of FMSs against intracellular ROS
was investigated via 2',7'-dichlorodihydrofluorescein diacetate
(DCFH-DA) oxidation. It is well known that nanomaterials, including
fullerene [55,56], easily enter cells by endocytosis (receptor-mediated
and/or direct penetration), and then are translocated into different or-
ganelles, thereby modulating the cell biological behaviors [57]. As
illustrated in Fig. 5a, fullerol nanocrystals can enter into the stem cell,
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Fig. 5. Antioxidant activity of FMSs. a) An illustration of intracellular and extracellular ROS quenching by fullerol nanocrystals. The fullerol nanocrystals split from
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0 h refers to the baseline control without H,O, treatment. f) Quantification analysis of viable cells. (n = 3, * and # indicate p < 0.05 in comparison with the Ful
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and eliminated the intracellular ROS. It was shown that strong fluores-
cence (green) was observed in the Ful 0 group following H202 (100 pM)
treatment for 2 h, indicating generation of large amounts of intracellular
ROS. In contrast, the fluorescence intensity in Ful 1 and Ful 10 group
significantly decreased, demonstrating the effective scavenging ability
of FMSs against intracellular ROS (Fig. 5c). Likewise, the fluorescence
intensity of DCFH-DA reduced with the enhancement of fullerol con-
centrations: Ful 10 > Ful 1 > Control (Ful 0) (Fig. 5d). Furthermore,
after HoO5 (100 pM) treatment for 12 h, and 24 h, the cell survival of
BMSCs was examined to investigate the ability of FMSs to rescue BMSCs
under oxidative stress conditions (Fig. 5e and f). In the FMSs groups (Ful
1 and Ful 10), the BMSCs viabilities were significantly higher than those
on the pure GelMA microspheres (Ful 0) group, and these were most
obvious in the Ful 10 group under HyO5 treatment for 24 h. Taken
together, these in vitro results demonstrated the robust scavenging
ability of FMSs against both extracellular and intracellular ROS, which
can be used to alleviate the oxidative stress in impaired tissue micro-
environments, thereby improving the survival of implanted BMSCs.

3.5. FMSs promote the in vitro osteogenic differentiation of BMSCs via
ROS-dependent and/or-independent signaling

Previous studies have demonstrated the link between oxidative stress
and bone regeneration [58]. Oxidative stress suppresses osteogenic
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differentiation and antioxidants were supposed to promote osteogenesis.
In order to investigate the effect of FMSs on osteogenesis, both calcium
deposition and alkaline phosphatase (ALP) activity were evaluated.
Initially, BMSCs-seeded FMSs were cultured in growth medium (GM) for
14 days, and the Alizarin Red S staining results revealed a slightly in-
crease in mineralized matrix in the FMSs groups (Ful 10) (Figs. S4a and
S4b). A similar effect was observed in the ALP activity assay when
cultured for seven days (Figs. S4c and S4d). These demonstrated that
FMSs (Ful 10) intrinsically exhibited an osteogenic property, which is
superior to the pure fullerol aqueous solution [22], partly due to the
optimized three-dimensional culture conditions, and the highly
dispersed distribution of microfluidic fullerol nanocrystals. When
cultured in osteogenic medium (OM), the osteogenesis was significantly
enhanced. As shown in Fig. 6a, the mineralized matrix accumulating in
the BMSCs-seeded FMSs deepened the color of FMSs under an optical
microscope. The color of BMSCs-seeded FMSs was brown yellow at day 7
and turned to be tawny at day 14, indicating more generation of the
mineralized matrix. Using Alizarin Red S staining, mineralized nodules
were stained in red (Fig. 6b), which could be clearly observed under an
optical microscope (Fig. 6¢). The amount of mineralized matrix deposits
increased with the culture time, and the fullerol concentration. It was
observed that BMSCs seeded on FMSs (Ful 1 and Ful 10) had more
mineralized nodules formations, when compared with that in the pure
GelMA microspheres group (OM + Ful 0). The BMSCs-seeded GelMA
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Fig. 6. The effect of FMSs on the formation of extracellular calcium nodule. The deeper the color, the more deposition of extracellular calcium nodule. a) Optical
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microspheres cultured in GM presented no mineralized nodules forma-
tion, which was used as a negative control. A consistent result was
observed in the quantitation of the mineralized matrix. (Fig. 6d).
Furthermore, ALP staining was performed for BMSCs-seeded FMSs at
day 4 and day 7 (Fig. 7a and b). It was observed that the ALP expression
was augmented as the culture periods was prolonged. The Ful 10 group
had the highest ALP expression, followed by the Ful 1 group. A consis-
tent trend was obtained in the quantitative analysis of the ALP activity
(Fig. 7c). Taken together, these results demonstrated the excellent
osteogenic property of FMSs, which can be used to promote the osteo-
genesis of BMSCs.

The representative molecules, e.g. ALP, COL1A1, OCN and etc, as the
osteogenic-related markers, play an important role in the bone tissue
regeneration, and have been widely investigated [22]. The expression of
these osteocyte-specific genes and proteins were also measured to
evaluate the osteoblast differentiation of BMSCs cultured on FMSs. As
shown in Fig. 8b, the osteogenic differentiation-related genes, including
ALP, COL1Al, OCN, BMP2, and RUNX2 were all significantly upregu-
lated in the FMSs group (OM + Ful), when compared with that in GelMA
microspheres group (OM), when cultured in OM for seven days. The
genes expression of BMSCs cultured in GM was relatively lower and used
as a negative control. In addition, the osteogenic-specific proteins (OCN,
BMP2 and COL1A1) were also examined (Fig. 8a). The results revealed
that BMSCs in GM seldom expressed these proteins, while the expres-
sions were increased in OM. Similarly, the BMSCs seeded on FMSs
presented with a significantly higher expression of osteogenic-specific
proteins, when compared to that on GelMA microspheres.

In order to further clarify the underlying mechanism of FMSs to
promote osteogenesis, the expression of several critical molecules was
investigated. It is well known that excess ROS impairs the osteogenesis
of the progenitor cells, and the targeting of ROS can be an effective
strategy to change this process. To some extent, the antioxidative FMSs
promote the osteogenesis of BMSCs by scavenging excessive ROS.
However, the pathways that control mesenchymal cell differentiation
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are complex, and the molecular regulators of osteogenesis are not fully
elucidated. For most cells, an increase in ROS stimulates a cell to
upregulate antioxidant enzymes, such as SOD, and vice versa. This is the
typical ROS-dependent pathway to resist oxidative stress. However, the
self-protection capability of cells via this mechanism is limited, which
can hardly resist the long-lasting oxidative stress with excessive ROS.
For osteoblasts that exposed to long-lasting oxidative stress, there is
another ROS-independent pathway to combat the oxidative stress, and
this is different from that in other cells. Forkhead box O1 (FoxO1), which
is a significant forkhead transcription factor, defends against ROS in
osteoblasts via regulating superoxide dismutase 2 (SOD2) [59]. In
addition, this promotes the osteoblast differentiation of stem cells by
binding to RUNX2 [60]. A previous study has demonstrated that fullerol
reinforces the osteogenesis of stem cells with the activation of the FoxO1
signaling pathway. In the present study, the expression of FoxO1 and
SOD2 genes was analyzed (Fig. 8c). The results revealed that BMSCs
cultured in GM presented with a lower expression of FoxO1 and SOD2,
when compared to that cultured in OM. Specifically, the expression of
FoxO1 and SOD2 in FMSs was significantly higher than that in GelMA
microspheres. Consistent with the genes expression, a similar trend was
obtained in the protein expression of FoxO1 and SOD2 (Fig. 8d), which
further confirmed the positive role of FMSs on FoxO1 signaling. Taken
together, these results preliminarily suggested that FMSs, with the
activation of the FoxO1/SOD2 pathway, might promote the osteogenesis
of BMSCs via ROS-dependent and/or-independent signaling (Scheme 1).
Further investigations are needed to unveil the in-depth mechanism.

3.6. BMSCs-laden FMSs promote in vivo bone healing in rat calvarial
defects

The bone healing effect of BMSCs-laden FMSs was evaluated in a rat
calvarial defect model (Cgy = 10 pM, 0.035 wt% in respect to GelMA)
(Fig. S5). BMSCs-laden FMSs were injected into calvarial defects with
24-gauge needles, and then the wounds were closed. At eight weeks
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post-surgery, the craniums were harvested and detected with Micro-CT
and H&E staining, respectively. As shown in Fig. 9a, all the four groups
presented with new bone formations, more or less, from the edge to the
center, in the defect areas. The blank group was mostly empty in the
defect area, although a small amount of new bone existed due to self-
healing. In contrast, new bone formation significantly increased in the
other groups, especially in the BMSCs-laden FMSs group. The bone
volume (BV) fractions of the defect areas in the four groups were
analyzed, and quantified in Fig. 9b. The BV fraction in the blank group
was the lowest (4.1 + 1.5%), when compared to the BMSCs group (12.6
+ 2.1%), GelMA + BMSCs group (23.7 + 2.9%) and GelMA/Ful +
BMSCs group (38.5 + 2.8%), indicating the effective bone healing of
BMSCs implantation. The BV fraction in the GelMA + BMSCs group was
1.89 fold of that in the BMSCs group, indicating the superiority of
BMSCs-laden microspheres in the BMSCs implantation. This is partly
due to the following: (i) the GelMA microspheres protect BMSCs from
shear stress damage during the injection process, and (ii) provide sites
for cell migration, adhesion and growth. Furthermore, the BV fractions
in the GelMA/Ful + BMSCs group was 1.62-fold of that in the GelMA +
BMSCs group, fully demonstrating the excellent in vivo bone healing
effect of BMSCs-laden FMSs. These might be benefited from the
following: (i) FMSs promote the osteogenesis of BMSCs to form new
bones, and (ii) FMSs improve the impaired tissue microenvironment via
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scavenging excessive ROS, which is favorable for the survival of implant
BMSCs and the self-healing of bone tissue. Consistent with BV fractures,
a similar trend was observed for the bone mineral density (BMD) in the
four groups (Fig. 9¢). The H&E staining provides more detailed infor-
mation of the repaired areas. The newly formed bone, fibrous tissue and
blood vessel-like structure were shown in Fig. 10a. It can be observed
that the calvarial defect areas in all groups had some newly formed
bone, which is consistent with the results of the Micro-CT. Specifically,
the defect areas in blank group were largely covered with fibrous tissues,
and newly formed bone was only observed adjacent to the host bone. In
comparison, more newly formed bone and blood-vessel-like structures
were observed in the other three BMSCs implantation groups, indicating
the better effect of bone tissue repair. Furthermore, the amount of newly
formed bone in the GelMA/Ful + BMSCs group was the highest, fol-
lowed by the GeIMA + BMSCs group and BMSCs group. These results
suggested that BMSCs-laden FMSs can significantly promote the in vivo
bone healing in the defect areas.

In order to further verify the in vivo activation of osteogenic-related
molecules during the bone healing process after the BMSCs-laden FMSs
implantation, immunohistochemistry analysis was conducted in the
defect areas of the four groups (Fig. 10b and c). The positive expression
of proteins in the four groups was indicated by the blank arrows. It can
be observed that the osteogenic-specific proteins, including OCN and
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Scheme 1. Schematic of modulation of
osteogenic differentiation of BMSCs on FMSs
via regulating ROS-dependent and/or ROS-
independent (FoxO1) signaling. The cell
were seeded on FMSs, and the fullerol
nanocrystals split from FMSs, on the one
hand, can quench both the extracellular and
intracellular ROS, thus to regulate the ROS-
dependent  signaling (e.g  Hedgehog
signaling and p-catenin/Wnt signaling), and
on the other hand, can directly enter cell to
regulate the ROS-independent (FoxO1l/
SOD2) signaling.
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BMP2, were rarely expressed in the blank group, which were used as a
negative control. The expression of BMP2 and OCN in the other three
groups was much higher than that in the blank group, which was
consistent with the results of the radiological and histological evalua-
tion. The BMSCs-laden FMSs group presented with the strongest
expression of OCN and BMP2 in terms of both areas and density, which
further verify the robust bone healing effect of this system. Furthermore,
the in vivo activation of FoxO1 signaling, which is a major pathway that
resists oxidative stress in bone tissue [61], was investigated after FMSs
implantation. The expression of FoxO1 and SOD2 in the blank group was
relatively low, which was enhanced by BMSCs implantation in the other
three groups, suggesting that the stem cell itself might improve the
oxidative stress microenvironment to some extent [62]. Although the
expression of FoxO1 and SOD2 in the BMSCs and GelMA + BMSCs group
was higher, when compared to the blank group, this was relatively
lower, when compared with the GelMA/Ful + BMSCs group, indicating
the great potential of FMSs in defending against in vivo ROS.

Taken together, these results demonstrated that BMSCs-laden FMSs
are able to effectively repair the in vivo bone defect via modulating the
ROS microenvironment to promote the osteogenesis of BMSCs, and this
is consistent with in vitro results, indicating a promising strategy for
refractory bone healing. It should be noted that the stem cells used in the
study were allogeneic. However, further studies should investigate the
effectiveness and feasibility of this system using more sources of stem
cells (both the autologous and allogeneic) in large animals (e.g. dog)
before the final clinical investigation [63]. Compared to the application
via intravenous injection, the systemic toxicity of fullerol was almost
negligible in the local application of FMSs, since most of the fullerol was
confined in the bone tissue, and was finally cleared by the mononuclear
phagocyte system [64].
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4. Conclusions

In summary, this work demonstrates a facile and efficient approach
to prepare uniform, particle-size controllable FMSs that contain highly
dispersed fullerol nanocrystals using an one-step innovational micro-
fluidic technology for the in situ redox regulation of stem cell fate and
refractory bone healing. These FMSs could effectively quench ROS to
protect BMSCs from oxidative stress damage, providing a favorable
condition for their survival during the process of deposition. In addition,
the bioactive FMSs exhibited robust capability to promote the osteoblast
differentiation of BMSCs via ROS-dependent and/or ROS-independent
signaling pathways. More importantly, compared with BMSCs-laden
GelMA microspheres, BMSCs-laden FMSs could significantly reinforce
the in vivo bone healing with the activation of FoxO1 signaling, which
should be a synergistic effect that result from (i) FMSs in improving the
survival of BMSCs (both implanted and resident) via scavenging exces-
sive ROS in the refractory bone defects, and (ii) FMSs in promoting the
osteogenesis of BMSCs. Overall, these modular FMSs that target the ROS
microenvironment have enormous potential as injectable delivery ve-
hicles of BMSCs for refractory bone healing, and this can also be
expanded to deliver a variety of other cells, targeting diseases that
require in situ redox regulation.

Data availability

The data that support this study are available within the article and
its Supplementary data files are available from the authors upon request.
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immunohistochemical images in decalcified bone defect area showing the expression of FoxO1, SOD2, OCN and BMP2 in each group. Fibrous tissue (F), Bone (B),
GelMA hydrogel (G) and positive-expressed protein (black arrow) are indicated in the selected section. ¢) Semi-quantitative analysis of the expression of FoxOl1,
SOD2, OCN and BMP2 in each group. (Cgy = 10 pM, n = 6, *, #, and $ indicate p < 0.05 in comparison with the blank group, the BMSCs group, and the GelMA +

BMSCs group, respectively).
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