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The development of functional materials for osteoporosis is ultimately required for bone remodeling. However,
grafts were accompanied by increasing pro-inflammatory cytokines that impaired bone formation. In this work,
nano-hydroxyapatite (n-HA)/resveratrol (Res)/chitosan (CS) composite microspheres were designed to create a
beneficial microenvironment and help improve the osteogenesis by local sustained release of Res. Study of in vitro
release confirmed the feasibility of n-HA/Res/CS microspheres for controlled Res release. Notably, microspheres
had anti-inflammatory activity evidenced by the decreased expression of pro-inflammatory cytokines TNF-a, IL-
1p and iNOS in RAW264.7 cells in a dose dependent manner. Further, enhanced adhesion and proliferation of
BMSCs seeded onto microspheres demonstrated that composite microspheres were conducive to cell growth. The
ability to enhance osteo-differentiation was supported by up-regulation of Runx2, ALP, Col-1 and OCN, and
substantial mineralization in osteogenic medium. When implanted into bone defects in the osteoporotic rat
femoral condyles, enhanced entochondrostosis and bone regeneration suggested that the n-HA/Res/CS com-
posite microspheres were more favorable for impaired fracture healing. The results indicated that optimized n-
HA/Res/CS composite microspheres could serve as promising multifunctional fillers for osteoporotic bone
defect/fracture treatment.

proliferation, differentiation and subsequent tissue formation both in
vitro and in vivo [5]. However, the risk of fixation failure of biomaterials

1. Introduction

Bone loss is a general problem in orthopedic condition such as
osteonecrosis, osteoporosis as well as other metabolic bone diseases.
Relative bone defects can complicate bone formation and may lead to
fracture nonunion. Bone grafting, when properly used, can be very
effective in heal of these injuries [1]. Although the autogenous and
allogenic bone grafts have been successful clinically, donor site avail-
ability [2,3] and morbidity along with risk for disease transmission and
ethical issues concerning allografts diminish universal application in
both defects [4]. Synthetic biomaterials have been proposed as an
alternative therapeutic tool. They often evoke initial cell attachment,

increases in osteoporotic bone due to its porous structure and low
strength. Under this consideration, a bone filler-augmented implant
seems to be a good option to treat osteoporotic fractures. Injectable
fillers offer significant advantages over preformed implants, as the
former can be administered using non-invasive or minimally invasive
techniques while also conforming to bone defects with a complex ge-
ometry [6]. Meanwhile, the fillers with tissue-specific functions, serving
both as a drug delivery system and as an osteoconductive support that
coordinately enhance tissue regeneration, are essential for the success of
bone repair [7]. Microsphere has received extrinsic research due to its
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unique properties such as uniform size and shape which enable the de-
livery of drugs or osteogenic factors to specific target sites accurately,
maintaining its local effective concentration and long-term effect [8].
Additionally, a high specific surface area of microsphere also can
improve cell adhesion and proliferation [9].

Chitosan (CS) is the second most abundant natural polysaccharide
with an excellent sphere forming capability, intrinsic antibacterial ac-
tivity, low immunogenicity, biodegradability and exceptional cyto-
compatibility [10]. It was reported to facilitate adhesion and
proliferation of bone forming cells due to its chemical structure simi-
larity to the backbone of glycosaminoglycan (GAG), the major compo-
nent of the extracellular matrix of bones [11]. CS-based scaffolds can
maintain an osteoblast’s normal activities, promote mineral rich matrix
and tissue regeneration [12]. The ability to bind anionic molecules such
as growth factors, GAG, DNA, rendered CS an effective strategy for
guided bone regeneration [13]. Especially, CS linked with DNA may
provide a substrate for gene activated matrices in gene therapy appli-
cation in osteoarthritis [14]. Recently, bioactive drugs loaded CS mi-
crospheres (CMs) advanced their osteogenic potential in tissue
regeneration and controlled drug delivery applications [15]. Addition-
ally, CMs has been employed to synthesize CMs/polymer scaffold for the
treatment of bone defects [16]. Li et al. reported that adiponectin-loaded
CMs embedded in PLGA/pB-TCP scaffold increased bone formation and
mineralization [17]. Core-shell structure of the
PCL/dexamethazone-loaded CMs could prolong the release and elimi-
nate the initial burst and increase osteogenic differentiation of cells
[18]. Encouraging bone regeneration was also observed when micro-
particles were implanted in a rat cranial defect model, suggesting the
biocompatibility of CS microparticles [19].

Like other orthopedic scaffolds, CS-containing scaffolds require to
introduce inorganic components to realize greater scaffold loading and
composition biomimicry. To achieve this, previously, hydroxyapatite
(HA)-polymer composite microspheres have been prepared [20]. HA,
the main mineral component of bone in mammals, is a natural mineral
with well proven biocompatibility, bioactivity, and osteoconductivity
[21]. Our previous studies have shown that hybrid composite micro-
spheres based on CS and nano-HA (n-HA) presented better cell attach-
ment, spreading and proliferation [22]. However, the n-HA/CS
composite microspheres may still elicit considerable inflammatory re-
sponses (i.e., monocyte recruitment, macrophage activation and fibrous
capsule formation) [23]. Several strategies, such as local release of
anti-inflammatory molecules, like corticosteroids and prostaglandins,
have been employed to ameliorate inflammatory responses to implanted
biomaterials to promote bone defect healing [24]. A major drawback of
these methods is the various undesired side effects such as cardiotox-
icity, hepatotoxicity and immunological dysfunction for long-term usage
[25]. Thus, natural anti-inflammatory compounds from plants have
attracted the attention of many researchers [26].

Resveratrol (Res), commonly found in the skin of grapes, has been
identified as a potent anti-inflammatory small molecule [27]. This
molecule has been investigated to attenuate inflammation via suppres-
sion of tumor necrosis factor-a (TNF-a), interleukin-1p (IL-1p) and nitric
oxide (NO) synthesis [28]. Accumulating evidence suggests that TNF-a
can inhibit bone formation by affecting the expression of specific genes,
secretion of extracellular matrix components, and proliferation of bone
marrow stem cells [29]. TNF-a has been identified as a key player to
induce bone inflammation and osteoclastogenesis enhancing and stim-
ulating diseases such as postmenopausal osteoporosis conditions.
Upregulating TNF-a markedly accelerated inflammation in bone disor-
ders and suppressed the master osteogenic transcription factor
runt-related transcription factor 2 (Runx2) and thus blocked osteoblast
differentiation and new bone formation [30]. Inhibited osteogenic dif-
ferentiation of bone mesenchymal stem cells (BMSCs) undergoing TNF-«
induction was improved by Res treatment, which contributed to alle-
viate the progression of osteoporosis [31]. Augmentation of the Wnt
signaling pathway, activation of sirtuin 1 (SIRT-1), and acetylation of
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Runx2 have been shown to be the underlying mechanisms behind the
induction of osteogenesis in stem cells by Res [32]. Additionally, reports
on the bone inductive effects of Res through the activation of the es-
trogen receptor have highlighted this natural compound as a promising
factor to improve regenerative progression of bone tissue. However, the
clinical use of Res has been limited mainly by its poor aqueous solubility
and rapid metabolism and excretion, resulting in a low bioavailability
[33]. At present, there has been research focused on the preparation of
Res/CS [34] or HA/CS [35] microspheres for bone applications. How-
ever, the combinatory effects of the tertiary system of n-HA/Res/CS
composite microspheres on bone regeneration has not been investigated.

In earlier study, biomimetic n-HA/CS composite microspheres were
fabricated using a vanillin crosslinking agent in conjunction with water-
oil emulsion technology [22]. To better enhance anti-inflammatory and
osteogenic efficacy, we further designed a featured Res delivery
n-HA/CS composite microsphere and assessed its physico-chemical
properties (i.e., morphology, dispersion, particle size, encapsulation
efficiency and drug release behavior). The effect of the microspheres on
the osteogenic differentiation was evaluated by BMSCs. Successively, in
order to mimic an inflamed bone microenvironment, in vitro culture
model based on macrophages RAW264.7 stimulated by Lipopolysac-
charide (LPS), was developed. The in vivo effect of varying Res contents
on microspheres in modulating bone tissue regeneration was addressed
in an osteoporotic SD rat model.

2. Materials and methods
2.1. Preparation of composite microspheres

2.1.1. Reagents

Res was supplied by Kunming Pharmaceutical Factory, China. CS
(molecular weight 1 x 10° Da, deacetylation degree >85%) was pur-
chased from Macklin Co. Ltd., China. Methanol and acetonitrile were
purchased from Shanghai Thermo Fisher Scientific, China. Vanillin,
liquid paraffin, Tween 80 and Span 80 were purchased from Aladdin Co.
Ltd., China. Other chemicals of AR grade were purchased from Chengdu
Kelong Co. Ltd., China.

2.1.2. Synthesis of n-HA

The n-HA crystals were synthesized according to the method re-
ported by our earlier study [20]. In brief, the NagPO4-12H,0 aqueous
solution was dropped into a Ca(NO3)3-4H20 aqueous solution at the
Ca/P molar ratio of 1.67 while stirring at 70 °C for 2 h. The pH was
adjusted to around 10 with NaOH solution, and polyethylene glycol
(PEG400) (2 wt%) was employed as a surface dispersant. After this re-
action, the precipitate was aged for 24 h at room temperature, then
rinsed with deionized water repeatedly until the pH was around 7. The
slurry was freeze-dried, ground and sieved into nanoparticles for
experimentation.

2.1.3. Fabrication of n-HA/Res/CS microspheres

The n-HA/Res/CS composite microspheres were fabricated by an
emulsion chemical cross-linking method as described in Fig. 1. For the
water phase, CS (0.6 g) and n-HA (0.4 g) were dissolved in an aqueous
acetic acid solution (30 mL, 2% v/v), adding a definite weight per-
centage (0:10, 1:10, 2:10, 3:10, 4:10, 5:10) of Res to CS solution. The
water phase was emulsified effectively with the oil phase (150 mL liquid
paraffin containing 0.54 mL Tween 80 and 2.13 mL Span80) at a speed
of 7000 rpm using a shearing emulsification instrument (FJ200-SH, HU
XI Corporation, China) for 35 min. Subsequently, the mixtures were
crosslinked by 20 mL vanillin/ethanol solution (0.1 g/mL) and agitated
at 400 rpm for 3 h, and the pH was adjusted to around 8 with NaOH
solution. The n-HA/Res/CS microspheres were precipitated on the bot-
tom of beaker then separated using petroleum ether, and stored in
anhydrous ethanol. In this procedure, six types of composite micro-
spheres with varied weight percentage of Res to CS were obtained and
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Fig. 1. Schematic diagram for fabrication of composite microspheres via water/oil emulsion process and vanillin crosslinking.

notated as CM-0, CM-10, CM-20, CM-30, CM-40,
respectively.

and CM-50,

2.2. Physical and chemical characterization of microspheres

2.2.1. Morphology

A laser diffraction particle size analyzer (Mastersizer 2000, Malvern
Instruments, UK) was employed to measure particle size distribution of
composite microspheres. The morphology of microspheres was observed
by scanning electron microscopy (SEM, FEI Quanta-200, Switzerland).
Prior to SEM observation, the samples were completely dispersed in
anhydrous ethanol, dropped onto a silicon wafer, dried, mounted onto
SEM specimen stubs, and then sputter-coated with a 7 nm layer of gold.
The fluorescent images of microspheres were observed by fluorescent
microscopy (EX 465-495, Nikon, Japan).

2.2.2. Structure and composition

The structure of microspheres was obtained by Fourier Transform-
Infrared Spectroscopy (FT-IR, Nicoletis 10, Thermo fisher scientific,
USA) in the wavenumber region from 400 to 3500 cm~ L. The X-ray
diffraction (XRD) patterns of microspheres were determined by XRD (K-
Alpha+, Thermo fisher scientific, USA) at 40 kV and 20 mA in a 20 range
of 5-60° with a step of 0.03°.

2.2.3. Swelling properties

The dry samples of each composite microsphere were weighed and
then soaked in PBS solution (pH = 7.4) at 37 °C for 2 days. After removal
of the excess water from the surface with filter paper, the microspheres
were weighed. The swelling ratio (S,) of the microspheres was calcu-
lated using Equation (1):

Sw(%) = [(W:

Where W, indicates the weight of swollen microspheres after 2 days, and
Wo is the weight of the initially dry microspheres. The measurements
were performed in quintuplicate.

— Wo)/ W] x 100 (€]

2.3. Res release study

Microspheres (2 mg) were soaked in PBS solution (50 mL) at 37 °C.
Thereafter, 1 mL of the release medium was taken out after 0.5, 1, 2, 4, 6,
8, 24, 36, 48, 60, 72, 120 h, and an equal volume of fresh PBS was
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replaced to keep the volume of the release medium constant. Res release
was determined by high performance liquid chromatography (HPLC,
DGU-20A5R, Japan) with methanol: water (60/40 V/V) as mobile
phase, flow rate was 1.0 mL min !, the volume of injection was 20 pL.
Res concentration in the samples was determined and compared to that
of the standard sample (Fig. S1).

Loading capacity (LC) and encapsulation efficiency (EE) of the Res
loaded microspheres were determined by HPLC. Microspheres (10 mg)
were dispersed into 5 mL methanol using ultrasound sonication (200
HTZ, China) for 30 min. Then centrifuging at 6000 rpm, the amount of
Res in the supernatant (representing measured Res amount, M;) was
detected by HPLC. Each group of composite microsphere samples used
for Res release measurement, that is, the mass of My was individually
weighed accurately in each tube before ultrasound; The theoretical Res
amount (M), the specific calculation method used Equation (2):

M =M, x 2L % 100% )
ny
Where m; indicates the initial amount of Res incorporated into micro-
spheres during fabrication and m; indicates the total amount of n-HA, CS
and Res. All the data were averaged from five experiments.
EE and LC of the Res loaded microspheres were respectively calcu-
lated according to Equations (3) and (4):

EE = M, /M x 100% 3)

LC = M, /M, x 100% 4

The pH values of the suspensions were also measured at pre-
determined intervals.

2.4. In vitro inflammatory response

Inflammatory response to microspheres was evaluated with
RAW264.7 cells (leukemia cells in mouse macrophage cell line).
Following sterilization in 75% ethanol three times, microspheres (10
mg) were washed three times with PBS solution and incubated overnight
in 24-well plates in Dulbecco’s modified eagle medium (DMEM, Corning
Inc., USA) supplemented with 10% fetal bovine serum (FBS, BI, Israel)
and 1% antibiotics (Hyclone, USA) in a humidified incubator (37 °C, 5%
CO»), and then seeded with cells (1 x 10° cells/well). As a positive
control, LPS (100 ng/mL) was added to cell suspensions in wells without
microspheres. Cells were collected to analyze TNF-o and IL-1p
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expression at 3 days, and inducible nitric oxide synthase (iNOS)
expression at 3 and 7 days by quantitative reverse transcription poly-
merase chain reaction (RT-qPCR) analysis. Detailed procedures are
provided in supplementary information (SI). Immunofluorescence
staining evaluated the number and ratio of cells positive for iNOS.

2.5. Cellular compatibility of n-HA/Res/CS microspheres

The BMSCs were harvested from femurs and tibiae of Sprague-
Dawley (SD) rats in accordance to a recognized protocol. The cells
were maintained in alpha-minimum essential medium (a-MEM medium,
Corning Inc., USA) supplemented with 1% penicillin-streptomycin, 10%
fetal bovine serum incubated at 37 °C in 5% CO,, changing medium
every 2 days. Subculture was done after 1 week. Experiments involved
the use of the fourth passage cells.

2.5.1. Morphology

Microspheres (1.5 mg) were placed respectively in 96-well plates
(wells without microspheres served as control) with glass coverslips and
sterilized in 75% ethanol three times, followed by washing three times
with PBS solution and incubating in a-MEM overnight. After discarding
the culture medium, 200 pL of BMSCs in suspension (1 x 10° cells/well)
were seeded on each well and incubated. The culture medium was
changed every 2 days.

The cell/microspheres adhered onto the glass coverslips were har-
vested for 4 and 7 days, washed with PBS solution, fixed with 3 vol%
glutaraldehyde, dehydrated through graded ethanol concentrations (30,
50, 75, 80, 95, 100%), dried at room temperature, and sputter-coated
with a 7 nm layer of gold to observe the morphology of cells and mi-
crospheres using SEM. Labeling of cells for fluorescence observation
involved the use of Live/Dead Viability/Cytotoxicity Kit (Thermo Fisher
Scientific, USA) for staining of live cells in green and dead cells in red.
The cell/microsphere samples were also analyzed by fluorescent
microscopy.

2.5.2. Proliferation

The proliferation of BMSCs (1 x 10° cells/well) on microspheres
(1.5 mg) in 96-well plates was evaluated quantitatively using the CCK-8
assay (Dojindo Molecular Technologies, Japan). After being seeded for
1, 4,7 and 11 days, samples were rinsed with PBS and then incubated in
100 pL CCK-8 solution at 37 °C for 3 h, following absorbance detection
with an UV/Vis spectrophotometer (SpectraMax 190, Molecular Devices
Corporation, USA) at 450 nm. Three parallel samples were analyzed for
each batch.

2.5.3. Differentiation

The osteogenic differentiation of BMSCs (2 x 10° cells/well) seeded
onto microspheres (10 mg) in 24-well plates was further assessed by RT-
qPCR to detect mRNA expression of Runx2, ALP, Col-1, and OCN. The
osteogenic medium («-MEM media containing 1% antibiotics/anti-
mycotics, 10% fetal calf serum, 50 pg/mL ascorbic acid, 10 mmol/L
B-glycerophosphate, and 10 nmol/L dexamethasone) was used and
changed every 2 days until 14 days. The process of RT-qPCR was
determined using the same steps as in SI.

2.6. In vivo implantation and bone regeneration

The animal experiments involved the use of 12 female Sprague
Dawley rats, weighing about 250 g, with approval from the Ethics
Committee of Experimental zoology department at Kunming Medical
University complying with all regulatory guidelines. Eight weeks after
ovariectomization, the osteoporotic rats were randomized into four
groups: CM-0, CM-30, CM-40, and CM-50. After exposure of the lateral
femoral condyle, a defect with the size of @ 3 x 3 mm was created. The
composite microspheres were filled into the cavity defects, followed
bone wax seal. At postoperative week 6, the rats were euthanized, and
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femurs with implantations were harvested and fixed in 4% para-
formaldehyde for micro-computed tomography (micro-CT) analysis and
histological examination. Further details were reported in the SI.

2.7. Statistical analysis

All of the data were statistically analyzed with the SPSS 10.00 soft-
ware package and presented as the mean =+ standard deviation for each
group. Multiple comparisons were made using the Tukey method. When
the p-value was less than 0.05, the differences were considered to be
statistically significant.

3. Results and discussion
3.1. Physical and chemical characterization of microspheres

The morphology and size distribution of microspheres loaded with
different Res contents were investigated by SEM and dynamic light
scattering (Fig. 2a and b). A regular and uniform shape was visible for all
samples. Similar results were visualized in fluorescent microscope im-
ages (Fig. 2¢) due to the auto-fluorescence of CS. Moreover, it was shown
in SEM images that incorporation of n-HA into Res/CS matrix increased
surface roughness indicating enhanced wettability. The influence of Res
content on the diameter of microspheres was quantified and shown in
the inserted plane (Fig. 2a). The average size of CM-0, CM-10, CM-20,
CM-30, CM-40 and CM-50 were in the range of 30.75 pm =+ 19.92,
36.76 pm =+ 21.39, 54.60 pm =+ 24.32, 104.56 pm + 31.53, 95.42 pm £
29.03, and 110.87 pm =+ 20.39, respectively. The diameter of these
microspheres was controlled by several experimental parameters (i.e.,
solution concentration, chemical crosslinker, emulsifier, etc.) [36] With
the addition of Res, the viscosity of the droplet solution increased, which
offset some portion of the shear force function and diminished droplet
dispersion and subdivision during the emulsion procedure [37]. The
microspheres were injected easily through needles of various sizes,
including smaller 26-gauge, and showed no tendency of obstructing the
needles (Fig. S3). After injection, the spherical structures of the micro-
spheres were maintained without deformation. The microspheres were
considered appropriate for use as an injectable scaffold.

The characteristic peaks of CS corresponded to -NH, —CN and -C-O-C-
bonds in the glycosidic linkage at 1630, 1384 and 1100 cm ™!, respec-
tively (Fig. 3a). The peaks found at 2854 and 2924 cm ™' were assigned
to the -CHs and -CHj stretching vibration groups. The peaks at
approximately 564, 604 and 1034 cm™! could be attributed to the
stretching bands of POy, suggesting the presence of n-HA in the micro-
spheres. For the spectrum of Res, the stretching peaks at 1604 and 1583
cm ! related to -C-C- aromatic and olefinic double bond, respectively;
the peaks at 1510 and 1461 cm™! were ascribed to benzene ring vi-
bration; the peaks at 1380 and 1144 cm™! were attributed to -C-O-
stretching vibrations; the peaks at around 827 and 673 cm™! indicated
aromatic = CH- bending vibrations [38]. The characteristic peaks of Res
also appeared in the n-HA/Res/CS microspheres. It was evident that
introducing Res into the CS matrix produced a progressive increase in
the intensity of the band at 1583 cm™! in relation to the -C=C-
stretching vibration of Res [39]. FTIR spectra confirmed that Res
incorporation simultaneously enhanced the hydrogen bonding network
in the CS matrix. Notably, the large band at 3431 cm ™!, corresponding to
the —OH vibration from hydroxyl groups of polysaccharide macromol-
ecules, broadened and shifted to 3420 cm™! due to the existence of
hydrogen bonding between CS, n-HA and Res [40].

The XRD patterns in Fig. 3c confirmed a typical n-HA crystalline
structure with sharp diffraction peaks at 20 = 25.9° (002), 31.8° (211),
32.8° (300), 34.0° (202) and 39.8° (310). The decreased intensity of n-
HA peaks in microspheres might be due to the embedding of particles
within the polymeric phase. The broad envelop peak at 10.5 and 20°
were major characteristic peaks of CS. In the diffractogram of micro-
spheres, the characteristic peak at 10.5° disappeared, while the peak at
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Fig. 2. The SEM micrographs (a, b) and fluorescent images (c) of microspheres with increasing Res content by weight from left to right. The inserted plane shows size

distribution of microspheres by dynamic light scattering.
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around 20° widened, implied that CS was incorporated into the com-
posite microspheres.

3.2. Invitro release

To optimize the loading of Res into the prepared microspheres, the
variables investigated were those that displayed the most marked effect
on the EE of these systems (i.e., drug/polymer ratio, temperature and
agitation speed) [39]. The notable influence of drug/polymer ratios
when incorporating drugs into polymer microspheres on EE has been
confirmed in multiple studies [40]. It has typically been observed that
higher drug contents resulted in higher EE [41]. For the experimental
design, Res-polymer ratios were set to values of 1/10, 2/10, 3/10, 4/10,
and 5/10 (w/w). Table 1 shows the experimental values of the EE and L.C
obtained for composite microspheres. The EE of Res into microspheres
was elevated with an increase of the Res feeding ratio, as expected.

Table 1

Experimental values of EE and LC of Res into microspheres.
Sample Res: CS (w/w) LC (%) EE (%)
CM-50 5:10 9.07 £ 3.16 39.43 +£13.74
CM-40 4:10 6.28 + 2.41 32.51 +£12.50
CM-30 3:10 4.26 +1.75 27.95 £ 11.51
CM-20 2:10 1.77 £ 1.04 16.54 + 9.73
CM-10 1:10 0.75 £ 0.52 13.42 £ 9.35
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Specifically, CM-10 had an EE of only 13.42 + 9.35% with a gradual
increase up to 39.43 + 13.74% in CM-50 samples. Additionally,
increased specific surface area found in microspheres with higher Res
content by weight (Fig. 2a) could contribute to an increase in Res
adsorbed or encapsulated into the surface or the interior of the micro-
spheres. The LC data was consistent with the EE results. Low LC data can
be attributed to losses due to high agitation, crosslinking, and washing of
the composite microspheres.

The in vitro release of Res from various microspheres incubated in
PBS at 37 °C was measured at predetermined timepoints. From Fig. 4a,
the microspheres exhibited varying degrees of burst-release within the
first 24 h. The initial rapid release of CM-50 within 1 h followed by a
slow release may be due to burst release of a large proportion of Res
adsorbed to or immediately beneath the surface of the microspheres.
And the Res concentration within 24 h reached 1.00 pg/mL. In contrast,
the rapid release profile of CM-30 and CM-40 was present from 6 to 24 h
timepoints and was up to a concentration of 0.66, 0.77 pg/mL respec-
tively, wherein CM-30 had the highest percentage release at 24 h
(Fig. 4b). The results were consistent with suitable concentration of Res
less than 2.28 pg/mL in our lab, which had positive impact on BMSCs
(Fig. S4). The enhanced short-term release may be desirable to reach
effective concentrations of Res in the lesion site in acute inflammatory
stages (within 24 h). Sustained-release would be desirable in order to
maintain the effective concentration for an extended time. The pH (7.2
~ 7.4) of the degradation solution (Fig. 4c) remained stabilization over
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Fig. 4. Res release from various n-HA/Res/CS composite microspheres in PBS solution (pH = 7.4) at 37 °C: (a) Cumulative concentration of released Res; (b)
Percentage of released Res relative to total Res loaded into microspheres; (c) The pH of media; (d) The swelling property of microspheres incubated for 2 days. Error

bars represent standard deviation from the mean (n = 5) (**p < 0.01; *p < 0.

time, implying that these composite microspheres could be a potent
biomaterial for bone tissue regeneration while sustaining physiological
pH.

Fig. 4d shows that the addition of Res into the composite micro-
spheres increased the swelling ratio ranging from 127% to 197%. This
swelling could not impede cell adhesion or proliferation on the surface
of the microspheres, and further allowed the microspheres to adapt to
the bone defect shape and remain firmly in situ for bone regrowth [42].
The swelling rate plays an important role for biomaterials in absorbing
medium, exchanging nutrients and metabolites, and stabilizing the
biomaterial in vivo. If the swelling rate is too high, a significant increase
in the size of the microspheres would result in decreased stability and
deformation of the microspheres during the cell culture period, weak-
ening tissue regeneration when filled into bone defects [41]. Swelling
pressure could cause damage to the surrounding tissue and incite in-
flammatory responses. Also, the suitable swelling ratio could increase
biomineralization during in vitro cell culture and in vivo process [43].

3.3. Anti-inflammatory properties

Cell function is closely related to the immediate microenvironment
and is influenced by many factors including inflammatory mediators
that are critical in affecting regenerative outcomes [44]. Notably, failure
to resolve the foreign body inflammatory response typically leads to
granulation (formation of connective tissue) and fibrotic capsule for-
mation around the implant resulting in impaired outcomes [45]. At the
site of implantation, several factors (e.g., biomaterial-induced inflam-
matory response and surgical wounds) could contribute to early acute
inflammation, which is a rapid response to injured tissues that involves
local recruitment and infiltration of neutrophils and macrophages.
These immune defenses serve to eliminate harmful stimuli and control
infection by directly killing and digesting foreign bodies while releasing

05).
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pro-inflammatory cytokines, such as TNF-a, to facilitate further in-
flammatory responses. Moreover, anti-inflammatory activities have
been generally associated with their anti-oxidant potential. The accu-
mulation of reactive oxygen species (ROS) induces a high level of
oxidative stress, which is one of the most important risk factors in
destruction of the anti-oxidant defense system [46]. In the context of
tissue regeneration and scaffold implantation, these processes left un-
controlled can worsen tissue damage or impede cellular repair [47].

Res has been shown to possess cytoprotective effects via reduced ROS
expression [46]. We further verified the anti-inflammatory effects of the
Res loaded microspheres by assessing the TNF-a and IL-1p mRNA
expression in RAW264.7 cells grown on microsphere surfaces. All the
microsphere treated groups demonstrated a significantly lower TNF-a
and IL-1p expression than that of the positive control group using 100
ng/mL of LPS for activation (Fig. 5). The CM-30 treated group presented
the lowest levels of TNF-a and IL-1p mRNA expression, followed by the
CM-40 and CM-50 groups, indicating more potent suppression of
macrophage activation.

The pro-inflammatory cytokine iNOS, released from adherent mac-
rophages was evaluated within the first 3 and 7 days after cell seeding. In
particular, iNOS release is an important indicator of chronic inflam-
mation that may lead to expression of fibrosis, granuloma formation and
implant encapsulation leading to regenerative failure [45]. As expected,
the iNOS expression was significantly down-regulated after higher
Res-loaded microsphere (CM-30, CM-40, CM-50) treatment relative to
other groups over a period of 7 days (Fig. 6b). Immunofluorescence
staining (Fig. 6a) presented similar results to those obtained by
RT-qPCR. In addition, Res-loaded microspheres had no significant effect
on the viability of RAW264.7 cells (Fig. S5).
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Fig. 7. (a, b) SEM micrographs and (c, d) fluorescent images of BMSCs cultured on CM-0, CM-10, CM-20, CM-30, CM-40, CM-50 and a control group with no
microspheres for 4 and 7 days. (e) Proliferation of BMSCs on microspheres after 1, 4, 7 and 11 days. Yellow arrows indicate the microsphere. Error bars represent
standard deviation from the mean (n = 3) (***p < 0.001; **p < 0.01; *p < 0.05). (For interpretation of the references to color in this figure legend, the reader is

referred to the Web version of this article.)

3.4. In vitro cell viability

In vitro biocompatibility of microspheres was performed using
BMSCs in o-MEM medium. Cell adhesion to biomaterials influences
proliferation and cell viability which can promote the regeneration and
maturation of bone tissue [48,49]. Cells could effectively adhere onto
the microsphere surfaces (Fig. 7a and b) and there was no noticeable
cytotoxicity (Fig. 7c and d) as observed through SEM imaging and the
Live/Dead cell viability assay, respectively. Cells tended to spread pro-
gressively with time and occupy most of the microsphere surfaces.
BMSCs cultured on higher Res-loaded microspheres (CM-30, CM-40,
CM-50) showed longer cytoplasmic extensions with larger lamellipo-
dia after 7 days of culture relative to other groups (Fig. 7b and d).
However, the cell density decreased to some extent for CM-50. It was
maybe that at the cellular level, the concentration of the drug was
slightly higher. These results were reflected in the cell viability results
from the CCK-8 proliferation assay (Fig. 7e). The slowed rate of prolif-
eration after 11 days could be related to the osteoblastic differentiation
process. The cells at this point usually begin to differentiate, stunting
proliferation [50].

1262

3.5. Osteo-differentiation of BMSCs on the microspheres

Res can affect proliferation and osteogenesis of BMSCs in a dose
dependent manner [51]. The RT-qPCR analysis (Fig. 8) revealed that
levels of osteogenic-related Runx2, ALP, Col-1 and OCN were upregu-
lated with increased Res content in microspheres. The CM-30, CM-40,
and CM-50 groups exhibited a higher expression level of the osteoblast
factors, compared to all other experimental groups at 14 days.
Furthermore, calcium deposition was evaluated using Alizarin Red S
staining (Fig. S6) with a bright red color labeling mineralized matrice.
Consistently, BMSCs cultured on microspheres expressed a significantly
higher amount of calcium deposition relative to BMSCs with no micro-
sphere treatment or lower content of Res.

It can be speculated that Res release is favorable for cell differenti-
ation into the osteoblast phenotype, which may accelerate bone
mineralization through enhanced calcium deposition. The underlying
mechanism is supported by activation of Wnt signaling by Res, leading
to increased markers of bone formation such as ALP, Col-1 and OCN via
Runx-2, the key transcription factors of osteogenic differentiation [52].
Apart from the effects of Res, the n-HA composites also contribute to
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bone mineralization [53]. The n-HA composites can provide necessary
calcium sources that can consequently induce cell differentiation,
deposition of ECM, and mineralization [22].

The amalgamation of these regenerative cues promotes osteogenic

expression. The optimal Res delivery from microspheres (CM-30, CM-
40, CM-50) corresponds to observations of better cell adhesion, prolif-
eration, and differentiation, relative to other treatment and control
groups, which can be chosen for future in vivo investigation.
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Fig. 9. Masson’s trichrome staining evaluated at 6 weeks post-implantation. HB-host bone; green arrow-composite microsphere; * entochondrostosis. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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3.6. In vivo effects of microspheres on bone regeneration

Osteoporosis is defined as a skeletal disorder characterized by
destruction of the microarchitecture, bone tissue loss, bone fragility and
susceptibility to fracture [54]. Noting that the bone loss leads to weak
osseointegration of implants and reduces new bone formation. It is
necessary to locally enhance implant osseointegration in osteoporotic
condition [55]. However, this requirement can be a challenge for pa-
tients with osteoporosis due to the imbalanced bone resorption and bone
formation. The above in vitro results revealed that microspheres could
facilitate proliferation/osteo-differentiation of BMSCs, down-regulate
inflammation, suggesting the potential for osteoporosis-related ortho-
pedic applications. Hence, we further performed in vivo experiments by
using a femoral defect model in an ovariectomized (OVX)-induced
osteoporotic rat to evaluate the osteogenic capability of the composite
microspheres.

Six weeks after implantation, a few entochondrostosis was signifi-
cant between composite microspheres and host bone for CM-50 and CM-
40, whereas the tissues grown into defects of CM-0 and CM-30 groups
were relatively small, shown by the Masson’s trichrome (Fig. 9) and
H&E (Fig. S8). Fracture healing is a very complicated process that
mainly includes inflammatory response, cartilage callus formation, bony
callus formation and bone remodeling [56]. This revealed active ento-
chondrostosis under treatment with Res release treatment in our study.

Micro-CT imaging revealed that Res loaded microspheres amelio-
rated the osteogenic capability (Fig. 10a). The CM-0 group was poorly
regenerated showed by a limited amount of tissue at the defect region.

Bioactive Materials 6 (2021) 1255-1266

The effect of CM-50 was slightly greater than those of CM-30 and CM-40,
but the differences between CM-30 and CM-40 were not statistically
significant, indicating that release of Res effectively enhanced bone
formation in a dose-dependent manner. It is noteworthy that some tissue
bridging could be seen in CM-50 group, and the abundant newly re-
generated bone expanded to the center of the defect region. Consistent
with the 3D image observation, the increases in BMD, BV/TV, Conn.D,
Tb.Th, Tb.N and decrease in Tb.Sp were presented with the increase of
loaded Res content (Fig. 10b). This suggested that bony tissues have
formed among groups. Higher Res-loaded CM-50 group displayed a
stronger bone remodeling capability compared with other groups.
These findings provided strong evidence that the n-HA/Res/CS
composite microspheres, especially CM-50, could accelerate entochon-
drostosis and bone regeneration in an osteoporotic model, which were in
good agreement with our in vitro results. Res is a powerful antiresorptive
agent that is widely used for the treatment of systemic metabolic bone
diseases. Many studies have claimed that Res could improve bone
quality and delay osteoporosis [50]. In the current study, optimized
release of Res from n-HA/Res/CS composite microspheres accelerated
healing of osseous defects in osteoporotic situation.
However, more research is required to

exploit  osteo-

immunomodulatory and their corresponding mechanism in future.
Another limitation of current work is that the in vivo study is performed
for a relatively short period after implantation. A long-term animal
experiment to explore the potential effects of n-HA/Res/CS composite
microspheres on vascular bone tissue regeneration at different implan-
tation periods was imperative.

ek
b 1.5 feded
( ) % sed feves
m‘-\ ? r T T
E 1.0 s
e >
8 s BN
z 2
0.0
CM-0 CM-30 CM-40 CM-50 CM-0 CM-30 CM-40 CM-50 CM-0 CM-30 CM-40 CM-50
0.20
f 154 3 ¥ ek
0.15
= -
g £
E 0.104 E
E—
: &
£ 0.05 £ 057
0.00 0.0- :
CM-0 CM-30 CM-40 CM-50 CM-0 CM-30 CM-40 CM-30 CM-0 CM-30 CM-40 CM-50

Fig. 10. In vivo bone reconstruction of n-HA/Res/CS composite microspheres. (a) Micro-CT images of different groups at 6 weeks, and the blue dashed-line circles
indicate the original defect areas. (b) Micro-CT parameters of bone regeneration within femur defects. BMD: Bone mineral density; BV/TV: Bone volume/total
volume; Conn.D: Connection density; Tb.Th: Trabecular thickness; Tb.Sp: Trabecular separation; Tb.N: Trabecular number. Error bars represent standard deviation
from the mean (n = 3) (***p < 0.001; **p < 0.01; *p < 0.05). (For interpretation of the references to color in this figure legend, the reader is referred to the Web

version of this article.)
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4. Conclusion

Biocompatible n-HA/Res/CS composite microspheres have been
prepared using an emulsion chemical cross-linking method. This system
has the ability of manipulating the drug release profile of Res, affecting
the degree of anti-inflammation in RAW264.7 cells. As expected, the Res
loaded microspheres elicited an enhanced anti-inflammatory response
in terms of down-regulation of inflammatory markers, TNF-a, IL-1p and
iNOS. In vitro and in vivo evaluations demonstrated that the composite
microspheres could stimulate BMSCs proliferation and osteo-
differentiation, as well as enhance entochondrostosis and bone remod-
eling under osteoporotic condition. The results demonstrated the po-
tential of n-HA/Res/CS composite microspheres as bone fillers for the
healing of osteoporotic bone defects/fractures.
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