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A B S T R A C T

Bone defects are a common challenge in the clinical setting. Bone tissue engineering (BTE) is an effective
treatment for the clinical problem of large bone defects. In this study, we fabricated silk fibroin (SF)/hydroxy-
apatite (HAp) scaffolds inlaid with naringin poly lactic-co-glycolic acid (PLGA) microspheres, investigating the
feasibility of their application in BTE. Naringin PLGA microspheres were manufactured and adhered to the SF/
HAp scaffold. Bone mesenchymal stem cells (BMSCs) were inoculated onto the SF/HAp scaffold containing
naringin PLGA microsphere to examine the biocompatibility of the SF/HAp scaffolds. A rabbit femoral distal bone
defect model was used to evaluate the in vivo function of the SF/HAp scaffolds containing naringin-loaded PLGA
microspheres. The current study demonstrated that SF/HAp scaffolds containing naringin-loaded PLGA micro-
spheres show promise as osteo-modulatory biomaterials for bone regeneration.
1. Introduction

Large bone defects are difficult to self-repair and frequently require
specific and costly management [1,2]. Moreover, autogenous or alloge-
neic bone grafts have certain drawbacks. Bone tissue engineering (BTE)
has the potential to repair bone defects and has thus drawn considerable
attention [3,4]. BTE requires three components: combining biomaterials,
appropriate bioactive molecules, and cells. Although satisfactory out-
comes have been achieved, upscaling BTE for clinical applications is
limited for various reasons.

An ideal biomaterial for bone defect healing should be biodegradable,
biocompatible, and have a favorable bone-promoting microenvironment
[5]. These scaffold characteristics can promote stem cell ingrowth and
differentiation. Thus, scaffolds designed for BTE must be biocompatible
and have suitable material properties [6,7].

Thus, several studies have fabricated silk fibroin (SF)/hydroxyapatite
(HAp) composite scaffolds for BTE via different approaches [8,9]. SF, a
natural protein, has broad application prospects in the field of
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biomaterials [10]. HAp is the main mineral component in mammalian
bones and is considered an ideal bone repair material. SF was coupled
with HAp to obtain porous composite scaffold materials [11]. In our
previous study, an SF/HAp biological composite scaffold mixed with
naringin was designed and fabricated as a carrier for human umbilical
cord-derived mesenchymal stem cells to effectively repair bone defects
[12]. During the manufacturing procedure, silk was dissolved in hexa-
fluoroisopropyl, an organic solvent. However, hexafluoroisopropyl is
toxic to humans and causes other undesirable side effects. Therefore, the
development of nontoxic solvents for dissolving SF and HAp is necessary
for clinical applications.

Naringin is the main ingredient of the root Rhizoma Drynariae and has
the potential to promote osteoblast differentiation of mesenchymal stem
cells and precursor cells of osteoblasts [13,14]. Moreover, naringin could
induce osteoclast apoptosis and thus be administered for the prevention
and treatment of osteoporosis [15,16]. Therefore, naringin is widely used
for the prevention and treatment of osteoporosis and related bone dis-
eases [17–20]. Naringin was previously found to promote angiogenesis in
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Fig. 1. Schematic illustration of the fabrication process of naringin-loaded PLGA microspheres.
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diabetic foot ulcers in rats by regulating inflammatory and growth factor
expression [21]. It has been reported that naringin can potentially pro-
mote vascularization and bone regeneration when used in osteoporotic
bone fracture models [21,22]. Naringin can also regulate the differenti-
ation of endothelial progenitor cells differentiation through a
CXCR4-regulated PI3K/Akt signaling pathway [23]. Naringin possess the
feature properties to repair large segmental bone defects, including
osteostimulation (promoting new bone formation) and angiostimulation
(inducing vascularization). Our previous study reported that
naringin-inlaid SF/HAp scaffolds enhance osteogenic differentiation of
human umbilical cord-derived mesenchymal stem cells and can be used
to treat bone defects [12]. The scaffolds also enhance angiogenesis of
human umbilical endothelial cells (HUVEC). These findings suggest that
naringin may be an effective candidate drug for treating the most com-
mon bone diseases and defects.

However, the naringin/SF/HAp scaffold led to a burst release of over
70% naringin within 20 h. The burst release may lead to systemic toxicity
[24,25]. Moreover, naringin displays low bioavailability due to its poor
aqueous solubility [26,27]. Finally, the drug was rapidly cleared from the
bone defect area, which prompted the development of a long-acting,
controlled release system for releasing naringin.

Poly lactic-co-glycolic acid (PLGA) microspheres have been suggested
to be highly suitable as sustained-release carriers of medical materials,
drugs, and cytokines [28,29]. PLGAmicrospheres have been employed as
injectable carriers to promote bone defect healing repair [30]. In the
present study, we developed a novel SF/HAp scaffold capable of releasing
naringin in a controlled manner. A composite of SF and HAp porous
scaffolds was used to incorporate naringin-encapsulated PLGA micro-
spheres that were prepared via the emulsion-solvent evaporation method
to achieve the high encapsulation efficacy of naringin.

Bone mesenchymal stem cells (BMSCs) were used to evaluate the
effect of the SF/HAp composite scaffold on the osteogenic differentiation
of BMSCs and further investigate the bone defect repair characteristics in
vivo with the SF/HAp composite scaffold in a rabbit femoral condyle
defect model.

2. Materials

2.1. Preparation of PLGA microspheres loaded naringin

PLGA (lactide/glycolide¼ 50:50; molecular weight¼ 94,000 Da) was
purchased from Jinan Daigang Biomaterial Co. (Jinan, Shandong, China).
Polyvinyl alcohol (PVA) was purchased from Sigma-Aldrich (Shanghai,
China). Naringin (purity �98%) was obtained from Sigma-Aldrich (St.
Louis, MO, USA).
2

PLGA microspheres incorporated with naringin were prepared using
the water-in-oil-in-water (w/o/w) emulsion solvent evaporation method
(Fig. 1).

In brief, 500 mg PLGA (lactide:glycolide ¼ 50:50, Mw ¼ 94,000 Da)
was dissolved in 3 mL dichloromethane (�99.9% chemical purity, 3rd
Branch of Tianjin Chemical Reagent Co., Ltd, Tianjin, China) to form a
PLGA solution.

Naringin (10 mg) was dissolved in 0.1 mL methyl alcohol (100 mg/
mL, �99.9% chemical purity, Tianda Tianjin Chemical Reagent Factory,
Tianjin, China) to obtain a naringin solution. These two solutions were
mixed using a homogenizer (XR-C200S; Shanghai Muxuan Co., Ltd.,
China) for 1 min at 10,000 rpm to form the primary emulsions.

This solution was dropped into 300 mL of 0.25% (w/v) PVA solution
at room temperature and homogenized for 5 min using a homogenizer
(XR-C200S; Shanghai Muxuan Co., Ltd., China) at 10,000 rpm. A 0.25%
(w/v) PVA solution (Mw 9000–10,000, 80% hydrolyzed from Aldrich)
was prepared by dissolving PVA in deionized water at 80 �C with stirring
for 6 h.

An emulsion was formed and continuously stirred for 8 h at room
temperature to evaporate the organic solvent. The microsphere suspen-
sion was centrifugated at 6000 rpm for 15 min, and the microspheres
were washed three times with distilled water. Finally, microspheres were
frozen to �80 �C, lyophilized at �80 �C using a lyophilizer (Alpha 1–2
LDplus, CHRIST, Germany) for 24 h.

2.2. Microsphere characterization

The surface appearance and inner structure of the microspheres were
examined by scanning electron microscopy (SEM, S-4300, Hitachi.
Tokyo, Japan). Nano Measure software (Nano Measure 1.2) was used to
calculate the particle size of 100 randomly selected nanorod SEM images.
The size distribution was obtained using Origin 7.5 software (Origen Lab
Corporation, Northampton, MA, USA).

2.3. Naringin loading efficiency and encapsulation efficiency test

PLGA microspheres (500 mg) were dispersed in 1 mL of NaOH (0.04
M) solution to release naringin loaded into the PLGA microspheres. Next,
the concentration of naringin in the solution was determined using a
microplate fluorometer at 282 nm, according to a previous report [31].
The naringin loading efficiency and encapsulation efficiency were
calculated using the following equations:

Loading efficacy ðw=wÞ¼ mass of naringin in microsphere
mass of microsphere

(1)



Table 1
The relevant antibody information.

Antibody Cat No. Dilution Source

collagen type I A1 ab138492 1:2000 Abcam, Cambridge, UK
OCN ab133612 1:5000 Abcam, Cambridge, UK
RUNX2 20700-1-AP 1:500 Proteintech, Wuhan, China
GAPDH 80570-1-RR 1:5000 Proteintech, Wuhan, China
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Encapsulation efficacy ð%; w=wÞ ¼ loading efficacy
theoretical loading efficacy

� 100%
(2)

2.4. In vitro release profiles of naringin

PLGA microspheres (500 mg) or SF/HAp scaffolds with PLGA mi-
crospheres (500 mg) were dissolved in 50 mL phosphate-buffered saline
(PBS, pH ¼ 7.4) solution and maintained at 37 �C and 75 rpm in a gas
bath thermostatic oscillator (KYC–1102C). At 3, 6, 12, 24, 72, 96, 120,
144, 192, 240, 288, 360, 432, 504, 576, 648, 720, 792, and 864 h, 0.5 mL
was collected for absorbance determination using a UV spectrophotom-
eter at 282 cm�1 and replaced with fresh 0.5 mL PBS. The release rate
was calculated using a standard curve:

Release rate ð%Þ ¼ amount is naringin released
amount of naringin loaded

� 100% (3)

2.5. Scaffold fabrication

Bombyx mori silkworm silk was purchased from Simatech (Suzhou,
China). The SF solution was prepared as previously described [12].
Briefly, sericin was removed by boiling the cocoons in a 0.02 M Na2CO3
solution for 30min. The resulting fibers were then dissolved in 9.3 M LiBr
for 4 h at 60 �C and subsequently dialyzed in a dialysis bag (Cat No.
YA1078, Solarbio, Beijing, China, molecular weight cut-off ¼ 3500 Da)
against ultrapure water for 48 h, with a water change every 6 h to remove
residual LiBr. Finally, the SF solution was dialyzed against polyethylene
glycol (PEG, Mw 20,000, Biosharp, Shanghai, China) powder to produce
an SF solution with a concentration of 15%. HAp was obtained from
Solarbio (Beijing, China).

The SF/HAp scaffolds were fabricated as follows: In brief, carboxyl-
ated cellulose nanofibrils (cCNF, Naxian Technology Co., Ltd., Zhong-
shan, Guangzhou, China) were added to a HAp solution (300 mg/mL) in
a ratio of 4:1 (v/v) to maintain the stability of HAp in water. The HAp/
cCNF suspension was then added to the SF solution (10% w/v) at a ratio
of 1:9 (v/v) under magnetic stirring for 1 h. Finally, PLGA microspheres
containing naringin (5 mg/mL) or blank microspheres were loaded into
the suspension to form MSN/SF/HAp and MSB/SF/HAp, respectively.
The prepared suspension (50 μL) was transferred to a mold plate and
freeze-dried at �80 �C using a lyophilizer (Alpha 1–2 LDplus, CHRIST,
Germany) for 24 h. Once the scaffolds solidified, they were treated with
methanol for 1 d to induce β-sheet formation. Scaffolds were cut and
cored into cylinders 6 mm in diameter and 10 mm thick and were
ethylene oxide sterilized in scintillation vials. The abbreviations and
scaffold preparations used in this study are summarized in Table 1.

The specimens used for the measurement discs were 6 mm in diam-
eter and 10 mm in thickness, and the compressive strengths of the scaf-
folds were measured using an Electro-Force 3230 System (BOSE,
Minnetonka, MN, USA). Briefly, SF/HAp, MSB/SF/HAp, and MSN/SF/
HAp scaffolds were loaded at a constant crosshead speed of 0.5 mm/min
until failure occurred.

The porosity of the scaffolds was calculated as previously described.
In brief, SF/HAp, MSB/SF/HAp, and MSN/SF/HAp were weighed as dry
weight (V1). All scaffolds were then immersed in PBS to determine their
weight (V2). Finally, the water on the surface of the scaffolds was
removed to re-weigh the wet weight (V3). The final porosity was calcu-
3

lated using the following equation:

Porosity ð%Þ ¼ V1� V3
V2� V3

� 100% (4)

A total of 10 visual fields were randomly selected from the SEM im-
ages, and the pore diameter of the scaffolds was calculated using Nano
Measure 1.2 image processing software. The pore interconnectivity
(volumetric adsorption ratio) was calculated as previously described
[32].
2.6. Cell culture and identification

Human BMSCs were cultured in DMEM supplemented with 10% fetal
bovine serum and 1% streptomycin-penicillin. BMSC identification was
performed as previously described [33]. The antibodies used for surface
markers were human CD34-APC, CD45-FITC, CD13-APC, CD44-FITC,
CD73-PE, and CD90-PE (Tianjin Hao Yang Biological Manufacture Co.,
LTD, Tianjin, China).

To identify the trilineage differentiation potential of BMSCs, BMSCs
were induced to undergo osteogenic, chondrogenic, and adipogenic
differentiation using osteogenic, adipogenic, and chondrogenic media
(Fuyuan Bio Co., LTD, Shanghai, China), respectively.

For osteogenic and adipogenic differentiation, BMSCs at passage 3
seeded at a density of 2 � 104 cell/cm2 into 6-well culture plates. When
cell confluence reached 70%–80%, the medium was completely replaced
and thereafter replaced with osteogenic or adipogenic medium every
three days. After 21 days, osteogenic capacity was detected by staining
with 0.2% Alizarin red S (Solarbio, China). After 10 days, adipogenic
differentiation was detected by staining with Oil Red O (Solarbio).

To determine the chondrogenic potential of the BMSCs, a pellet cul-
ture systemwas used for chondrogenic induction. Briefly, 1� 106 BMSCs
were suspended in a 15-mL centrifuge tube at 800�g for 5 min, and the
cell pellets were then cultured in chondrogenic induction medium for 4
weeks. To assess chondrogenic differentiation, the pellet was stained
with Alcian blue solution for 30 min.
2.7. Cell count kit-8 (CCK-8)

The CCK-8 assay was used to assess cell metabolic activity following
standard protocols. BMSCs (3 � 103) in 200 μL of the medium were
transplanted into 96-well plates. After culturing in the SF/HAp, MSB/SF/
HAp, andMSN/SF/HAp scaffolds for 1, 3, 7, 14, and 21 d, CCK-8 solution
(10 μL, Solarbio, Beijing, China) was added to each well containing a 100
μL mixture of culture medium. After 2 h of incubation, absorbance was
measured at 282 nm using a microplate reader (BioTek microplate
reader).
2.8. Annexin V/PI staining by flow cytometry

The apoptosis of BMSCs was evaluated using an Annexin V-PI
apoptosis detection kit (Invitrogen; Thermo Fisher Scientific, Inc.) ac-
cording to the manufacturer's protocol.

BMSCs from the control, SF/HAp, MSB/SF/HAp, and MSN/SF/HAp
scaffolds were harvested and washed twice with cold PBS three times.
BMSCs in different treatment groups were resuspended in 1X binding
buffer at a concentration of 1� 106 cells/mL, and 5 μL of FITC Annexin V
and 5 μL PI were added to 100 μL of the cell suspension. The mixture was
then incubated for 15 min in the dark. The preparations were analyzed
using flow cytometry (BD FACSAria III, San Jose, CA, USA). The
apoptosis rate was calculated as:

Apoptosis rate¼ðpercentage of Q3 cellsþ percentage of Q2 cellsÞ � 100

(5)



Table 2
Abbreviations and the preparation of the scaffold.

Name of sample Description of sample

Control Only administrated with osteogenic medium
SF/HAp Original scaffold of SF/HAp without any biomolecules
MSB/SF/HAp Scaffold with blank encapsulated into PLGA microsphere
MSN/SF/HAp Scaffold with naringin encapsulated into PLGA microsphere

Z.-h. Zhao et al. Materials Today Bio 13 (2022) 100206
2.9. Alkaline phosphatase activity

After seven days of culture, BMSCs were fixed in 4% para-
formaldehyde for 10 min, and ALP staining solution (Beyotime,
Shanghai, China) was added for 20 min. After removing the ALP solution,
ALP staining was visualized using a Nikon microscope (Nikon, Minato,
Japan).

BMSCs were cultured in normal and osteoinductive media in the
presence of SF/HAp, MSB/SF/HAp, or MSN/SF/HAp scaffolds, as
described above. After seven days of culture, BMSCs were lysed using
100 μL RIPA lysis buffer. ALP activity was quantified using an ALP assay
kit (Beyotime Biotechnology, China) according to the manufacturer's
instructions.

2.10. Calcium content

The differentiation of BMSCs into osteoblasts on the MSN/SF/HAp
scaffold was analyzed by histological staining. Briefly, passage 3 BMSCs
(1 � 107 cells/mL, 100 μL) were seeded onto the SF/HAp, MSB/SF/HAp,
and MSN/SF/HAp scaffolds. After incubation for 8 h, 2 mL culture me-
dium was added to each well. The culture medium was replaced every
two days, the scaffolds were obtained, and the tissue sections were used
for von Kossa staining after 21 days. Quantitative analysis of von Kossa-
positive area (%) was performed as previously described [34].

ARS staining was used to evaluate the deposition levels of calcium
phosphate (Solaribio, Beijing, China). After 21 days of culture, the me-
dium was discarded, and the cells were washed with PBS three times.
BMSCs were then fixed with 4% paraformaldehyde (Solarbio, Beijing,
China) for 10 min and stained with 0.1% ARS solution (pH 4.2) for 15
min. The reaction was terminated by treatment with PBS. The cells were
visualized under a microscope. The ARS stain was then eluted and
quantified using acetic acid extraction as previously described [35].

2.11. RNA sequencing (RNA-Seq) and bioinformatics analysis of
transcriptomes

RNA sequencing was performed to further explore the mechanism of
the SF/HAp scaffold inlaid with naringin PLGA microspheres. Samples
from MSB/SF/HAp and MSN/SF/HAp on day 7 were prepared for RNA-
seq. A sequencing library was constructed using the NEBNext® Ultra™ II
Directional RNA Library Prep Kit (New England Biolabs, Inc., Massa-
chusetts, USA) following the manufacturer's instructions. The library was
quality controlled and quantified using the BioAnalyzer 2100 system
(Agilent Technologies, USA), and 150-bp paired-end sequencing was
performed using the Illumina HiSeq instrument. Use HISAT2 software
(v2.0.4) was used to compare high-quality reads to the human reference
genome (UCSC HG19). Gene ontology (GO) enrichment analysis
included biological process (BP), cellular component (CC), andmolecular
function (MF). GO and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathways were constructed using the database for annotation,
visualization, and integrated discovery (DAVID, http://david.abcc.nci
fcrf.gov/).

2.12. RNA isolation and real-time quantitative polymerase chain reaction
(RT-qPCR)

RNA extraction was performed using TRIzol reagent (Invitrogen)
according to the manufacturer's instructions. Next, 5 μg of RNA template
was used to synthesize complementary DNA by reverse transcription to
cDNA templates using the ReverTra Ace qPCR RT Kit (Toyobo Co. Ltd.,
Osaka, Japan). RT-qPCR was conducted with SYBR® Green Real-Time
PCR Master Mix (Toyobo Co. Ltd., Osaka, Japan) on a LightCycler&
Reg 480II real-time PCR instrument (Roche, Switzerland). RT-qPCR re-
sults were computed using the comparative threshold cycle method, with
Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH) as an internal
4

control. The primer sequences were as follows: GAPDH, 50-GAAGGT-
GAAGGTCGGAGTC-3’ (up) and 50-GAGATGGTGATGGGATTTC-3’
(down); OSX, 50-CCTCCTCAGCTCACCTTCTC-3’ (up) and 50-
GTTGGGAGCCCAAATAGAAA-3’ (down); RUNX2, 50-TCTTAGAA-
CAAATTCTGCCCTTT-3’ (up) and 50-TGCTTTGGTCTTGAAATCACA-3’
(down); COL1A, 50-GCTGATGATGCCAATGTGGTT-3’ (up), and 50-
CCAGTCAGAGTGGCACATCTTG-3’ (down).

2.13. Western blot assay

Briefly, ice-cold RIPA lysis buffer (Beyotime, Shanghai, China) was
used to lyse BMSCs, followed by sodium dodecyl sulfate polyacrylamide
gel electrophoresis. Then, the wet electrophoretic transfer method was
performed to shift the isolated protein onto nitrocellulose membranes
(Bio-Rad), which were then blocked with a 5% skim milk solution. After
incubationwith a specific primary antibody, the membranes were probed
with anti-rabbit IgG (#7074 S; 1:2000 dilution) for 1.5 h at room tem-
perature. Finally, antibody binding was analyzed by an enhanced
chemiluminescence detection kit (Pierce Biotechnology, Rockford, IL,
USA). Relevant antibody information is shown in Table 2.

2.14. Immunofluorescence

According to different treatments, BMSCs were divided into control,
SF/HAp, MSB/SF/HAp, and MSN/SF/HAp groups. BMSCs cultured on
coverslips were fixed with 4% paraformaldehyde and washed thrice with
PBS. To permeabilize the cell membranes, the cells were incubated in
Triton (0.5% in phosphate-buffered saline [PBS]) at room temperature
for 25 min. The samples were blocked in PBS containing 1% bovine
serum albumin (BSA) for 30 min. Samples were then incubated with
mouse monoclonal IgG-anti runt-related transcription factor 2 (Runx2,
dilution 1:200, Abcam, Cambridge, MA, USA), osteocalcin (Ocn, dilution
1:200, Abcam), Notch1 (1:200, Abcam, USA), and Hes1 (1:200, Abcam,
USA) overnight at 4 �C overnight. After washing, the cells were incubated
with FITC- or TRITC-conjugated secondary antibodies at a dilution of
1:200 at 37 �C for 1 h and washed three times with PBS. Finally, the
samples were incubated with DAPI (10 μg/mL, Cat No. C0065; Solarbio,
Beijing, China) for 3 min for nuclear staining, and the signal was detected
using an Olympus Fluoview FV1000 confocal laser scanning microscope
(Olympus Life Science Europa, Tokyo, Japan).

2.15. Surgical procedure

The study protocol was approved by the ethical committee of Tianjin
Hospital (IRB No. 2021YLS197) and complied with the Animal Research:
Reporting of In Vivo Experiments (ARRIVE) animal research guidelines
(https://arriveguidelines.org/arrive-guidelines) [36]. New Zealand
white male rabbits aged 2 months and weighing 2.3–2.5 kg were pur-
chased from the Experimental Animal Centre of Tianjin Hospital. Criti-
cally sized defects of the distal femoral epiphysis (6 mm in diameter, 10
mm in depth) were induced as previously described [12]. The rabbits
were anesthetized via intramuscular injection of xylazine hydrochloride
(0.2 mL/kg, Shengda, Jilin Province, China). After disinfection, the
lateral femoral condyle was exposed using the lateral approach. A
bicortical channel was gradually widened to a diameter of 6.0 mmwith a
slow-speed electric drill irrigated with ice saline solution to avoid ther-
mal necrosis. The distal femur of rabbits was randomly assigned to
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Fig. 2. A Micromorphology of microspheres loaded with naringin. B Particle size distribution of naringin-loaded PLGA microspheres. C The standard curve was drawn
according to the OD values of the standard groups, and the formula was then generated based on the standard curve. D Cumulative in vitro release profile of naringin
from PLGA microspheres and MSN/SF/HAp scaffolds. E Microstructures of SF/HAp, MSB/SF/HAp, and MSN/SF/HAp containing. (F) Compression strength, porosity,
and pore diameter of the SF/HAp, MSB/SF/HAp, and MSN/SF/HAp scaffolds.
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control (n ¼ 3, 6 legs), SF/HAp scaffold (n ¼ 3, 6 legs), MSB/SF/HAp
scaffold (n ¼ 3, 6 legs), and MSN/SF/HAp scaffold (n ¼ 3, 6 legs).

After the woundwas flushed with saline, it was sutured layer by layer.
To avoid wound infection, each animal was administered an intramus-
cular injection of penicillin (100,000 U/day) per day for three days after
the operation.

2.16. Micro-computed tomography

Six weeks post-implantation, the implants were harvested, fixed in
4% paraformaldehyde, decalcified with 15% EDTA, and embedded in
paraffin. Micro-CT analysis (Siemens, Berlin, Germany) was performed in
five samples of each group on the defect area to determine the extent of
bone defect healing. 3D reconstruction and modeling techniques were
automatically performed. Measurements of callus properties in the ROI
included bone volume (BV, mm3)/total volume (TV, mm3), trabecular
thickness (TB.TH), trabecular separation (TB.SP), bone surface (BS)/BV,
and bone mineral density (BMD, mg/cm3).

2.17. Histologic processing and histomorphometry

After micro-CT scanning and analysis, the harvested samples were
decalcified with 15% EDTA (Beijing Solarbio Science and Technology
5

Co., Ltd., Beijing, China, pH 7.4) and dehydrated with 70–100% ethanol
(Tianjin Fuyu Fine Chemical Co. Ltd., Tianjin, China). The tissues were
processed, embedded in paraffin, and cut into 5-μm sections using a
routine procedure. Dehydrated sections were made transparent using
xylene I and xylene II (Xian Chemical Reagents Instruments, Inc., Xian,
P.R. China, 5 s each). The samples were dehydrated by 30%, 50%, 70%,
80%, and 95%, ethanol (Tianjin Fuyu Fine Chemical Co. Ltd., Tianjin,
China) for 10 min and 100% for 1 h at 4 �C. Histological sections of 5 μm
were performed on tissue immersed in paraffin and stained with
hematoxylin-eosin, toluidine blue, and safranin O, as previously
reported.

To analyze COL1A1 expression of the tissue, immunohistochemical
staining was performed on paraffin sections. Briefly, endogenous
peroxidase activity was quenched by treatment with 3% H2O2 for 10 min
(Tianli Chemical Reagent Co. Ltd., Tianjin, China). For the immunohis-
tological analyses, bone sections were subjected to optimal antigen
retrieval using citric acid buffer (10 mM citric acid) for 10 min at 98 �C.
H2O2 (30%) was diluted with PBS to a final concentration of 3% H2O2.

Non-specific protein binding was blocked by adding 5% BSA and then
incubated with primary antibodies against COL1A1 (mouse anti-rabbit,
1:2500; Proteintech, Wuhan, China) at 4 �C overnight. Signals were
developed using a 3,3-diaminobenzidine tetrahydrochloride kit (Boster,
Wuhan, China). Images were captured using a microscope (Nikon).



Fig. 3. Apoptosis ratio of BMSCs that seeded onto the SF/HAp, MSB/SF/HAp, and MSN/SF/HAp was quantified with an Annexin V-FITC cell apoptosis kit for 1, 3, 5
and 7 days.

Z.-h. Zhao et al. Materials Today Bio 13 (2022) 100206
2.18. Statistical analysis

Statistical analysis was performed using the SPSS software (version
22.0; IBM SPSS, Armonk, NY, USA). Statistical significance for multiple
group comparisons was determined by one-way analysis of variance
(ANOVA) followed by Tukey's post hoc test to compare treatments. The
significance level was set at P < 0.05.

3. Results

3.1. Microsphere characterization and release test

The morphology of the PLGA microspheres was observed by SEM
(Fig. 2A). The microspheres showed a regular spherical shape, and the
diameter of the microsphere was 53.0 � 15.1 μm (Fig. 2B). Naringin
concentration curves are shown in Fig. 2C. The naringin concentration
showed a linear correlation with the absorbance values (Y¼ 0.0233� X -
0.0083, R2 ¼ 0.9996). The loading efficiency of naringin in the PLGA
microspheres was 0.01634 � 0.0008 (mg naringin/mg PLGA). The
encapsulation efficiency was 78.5 � 3.6%. The in vitro release profile of
naringin from the microspheres and MSN/SF/HAp scaffolds is shown in
Fig. 2 D. During the first 24 h of incubation, approximately 11.2% of
naringin was released from the PLGA microspheres, and 8.62% of nar-
ingin was released from the scaffold. The release of PLGA microspheres
slowed, and approximately 83.9% and 71.9% were released from the
microspheres and scaffolds, respectively, after 36 days of incubation.
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The microstructure of the scaffold was further observed using SEM, as
shown in Fig. 2 E, SF/HAp scaffolds were porous, and the pores were
connected. The microspheres were evenly dispersed in the MSB/SF/HAp
and MSN/SF/HAp scaffolds. The inclusion of microspheres did not affect
the formation of the porous structures. There was no statistically signif-
icant difference between the compressive strengths of the SF/HAp, MSB/
SF/HAp, and MSN/SF/HAp scaffolds (Fig. 2 F, P > 0.05).

The mean diameters of the SF/HAp, MSB/SF/Hap, and MSN/SF/HAp
were 100.5� 4.5 μm, 98.7� 4.2 μm, and 99.4� 3.6 μm, respectively. As
illustrated in Fig. 2 F, there is no statistically significant difference in the
diameter of the three groups of SF/HAp, MSB/SF/HAp, and MSN/SF/
HAp scaffolds (P > 0.05). The porosities of the as-fabricated scaffolds
were approximately 85.2 � 2.32%, 82.4 � 1.32%, and 80.6 � 1.21% for
SF/HAp, MSB/SF/HAp, and MSN/SF/HAp, respectively (Fig. 2 F). The
pore interconnectivities of SF/HAp, MSB/SF/HAp, and MSN/SF/HAp
were 96.2 � 0.59%, 95.0 � 1.47%, and 94.4 � 1.23%, respectively,
indicating that the pores were all very well interconnected.

3.2. Identification of BMSCs

To further characterize human BMSCs, the cell surface markers of
third-passage cells were examined by flow cytometry. BMSCs showed
positive expression of MSC surface markers CD13 (98.5%), CD44
(97.7%), CD73 (95.5%), and CD90 (96.6%), and negative expression of
CD34 (2.21%) and CD45 (1.98%) according to the criteria of the Inter-
national Society for Cellular Therapy (Supplementary Figure. 1 A).



Fig. 4. After 1, 3, 5, and 7 days incubation, viable cells were monitored by Live/Dead viability and detected by fluorescence microscopy. The live cells were stained
green, and the dead cells were stained red.
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Analysis of the multilineage differentiation capacity of human BMSCs
revealed Alizarin red staining of osteoid matrix-like structures in osteo-
genic medium, lipid droplet formation around the cells in adipogenic
media, and Alcian blue staining of proteoglycans in chondrogenic media
(Supplementary Figure. 1 B). These results indicate that the cells
extracted from the human bone marrow were mainly hBMSCs.
3.3. Proliferation and viability of the hBMSCs cultured on MSN/SF/HAp
scaffolds

The cell proliferation effects of the control, SF/HAp, MSB/SF/HAp,
and MSN/SF/HAp scaffolds were evaluated using a CCK-8 assay kit
(Supplementary Figure. 2). As shown in Supplementary Figure. 2, on
days 1, 3, 7, and 21, there was no significant difference in the cell pro-
liferation performance between the various scaffolds because cell pro-
liferation required time. At 14 days, cell proliferation was higher in the
MSN/SF/HAp group than in the SF/HAp and MSB/SF/HAp groups (P <

0.05).
Flow cytometry was used to investigate the apoptosis rate after the

different treatments. BMSCs were cultured on each scaffold for 1, 3, 5 and
7 days, and there was no significant difference in the cell apoptosis rate
between the various scaffolds at 1, 3, 5 and 7 days (Fig. 3, P > 0.05).

After 1, 3, 5, and 7 days of cell culture, live/dead staining results
showed that the cells on the scaffold all showed green fluorescence (live
cells), but only some red fluorescence (dead cells) was observed after
seven days of cell culture. The number of live cells also increased with
incubation time from 1 to 7 days for all scaffolds. It can be seen that the
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cells are evenly distributed on the wall of the scaffold hole, indicating
suitable growth (Fig. 4, P > 0.05).

As shown in Fig. 5, the BMSCs in each sample showed a multipolar
spindle-likemorphology and a well-organized cytoskeleton. These results
demonstrated that the treatment of cells with SF/HAp, MSB/SF/HAp, or
MSN/SF/HAp scaffolds had no cytotoxicity on BMSCs, indicating that
these scaffolds have good biocompatibility and biological reliability,
making them suitable for tissue engineering repair. These results
revealed that the SF/HAp scaffolds inlaid with naringin PLGA micro-
spheres in this study had suitable biocompatibility and could enhance
cell viability.
3.4. Osteogenic differentiation of BMSCs in the MSN/SF/HAp scaffolds in
vitro

An ideal bone repair material should have good biocompatibility,
mechanical strength, and osteogenic induction ability. Osteogenic dif-
ferentiation of BMSCs within the MSN/SF/HAp scaffolds was examined
using ALP activity, ALP staining, and Alizarin red S staining.

After seven days of culture in osteogenic medium, the SF/HAp and
MSB/SF/HAp groups for both BMSCs showed enhanced ALP staining
compared to that of the same cell types in the normal medium group
(Fig. 6). Moreover, MSN/SF/HAp significantly enhanced osteogenesis, as
indicated by the ALP staining and quantification (Supplementary Figure.
3).

The calcium salt deposition of BMSCs after incubation for three weeks
was confirmed by Alizarin red staining in the control, SF/HAp, MSB/SF/



Fig. 5. BMSCs were seeded on different scaffolds for 1, 3, 5, and 7 days, stained with phalloidin (red) and DAPI (blue), and analyzed by confocal laser scan-
ning microscopy.

Fig. 6. ALP staining and quantification of ALP specific activities for BMSCs after 7 days of culture on control, SF/HAp, MSB/SF/HAp, and MSN/SF/HAp scaffolds (n
¼ 3).
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HAp, and MSN/SF/HAp groups (Fig. 7 and Supplementary Figure. 4).
Calcium deposition was observed at three weeks in all groups; however,
the amount of deposited calcium was much higher in the MSN/SF/HAp
group than in the MSB/SF/HAp, SF/HAp, and control groups (all P <

0.05).
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To evaluate the effect of MSN/SF/HAp on the osteogenic differenti-
ation of BMSCs in vitro, the scaffold was stained with von Kossa staining
21 days after osteogenic induction. Results showed that the von Kossa-
positive area was comparable, and the production by the MSN/SF/HAp
group was significantly higher than that of the SF/HAp andMSB/SF/HAp
groups (Supplementary Figure. 5).



Fig. 7. Alizarin Red S staining of BMSCs after 21 days of culture on control, SF/HAp, MSB/SF/HAp, and MSN/SF/HAp scaffolds (n ¼ 3).
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To reveal the effect of MSN/SF/HAp scaffolds on the osteogenic dif-
ferentiation of BMSCs in vitro, we seeded cells on control, SF/HAp, MSB/
SF/HAp, and MSN/SF/HAp scaffolds. To explore the influence of MSN/
SF/HAp on the differentiation of BMSCs, cells were cultured in osteo-
genic medium for 14 days in the presence or absence of MSN/SF/HAp,
and osteogenic marker proteins in BMSCs were analyzed by RT-PCR and
western blotting (Supplementary Figure. 6 A and B).

The results showed that both the SF/HAp and MSB/SF/HAp groups
performed better than the control group (P < 0.01). The MSN/SF/HAp
scaffolds promoted the expression of osteogenic markers (Runx2, BMP2,
OCN) more than the SF/HAp, MSB/SF/HAp, and control. These results
suggest that naringin microspheres inlaid in SF/HAp scaffolds can pro-
mote osteogenic differentiation of BMSCs. The Western blot results for
osteogenic markers were consistent with the RT-PCR results.
3.5. MSN/SF/HAp scaffold activated the notch signaling pathway

We performed differential gene expression analysis of RNA
sequencing data between control and MSN/SF/HAp scaffold-treated
BMSCs. We identified 710 differentially expressed RNAs: 323 genes
were downregulated, and 387 were upregulated (Fig. 8 A and B). Three
subontologies, BP, MF, and CC, were examined using GO analysis
(Fig. 8C). BP mainly includes the Notch signaling pathway, regulation of
the Notch signaling pathway, regulation of cell differentiation, positive
regulation of cellular processes, and regulation of cell development. CC
mainly includes the transcription complex, nucleoplasm, protein-
containing complex, intracellular organelle lumen, and the nucleus. MF
mainly includes β-catenin binding, protein domain-specific binding,
transcription factor binding, enzyme binding, and protein binding.

The top five overrepresented GO terms for the osteogenic differenti-
ation of BMSCs induced by MSN/SF/HAp included the nucleoplasm,
nucleus, enzyme binding, transcription factor, and Notch signaling
pathway (Fig. 8 D).

The top ten enriched KEGG pathways included the Notch signaling
pathway, pathways in cancer, endocrine resistance, PI3K/Akt signaling
pathway, Wnt signaling pathway, HIF-1 signaling pathway, cell cycle,
TGF-β signaling pathway, renal cell carcinoma, and breast cancer (Fig. 8
E).

To detect the protein expression of genes in the Notch signaling
pathway in BMSCs, BMSCs were cultured in control, SF/HAp, MSB/SF/
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HAp, and MSN/SF/HAp for seven days, and the proteins were detected
by Western blot analysis.

Real-time PCR was used to detect the expression of Notch signaling
pathway components, including Notch1, Jagged1, and NICD (Supple-
mentary Figure. 7 A and B).

Results revealed that the Notch1, Jagged1, and NICD expression
levels in the MSN/SF/HAp group were higher than those in the control
group (P < 0.05) and MSB/SF/HAp and SF/HAp groups (P < 0.05).

Compared with the control group, Notch1, Jagged1, and NICD
expression levels were significantly increased in the SF/HAp, MSB/SF/
HAp, and MSN/SF/HAp groups (P < 0.05). The expression of proteins
related to the Notch signaling pathway was higher in the MSN/SF/HAp
group than in the SF/HAp and MSB/SF/HAp groups (Supplementary
Figure. 7C).

The expression of Notch1, Hes1, RUNX2, and OCN in BMSCs seeded
on different scaffolds after 14 days was further examined by immuno-
fluorescence. Notch1 and Hes1 staining is shown as a cytoplasmic pattern
(Supplementary Figure. 8). In addition, MSN/SF/HAp showed the
highest increase in RUNX2 and OCN expression compared to the other
groups (Supplementary Figure. 8).
3.6. MSN/SF/HAp scaffolds regenerate bone in vivo

Six weeks later, three-dimensional reconstruction of the trabecular
bone structure in the distal femur by micro-CT is shown in Fig. 9. As
shown in Fig. 9, in the control group, only some fibrous tissues and a
small amount of new bone formation were observed at the defect
margins.

More new bone formation was observed in the SF/HAp and MSB/SF/
HAp groups than in the control group. Compared with SF/HAp or MSB/
SF/HAp, MSN/SF/HAp showed a superior therapeutic effect in bone
defect repair.

BMD significantly increased in the MSN/SF/HAp group, followed by
the MSB/SF/HAp, SF/HAp, and control groups (Fig. 9). The BMD in the
control group was the lowest bone mineral density.

HE staining revealed that bone defects in the MSN/SF/HAp group
showed noticeable signs of bone repair. Accumulation of collagenous
fiber tissues was observed in the defect sites in the MSN/SF/HAp group
compared to the control and MSB/SF/HAp groups (Fig. 10).

A small amount of new bone tissue was observed in the SF/HAp and



Fig. 8. A Volcano plot showing the differential
expression of mRNAs in BMSCs seeded on MSN/SF/
HAp scaffold. In the plot, green dots represent
downregulated differentially expressed genes, red
dots represent upregulated differentially expressed
genes, and black dots represent non-differentially
expressed genes. B Heatmap of differentially
expressed mRNAs in BMSCs seeded on MSN/SF/HAp
scaffolds. Red represents upregulated genes, and blue
represents downregulated genes. C GO of the differ-
entially expressed mRNAs between control and MSN/
SF/HAp-treated BMSCs. D GO chord plot of top five
ranked overrepresented GO terms. E KEGG pathway
enrichment of differentially expressed genes.
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MSB/SF/HAp groups. Moreover, the MSN/SF/HAp group showed the
greatest amount of bone formation compared to the other groups.

Toluidine blue (Fig. 11) and safranin O (Fig. 12) staining further
identified that the MSN/SF/HAp group was associated with more new
bone formation than the other groups.

Bone matrix formation was confirmed using immunohistochemical
staining for COL1A. We performed immunohistochemistry to identify
COL1A expression among all groups. The results suggest many more
COL1A-positive cells in the MSN/SF/HAp scaffolds than in the other
groups (Fig. 13). The results indicated that the MSN/SF/HAp scaffolds
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significantly promoted repair of the bone defect in the rabbit distal femur
bone defect and exhibited high bone regeneration efficiency.

4. Discussion

Researchers have made significant efforts to produce bone graft
substitutes using tissue engineering techniques in recent years [37–40].
Unfortunately, bone repair scaffolds still have many problems, such as a
low speed of bone repair and angiogenetic ability [41]. Bone is a calcified
tissue composed of 35% organic matter and 65% inorganic matter [42].



Fig. 9. Micro-CT image and quantitative analyses of BV/TV, TB. SP, BS/BV, and TB. TH were used to assess new bone formation of different scaffolds within the bone
defect regions 6 weeks following scaffold implantation in the distal femoral defect rabbit model.

Fig. 10. HE staining of defect area after implantation with different scaffolds for 6 weeks.
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The main component of inorganic substances is a type I collagen, and the
main component of inorganic substances is weakly crystalline HAp [43].
SF offers biocompatibility, controllable degradation rates, and excellent
mechanical properties [44–46]. HAp is extensively used as a biomaterial
due to its excellent biocompatibility, bioactivity, and osteoconductivity
[47,48].

In our previous study, we prepared an SF/HAp scaffold by salt
leaching and inlaid it with naringin for bone formation [12]. However,
three concerns remain in this study. First, a high initial burst release of
11
naringin from the scaffold could lead to the release of the drug at toxic
doses and loss of a significant amount of drug not be available for later
release. Moreover, hexafluoroisopropanol was used as a solvent to pro-
duce SF solutions, which may have some potential toxic effects [49].
Third, when the mass of HAp in the SF solution increased, the stability of
the suspension decreased.

For this purpose, naringin-loaded PLGA microspheres were first
produced by a w/o/w solvent evaporation method. The obtained mi-
crospheres were used in an in vitro naringin release experiment and



Fig. 11. Toluidine blue of defect area after implantation with different scaffolds for 6 weeks.

Fig. 12. Safranin-O staining of new bone areas in defect sites.
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osteogenic differentiation assay and subsequently implanted in a rabbit
femoral distal bone defect model. Ourmain findings showed that SF/HAp
combined with naringin-loaded PLGA microspheres acted as effective
naringin carriers, providing a diffusion-controlled naringin release pro-
file. Thus, we generated naringin-encapsulated PLGA microspheres and
sustained the release of naringin. Moreover, water-soluble SF was
generated, and hexafluoroisopropanol was avoided as a solvent. We
added cCNFs to improve the stability of HAp in an SF solution.

Naringin with PLGAmicrospheres showed sustained 30-day release of
naringin from the microspheres. This study revealed that the encapsu-
lation of naringin into PLGA microspheres prior to incorporation into an
SF/HAp scaffold is an efficient strategy for delivering naringin in a pro-
longed and sustained release manner. Previously, simvastatin micro-
spheres loaded into PLGA/HAp were developed as osteoinductive agents
to treat severe bone defects [50]. Wang et al. [51] constructed an SF/HAp
scaffold and found it suitable for bone regeneration. The microstructure
of the SF/HAp scaffold was similar to that of natural human cancellous
bone, and the average diameter of the SF/HAp scaffold was
12
approximately 100 μm [52]. A pore diameter greater than 40 μm is
required for osseous ingrowth; osteoid formation requires a minimum
pore diameter of 100 μm [53].

Finally, we generated a novel SF/HAp scaffold with naringin release
to promote the osteogenic differentiation of BMSCs and bone regenera-
tion. In our study, ALP and ARS staining, qRT-PCR, and Western blot
assays demonstrated that the SF/HAp scaffold with naringin micro-
spheres could positively regulate the osteogenic differentiation of BMSCs
and promote the differentiation of BMSCs into osteoblasts. Ge et al. [20]
found that naringin exerted protective effects against
glucocorticoid-induced osteoporosis via the PI3K/AKT/mTOR pathway.
Our group found that naringin enhances fracture healing through the
PI3K/Akt signaling pathway [22,23,54].

Moreover, we tested the mechanism of this novel scaffold for the
osteogenic differentiation of BMSCs. We found that the MSN/SF/HAp
scaffold positively regulated the Notch signaling pathway. Previously, we
investigated the mechanism of naringin for osteogenic differentiation of
human umbilical cord-derived mesenchymal stem cells in an SF/HAp



Fig. 13. Representative immunohistochemical staining of COL1A of the defected area after implantation with different scaffolds for 6 weeks.
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scaffold inlaid with naringin [12]. The main enriched pathway was the
PI3K/Akt signaling pathway. This suggests that the mechanism of
MSN/SF/HAp is not the same as that of the naringin-inlaid SF/HAp
scaffold.

Notch signaling critically regulates the fate of numerous cell types,
including BMSCs and osteoblast [55–58]. Several studies have found that
the Notch signaling pathway plays an important role in the osteogenic
differentiation of BMSCs and the treatment of osteogenesis disorders
[59–61]. Notch family members and their ligands balance the differen-
tiation of osteoblasts [62]. Moreover, the Notch signaling pathway has
been implicated as a regulator of vascular angiogenesis [63]. Moreover,
notch signaling guides the initiation and stabilization of sprouting
angiogenesis [64].

MSN/SF/HAp significantly increased bone formation in the rabbit
femoral distal bone defect model after 6-week implantation. HAp is
commonly used in clinical practice to promote bone regeneration
because of its suitable bone induction properties [65]. The MSN/SF/HAp
scaffold increased the expression levels of RUNX2, COL1A1, and OCN.
The MSN/SF/HAp scaffold showed higher osteoinductivity in vivo, as
evidenced by significantly higher BV/TV and TB. TH values. We per-
formed HE, toluidine blue, and safranin O staining to assess bone
regeneration of bone defects in the distal femur of rabbits. HE staining
revealed that the MSN/SF/HAp scaffold markedly increased new bone
formation in the defect area. Toluidine blue staining of more mineral
tissue was observed more on the edge of the bone defect in MSN/SF/HAp
than in the MSB/SF/HAp and SF/HAp groups. Moreover, MSN/SF/HAp
significantly increased COL1A expression in the bone-defect area. COL1A
provides a strong and flexible bone structure during osteoblast differ-
entiation. A previous study conducted by Shao et al. [66] examined
naringin in GelMA-incorporated rutile nanorod films, finding that these
new films regulate the osteogenic differentiation of MSCs. Muhammad
et al. [8] reviewed and pointed out that the SF/HAp scaffold is a highly
compatible material for bone regeneration.

The present study had several limitations. First, no long-term obser-
vations of the rabbit distal femoral bone defect were performed. In
addition, it involved a small animal model, and further investigation into
whether the results of experimental animal studies can be generalized to
humans is warranted.
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5. Conclusion

Naringin-loaded PLGA microspheres were prepared and then incor-
porated into the SF/HAp scaffold to obtain the naringin-loaded com-
posite scaffold (MSN/SF/HAp scaffold). In vitro assessments
demonstrated that the MSN/SF/HAp scaffold exhibited a slow-release
effect of naringin and supported the attachment, proliferation, and
osteogenic differentiation of BMSCs. In vivo analysis indicated that MSN/
SF/HAp promotes the repair of bone defects, thus providing a potential
clinical candidate for BTE.
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