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β-Tricalcium phosphate (TCP) is a type of bioceramic material which is commonly used for hard tissue repair and famous of its
remarkable biocompatibility and osteoconductivity with similar composition to natural bone. However, TCP lacks
osteoindcutive properties. Stromal-derived factor 1α (SDF-1α) can promote bone regeneration with excellent osteoinduction
eﬀect. In this study, SDF-1α was loaded into TCP to investigate the in vitro eﬀects of SDF-1α on the osteoinductive properties of
TCP. In vitro studies showed that SDF-1α/TCP scaﬀold signiﬁcantly stimulated the expression of osteopontin and osteocalcin.
As to the in vivo studies, the rabbit bone defect model showed that SDF-1α stimulated more new bone formation. In conclusion,
SDF-1α/TCP bioceramic scaﬀolds could further promote bone regeneration compared to pure TCP bioceramics.

1. Introduction
Diseases such as infection, congenital deformity, trauma, and
tumor excision can result in segmental bone defects, which
always lead to dysfunction and osteogenesis obstacles [1].
Reconstruction of segmental bone defects generally requires
multiple surgical interventions, each procedure being associated with risks of perioperative complications [2]. Bone
tissue engineering techniques that seed cells, such as bone
mesenchymal stem cells (BMSCs), into scaﬀolds provide an
optimal method to repair large bone defects [3].
Bioceramics are crucial components for bone tissue engineering applications and have been widely studied [4].
Among them, β-tricalcium phosphate (β-Ca3(PO4)2, TCP)
is commonly used for hard tissue repair [5]. It is famous for
its remarkable biocompatibility and osteoconductivity and

its similarity in composition to natural bone [5]. It can also
be used as scaﬀold for delivery of cells and growth factors.
However, poor osteoinductive properties obviously limit its
clinic application [6].
Cellular factors play an important role in bone regeneration, especially in bone tissue engineering [7]. Among them,
stromal cell-derived factor-1α (SDF-1α) signaling pathway is
well known for its osteoinductivity [8]. Moreover, SDF-1α
can recruit migration of mesenchymal stem cells [9] and create
a matrix environment conducive to cartilage and bone defect
repair [10, 11]. However, loading techniques of SDF-1α into
TCP remain a bottleneck in bone tissue engineering [12].
Taking all these aspects into consideration, combining
SDF-1α and TCP bioceramics should be a promising path
to create an osteoinductive scaﬀold. In this study, porous
SDF-1α/TCP composite bioceramics were prepared to
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investigate the in vitro and in vivo eﬀects of SDF-1α on the
osteogenesis and osteoinductive properties of TCP.

2. Materials and Methods
2.1. Preparation for SDF-1α-Loaded TCP Porous Ceramics.
Cylindrical porous TCP bioceramics (5 mm diameter and
10 mm length) were prepared as described in a previous
study [6], with a homogeneous porosity of 75%, pore diameter of 500 ± 100 μm, and interconnection size of 120 μm.
Brieﬂy, TCP submicron powders were sieved and mechanically suspended in aqua pura. An organic skeleton made up
of polymethylmethacrylate beads was impregnated with the
TCP slurry. After drying, the ceramic/polymeric composite
were debinded and sintered at 1100°C to obtain the porous
bioceramic.
TCP were immersed in 5-time concentrated simulated
body ﬂuid at 37°C for 24 hours [13]. A dense layer of amorphous calcium phosphate that could be used as a seeding surface for the deposition of a crystalline layer was formed. The
scaﬀolds were then immersed in a supersaturated solution of
calcium phosphate containing SDF-1α at 37°C for 48 hours.
TCP scaﬀolds that superﬁcially absorbed SDF-1α by immersing in solution containing SDF-1α was used as positive control.
Before SEM characterization, the bioceramic specimens
were thoroughly degreased and dried to eliminate any outgassing from organic contamination and water, then prepared by coating with a 10 nm thick Au ﬁlm deposited by
sputtering prior to microscopy. The microstructure of the
porous samples was examined under SEM (XL-30, Phillips)
with a lens detector at an accelerator voltage of 10.0 kV and
diﬀerent calibrated magniﬁcation levels.
2.2. In Vitro SDF-1α Release Kinetics. The release kinetics of
the total amount of SDF-1α was assessed by measuring the
extract ELISA using the SDF-1α ELISA Development kit
under the manufacturer’s instructions. Brieﬂy, after fabrication, SDF-1α/TCP scaﬀolds were placed in PBS in 12-well
plates and incubated at 37°C on a shaker table. At determined
time points, the supernatant of each well was collected and
replaced with fresh buﬀer solution. The amount of released
SDF-1α was determined by the correlation of the measured
amount to a standard curve.
2.3. Separation and Culture of Bone Marrow Mesenchymal
Stem Cells (BMSCs). 5 ml bone marrow aspirate was collected
from healthy volunteers [14], mixed with 10 ml of α-MEM
medium (Gibco) (100 IU/ml heparinized), and then transferred to a 10 cm petri dish containing 10% fetal bovine serum
(Hyclone), 1% 100 IU/ml penicillin, and 100 mg/ml streptomycin (Hyclone) and cultured in a humidiﬁed 37°C/5% CO2
incubator. After 3 days, nonadherent cells were washed with
phosphate-buﬀered saline (PBS). The medium was changed
every 3 days until attaining 80–90% conﬂuence; the BMSCs
were digested with 0.25% trypsin (Gibco) and subcultured.
2.4. Combination and Cell Culture of BMSCs on Scaﬀolds.
The scaﬀolds were placed into a 24-well plate; the second passage of BMSCs was suspended at a density of 4 × 104 cells/ml
and loaded into TCP substrates. The cell–substrate complex
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was incubated at 37°C/5% CO2 for 2 hours. After conﬁrmation
of BMSCs being attached to the substrate, the complex was
removed in another 24-well plate and cultured for 4 hours,
7 days, 14 days, and 21 days, respectively. 2 ml medium
was added in every well and replaced every other day.
2.5. Cell Viability and Assessment. After 4 hours and 7 days of
cell–substrate complex culture, the plate was washed twice
with sterile PBS, half of the substrate was then transferred
to a new 24-well plate, and 1 ml MTT (Sigma company)
working liquid (0.5 mg/ml) was added to each well. The substrates were immersed and incubated at 37°C/5% CO2 for 4
hours. MTT working solution was then removed, and 1 ml
isopropanol hydrochloride (0.04 N) was added to each well
after the substrates were crushed. The purple crystal particles
were repeatedly blown to ensure complete dissolution and
then stood for 10 min. The purple solution was transferred
to an EP tube and centrifuged at 12000 × g for 5 min to
remove the TCP powder. The supernatant was used to measure the light absorption value on the spectrophotometer,
with the wavelength of 570 nm and the reference wavelength
of 650 nm. The fragments of the carrier were weighed after
drying at 50°C, and the cell activity was expressed as light
absorption value per gram of the carrier.
2.6. Detection of Osteopontin. At 7, 14, and 21 days of culture,
the culture medium was collected, stored at -70°C, dissolved
at room temperature, and detected by anti-human ELISA
kit. Standard solution or sample 50 μl was added to 96-well
plates. 100 μl analytical solution was added to each well and
incubated at room temperature for 2 hours. Each well was
washed 4 times with buﬀer solution. 200 μl antibody containing horseradish peroxidase was added and incubated for 2
hours at room temperature. The content of each well was
then removed and washed with buﬀer solution for 4 times;
200 μl substrate was then added and incubated at room temperature away from light for 30 minutes. The absorbance of
450 nm wavelength was determined by adding 50 μl termination solution to each well, and the corrected wavelength was
570 nm. The results were compared with the standard solution of human osteopontin.
2.7. Detection of Osteocalcin. At 7, 14, and 21 days of culture,
the culture medium was collected, stored at -70°C, dissolved
at room temperature, and detected by anti-human ELISA
kit. 25 μl of standard solution or sample was added to 96well plates. 100 μl antibody containing horseradish peroxidase was added to each well and incubated in a horizontal
oscillator at room temperature for 2 hours. Each well was
washed for 3 times, 100 μl chromogenic agent was then
added, placed on a horizontal oscillator, and incubated at
room temperature for 30 minutes. The absorbance of
450 nm wavelength was detected by adding 200 μl termination solution to each well, and the corrected wavelength
was 650 nm. The results were compared with the standard
solution of human osteocalcin.
2.8. Animal Experiments. The animal experiments were carried out according to the policies of Shanghai Jiao Tong
University School of Medicine and the National Institutes
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Figure 1: The bone defect model was established in the femoral condyle parallel of the New Zealand rabbits, and the bone cavity was ﬁlled
with porous SDF-1α/TCP bioceramic.

(a)

(b)

(c)

Figure 2: Electron microscopic view of the surface of the porous TCP bioceramics: (a) without pretreatment, the surface is smooth and not
suitable for loading drugs; (b) after pretreatment, the surface becomes rough and can do well in drug loading; (c) TCP loaded with SDF-1α and
Ca-P deposition.

of Health. In brief, 3-month-old New Zealand rabbits weighing 2:5 ± 0:3 kg were randomly divided into three groups. For
the duration of the experiment, rabbits were housed individually in cages and provided free access to water and fed a
commercial pellet diet. Six animals were used per material.
The scaﬀolds were sterilized by gamma radiation before
implantation. After administering anesthesia by 0.5 mg/kg

of acepromazine (Calmivet–Vetoquinol) and 10 mg/kg of
ketamine, rabbits were operated in rigorous aseptic conditions using the lateral knee approach. First, a femoral condylar cavity paralleling with the joint surface of 5 mm in
diameter and 10 mm in depth was drilled at the point 1 cm
above the femoral condyle, and the cortical bone window
was removed with scissors. For both the SDF-1α/TCP
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2.9. Histological Preparation and Analysis. The samples were
harvested and observed 24 weeks after implantation. All rabbits were sacriﬁced, and the femoral condyles were extracted.
The samples were ﬁxed in 10% formaldehyde solution
buﬀered with PBS (pH 7.3) for 2 weeks and then rinsed under
tap water for 12 h. Gradient alcohol concentration (70–
100%) was used in the dehydration process for 24 h. The
samples were then embedded in methylmethacrylate without
decalciﬁcation. The cross sections were cut to about 200 μm
thickness with a Leitz Saw Microtome 1600 (Wetzlar,
Germany), ground, and polished to about 50 μm thickness
with an Exakt Grinder (Norderstedt, Germany). Finally, the
samples were stained with Van Gieson’s picrofuchsin stain
(V-G stain).
2.10. Histomorphometric Analysis. New bone volume (NBV)
was measured on two sections for ﬁve ﬁelds per V-G-stained
section with the help of an eyepiece micrometer (KPL 16,
Carl Zeiss, Germany) and an ocular integrator with 100
points (KPL 8, Zeiss, Germany). The results were studied in
two sections per sample using light microscopy [15]. New
bone volume (%) represents the percentage of implant occupied by new bone tissue.
2.11. Statistical Analysis. The data in this study were analyzed
using SPSS11.0 statistical software (SPSS Inc., Chicago, IL).
The results were expressed as mean ± standard deviation,
the variable data were analyzed by one-way ANOVA, and
p < 0:05 was considered signiﬁcant.

3. Results
3.1. Characterization of the Composites. According to the
previous studies, bioceramics have a homogeneous pore size
of 500 ± 100 μm, an interconnection diameter of 120 μm, and
a uniform porosity of 75%. As is shown in Figure 2, observed
under an electron microscope, the surface of TCP without
pretreatment is too smooth for drugs or cell factors to load.
It becomes suitable for drug loading after surface roughening.
The SDF-1α/TCP composite exhibited looser and rougher
surfaces with more irregular micropores and larger crystals
than TCP bioceramic scaﬀolds, which corresponds to the
results of the speciﬁc surface of TCP.
3.2. In Vitro SDF-1α Release Kinetics. The total amount and
released concentration of SDF-1α have a positive correlation
with the loading method (supersaturated or coated), as is
shown in Figure 3. The amount of SDF-1α released from
TCP with supersaturated SDF-1α liquid is higher than that
from SDF-1α-coated TCP. Almost no SDF-1α can be
detected in supersaturated solution.
3.3. In Vitro Cell Viability and Osteogenic Assessment. TCP
scaﬀold with supersaturated SDF showed the highest cell viability as well as more expression of osteopontin and osteocalcin. TCP scaﬀold with coating SDF-1α took the second place.

30000
SDF-1𝛼 concentration

composite and TCP bioceramic groups, the scaﬀolds were
then inserted in the cavity, as is shown in Figure 1. The cavity
was left unﬁlled in the blank control group.
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Figure 3: SDF-1α concentration in diﬀerent preparation methods
(∗ VS supersaturated solution, p < 0:05; ∗∗ VS coating SDF-1α,
p < 0:05).

Cell viability increased with time and was signiﬁcantly higher
in SDF-1α/TCP composites. The expression of OP and OC
showed no signiﬁcant diﬀerence between the TCP group
and the other two groups on day 7 but was obviously lower
than the others on day 14 and day 21, as is shown in Figure 4.
3.4. Histological Analysis. Newly formed bone, osteoid tissue,
and residual material are, respectively, stained red, green, and
black in V-G staining. After 24 weeks of implantation, newly
formed bone, rich in osteocyte lacunae, was observed on the
surface of all residual implants. The lining cells and osteoblastic cells are, respectively, indicated in Figures 5(e) and
5(f) to reﬂect the main actors of new bone formation. Furthermore, osteoblastic cells can be detected on the new bone
in the SDF-1α/TCP group. Compared with the other two
groups, the SDF-1α/TCP group has more volume of new
bone, as is shown in Figure 5. No cellular dysplasia was
observed on the surface of any of the materials or in their
neighboring areas, and no acute inﬂammation appeared at
the interface of the implants and surrounding tissue.

4. Discussion
Bone scaﬀolds are a major tool in bone tissue engineering. In
this study, SDF-1α/TCP composite bioceramics were
prepared to investigate the eﬀects of SDF-1α on the osteoinductive properties of TCP. Our in vitro study showed that
SDF-1α/TCP scaﬀolds signiﬁcantly stimulated the expression
of osteopontin and osteocalcin. Meanwhile, in the in vivo
study, the rabbit bone defect model showed that SDF-1α
stimulated more new bone formation. Thereafter, SDF1α/TCP bioceramic scaﬀolds could promote bone regeneration and may be an eﬀective way to treat bone defects.
SDF-1α is highly expressed in bone marrow stromal cells,
but it is also widely expressed in diverse organs including the
brain, heart, liver, and lungs. It has been suggested that SDF1α is involved in the recruitment of stem cells that diﬀerentiate into the cells necessary to repair tissue damage [16, 17];
the function may relate with AKT and Wnt/β-catenin signaling pathway [18, 19]. Further study indicated that DLX2
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Figure 4: Comparison of diﬀerent SDF-1α/TCP scaﬀolds on each time point. (a) OD volume showed after 7 days; cell viability in
supersaturated SDF-1α/TCP was highest. (b) Osteopontin and (c) osteocalcin raised as time expansion, at each time point; the
supersaturated SDF-1α/TCP group had more protein expression (∗ p < 0:05, ∗∗ p < 0:01).

mediates Wnt/β-catenin signal to promote osteogenic differentiation of BMSCs [20]. A study also showed that
TCP implanted in dog mandibles can increase the expression of SDF-1α [21], thus enhancing bone healing processes
and stimulating the coordinated actions of osteoblasts and
osteoclasts, leading to bone regeneration. In this study,
SDF-1α was incorporated into TCP by a bioactive loading
technique [13]. Based on the release test, SDF-1α was
released from SDF-1α/TCP, which indicated that the
osteoinductive properties of SDF-1α can be given to TCP
bioceramics. The osteoinductive properties of SDF-1α/TCP
is also proved by elevated levels of osteopontin and osteocalcin, but the signaling pathway should be investigated
during further study.

The ideal biomaterial candidate for bone regeneration
should be resorbable and gradually replaced by the newly
formed bone. Based on previous studies of TCP, it has been
shown to be gradually replaced by the newly formed bone
as a process of osteoconduction [22]. However, despite the
osteoconductive properties of biomaterials in bone tissues
engineering, the implanted materials should also have
osteoinductive properties. Various cellular factors have been
used to promote the osteoconductive properties of TCP, but
there is a great need of more cellular factors, especially with
broad cellular eﬀect. In our study, SDF-1α was loaded into
TCP to give osteoinductive properties to TCP. As result, the
rabbit bone defect model showed that SDF-1α stimulated
more new bone formation although cell-free SDF-1α/TCP
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Figure 5: The newly formed bone (NB), osteoid tissue (OT), and residual material (M) are indicated as red, green, and black, respectively.
Compared with the other two groups, the SDF-1α/TCP group got more volume of new bone. Red arrows indicate the lining cells and
osteoblastic cells (∗ p < 0:05).

scaﬀolds were implanted. This may be because SDF-1α can
recruit migration of mesenchymal stem cells [23] and create
a matrix environment inductive for bone defect repair [24,
25], but further studies should be performed.
Nevertheless, this study is limited in the number of
animal model and the deep mechanism of SDF-1α/TCP in
promoting bone regeneration needs further study. Additional micro-CT analysis of the newly formed bone would
also provide more data. Therefore, clinic application of such
SDF-1α/TCP bioceramics would require further studies
about its biological safety.

5. Conclusion
In conclusion, the addition of SDF-1α into porous TCP bioceramics resulted in a higher cell viability and osteoinduction. In vitro and in vivo experiments proved that SDF-1α
had a positive inﬂuence on osteogenesis compared to pure
TCP. Thus, the porous SDF-1α/TCP bioceramics could be a
promising new way to treat bone defects instead of traditional synthetic bone grafts.

Data Availability
All underlying data is available on request through email
address of corresponding authors.

Conflicts of Interest
The authors declare that they have no conﬂicts of interest.

Authors’ Contributions
Fangchun Jin, Qixun Cai, and Wei Wang contribute equally
to this work. The authors alone are responsible for the
content and writing of the paper.

Acknowledgments
This research was supported by the Foundation of Science
and Technology Commission of Shanghai Municipality
(17DZ1930507), the Shanghai Xuhui District Medical Peak
and Plateau Discipline Construction Program (Grant No.
SHXH201702), and 2021 Shanghai Jiao Tong University
“Jiaotong University Star” Program Medical-Industrial
Cross-Research Fund (Grant No. YG2021QN47).

References
[1] D. Logeart-Avramoglou, F. Anagnostou, R. Bizios, and
H. Petite, “Engineering bone: challenges and obstacles,” Journal of Cellular and Molecular Medicine, vol. 9, no. 1, pp. 72–
84, 2005.
[2] P. K. McClure, H. M. Alrabai, and J. D. Conway, “Preoperative
evaluation and optimization for reconstruction of segmental
bone defects of the tibia,” Journal of Orthopaedic Trauma,
vol. 31, no. 5, pp. S16–S19, 2017.
[3] T. Masaoka, T. Yoshii, M. Yuasa et al., “Bone defect regeneration by a combination of a β-tricalcium phosphate scaﬀold and
bone marrow stromal cells in a non-human primate model,”
Open Biomedical Engineering Journal, vol. 10, no. 1, pp. 2–
11, 2016.
[4] D. Confalonieri, A. Schwab, H. Walles, and F. Ehlicke,
“Advanced therapy medicinal products: a guide for bone
marrow-derived MSC application in bone and cartilage tissue
engineering,” Tissue Engineering. Part B, Reviews, vol. 24,
no. 2, pp. 155–169, 2018.
[5] R. Z. LeGeros, “Properties of Osteoconductive Biomaterials:
Calcium Phosphates,” Clinical Orthopaedics and Related
Research, vol. 395, pp. 81–98, 2002.
[6] S. Liu, F. Jin, K. Lin et al., “The eﬀect of calcium silicate on
in vitro physiochemical properties and in vivo osteogenesis,
degradability and bioactivity of porous β-tricalcium phosphate

BioMed Research International

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]
[16]

[17]

[18]

[19]

[20]

[21]

[22]

bioceramics,” Biomedical Materials, vol. 8, no. 2, article
025008, 2013.
J. Y. Park, S. H. Park, M. G. Kim, S. H. Park, T. H. Yoo, and
M. S. Kim, “Biomimetic scaﬀolds for bone tissue engineering,”
Advances in Experimental Medicine and Biology, vol. 1064,
pp. 109–121, 2018.
X. Yu, H. Sun, J. Yang et al., “Evaluation of bone-regeneration
eﬀects and ectopic osteogenesis of collagen membrane chemically conjugated with stromal cell-derived factor-1 in vivo,”
Biomedical Materials, vol. 15, no. 1, article 015009, 2020.
Y. Jung, J. K. Kim, Y. Shiozawa et al., “Recruitment of mesenchymal stem cells into prostate tumours promotes metastasis,”
Nature Communications, vol. 4, no. 1, p. 1795, 2013.
Y. Wang, X. Sun, J. Lv, L. Zeng, X. Wei, and L. Wei, “Stromal
cell-derived factor-1 accelerates cartilage defect repairing by
recruiting bone marrow mesenchymal stem cells and promoting chondrogenic diﬀerentiation,” Tissue Engineering. Part A,
vol. 23, no. 19-20, pp. 1160–1168, 2017.
F. Wang, G. Yang, Y. Xiao et al., “Eﬀect of SDF-1 with biphasic
ceramic-like bone graft on the repair of rabbit radial defect,”
Journal of Orthopaedic Surgery and Research, vol. 14, no. 1,
p. 231, 2019.
T. T. Lau and D. A. Wang, “Stromal cell-derived factor-1
(SDF-1): homing factor for engineered regenerative medicine,”
Expert Opinion on Biological Therapy, vol. 11, no. 2, pp. 189–
197, 2011.
Y. Liu, K. de Groot, and E. B. Hunziker, “BMP-2 liberated from
biomimetic implant coatings induces and sustains direct ossiﬁcation in an ectopic rat model,” Bone, vol. 36, no. 5, pp. 745–
757, 2005.
J. J. Yuan, B. X. Wang, C. Han et al., “Nanosized-Ag-doped
porous β-tricalcium phosphate for biological applications,”
Materials Science and Engineering: C, vol. 114, article 111037,
2020.
J. P. Royet, “Stereology: a method for analyzing images,” Progress in Neurobiology, vol. 37, no. 5, pp. 433–474, 1991.
W. Zhao, K. Jin, J. Li, X. Qiu, and S. Li, “Delivery of stromal
cell-derived factor 1α for in situ tissue regeneration,” Journal
of Biological Engineering, vol. 11, no. 1, p. 22, 2017.
N. Kawaguchi, T. T. Zhang, and T. Nakanishi, “Involvement of
CXCR4 in normal and abnormal development,” Cell, vol. 8,
no. 2, p. 185, 2019.
T. H. Hu, Y. Yao, S. Yu et al., “SDF-1/CXCR4 promotes
epithelial-mesenchymal transition and progression of colorectal cancer by activation of the Wnt/β-catenin signaling pathway,” Cancer Letters, vol. 354, no. 2, pp. 417–426, 2014.
Y. Lu, B. Hu, G. F. Guan et al., “SDF-1/CXCR4 promotes
F5M2 osteosarcoma cell migration by activating the Wnt/βcatenin signaling pathway,” Medical Oncology, vol. 32, no. 7,
p. 194, 2015.
X. Zeng, Y. Wang, Q. Dong, M. X. Ma, and X. D. Liu, “DLX2
activates _Wnt1_ transcription and mediates Wnt/ β-catenin
signal to promote osteogenic diﬀerentiation of hBMSCs,”
Gene, vol. 744, article 144564, 2020.
J. Zhao, T. Watanabe, U. K. Bhawal, E. Kubota, and Y. Abiko,
“Transcriptome analysis of β-TCP implanted in dog mandible,” Bone, vol. 48, no. 4, pp. 864–877, 2011.
F. Jin, Y. Xie, N. Wang et al., “Poor osteoinductive potential of
subcutaneous bone cement-induced membranes for tissue
engineered bone,” Connective Tissue Research, vol. 54, no. 45, pp. 283–289, 2013.

7
[23] Y. Wan, C. Lu, J. Cao et al., “Osteoblastic Wnts diﬀerentially
regulate bone remodeling and the maintenance of bone marrow mesenchymal stem cells,” Bone, vol. 55, no. 1, pp. 258–
267, 2013.
[24] C. H. Ryu, S. A. Park, S. M. Kim et al., “Migration of human
umbilical cord blood mesenchymal stem cells mediated by
stromal cell-derived factor-1/CXCR4 axis via Akt, ERK, and
p38 signal transduction pathways,” Biochemical and Biophysical Research Communications, vol. 398, no. 1, pp. 105–110,
2010.
[25] A. A. Peyvandi, N. A. Roozbahany, H. Peyvandi et al., “Critical
role of SDF-1/CXCR4 signaling pathway in stem cell homing
in the deafened rat cochlea after acoustic trauma,” Neural
Regeneration Research, vol. 13, no. 1, pp. 154–160, 2018.

