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A B S T R A C T

Background: Large defects of long tubular bones due to severe trauma, bone tumor resection, or osteomyelitis
debridement are challenging in orthopedics. Bone non-union and other complications often lead to serious
consequences. At present, autologous bone graft is still the gold standard for the treatment of large bone defects.
However, autologous bone graft sources are limited. Silicon rubber (SR) materials are widely used in biomedical
fields, due to their safety and biocompatibility, and even shown to induce nerve regeneration.
Materials and methods: We extracted rat bone marrow mesenchymal stem cells (BMMSCs) in vitro and verified the
biocompatibility of silicone rubber through cell experiments. Then we designed a rabbit radius critical sized bone
defect model to verify the effect of silicone rubber sealed channel inducing bone repair in vivo.
Results: SR sealed channel could prevent the fibrous tissue from entering the fracture end and forming bone
nonunion, thereby inducing self-healing of long tubular bone through endochondral osteogenesis. The hematoma
tissue formed in the early stage was rich in osteogenesis and angiogenesis related proteins, and gradually turned
into vascularization and endochondral osteogenesis, and finally realized bone regeneration.
Conclusions: In summary, our study proved that SR sealed channel could prevent the fibrous tissue from entering
the fracture end and induce self-healing of long tubular bone through endochondral osteogenesis. In this process,
the sealed environment provided by the SR channel was key, and this might indicate that the limit of self-healing
of bone exceeded the previously thought.
The translational potential of this article: This study investigated a new concept to induce the self-healing of large
bone defects. It could avoid trauma caused by autologous bone extraction and possible rejection reactions caused
by bone graft materials. Further research based on this study, including the innovation of induction materials,
might invent a new type of bone inducing production, which could bring convenience to patients. We believed
that this study had significant meaning for the treatment of large bone defects in clinical practice.
1. Introduction

Large defects of long tubular bone caused by severe trauma, bone
tumor resection and osteomyelitis debridement is a challenging ortho-
paedic problem [1,2]. In 1986, Schmitz JP proposed the concept of
critical sized defects (CSD) [3] to indicate the threshold for self-healing of
bone defects; it corresponds to a bone defect length exceeds 1.5 times of
bone diameter. However, there is no clear and unified conclusion on this
definition for humans. Some consider a length of human bone defect
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>50% of the diameter of the long tube bone or a length>2 cm large bone
defect [4], while others consider only those >5 cm [5]. At present,
autologous bone graft is the gold standard for the treatment of large
defects of long tubular bones. However, autologous bone graft sources
are limited. In addition, massive autologous bone grafts cause compli-
cations, such as nerve and vascular injury, infection, and chronic pain
[6–8]. Accordingly, autologous bone grafting is often used for bone de-
fects within 4–5 cm; for larger bone defects, this method often fails to
achieve ideal repair [9,10]. In consequence, other methods are used for
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the repair and treatment of long tubular bone defects, including the Ili-
zarov technique (distraction osteogenesis) [11] and/or Masquelet tech-
nique, and bone tissue engineering [2,12,13]. However, the above
methods have some issues. For instance, the Ilizarov technique requires a
complex external fixator, and during distraction, the pressure on soft
tissue often leads to continuous pain, while the risk of force line devia-
tion, can cause infection and nerve injury [14–20]. On the other hand,
the Masquelet technique induces the formation of an induction mem-
brane through polymethyl methacrylate (PMMA) occupation followed by
an autologous bone graft [21–25], resulting in a long treatment process,
which also increases the uncertainty of the results [26]. Recently, bone
tissue engineering has become a research hotspot. It requires seed cells,
extracellular matrix scaffolds, and cytokines that promote growth, dif-
ferentiation, and angiogenesis [27–31]. However, to date there is no
technique or material available that completely solves the issues of large
bone defects.

Bone is a composite structure including cells, extracellular matrix,
and lipids [32]. About 20% of it is water, and the dry weight of bone is
composed of 30%–35% organic matter and 65%–70% inorganic matter
[33]. Bone tissue is one of the few tissues in the human body that can heal
without scarring [34]. Fracture healing is a complex biological process
involving multiple stages and under complex biological regulation. Bone
healing requires numerous elements, the most important being
osteoblast-related cells, bone conduction scaffolds, stable mechanical
environment, and osteogenesis promoting growth factors. These four
elements are also called the “diamond concept” of osteogenesis [35].
According to the process, bone healing can be indirect or direct [36].
Direct bone healing is uncommon in the natural state, and would occur
only with anatomical reduction and complete stable fixation [36]. Indi-
rect healing is the most important way of fracture healing, mainly
including endochondral and intramembranous osteogenesis [37,38].
Intramembranous osteogenesis does not involve cartilage intermediates
and mainly relies on direct differentiation of mesenchymal stem cells
(MSCs) and neural crest cells [39], and mainly occurs in the regeneration
of maxillofacial bones [40,41]. In contrast, endochondral osteogenesis
requires a cartilaginous intermediate, and occurs primarily in the ex-
tremities, pelvis, and most axial skeleton, including the ribs, scapula, and
skull base [39]. The first stage of bone healing is hematoma formation,
immediately after trauma, involves peripheral blood, intramedullary
blood cells, and intramedullary cells [36,42–44]. This process is
accompanied by the development of an inflammatory response [45,46]
that leads to hematoma coagulation between and around the fracture
ends and formation of a precursor template for the intramedullary callus
[47]. During the inflammatory response, MSCs undergo a process of se-
lective migration to the injury site and continuously secrete various
trophic factors, a function called “homing” [48–52]. Initial
pro-inflammatory factors include tumor necrosis factor-α (TNF-α),
interleukin-1 (IL-1), interleukin-6 (IL- 6), interleukin-11 (IL-11) and
interleukin-18 (IL-18) [47]. Recruited MSCs and other cells gradually
form a cartilage callus, which will be mineralized, resorbed, and gradu-
ally replaced by bone tissue during the subsequent osteogenesis [36].
Members of the transforming growth factor-β (TGF-β) family, including
TGF-β1, TGF-β2, and TGF-β3, have been shown to play a very critical role
in endochondral osteogenesis [36,53,54]; vascular endothelial growth
factor (VEGF), platelet derived growth factor and fibroblast growth
factor-2 (FGF-2) are also key mediators in this process [47,55]. In addi-
tion, the TGF-β gene can selectively induce and regulate the differenti-
ation of MSCs into osteoblasts [56]. The initial hematoma at the fracture
end and the subsequent acute inflammatory reaction resolve within a few
days to a week after the fracture and are replaced by granulation tissue,
which is rich in proliferating mesenchymal cells and forms neo-
vascularization in the extracellular collagen matrix [34,36,57,58]. A few
weeks after the injury, the cartilage eventually extends into the con-
necting fracture space, which, together with the accompanying fibrous
tissue, is commonly referred to as a cartilage callus, providing initial
mechanical stability to the fracture and acting as a scaffold for
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endochondral bone formation [34,36,57,58]. As chondrocytes prolifer-
ate, they become hypertrophic and enter the apoptotic phase, secreting
calcium and angiogenesis-promoting components, and the extracellular
matrix gradually begins to calcify; in this phase of hard callus formation,
extensive vascularization of the cartilage occurs, and braided bone begins
to deposit [34,36,47]. With the growth of the hard callus and braided
bone, the fracture area is gradually filled with new bone and mechanical
stability continuously increased. In the end, fracture healing enters the
final shaping period. To increase the strength, bone tissue remodels into
lamellar structures with medullary cavities during the shaping phase, in
which osteoclasts play an important role [36,59–63].

Silicone rubber (SR) is a very important organosilicon product char-
acterized by linear polymer polymerization with repeating silicon-
oxygen (Si–O) bond as main chain and the side groups as organic
groups. After vulcanization, it becomes an elastomer with a three-
dimensional network structure [64]. SR material has good biocompati-
bility, good plasticity, stable chemical properties and is non-toxic,
odorless, and not easily oxidized or denatured. Recently, some re-
searchers have begun to use SR catheters to repair peripheral nerves
[65–73]. Liao et al. used SR catheters to connect both ends of the sciatic
nerve of SD rats treated with paclitaxel and combined electrical stimu-
lation to achieve nerve regeneration [66], and Mohammadi et al. [74]
used a matrix vascular block combinedwith a SR tube to repair the sciatic
nerve in rats. Despite all the above evidence in the field of nerve
regeneration, there are few reports on its application to bone defects.
Researchers used SR temporary filling and bone grafting for repairing
mandibular defects in previous study [75]. In the field of Neurosurgery,
SR was used to prevent adhesion when skull defects exist [76]. SR was
used in both skull and mandibular defects, so we believed that SR ma-
terials also had great potential for application and research value in long
tubular bone defects. Based on Masquelet technology, this study utilized
a SR sealed channel without bone grafting for the induction and repair of
large defects of long tubular bones in vivo and in vitro.

2. Materials and methods

2.1. Animals

3-week-old male SD rats were selected for cell extraction. In addition,
6-month-old New Zealand white rabbits were used for this study. The
experimental animals were divided into three groups: SR sealed channel
group (SR group), SR channel group with holes (SR þ Holes group) and
blank Control group (Control group). The rabbits were sacrificed at eight
time points (1 day, 3 days, 7 days, 14 days, 4 weeks, 8 weeks, 12 weeks,
and 16 weeks). Six rabbits from each group were sacrificed at each time
point.

2.2. BMMSC isolation and culture

3-week-old male SD rats were sacrificed and subsequently soaked in
75% alcohol for 30 min to isolate the primary cells. The rats' tibias and
femora were collected for bone marrow mesenchymal stem cell
(BMMSC) isolation. The bone marrow cavities were repeatedly flushed
with Dulbecco's Modified Eagle Medium/F-12 (DMEM/F-12) (Gibco,
Rockville, MD, USA), with 10% fetal bovine serum (FBS, Biological In-
dustries, Israel) into 10-cm dishes using a syringe. Then, the bone
marrowwas incubated at 37 �C in 95% humidified air containing 5% CO2
in DMEM/F-12 medium supplemented with 10% fetal bovine serum
(FBS, Biological Industries, Israel). The culture medium was changed for
the first time at 72 h, and adherent cells were considered BMMSCs.

2.3. Cell identification

P3 BMMSCs were seeded into T75 flasks (Thermofisher Scientific,
Rochester, NY, USA), and media was changed every other day. When the
confluence reached ~90%, the cells were harvested and flow cytometry
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analysis was performed. The positive rates of cell surface markers CD44-
FITC, CD45-FITC, and CD90-PE (Bio Legend, USA) were measured and
analyzed.

2.4. Cytotoxicity test

The extracted medium of medical SR tube (Jiangyang Co., Ltd., P.R.
China) was prepared with complete culture medium. The extraction ratio
was 3 cm2/mL and extracted on a shaking table at 37 �C for 24 h. P3
BMMSCs were resuspended with fresh medium and incubated at 2� 104
cells per well in 48-well plates; the liquid per well was 200 μL. On the
second day after inoculation, the culture medium was changed for the
first time. The Control group was replaced by fresh complete medium,
and for the test group it was replaced by the prepared SR extract. On the
1st, 3rd, and 7th day after the first change, six samples from the Control
group and test group were taken. Then, 20 μL CCK8 working solution
were added and the mixture incubated in the dark for 1 h. The OD value
at 450 nm was measured by microplate reader. Relative increment rate
(%) ¼ OD value of test group/OD value of Control group.

2.5. Hemolysis test

The extracted normal saline of medical SR tube (Jiangyang Co., Ltd.,
P.R. China) was prepared with normal saline. The extraction ratio was 3
cm2/mL and extracted on a shaking table at 37 �C for 24 h. Fresh anti-
coagulant rabbit blood was used for detection; rabbit blood was diluted
to 2%. There were three experimental groups: the positive control was
dissolved with triple distilled water, the negative control was dissolved
with normal saline, and the test was dissolved with extracted normal
saline. diluted rabbit blood (4 mL) was taken from each group, incubated
in 37 �C cell incubator for 60 min, and then centrifuged at 2000 rpm for 5
min. Then, 100 μL of each sample was added to a 96 well plate. OD value
at 545 nm was measured with microplate reader. The average of each
group was used to calculate the hemolysis rate (%). An hemolysis rate
�5% is regarded as meeting the standard.

2.6. SR cell culture plate preparation

Sylgard SR liquid (Dow Corning, USA) and curing agent (Dow
Corning, USA) were mixed in a ratio of 10:1; then, the mixture was
centrifuged with a centrifuge at 2000 rpm for 10 min. After adding 1 mL
of SR liquid per well into the 12-well plate and distributing it evenly at
the bottom of the plate, it was placed on a flat table for 2 weeks to so-
lidify. The cell pore plate was soaked in 75% alcohol for 3 days, dis-
infected and irradiated with ultraviolet light for 24 h.

2.7. Scanning electron microscope scanning

BMMSCs were cultured on the SR surface for 7 days, and samples
were extracted and gently washed with DPBS for 3 times. Each sample
was fixed with 4% glutaraldehyde at 4 �C for 1 h and gently rinsed with
deionized water for 15 min.

The samples were dehydrated by ethanol gradient (10, 30, 50, 70, 90,
95, 100%) and dried overnight. After spraying gold on the sample sur-
face, the morphology of BMMSCs on the surface of SR was observed.

2.8. Fluorescence microscopy

BMMSCs were cultured on the surface of SR for 3 days, and samples
were extracted and gently washed with DPBS for 3 times. BMMSCs were
fixed with 4% paraformaldehyde at room temperature for 30 min, and
washed with DPBS 3 times. The cells were soaked in 0.1% TritonX-100
(Beyotime Biotechnology, Ltd., P.R. China) for 10 min, and washed
with DPBS (Solarbio, Ltd., P.R. China) 3 times. BMMSCs were soaked in
500 μl of TRITC Phalloidin (100 Nm, Solarbio, Ltd., P.R. China), incu-
bated in the dark at 37 �C for 1 h, washed with DPBS 3 times, and soaked
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in 500 μl DAPI (5 μg/mL, Solarbio, Ltd., P.R. China), incubated in the
dark at 37 �C for 5 min, and washed with DPBS 3 times. Finally, BMMSCs
were observed and photographed under a fluorescence microscope.

2.9. Live/dead cell staining

BMMSCs were cultured on the surface of SR for 3 days, and stained
according to the live/dead cell staining kit instructions (Solarbio, Ltd.,
P.R. China). BMMSCs were stained in the suspended and adherent states,
respectively; then, cells were observed and photographed under a fluo-
rescence microscope. Six visual fields of suspended cells were counted
and analyzed with Image J software to calculate the number of live/dead
cells.

2.10. Test of BMMSCs’ mineralization ability on the SR surface

The osteogenic induction medium had DMEM medium with high
glucose (Gibco, Rockville, MD, USA), with 10% fetal bovine serum (FBS,
Biological Industries, Israel), 0.01 μmol/L dexamethasone (Sigma-
–Aldrich, USA), 50 μg/mL β sodium glycerate (Sigma–Aldrich, USA) and
10 mmol/L ascorbic acid (Sigma–Aldrich, USA). BMMSCs were cultured
on the SR surface, and after 48 h, in the test group the medium was
replaced by osteogenic induction medium, while the Control group
continued to use complete medium. After 21 days of continuous culture,
the culture medium was discarded and cells were washed by DPBS 3
times. The cells were fixed by 4% paraformaldehyde at 4 �C for 30 min,
and stained with 1 mL Alizarin red (1%, pH 4.2, Solarbio, Ltd., P.R.
China) per well for 5 min. Finally, the cells were gently washed with
double distilled water 3 times, observed and photographed under an
inverted phase contrast microscope.

2.11. Bone defect model

Six-month-old New Zealand white rabbits weighing 2.5–3 kg were
used in this experiment. An F16 SR tube (outer diameter 5.33 mm, inner
diameter 3.33 mm, length 2 cm, Jiangyang, Ltd., P.R. China) was used.
Food and water were forbidden 8 h before surgery, weight was weighed,
and 2% Cerazine hydrochloride (Huamu, Ltd., P.R. China) was injected
intramuscularly at 0.1 mL/kg as anesthesia. A 1.5 cm bone defect was
amputated in the middle of the rabbit radius during surgery. The
experimental animals were divided into three groups:

① Control group: no other treatment after osteotomy; ② Silicone
rubber sealed channel group (SR group): the two ends of the bone defect
were sleeved with a 2 cm SR sealed channel; ③ Silicone rubber channel
with holes group (SRþHoles group): a 2 cm SR tube was used to connect
both ends of bone defect, with one 0.5 � 0.5 cm square hole above and
below the SR tube. In the first 3 days after surgery, the wound dressing
was changed and 30,000 UI/kg penicillin (Keda, Ltd., P.R. China) was
injected. 6 rabbits were sacrificed at eight time points (1, 3, 7.14 days, 4
weeks, 8, 12, and 16 weeks) in each group. The number of animals in the
entire experiment was 144. The SR channels were removed in the 12 and
16 weeks groups when at 10 week. The Control group underwent sham
surgery.

2.12. ELISA

At four time points (1, 3, 7, and 14 days after surgery), six rabbits in
all groups were sacrificed. The SR channel was carefully removed, and
the new tissue in the tube extracted. For animals without new tissue, the
same volume of soft tissue around the radius was taken. Twenty milli-
grams of tissue were weighed on an electronic balance and 200 μL normal
saline was used to obtain a tissue homogenate, centrifuged at 3000 rpm
for 10 min, and the supernatant was tested for osteocalcin (OCN), bone
morphogenetic protein-2 (BMP-2), runt-related transcription factor 2
(Runx2), transforming growth factor-β1 (TGF- β1), and VEGF according
to the instructions of ELISA kit (Xinquan, Ltd., P.R. China) and the OD



Table 1
Hemolysis test results.

Groups OD value OD value
（Mean �
SD）

1 2 3 4 5 6

Negative
control

0.010 0.010 0.012 0.012 0.012 0.011 0.011 �
0.001

Positive
control

1.004 1.031 1.020 1.052 1.011 1.047 1.028 �
0.019

Test group 0.014 0.013 0.013 0.015 0.013 0.012 0.013 �
0.001
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value of each hole measured at 450 nm. Finally, a standard curve was
drawn and the concentration of the target protein in each sample
calculated.

2.13. X-ray and micro CT

At 4, 8, 12, and 16 weeks after surgery, 6 rabbits in each group were
sacrificed, and the ulna and radius of rabbits were excised for X-ray and
micro CT examination. The radiographic results of X-ray in each group
were evaluated by the Lane-Sandhu score and the 2D CT images were
analyzed using CTAn software (SkyScan), which were then evaluated to
calculate the percentage of new bone volume relative to tissue volume
(BV/TV), trabecular number (Tb. N) and trabecular thickness (Tb. Th).

3.14. Fluorescent labeling of bone tissue

Three rabbits in each group at 16 weeks were injected with fluores-
cent markers, Alizarin red S at 6 weeks (30 mg/kg, Sigma–Aldrich, USA),
tetracycline hydrochloride at 9 weeks (25 mg/kg, Sigma–Aldrich, USA)
and calcein at 12 weeks (25 mg/kg, Sigma–Aldrich, USA). The specimens
were cut into hard tissue sections for observation by laser confocal
microscope.

2.15. Masson and safranine O staining

Specimens all groups were fixed with 4% paraformaldehyde for 48 h.
After decalcification with EDTA decalcification solution, paraffin sec-
tions were stained with Masson staining kit (Solarbio, Ltd., P.R. China)
and modified safranin O staining kit (Solarbio, Ltd., P.R. China).

2.16. CD31 immunohistochemical staining

Specimens in all groups were fixed with 4% paraformaldehyde for 48
h. After decalcification with EDTA decalcification solution, CD31
(Abcam, UK, Antibody concentration was 1:100) immunohistochemical
staining was performed on the specimens. The CD31 positive area was
calculated by Image J.

2.17. Statistics

The experimental results were analyzed by SPSS13 0 software for data
analysis. All data are expressed as mean � standard deviation. The
threshold for statistical significance was set at P < 0.05.

3. Results

3.1. BMMSC extraction and identification

BMMSCs were isolated from SD rats and cultured in vitro. P3
BMMSCs grew in spindle shape under the microscope. The expression of
surface markers (CD 34, CD 44, CD 45 and CD 90) in P3 BMMSCs was
detected by flow cytometry. The results showed: 99.9% expression pos-
itive rate of BMMSCs positive marker CD 44, 99.9% (>95%) positive CD
90 expression rate; 4.43% expression of negative CD 34 marker, and
0.81% (<5%) CD 45 expression (Supplementary information 1).

3.2. Cytotoxicity and hemolysis tests

The OD value measured by CCK 8 method on the first, third, and
seventh days. The relative proliferation rates of BMMSCs cultured with
SR extract were 92.0%, 82.5% and 97.6% on day 1, day 3, and day 7,
respectively. The cytotoxicity grade was grade I, which met the toxicity
requirements of implant materials. The hemolysis test showed hemolysis
in the positive Control group. The OD value at 545 nm is shown in
Table 1. The hemolysis rate of the experimental group was 0.20% (<5%),
indicating that the silicone rubber does not cause hemolysis.
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3.3. BMMSC adhesion on the SR surface

An SR cell plate was shown inSupplementary information 1C. After 2
weeks of solidification and shaping period, the SR was a transparent
round sheet solid. After aseptic treatment, it could be used for cell
inoculation. P3 BMMSCs were inoculated on its surface for 48 h. In an
inverted phase contrast microscope, the cells were found to adhere well
on the surface of SR, and there were no obvious floating cells or toxic
particles in the cells (Supplementary information 1).

Cell morphology of cells cultured on the surface of SR for 7 days on
scanning electron microscope (Supplementary information 1). BMMSCs
adhere well on the surface of SR and cells fuse with each other in the
growth concentration part and cover the surface of SR in a sheet.
BMMSCs showed a TRITC Phalloidin labeled cytoskeleton (red) and DAPI
labeled nuclear morphology (blue) under fluorescence micro-
scope.Supplementary information 1I–K showed that BMMSCs could
adhere and grow in good condition on the SR surface.

3.4. Live/dead cell fluorescent staining

BMMSCs adhered well on the surface of SR and stretched into spindle
shape after 3 days of culture. Most cells were stained with green fluo-
rescence (living cells), and only a small proportion of red fluorescence
(dead cells). Under co-culture with SR material, BMMSCs grew well and
cell survival rate was high, thus meeting the conditions of bone induction
implant material (Supplementary information 1).

3.5. BMMSCs’ mineralization ability on the SR surface

After 21 days of culture and Alizarin red staining, no calcium nodules
were found in Control group, showing that SR material did not induce
BMMSCs’ osteogenic mineralization. In the osteogenic induction group,
BMMSCs on the SR surface were induced by osteogenic culture medium
for 21 days. After Alizarin red staining, obvious red calcium nodules
appeared, indicating that BMMSCs on the surface of SR had good oste-
ogenic differentiation potential, which could be realized under appro-
priate induction conditions (Supplementary information 1).

3.6. Observation of animal specimens

A model of 1.5 cm defect of the rabbit radius was established (Fig. 1).
The radius diameter of rabbits is shown in supplementary information 2,
and the number of each group was 48. There was no significant differ-
ence in the radius diameter of each group (P > 0.05). The length of bone
defect was 4.72 times, 4.69 times, and 4.76 times of the average radius
diameter in Control group, SR group, and SRþHoles group, respectively.

In the SR group, hematoma tissue was generated in the SR sealed
channel 1 day after surgery, and the hematoma tissue was completely
filled in the SR sealed channel (Fig. 2). Carefully dissecting the SR sealed
channel, the new hematoma observed as a cylinder, bridging at both ends
of the bone defect. The color of hematoma tissue was dark red on the first
day after surgery. The new hematoma tissue gradually became yellowish
brown from the 7th day to the 14th day (Fig. 2). In the Control and SR þ
Holes groups, there was no hematoma formation at 1, 3, 7, or 14 days



Figure 1. (A) Establishment of a rabbit model of large radial bone defect
(B) Sealed SR channel used in the SR group
(C) SR channel used in the SR þ Holes group with two 5 mm � 5 mm square defect holes in the tube wall
(D) SR channel (5.33 mm outer diameter and 3.33 mm inner diameter)
(E) Radial defect during surgery
(F) Control group with 1.5 cm bone defect (shown by yellow arrow)
(G) SR group with 1.5 cm bone defect and an implanted medical SR airtight channel on the defect (shown by yellow arrow)
(H) SR þ Holes group with 1.5 cm bone defect and implanted SR channel with holes over the defect (marked with yellow arrow)
(I) Rabbit limb incision sutured layer by layer.
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after surgery (Fig. 2). This experiment showed that a SR sealed channel
could induce hematoma tissue formation and hematoma could form a
bridge at the broken ends of the fracture at an early stage. The SRþHoles
group did not form hematoma tissue, indicating that this induction
method depends on the complete and sealed environment of the SR
channel.

The SR channel was removed at the 10th week after surgery. During
surgery, new bonewas observed in the SR sealed channel in the SR group,
with obvious extension of the fracture end. The fracture end of the bone
defect was bridged, and only a few millimeters without ossification
remained (Fig. 3). In the SR þ Holes group, there was no obvious
extension of fracture end, and proliferative fibrous tissue grew into the
SR hole leading to bone non-union (Fig. 3). The Control group underwent
sham surgery at 10 weeks, in those animals, fibrous scar tissue hyper-
plasia wrapped the fracture end and bone non-union formed (Fig. 3).

At the 16th week after surgery, the bone defect in SR group was
healed, the new bone was completely bridged, and the bone tissue was in
good shape (Fig. 3). Fibrous scar tissue hyperplasia and ingrowth and
bone non-union was observed at the bone defect in the SR þ Holes group
(Fig. 3). At 16 weeks, in the Control group, bone non-union was formed at
the fracture end, the medullary cavity was closed, and bone resorption
occurred (Fig. 3). These results show that the SR sealed channel had a
good inductive repair effect on bone defects and that closure of the SR
channel is important for bone healing. The occurrence of bone non-union
is closely related to the proliferation and growth of fibrous tissue. The SR
sealed channel can block the growth of fibrous tissue and provides an
appropriate closed environment for bone regeneration.

3.7. ELISA

OCN, BMP-2, TGF-β1, Runx2, and VEGF expression were analyzed
quantitatively through ELISA (Fig. 4A). TGF-β1 expression in the SR
group on the first (56.53� 0.82 pg/mL) and third day (55.73� 0.64 pg/
mL) after surgery was significantly higher than in the Control and SR þ
Holes groups (P < 0.05). In contrast, TGF-β1 expression did not
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significantly decrease compared to the Control and SR þ Holes groups (P
> 0.05) at seven days (46.50 � 1.08 pg/mL), but was significantly lower
than the Control and SR þ Holes groups (P < 0.05) on the 14th day
(40.41 � 1.58 pg/mL). Runx2 expression in the SR group was signifi-
cantly higher than that in the Control and SR þ Holes groups at all
timepoints (P < 0.05). OCN, BMP-2, and VEGF expression in the SR
group was significantly higher than in Control and SR þ Holes groups (P
< 0.05).

There was no significant difference in Runx2, BMP-2, TGF-β1, and
VEGF expression between Control and SR þ Holes groups at any time-
points (P > 0.05).

3.8. X-ray and micro CT

The results of X-ray (Fig. 4B) and Micro CT (Fig. 4D) showed initial
extension of the fracture end in animals in the SR group at the 8th week
after surgery, bone connection at the 12th week, and bone healing in all
animals at the 16th week. At 4, 8, 12, and 16weeks after surgery, no bone
healing was found in the bone defects of any animals in the Control
group. At 8 weeks after surgery, the fracture end showed medullary
cavity closure; bone non-union and bone resorption occurred at 12 and
16 weeks after surgery. In the SR þ Holes group, bone healing was not
achieved at 4, 8, 12, or 16 weeks after surgery. From 8 weeks after sur-
gery, there was a partial extension of bone tissue in the porous SR
channel, but the final outcomewas bone non-union. In the Control group,
there was no new bone formation at 4 weeks after surgery, bone non-
union and medullary cavity closure initially appeared at 8 weeks after
surgery, while bone non-union formed at 12 and 16 weeks after surgery.
In the SRþHoles group, there was no bone healing either at 4, 8, 12, and
16 weeks after surgery, and hyperplasia of local fibrous scar tissue
formed at 12 and 16 weeks after surgery.

The Lane-Sandhu scores (Fig. 4C) of the SR group were significantly
higher than those of the other two groups at 4, 8, 12, and 16 weeks after
surgery (P < 0.05). At 16 weeks, all specimens had completed bone
healing, and some had completed the shaping of medullary cavity and



Figure 2. The external images of specimens. Hematoma tissue formed in SR group and no hematoma tissue formed in Control group and SR þ Holes group (yel-
low arrows).
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cortical bone. At 12 and 16 weeks, the score of the SR þ Holes group was
slightly higher than that of the Control group (P < 0.05), indicating that
the SR channel with holes slightly promoted regeneration of the bone
defect. However, due to incomplete closure of the SR channel and pro-
liferation and growth of fibrous tissue, the final outcome was non-union.
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The lower threshold used by Micro CT was 80, and the upper
threshold was 140 in this in this research. There was no significant dif-
ference in the volume of new bone tissue between the SR þ Holes and
Control groups at 4 weeks (see Fig. 4E). At the 8th week after surgery, the
volume of new bone in the SR þ Holes group was significantly higher



Figure 3. In SR group at 10 weeks, the silastic closed channel was taken out, and the fracture end was obviously extended, with only a few millimeters of space not
ossified (yellow arrow). In SR þ Holes group at 10 weeks, the silastic channel with holes was taken out, and no bone healing and local fibrous tissue hyperplasia
(yellow arrow) were found; fibrous scar tissue hyperplasia (yellow arrow). Control group at 10 weeks, the formation of nonunion, the broken end of the pulp cavity
closed (yellow arrow).
SR group at 16 weeks, bone healing was completely achieved (yellow arrow).
SR þ Holes group and Control group at 16 weeks, the formation of nonunion, the fibrous tissue growth was obvious (yellow arrows).
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than in the Control group (P ¼ 0.002), and the volume of new bone in SR
group was significantly higher than that in Control group (P < 0.0001).
At 12 and 16 weeks after surgery, the volume fraction of new bone in SR
group reached 43.92 � 1.74% and 72.22 � 0.60%, respectively; which
was significantly higher than in the other two groups (P < 0.05). The
volume fraction of new bone in the SR þ Holes group was also signifi-
cantly higher than in the Control group at 12 and 16 weeks (P < 0.05).
The same trend could also be observed for Tb. N and Tb. Th.
3.9. Fluorescence bone labeling

In the SR group, there was no new bone at the radial defect 6 weeks
after surgery; only the morphology of the ulna could be observed, indi-
cating no obvious ossification at the fracture end (Fig. 5). At 9 weeks after
surgery, new bone appeared at the radial defect; the middle of the bone
defect had been bridged. At the 12th week after surgery, the end of the
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bone defect was completely bridged, and the defect filled with new bone
(Fig. 5). In the Control group, there was no obvious extension of fracture
end at 6, 9, and 12 weeks after surgery; the bone defect was non-union
(Fig. 5). At 6 weeks, the fracture end in the SR þ Holes group showed
a little extension compared with the Control group, but there was no
difference in bone tissue fluorescence at 6, 9, and 12 weeks after surgery,
indicating that the bone defect did not form bone during this period;
thus, the fracture end did not achieve bone bridging at 12 weeks (Fig. 5).
This experiment confirmed that a large bone defect of rabbit radius in-
duces osteogenesis process of gradual extension and ossification from the
broken end of the bone defect to its center.
3.10. Masson staining

In the SR group, hematoma tissue formed in SR sealed channel.
Masson staining showed that on the first day after surgery, the new



Figure 4. (A) Hematoma tissue and ELISA results of tissue homogenates.
*: p < 0.05; **: p < 0.01; ***: p < 0.001
(B) X-ray results
(C) Lane-Sandhu scoring results.
*：p < 0.05; **：p < 0.01; ***：p < 0.001
(D) Micro CT results
(E) BV/TV, Tb. N and Tb. Th results.
*：p＜0.05; **：p＜0.01; ***：p＜0.001.
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hematoma tissue was mainly composed of red blood cells (Fig. 6). On the
third postoperative day, new capillaries appeared in the hematoma tissue
(Fig. 6). On the 7th day, the hematoma tissue showed obvious shrinkage,
internal neovascularization continued to increase, and the hematoma
began to organize (Fig. 6). On the 14th day, cartilage cells were observed
at both ends of the hematoma, and local staining in green (Fig. 6). At 4
weeks, the broken end of the bone defect was filled and bridged by neo-
hematoma tissue, which had obvious branch-like vascular network for-
mation (Fig. 6). At 8 weeks, trabecular bone structures appeared, stained
in green (Fig. 6). At 12 weeks, the new tissue was stained red-green,
indicating gradually maturing new bone (Fig. 6). At 16 weeks, the red
tissue staining continued to increase, only part of the blue-green tissue
remained, indicating further maturation of new bone tissue, and that
ossification was basically completed (Fig. 6). The Masson staining results
of the Control group are shown in Fig. 6. At 4 weeks after surgery, the
broken end of the bone defect is stained green, indicating a small amount
of new bone reaction at the broken end of the defect, but no extension of
the fracture end; the middle part of the bone defect is not bridging. At 8
weeks postoperatively, the stump was still stained green, and hyper-
plastic fibrous scar tissue starting to wrap the fracture stump. At 12
weeks, the stump of the bone defect was stained red, the medullary cavity
closed, and proliferating fibrous scar tissue completely surrounded the
stump. At 16 weeks, the results were similar. The results of the SR þ
Holes group were similar to those of the Control group. At 4 weeks after
surgery, no bridging at the broken end of the bone defect was observed.
At 8 weeks, fibrous scar tissue and muscle fibers began to appear at the
broken end of the fracture. Non-union was formed at 12 and 16 weeks,
and the medullary cavity of the broken end was closed (Fig. 6).
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3.11. Safranine O staining

Safranine O staining on the 1st and 3rd postoperative days, showed
no chondrocytes in the hematoma tissue of the SR group. On the 7th day
after surgery, the eosinophilic characteristics of hematoma tissue grad-
ually became neutral at both ends. On the 14th day, the two ends of
hematoma tissue showed initial chondrosis (Fig. 7). Four weeks after
surgery in the SR group, the hematoma tissue was in the stage of endo-
chondral osteogenesis. At 8 weeks after surgery, the cartilaginous tissue
matured gradually, and the new tissue gradually acquired a bone
trabecular structure. At 12 weeks, the cartilaginous tissue gradually
decreased and the trabeculae matured further. Cartilaginous tissue dis-
appeared almost completely at 16 weeks. This suggests that hematoma
ossification is an endochondral osteogenic process. The results of safra-
nine O staining in the Control group are in Fig. 7. At 4 weeks after sur-
gery, no chondrogenic tissue appeared at the broken end of the bone
defect. At 8 weeks, the broken end had no cartilaginous tissue and was
surrounded by fibrous scar tissue. At 12 weeks, some chondrogenic tissue
appeared inside themedullary cavity, tending to seal it, probably because
the broken end of the bone defect was surrounded and sealed by fibrous
scar tissue. After 16 weeks, the cartilaginous tissue at the end of the bone
defect disappeared, the medullary cavity was closed, and the broken end
was completely wrapped by fibrous scar tissue. The staining results of
safranine O in SR þ Holes group can be observed in Fig. 7; no obvious
chondrogenization was observed at any each stage. During the process of
osteogenesis induced by silastic closed channels, the peak of chon-
drogenization occurred from the 4th–8th week, and the cartilaginous
tissue gradually decreased after 12 weeks, accompanied by mature bone



Figure 5. Fluorescent staining of bone tissue
(A) Alizarin red staining showed that there was no new bone in the defect area at 6 weeks in SR group (yellow arrows)
(B) Tetracycline hydrochloride staining showed that new bone formed in the defect area at 9 weeks in SR group (yellow arrows)
(C) Calcein staining showed that the new bone was completed bridging in the defect area at 12 weeks in SR group (yellow arrows)
(D) Fig. A, B, C merged
(E) Alizarin red staining showed that there was no new bone in the defect area at 6 weeks in Control group (yellow arrows)
(F) Tetracycline hydrochloride staining showed that there was no new bone in the defect area at 9 weeks in Control group (yellow arrows)
(G) Calcein staining showed that there was no new bone in the defect area at 12 weeks in Control group (yellow arrows)
(H)Fig. E, F, G merged
(I) Alizarin red staining showed that there was no new bone in the defect area at 6 weeks in SR þ Holes group (yellow arrows)
(J) Tetracycline hydrochloride staining showed that there was no new bone in the defect area at 9 weeks in SR þ Holes group (yellow arrows)
(K) Calcein staining showed that there was no new bone in the defect area at 12 weeks in SR þ Holes group (yellow arrows)
(L) Fig. I, J, Kmerged.
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tissue replacement. This process was not achieved in the Control and SR
þ Holes groups. In this experiment, an important role of the sealed
channel is to block the growth of surrounding fibrous tissue, induce
forward endochondral osteogenesis, and avoid local medullary cavity
sealing.
3.12. CD31 immunohistochemical staining results

In the SR group, no obvious yellowish brown positive cells were found
in the hematoma tissue on the first postoperative day (Fig. 8). On the 3rd
postoperative day, CD31-positive cells appeared in the hematoma tissue;
connections were dendritic, and the course mostly perpendicular to the
longitudinal axis of the new hematoma tissue. On the 7th day after sur-
gery, a thick tubular structure appeared over CD31 positive vessels in the
hematoma tissue, and strong CD31 expression was observed at the edge
of the hematoma tissue, showing strong vascularization was at the edge
of the hematoma tissue. On the 14th day after surgery, a lamellar
vascular network appeared on the edge of the hematoma tissue, with
growing blood vessels inside. The hematomas were more densely packed
at the edge of the tissue and wrapped in a fine mesh throughout the
outermost layer of hematoma tissue (Fig. 8). The number of CD31 posi-
tive vessels significantly increased (p < 0.05) and the blood supply in
hematoma gradually increased after surgery (Fig. 8E).

Later, at 4 weeks, the fracture end was bridged by hematoma tissue;
there was positive CD31 expression, indicating abundant blood supply
and neovascularization inside the hematoma tissue. At 8 weeks, ossifi-
cation of the new bone tissue was initially observed, and CD31
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expression was found in the internal trabecular structure. The new blood
vessels were distributed in the whole new bone tissue, showing a fine
reticular structure, which confirmed that the osteogenesis process in the
new bone tissue was accompanied by vascularization. Abundant CD31
expression was observed in the new bone at 12 and 16 weeks post-
operatively. In Control and SR þ Holes groups, because bridging was not
achieved, we observed the periphery of the fracture end. In the Control
group, it was mainly hyperplastic fibrous scar tissue, and there was little
CD31 expression. In the SRþHoles group, little CD31 positive tissue was
observed at the broken end 8 weeks after surgery (Fig. 8). The fracture
end was gradually occluded by connective tissue in later stages, and the
medullary cavity of the fracture end was closed at 12 and 16 weeks after
surgery, without formation of new bone with good blood supply. The
quantitative CD31 results in long-term induced specimens are shown in
Fig. 8G. At 4, 8, 12, and 16 weeks, the area of neovascularization in the
SR group was significantly bigger than that in Control and SR þ Holes
groups (p < 0.05), indicating that the silastic sealed channel can signif-
icantly promote neovascularization. Neovascularization in the SR þ
Holes group was also significantly higher than in the Control group (p <

0.05), indicating that the porous SR channel also had a certain inductive
effect, although significantly lower than that of the closed SR channel due
to its inability to block fibrous tissue growth.

4. Discussion

Fracture healing is a complex biological process. If bone healing
cannot be performed in one-stage, most long tubular bone defects lead to



Figure 6. Masson staining results
(A,C,E,D) magnification � 4 (B,D,F,H) magnification � 100
(B) Cartilage cells were observed at both ends of the hematoma at 14 days (shown by blue arrow)
(F,H) The fracture end was shown by red arrows, and fibrous tissue was shown by blue arrow.
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Figure 7. Safranin O staining results (The cartilage is shown by yellow arrows; The proliferative microstructure is shown by a blue arrows)
(A–D) magnification � 40 (E–H) magnification � 100.
(I-L) magnification�100; (M-P) magnification�100.
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atrophic non-union due to the lack of bone and blood supply. Therefore,
the treatment of large defect of long tubular bone should focus on bone
healing first stage, to avoid bone non-union, reduce the pain, and
improve quality of life and limb function. Fracture healing involves four
stages: formation of a blood clot at the site of injury, an inflammatory
phase involving specific cell types typical of the innate immune response,
callus generation wherein skeletal stem cells are recruited and differen-
tiate into chondrocytes, primary bone formation in which stem cells are
recruited to form bone, and secondary bone remodeling involving oste-
oclasts [77].

In this study, “SR sealed channel induced repair of large defect of long
tubular bone” was proposed for the first time. A sealed SR channel was
used to connect the two ends of a bone defect. In our experiment, the key
factors leading to bone nonunion in the control group are the growth of
fibrous tissue and the wrapping of the broken ends of the bone. SR sealed
channel created a sealed environment and prevented the fibrous tissue
from entering the bone defect, effectively avoiding bone non-union.
Although previous studies suggested that spontaneous healing could
usually be expected with conventional fixation techniques when the
defect was less than 2 cm or involving no more than 50% circumference
of the bone [78]. However, our experimental results confirmed that when
soft tissue did not become ingrained and ingrowth, under certain con-
ditions, the limit of self-healing might be greater than we expected. The
experimental results showed that the SR material could not directly
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induce BMMSCs' osteogenesis and mineralization, further showing that
the key factor for osteogenesis was the sealed environment provided by
the channel. Compared with the Masquelet technique, the main advan-
tage of the present method is that it does not require bone grafting, nor
did it require seed cells and complex synthetic materials, like tissue en-
gineering. It is a new method of bone induction and a new concept of
osteogenesis. In this study, the defect length was >4.5 times the bone
diameter. The results reveal that “SR sealed channel induced repair of
large defects of long tubular bones” led to endochondral osteogenesis.
Hematoma tissue was formed in the sealed channel in the early stage, and
bridging was formed at both ends of the bone defect. The hematoma
tissue was rich in osteogenesis-related proteins, angiogenesis related
protein, and TGF-β1, which could effectively induce osteogenesis. This
induction method depended on the sealed environment of SR channel.
Our experiments confirmed that the SR material has good biocompati-
bility and meets the implantation standards of osteoinductive materials
and that the SRmaterial does not induce direct osteogenic mineralization
of BMMSCs, although they maintain their osteogenic mineralization
ability on the SR surface, and can achieve osteogenic mineralization
under appropriate conditions. We reviewed the process of SR closed
channel induced repair of large bone defects in rabbit's long canal bone
(Fig. 9). After surgical implantation of a silastic closed channel, hema-
toma tissue began to form in the silastic channel 1 day after surgery, with
secretion of inflammatory factors and osteogenic and vascular related



Figure 8. Immunohistochemical staining of CD31
(A) No obvious positive CD31 expression 1 day after surgery in SR Group ( � 200)
(B) Positive CD31 expression appeared 3 days after surgery (red arrows) ( � 200)
(C) The positive expression of CD31 at 7 days after surgery in SR Group. It was particularly evident at the margins (red arrows) ( � 200)
(D) 14 days after surgery, lamellar vascular networks on the margins of the nascent hematoma tissue in a fine mesh wrapped throughout the outer layer of the nascent
tissue in SR Group ( � 200)
(E) Quantitative CD31 measurements in induced hematoma tissue in the SR group.
*: p < 0.05; **: p < 0.01; ***; p < 0.001
(F) CD31 staining results at 4, 8, 12 and 16 weeks (CD31 positive cells were marked with red arrows, and fracture ends were marked with blue arrows) ( � 100)
(G) Quantitative CD31 immunohistochemical results.
*: p < 0.05; **: p < 0.01; ***: p < 0.001.
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factors (OCN, BMP-2, Runx2, TGF-β1 and VEGF). Hematoma tissue in 7
days to 4 weeks, gradually appear obvious vascularization reaction, he-
matoma inside gradually filled by neovascularization, the formation of
blood-rich dendritic network. Between 4 and 8 weeks, the new tissue
showed a peak of chondrogenesis and the hematoma entered endo-
chondral osteogenesis. At 10 weeks, we removed the SR channel, and at
16 weeks, bone healing was completed. In this experiment, all the rabbits
in SR group achieved complete healing of a 1.5 cm bone defect. We
speculated that a 2.0 cm bone defect might also achieve healing, but for
longer bone defects, it could still be difficult to heal without bone
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grafting. Based on previous research, periosteal stem cells played an
important role in intramembrane osteogenesis [79–82]. Recent research
also proved that periosteal stem cells were necessary in the process of
endochondral osteogenesis [79]. In this study, bone healing was endo-
chondral osteogenesis process, and we believed that the stem cells
involved in this process came from both bone marrow and periosteum.
Since bone grafting was not involved in our study, the recruitment of
stem cells became the key to bone healing. Both bone marrow and
periosteal stem cells require good soft tissue conditions and blood supply
around the fracture site. The bone healing process was difficult to



Figure 9. Osteogenesis induced by a silicone rubber sealed channel.
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succeed in patients whose soft tissue could not be covered, periosteum
was damaged, or blood supply was significantly damaged. In cases with
application limitations, we might try using SR sealed channel to shorten
the length of bone defects and combine traction osteogenesis technology
to achieve bone healing. This part had not been validated yet, and we
believed this might be one of the future directions for application.

Previous research has focused on new biomaterials, osteogenic fac-
tors, etc [83,84]. However, in our experiments, SR materials did not
function in this way. As already mentioned it is not the SR material, but
the special environment of the SR sealed channel, that leads to bone
healing through endochondral osteogenesis. When the SR tube is
incomplete, the hematoma tissue cannot be successfully induced in the
tube, resulting in non-union. The first step in fracture healing is hema-
toma formation, which plays a critical role in fracture [85]. The envi-
ronment provided by the SR sealed channel allows early hematoma
formation, prevents fibrous tissue growth, and finally leads to bone
self-healing. According to previous studies, bone tissue contains densely
distributed sensory neuronal fibers [86], which are likely to be accom-
panied by neural network regeneration during the process of bone
regeneration, and this process may be related to the regulation of calci-
tonin gene-related peptide (CGRP). However, further exploration of its
specific mechanism is still needed [87,88].

This work proves the effectiveness of an SR sealed channel in
inducing repair of large bone defects of long canal bones. Further
research is needed to clarify the osteogenic mechanisms involved. SR is a
non absorbable material that requires surgical removal. This will cause
secondary trauma to patients and also increase their psychological
burden, so we believe that the exploration of absorbable materials is
necessary. Any non-toxic biomaterial had the potential for application, as
long as it could provide a stable and enclosed environment that allowed
hematoma formation, but there had been no specific experimental
confirmation of this. In further experiments, we believed that SR could be
replaced by absorbable materials that did not need to be removed, such
as polylactic acid, which is one of our further research directions.
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