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Abstract. – OBJECTIVE: To investigate the 
curative effect of Ang-2 combined with novel 
carbon nanotubes (CNTs) scaffold critical-size 
bone defect in rabbits.

MATERIALS AND METHODS: CNTs with good 
properties were first prepared by freeze-drying 
method. The mechanical properties and sur-
face hydrophilicity of scaffolds were improved 
by adjusting the addition ratio of polylactic ac-
id (LPA) and chitin fibers (CHI). After purifica-
tion and functionalization of CNTs, CNTs/PLA/
CHI three-dimensional porous scaffolds were 
prepared for animal experiments. Subsequent-
ly, the CNTs/PLA/CHI scaffolds were implanted 
into the rabbit critical-sized radius defect mod-
el to evaluate the osteogenic properties in vivo. 
Adult male New Zealand white rabbits were ran-
domly allocated into three groups. Group A was 
the control group, and both groups B and C un-
derwent radial bone defect surgery and implant-
ed CNTs/PLA/CHI scaffolds. Animals in group 
C received a daily local injection of 1 mL of 400 
ng/mL Ang-2 dissolved in physiological saline in 
the bone defect area for up to 14 days after sur-
gery, while group B received the same amount 
of physiological saline.

RESULTS: Scanning electron microscope re-
sults showed that the porosity of the CNTs/PLA/
CHI three-dimensional porous scaffolds was as 
high as 80%. The surface contact angle was 35° 
to 55°, and the hydrophilicity was suitable for 
cell adhesion and growth. The CNTs/PLA/CHI 
three-dimensional porous scaffolds had excel-
lent biological properties. The general obser-
vation and X-ray imaging after 12 weeks togeth-
er indicated that the CNTs/PLA/CHI scaffolds 
could accelerate bone repair with the combi-
nation of endogenous angiogenic factor Ang-
2. The results of western blotting and histology 
revealed that the expression of mitophagy pro-

teins LC3, Beclin-1, PINK1 and Parkin was ele-
vated in the new bone, and the expression of py-
roptosis proteins Nod-like receptor protein NL-
RP3, caspase-1 and Gasdermin D (GSDMD) was 
decreased.

CONCLUSIONS: Ang-2 associated with CNTs/
PLA/CHI scaffolds accelerated bone regenera-
tion through autophagy-pyroptosis pathway.
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Introduction

Nowadays, the critical-size bone defect (CSD), 
stemming from trauma, infection, cancer, surgi-
cal debridement, or congenital deformities, has 
become a pervasive and challenging issue in 
orthopedic surgeries1,2. Currently, autografts and 
allografts are considered as treatment options for 
bone defect and have achieved good clinical out-
comes. However, these treatment methods have 
limited application due to various disadvantages, 
including limited availability, immune rejection, 
severe pain, donor limitations and lesions, surgi-
cal complications, and infection3, which calls for 
better alternatives. To offset these limitations, de-
velopment and applications of tissue engineering 
(TE) have been performing a pivotal role in bone 
regeneration4. Owing to the osteoinductivity and 
osteoconductivity, bone TE has become an effi-
cient approach for bone repair5. Compared with 
autografts and allografts, the biggest advantage 
of bone TE is that the source of transplantation 
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has no biological restrictions and does not dam-
age the donor. Many kinds of artificial scaffolds 
have been developed and successfully applied 
to animal experiments. However, ideal bone TE 
needs to possess a similar structure with natural 
bone, preeminent mechanical properties and out-
standing of osseous integration performances6. 
Accordingly, carbon nanotubes (CNTs) become 
potential biological scaffolds due to their excel-
lent biocompatibility and osteogenesis7,8.

Carbon nanotubes (CNTs) are composed of 
two-dimensional hexagonal graphite sheets and 
have been largely investigated for bone TE due to 
the attractive mechanical, electrical, and chemi-
cal properties9. Proper scaffold clearance is crit-
ical for bone repair. Larger pores above 200 μm 
are helpful for the ingrowth of cells, blood vessels 
and tissues. While micropores below 10 μm are 
used to increase the surface area of ​​the material 
and enhance the protein adsorption capacity to 
promote bone tissue formation. Polylactic acid 
(PLA) and chitin fiber (CHI) have been extensive-
ly used as bone TE. Since PLA is degraded into 
acidity and CHI is degraded into alkalinity, we 
determined an appropriate ratio of PLA and CHI 
added in order to make the acidity and alkalinity 
of the degradation product of the composite ma-
terial suitable for the human body. Subsequently, 
we cross-linked PLA and CHI to obtain better 
scaffold structure and mechanical properties. We 
used freeze-drying method to prepare CNTs/
PLA/CHI three-dimensional porous scaffolds 
with excellent biological properties in order to 
make carbon nanotubes more suitable for the 
treatment of bone defect.

Blood supply is the key to bone defect repair. 
Cytokines, precursor cells and scaffolds are es-
sential components for bone TE. In recent years, 
many researches2,6,8 have focused on the com-
bined use of scaffolds and various cytokines to 
promote the repair of bone defect. The angiopoie-
tin (Ang) family has important roles in regulating 
the development and proliferation of blood ves-
sels and lymphatic vessels10. In a variety of tumor 
cells, Ang-2 is closely related to tumor recurrence 
and metastasis due to its strong pro-angiogenic 
effect11,12. Although increased Ang-2 expression 
is associated with poor tumor prognosis, we were 
also inspired by this to combine Ang-2 with tra-
ditional hydroxyapatite/collagen scaffolds to re-
pair bone defect and found that Ang-2 promoted 
angiogenesis and improved repair of bone defect 
by inducing autophagy. As patterns of regulatory 
cell death (RCD), autophagy and pyroptosis play 

important roles in angiogenesis13-15. Autophagy 
is an evolutionarily conserved catabolic process 
that degrades damaged proteins and organelles 
through lysosomes. Likewise, pyroptosis is a 
new pro-inflammatory pattern of RCD, mainly 
mediated by caspase-1 or caspase-11/4/5. Inflam-
mation is known as one of the fundamental 
biological factors that affect fracture healing16. 
During the repair of bone defects, we speculate 
that these two patterns of RCD may conduct mu-
tual crosstalk, which has not been reported so far. 
Therefore, this study combined Ang-2 and CNTs/
PLA/CHI scaffolds with better biomechanical 
properties to treat radial bone defect in rabbits, 
and further explored the molecular mechanism of 
Ang-2 promoting bone angiogenesis in bone TE 
through scanning electron microscopy (SEM), 
radiographic examination, histology, and protein 
expression analysis. 

Materials and Methods 

Materials
CNTs were purchased from Nanoport co., ltd. 

(Shenzhen, China). PLA, CHI and pentobarbital 
were purchased from Sigma Aldrich (Missou-
ri, USA). Ang-2 was purchased from Aladdin 
Chemistry Co., Ltd. (Shanghai, China). Primary 
antibodies, including LC3, Beclin-1, PINK1, NL-
RP3, caspase-1, IL-1β and GSDMD and horse-
radish peroxidase (HRP)-conjugated secondary 
antibodies were purchased from Abcam (Cam-
bridge, UK). X-ray equipment was purchased 
from Siemens (Berlin, Germany). SEM was pur-
chased from Carl Zeiss (Tokyo, Japan). Optical 
microscope was purchased from Olympus (To-
kyo, Japan).

Forty-eight healthy and clean adult New Zea-
land white rabbits were provided by the Animal 
Experiment Center of Nanjing Medical Universi-
ty, male or female, with a weight of (3.00 ± 0.30) 
kg and no skeletal developmental deformities.

CNTs/PLA/CHI Scaffolds Fabrication
First, determine an appropriate ratio of PLA 

and CHI to be added. Since PLA degrades in-
to acidity and CHI degrades into alkalinity, in 
order to make the acidity and alkalinity of the 
degradation product of the composite material 
suitable for the human body, it is necessary to 
determine an appropriate ratio of PLA and CHI 
added. PLA (10,000 Kda) and CHI were soaked 
in PBS solution containing a certain lysozyme 
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in different proportions, and the pH value of 
the soaking solution was measured for a certain 
period. The addition ratio of PLA and CHI with 
less pH fluctuation was applied in the next exper-
iments. It was found that when the added mass 
ratio of PLA and CHI was 4:1, the pH value of 
the soaking solution was about 7.1, which did 
not fluctuate little during the entire soaking time 
and more suitable for the human body (Table I). 
In order to make the mechanical properties and 
structure of the material more excellent, PLA and 
CHI were cross-linked. After many repeated ex-
periments, it was found that the appropriate mass 
ratio of CHI, PLA and the cross-linking agent N, 
N’-Dicyclohexylcarbonimide (DCC) was 5:8:4. 
PLA and DCC were dissolved in dichlorometh-
ane, then CHI was added, and the cross-linking 
was completed overnight after magnetic stirring 
at 0°C for 3 hours. After that, the CHI was taken 
out of the solution, washed with dichloromethane 
and air-dried. To determine the critical length 
of the cross-linked and non-cross-linked fibers 
required to strengthen PLA, after repeated exper-
iments, the critical length of CHI was obtained to 
be 1.0-1.2 mm. 

Next, the CNTs were purified and function-
alized. Surface modification methods are com-
monly used to tissue engineer biomaterials for 
purpose of specific surface properties. The CNTs 
were heated to 60°C in 6M hydrochloric acid and 
kept for 3 hours and rinsed with distilled water. 
After the concentrated hydrochloric acid treat-
ment, the CNTs were treated with a mixed solu-
tion of sulfuric acid (98%) and nitric acid (60%). 
Then the CNTs were placed in the mixed solu-
tion. After ultrasonication for 3 hours, the CNTs 

were repeatedly rinsed with deionized water. The 
purified carboxylated CNTs were obtained after 
final drying.

Finally, preparation of CNTs/PLA/CHI 
three-dimensional porous scaffolds by freeze-dry-
ing. PLA with a molecular weight of 1.0 × 105 
kDa was dissolved in 1,4-dioxane to prepare a 
solution with a concentration of 60 g/L. Then 
added CHI cross-linked with PLA according to 
the previously determined appropriate addition 
ratio, stirred magnetically for 4 hours at room 
temperature, and ultrasonically dispersed for 3 
hours. According to the mass ratio of CNTs to 
PLA, it was divided into low groups (1:3), middle 
groups (2:3) and high groups (3:3) respectively, 
and the control group did not add CNTs. Three 
groups of CNTs/PLA/CHI mixed liquids and a 
control group of mixed liquids were prepared 
by magnetic stirring for 3 hours and ultrasonic 
dispersion for 5 hours at room temperature. The 
mixed solutions prepared above were quickly 
poured into polytetrafluoroethylene molds and 
placed in a -18°C refrigerator for 24 hours. Then 
the molds were transferred to a freeze dryer for 
freeze drying for 48 hours, and the organic sol-
vent was vacuumed out. Eventually, the CNTs/
PLA/CHI three-dimensional porous scaffolds 
were obtained.

CNTs/PLA/CHI Three-Dimensional 
Porous Scaffolds Characterization

The porosity of the material was determined 
by the liquid displacement method. The size of 
the scaffold pores was observed by scanning 
electron microscopy. For SEM detection, sam-
ples were fixed in 2% glutaraldehyde phosphate 

Table I. Relationship between pH change of material soaking solution and soaking time.

						      pH			 
		  CHI	
	 Sample	 (%)	 0 w	 2 w	 4 w	 8 w	 12 w	 16 w	 24 w

PLA	 -	 6.67	 3.27 ± 0.10	 3.0 ± 0.08	 2.44 ± 0.10	 2.40 ± 0.09	 2.19 ± 0.07	 2.18 ± 0.05

Uncross-linked	   5	 6.67	 6.23 ± 0.05	 5.88 ± 0.10	 5.45 ± 0.09	 5.51 ± 0.11	 5.49 ± 0.08	 5.62 ± 0.10
	 10	 6.67	 6.37 ± 0.06	 5.91 ± 0.08	 5.66 ± 0.05	 5.92 ± 0.08	 5.90 ± 0.10	 5.94 ± 0.10
	 15	 6.67	 6.55 ± 0.05	 6.02 ± 0.04	 5.97 ± 0.09	 5.99 ± 0.10	 6.15 ± 0.05	 6.21 ± 0.07
	 20	 6.67	 6.81 ± 0.04	 6.68 ± 0.10	 6.97 ± 0.07	 7.05 ± 0.09	 6.98 ± 0.10	 7.02 ± 0.08
	 25	 6.67	 6.93 ± 0.05	 7.08 ± 0.10	 7.08 ± 0.09	 7.11 ± 0.08	 7.26 ± 0.10	 7.42 ± 0.07

Cross-linked	   5	 6.67	 6.19 ± 0.05	 5.85 ± 0.10	 5.50 ± 0.09	 5.47 ± 0.10	 5.52 ± 0.10	 5.69 ± 0.10
	 10	 6.67	 6.41 ± 0.07	 5.98 ± 0.02	 5.69 ± 0.06	 5.96 ± 0.05	 5.95 ± 0.10	 5.99 ± 0.08
	 15	 6.67	 6.60 ± 0.05	 6.10 ± 0.07	 6.02 ± 0.09	 6.06 ± 0.10	 6.18 ± 0.04	 6.24 ± 0.10
	 20	 6.67	 6.85 ± 0.03	 6.71 ± 0.10	 7.0 ± 0.06	 7.05 ± 0.05	 7.0 ± 0.10	 7.02 ± 0.08
	 25	 6.67	 6.99 ± 0.08	 7.11 ± 0.10	 7.10 ± 0.09	 7.15 ± 0.10	 7.22 ± 0.04	 7.45 ± 0.10
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solution for 48 hours, washed twice with phos-
phate-buffered saline and distilled water for 
30 minutes each, then dehydrated in a graded 
alcohol solution and dried in 100% ethanol. The 
samples were finally sputter-dried with gold be-
fore SEM observation. The hydrophilicity of the 
materials containing different amounts of CNTs 
was compared by the contact angle experiment. 
The pH value of the PBS soaking solution of the 
material was determined. In brief, the scaffolds 
with CNTs volume content of 5, 10, 15, 20, and 
25% were soaked in PBS solution containing a 
certain amount of lysozyme respectively, and 
then the containers were sealed and placed in a 
37°C incubator without any treatment during the 
degradation process. According to the soaking 
time of 2, 4, 8, 12, 16, and 24 weeks, the pH 
value of the soaking solution in each group of 
3 containers was measured with an automatic 
potentiometric titrator.

Degradation rate of stent materials detected 
by degrading liquid. Briefly, after the samples 
were sterilized by cobalt 60 irradiation, they 
were placed in a PBS degradation solution con-
taining trypsin, and then placed in a sterile 
box at 37°C. Changed the degradation solution 
in the bottle weekly. For 4 consecutive weeks, 
5 samples of each material were taken every 
week, filtered with double distilled water and 
then dried at low temperature. The dry weight of 
the samples at this time was WT. Calculate the 
degradation rate according to the formula: deg-
radation rate = (WO – WT) / WP × 100%, where 
WO was the mass of the sample before degrada-
tion, and WP was the sum of the mass of PLA 
and CHI in the sample. The prepared CNTs/

PLA/CHI three-dimensional porous scaffolds 
were cut into a size of 0.4 cm*0.4 cm*1.5 cm. 
After being sterilized by cobalt 60 irradiation, 
the scaffolds were stored at room temperature 
for future use (Figure 1).

Establishment of a Radius Bone Defect 
Model in the Rabbit

As stated in previous study17, a total of 48 adult 
male New Zealand white rabbits (weighing 3.00 
± 0.30) were used in this research. Animal exper-
iments were approved by the Animal Care Com-
mittee of Nanjing Medical University (NJMU, 
Nanjing, China). All animals were anesthetized 
by intravenous pentobarbital (30 mg/kg). A 15 
mm bone defect was created using a micro-os-
cillating saw in the upper one-third of the radial 
bones in a randomly selected limb of each rabbit 
(Figure 2A and B). CNTs/PLA/CHI three-di-
mensional porous scaffolds prepared before were 
implanted into the bone defect site. Rabbits were 
randomly allocated into three groups (n = 16) 
labeled as control group (group A), CNTs/PLA/
CHI group (group B), and CNTs/PLA/CHI + 
Ang-2 (group C). Animals in group C received a 
daily local injection of 1 mL of 400 ng/mL Ang-
2 dissolved in physiological saline in the bone 
defect area for up to 14 days after surgery, while 
group B received the same amount of physiolog-
ical saline. 

General Observations and 
Radiographic Examination

The diet, mobility, swelling or hematoma ede-
ma and local inflammatory reactions of rabbits 
were observed regularly by visual or manual 
examination. At 12 weeks after surgery, bone 
tissues were harvested. Blood vessels on the spec-
imen surface and new callus associated with the 
fracture stump were observed in the specimens. 
Sequential radiographs of the surgical limbs were 
recorded at regular intervals (4, 8 and 12 weeks 
postoperatively) underwent X-ray (8 ma, 40 mv). 
Lane-Sandhu scores18 based on X-ray results were 
used to assess bone formation by two radiologists 
in a blinded manner.

Pathological Observation
The specimens at 12 weeks after the operation 

were placed in 4% paraformaldehyde for 12 hours 
and fixed in 10% EDTA chelated decalcification 
solution. After decalcification, gradient alcohol 
dehydration, and paraffin embedding, serial sec-
tions of 5 μm were made along the coronal plane 

Figure 1. General view of prepared CNTs/PLA/CHI three-
dimensional porous scaffolds (0.4 cm* 0.4 cm* 1.5 cm).
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of the specimen. After fixation, hydration, he-
matoxylin staining, differentiation, inverse blue, 
eosin staining, dehydration, clearing, and mount-
ing, the sections were stained with hematoxylin 
and eosin (HE). Inverted microscope was used 
to observe the regeneration of local bone and 
blood vessels. Six high-power fields (×200) were 
randomly selected for each slice, and two pa-
thologists with more than five years of working 
experience counted the number of blood vessels 
in each slice.

Western Blot Analysis
As described in previous studies17, in brief, 

callus tissues in the surgical area were ground 
by liquid nitrogen, washed and centrifuged. The 
cell pellet was resuspended in radioimmunopre-
cipitation assay lysis buffer containing benzene 
methanesulfonyl fluoride and centrifuged again 
at 16,000 × g for 15 min at 4°C. The supernatant 
was saved for protein quantification, and proteins 
were added to loading buffer for denaturation 
by heating. The samples were separated on 10% 
SDS-PAGE and transferred to a polyvinyldifluo-
ride (PVDF) membrane. Subsequently, the mem-
brane was blocked with 5% skimmed milk for 
1 h and then incubated with primary antibody 
overnight and secondary antibody the next day. 
Reacting bands were visualized using ECL re-

agents. The protein expression levels in different 
samples were analyzed using Quantity One soft-
ware (Bio-Rad, Hercules, CA, USA).

Statistical Analysis
Each experimental indicator was repeated at 

least three times. Data were presented as means 
± standard deviation (SD). Statistical significance 
was analyzed by the student’s t-test or one-way 
analysis of variance (ANOVA) followed by the 
Tukey-Kramer multiple comparison test using 
SPSS version 17.0 statistical software (SPSS, Inc., 
Chicago, IL, USA). p-values of less than 0.05 
were considered statistically significant.

Results 

Characterization of Cnts/PLA/CHI 
Three-Dimensional Porous Scaffolds

SEM results showed that this three-dimen-
sional porous scaffold possessed a porosity up to 
80% (Figure 3 and Table II). It not only contained 
large pores of more than 200 μm to facilitate 
the growth of cells, blood vessels and tissues, 
but also had micropores of less than 10 μm to 
help increase the surface area of ​​the material 
and enhance the ability of protein adsorption, 

Figure 2. A, Establishment of rabbit radius bone defect model. B, CNTs/PLA/CHI scaffold was implanted in the bone defect 
area, and Ang-2 (1 mL, 400 ng/mL) was injected daily for 14 days after surgery.
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which contributed to bone tissue generation. The 
cross-linking can make the CHI combine with the 
matrix well, and the contact angle test results of 
the material showed that the material possessed 
good hydrophilicity. The surface contact angle of 
this material was 35° to 55° (Table III), and the 
hydrophilicity was suitable for cell adhesion and 
growth (Figure 4).

The pH results demonstrated that the addition 
of CNTs did not significantly affect the pH of the 
scaffold material PBS soaking solution. That is 
to say, it will not significantly affect the acidity 
and alkalinity of the degradation products of 
other components. Using the same experimental 
method, it was found that the pH value of the 
scaffold material PBS soaking solution was main-
ly affected by the CHI content. The pH value of 
PLA soaking solution decreased the fastest with 
the increase of soaking time, from 6.67 to 2.19 
within 16 weeks, and the pH value was almost 
unchanged from 16 weeks to 24 weeks. With the 
increase of CHI content, the pH value of stent 

soaking solution decreased gradually with the in-
crease of soaking time (Table I). The in vitro deg-
radation rate results indicated that the addition of 
CNTs did not affect the degradation rates of other 
components of the material (Table IV). The above 
results collectively demonstrated that the CNTs/
PLA/CHI three-dimensional porous scaffolds 
possessed excellent biological properties.

General Observation of the Radius
All experimental animals’ incisions healed 

normally, and no experimental animals died.  
Radius general observation was performed 12 
weeks after operation. In group A, only a small 
amount of callus was formed in the defect area. 
Both ends of the bone defect were hardened with 
bone resorption. There was a large amount of 
inflammatory tissue in the bone defect area. The 
medullary cavity was closed, and the bone defect 
was not repaired (Figure 5A and Figure 6A). In 
group B, a certain amount of callus was formed 
in the bone defect, however, the defect end was 
enlarged and hardened. The medullary cavity 
was closed. A certain amount of inflammatory 
tissue was distributed in the bone defect area. 
Although the scaffold was completely degraded, 

Figure 3. SEM images of CNTs/PLA/CHI scaffolds. The 
CNTs/PLA/CHI scaffold possessed a porosity up to 80%, 
and a suitable ratio of macrovoids and microvoids.

Table II. Porosity of CNTs/PLA/CHI scaffolds.

		                     Porosity (%)
			 
	CNTs/PLA ratio	 Uncross-linked	 Cross-linked

0:3	 90.5 ± 1.5	 90.5 ± 1.5
1:3	 88.0 ± 1.2	 88.0 ± 1.5
2:3	 86.5 ± 0.8	 86.2 ± 1.0
3:3	 83.2 ± 0.8	 83.5 ± 0.8

Table III. The surface contact angle of CNTs/PLA/CHI 
scaffolds.

		                        Angle (°)
			 
	CNTs/PLA ratio	 Uncross-linked	 Cross-linked

0:3	 35.5 ± 1.9	 34.9 ± 2.1
1:3	 53.3 ± 2.3	 54.5 ± 1.7
2:3	 47.6 ± 1.8	 48.3 ± 2.6
3:3	 43.2 ± 3.0	 43.8 ± 1.5

Figure 4. SEM images of CNTs/PLA/CHI scaffolds with 
excellent adhered of cells and proteins.
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Table IV. Degradation rate of scaffold materials in vitro.

			                                 Degradation rate (%)
			 
	 CNTs/PLA ratio	 1 w	 2 w	 3 w	 4 w

0:3	 11.25 ± 0.16	 16.68 ± 0.31	 18.32 ± 0.36	 20.23 ± 0.36
1:3	 11.21 ± 0.21	 16.61 ± 0.26	 18.29 ± 0.32	 20.16 ± 0.31
2:3	 11.19 ± 0.23	 16.59 ± 0.22	 18.23 ± 0.31	 20.12 ± 0.33
3:3	 11.26 ± 0.19	 16.63 ± 0.35	 18.28 ± 0.29	 20.19 ± 0.39

Figure 5. General observation of radial bone defect 12 weeks after surgery. A, Group A: Control group; B, Group B: CNTs/
PLA/CHI group; C, Group C: CNTs/PLA/CHI + Ang-2 group.

Figure 6. Cross-sectional observation of the bone defect area. A, Group A: Control group; B, Group B: CNTs/PLA/CHI 
group; C, Group C: CNTs/PLA/CHI + Ang-2 group.
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the bone defect was not fully repaired as shown in 
(Figure 5B and Figure 6B). The growth of callus 
in group C was obviously accompanied by the 
restoration of bone continuity. The new bone pos-
sessed a tubular shape, and the medullary canal 
was recanalized. A small amount of inflammato-
ry tissue could be found in the bone defect area. 
The scaffold was completely degraded (Figure 5C 
and Figure 6C). 

Ang-2 Combined with Cnts/PLA/CHI 
Scaffolds Promoted the Repair of Bone 
Defect, as Detected by X-Ray Imaging

Radiographs of the surgical area were per-
formed at 4, 8, and 12 weeks postoperatively. In 
group A, there was no obvious growth of callus 
after operation. At 12 weeks after operation, 
the stump of the bone defect was hardened, and 
the bone defect area was filled with soft tissue 
shadows (Figure 7A-C). In group B, less callus 
growth was observed at 4 weeks postoperative-
ly, and further callus growth was observed at 8 
weeks. However, the callus did not increase sig-
nificantly at 12 weeks after surgery, accompa-
nied by sclerosis of the stump of the bone defect. 
The nonunion was not completely repaired, but 
the scaffold was completely degraded (Figure 
7D-F). In group C, a certain amount of con-
tinuous callus growth was observed 4 weeks 
after the operation, making both ends of the 
bone defect continuous. At 8 weeks, the callus 
further increased, and the new bone thickened. 
At 12 weeks after operation, the bone marrow 
cavity was formed. The new bone was further 
plasticized and the morphology was similar to 
the surrounding bone tissue. The nonunion was 
completely repaired and the scaffold was com-
pletely degraded (Figure 7G-I).

Ang-2 Combined with Cnts/PLA/CHI 
Scaffolds Increased Lane-Sandhu 
Histological Scores

X-ray-based Lane-Sandhu scores were com-
pared in each group (Table V). Scores of group C 
were significantly higher than those of groups A 
and B, and the scores of group B were significant-
ly higher compared with group A at each time 
point. Differences were statistically significant 
(p < 0.05).

Ang-2 Promoted the Formation of New 
Blood Vessels and the Expression of 
Vascular Endothelial Growth Factor in 
the Area of ​​New Callus

At 12 weeks after operation, HE staining ex-
hibited that there were few osteoblasts in group 
A. The trabecular bone was small and partial-
ly broken. The Harvard tube was irregularly 
arranged and was dominated by braided bone 
(Figure 8A-B). The number of new blood vessels 
was low. Group B had a certain number of osteo-
blasts and lamellar bone, and the trabecular bone 
was denser (Figure 8C-D). The number of blood 
vessels was more than that of group A. A large 
number of osteoblasts was observed in group C. 
The Harvard tube was neatly arranged, accompa-

Figure 7. X-ray imaging of rabbit radial bone defect in each group. A, B, and C, X-ray imaging of rabbit radial bone defect 
in group A, the control group. D, E and F, X-ray imaging of group B, with CNTs/PLA/CHI scaffold implanted. G, H, and I, 
X-ray imaging of group C, with CNTs/PLA/CHI scaffold implanted and Ang-2 injection. White arrow new callus.

Table V. Lane-Sandhu scores of each group at 4, 8 and 12 
weeks after surgery.

	 Group	 4 w	 8 w	 12 w

A (n = 6)	 0.17 ± 0.408	 2.00 ± 0.894	 3.33 ± 1.033
B (n = 6)	 1.67 ± 0.816	 4.17 ± 0.753	 6.33 ± 1.211
C (n = 6)	 4.50 ± 0.548	 7.67 ± 2.547	 9.83 ± 0.753
F	 76.912	 60.479	 61.452
p	   0.000	   0.000	   0.000
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nied by dense trabecular bone and a predominant 
formation of lamellar bone (Figure 8E-F). There 
were many new blood vessels in the new bony 
callus. The number of blood vessels per slice in 
groups A, B, and C were (3.17 ± 1.47)/mm2, (9.17 
± 2.71)/mm2, and (46.00 ± 6.29)/mm2, respective-
ly. The number of blood vessels was significantly 
higher in group C than in groups A (t = -16.23, p = 

0.000) and B (t = - 13.16, p = 0.000) and in group 
B than in group A (t = -4.76, p = 0.001), the dif-
ference was statistically significant respectively 
(Figure 8). Western blotting results suggested that 
the expressions of bone morphogenetic protein 
(BMP)-2 and VEGF in group C were significant-
ly higher than those in groups A and B (p < 0.05) 
(Figure 9). 

Figure 8. H and E staining of the bone defect area in each group at 12 weeks after surgery. Ang2 promoted angiogenesis and 
osteogenesis. A-B, Group A: Control group; C-D, Group B: CNTs/PLA/CHI group; E-F, Group C: CNTs/PLA/CHI + Ang-2 
group. Magnification: left column ×40; right column ×200. Arrow: blood vessels. F, The values are expressed as the means ± 
SD (n = 6). *p < 0.05 vs. group control group; #p < 0.05 vs. CNTs group.

Figure 9. Ang-2 promoted the expression of VEGF and BMP-2 in the bone defect area. The expression levels of VEGF and 
BMP-2 were analyzed via western blot. Values are expressed as the means ± SD. The results represent relative expression 
levels. *p < 0.05 vs. control group; #p < 0.05 vs. CNTs group.
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Ang-2 Promoted Mitophagy and 
Inhibits the Expression of Pyroptosis

Western blotting results indicated that the 
mitophagy-related protein expressions, such as 
LC3-II/I ratio, Beclin-1, Parkin and PINK1, in 
group C were significantly higher than those in 
groups A and B (Figure 10). Meanwhile, the py-
roptosis-related protein expressions of NLRP3, 
GSDMD-N, caspase-1 p20 and IL-1β in group C 
were significantly lower than those of group A 
and group B (Figure 11). The molecular mech-
anism of this experiment is shown in Figure 12.

Discussion

The repair of CSD is still a difficult problem 
for orthopedic surgeons. Bone TE has the advan-

tages of convenient and wide range of materials, 
biocompatibility, mechanical properties, good os-
teoinductive and osteogenic abilities, etc., which 
provides a new idea for the repair of bone de-
fects19. At present, bone tissue biomaterials main-
ly include natural polymer materials, synthetic 
polymer materials, and bioceramic materials20. 
However, these three materials have different 
shortcomings in bone repair applications. Natural 
polymer materials, such as chitosan, collagen, 
etc., have uncontrolled biodegradation rates and 
poor mechanical stability, mechanical properties, 
and electrical properties, which are not suitable 
for simulating natural bone tissue matrix21,22. The 
hydrophilicity, cytocompatibility and mechanical 
properties of synthetic polymer materials are 
not satisfactory. Although bioceramics have been 
used in plastic surgery, oral and maxillofacial 

Figure 10. Ang-2 facilitated the expression of mitophagy proteins in the bone defect area. The expression levels of LC3 II/I, 
Beclin-1, Parkin and PINK1 were analyzed via western blot. Values are expressed as the means ± SD. The results represent 
relative expression levels. *p < 0.05 vs. control group; #p < 0.05 vs. CNTs group.

Figure 11. Ang-2 inhibited the expression of pyroptotic proteins in the bone defect area. The expression levels of NLRP3, 
GSDMD-N, caspase-1 p20 and IL-1β were analyzed via western blot. Values are expressed as the means ± SD. The results 
represent relative expression levels. *p < 0.05 vs. control group; #p < 0.05 vs. CNTs group.
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surgery or bone defect repair, their poor plas-
ticity, high brittleness, and low flexural strength 
make them unsuitable as repair materials for 
CSD. Therefore, ideal bone TE materials should 
have good mechanical properties, biocompati-
bility, and controllable degradation rate. Despite 
all the definitions and expectations of a suitable 
scaffold, no material has yet been identified as an 
ideal scaffold in bone TE. Micro-nanoscale inter-
connected porous scaffolds with the properties of 
promoting blood vessel formation, cell adhesion 
and migration have become the expectation of 
many researchers.

CNTs have high mechanical strength and 
thermal stability. Studies23 have confirmed that 
CNTs not only have good cytocompatibility, but 

also have the potential to promote cellular osteo-
genesis. In this research, the number of callus 
and the expression of BMP-2 in the CNTs/PLA/
CHI group were significantly higher than those 
in the control group, although less than those in 
the CNTs/PLA/CHI + Ang-2 group, indicating 
that the CNTs/PLA/CHI scaffold has satisfacto-
ry osteogenesis. Optimizing the biological prop-
erties of carbon nanotubes is critical for their 
clinical and biological applications. Therefore, 
we prepared CNTs/PLA/CHI three-dimension-
al porous scaffolds with more comprehensive 
biological properties24,25. Surface modification 
of scaffold can greatly affect cell function, ad-
hesion, growth, and other behaviors, as well 
as the biological properties of biomaterials26,27. 

Figure 12. Mechanism of Ang-2 combined with CNTs/PLA/CHI three-dimensional porous scaffold to promote angiogenesis 
and bone defect repair by promoting mitophagy and inhibiting pyroptosis.



J. Yin, Z.-Y. Tai, Q. Hu, Y. Liu, B. Wang, C. Zhu, X.-H. Liu

8980

The surface modification methods of materials 
generally include chemical modification, hybrid 
modification, plasma, and surface immobiliza-
tion. By modifying the surface of the biological 
material to introduce substances with cell rec-
ognition signals, it is more suitable to adhere, 
extend and proliferate on the modified scaffold 
material. Due to the particularity of the prepa-
ration process of carbon nanotubes, some metal 
catalysts may remain, and these catalysts may 
adversely affect the growth of cells, so it is nec-
essary to remove impurities before forming into 
scaffold materials. In order to remove impurities 
from CNTs, concentrated acid treatment was 
used in this experiment. Since CNTs are easy to 
agglomerate and are not easy to mix with other 
components such as polylactic acid and chitin, 
we used mixed strong acid to oxidize carbon 
nanotubes, that was, carboxylation.

SEM analysis revealed that the CNTs/PLA/CHI 
three-dimensional porous scaffolds have higher 
specific surface area, which is favorable for more 
protein adsorption and cell adhesion growth. It 
is especially important that the interconnected 
nanonetwork structure of the CNTs/PLA/CHI 
scaffold has appropriate porosity, which is condu-
cive to the material exchange of scaffold with the 
extracellular matrix, thereby regulating cell mor-
phology and promoting osteoblast differentiation.

The CNTs/PLA/CHI three-dimensional porous 
scaffolds we developed have suitable hydrophilic 
properties. The addition of CNTs will weaken 
the hydrophilicity of PLA/CHI materials, and 
materials with too strong hydrophilicity are not 
conducive to the adsorption of proteins and thus 
the adhesion of cells28. For highly hydrophobic 
surfaces, the adsorption of non-adhesive proteins 
on the material surface hinders the adsorption of 
adhesive proteins. In addition, the natural con-
formation of the molecular chain of the adhesion 
protein adsorbed on the surface of the highly hy-
drophobic material is destroyed, so that the active 
site in the protein molecular chain that binded to 
the integrin on the cell membrane surface cannot 
be fully exposed, which is not conducive to cell 
adhesion. On the surface with moderate hydro-
philicity, the adhesion protein can not only adsorb 
on the surface of the material, but also maintain 
the natural conformation of the molecular chain, 
which is conducive to the normal adhesion of 
cells29.

From the pH results, CHI hindered the de-
crease of the pH value of the material soaking 
solution. This is mainly due to the neutralization 

of the acidic degradation products of polylactic 
acid by the alkaline degradation products of 
chitin. Secondly, because the interface acceler-
ates the diffusion of degradation products, local 
pH reduction was less likely to occur. There-
fore, the “autocatalytic effect” of hydrolysis could 
be weakened and the matrix hydrolysis process 
could be slowed down. In addition, the fiber 
acted as a barrier to the diffusion of water mole-
cules to ease the matrix hydrolysis process. The 
addition of CNTs did not affect the degradation 
rate of other components of the material. As the 
degradation progresses, a large number of mi-
cropores appeared on the surface and inside of 
the scaffold material, which helped the material 
to adsorb active proteins. The addition of CNTs 
was beneficial to slow down the reduction of the 
compressive strength of the material during the 
degradation process, thereby helping the material 
to play a better structural support role for the in-
growth of new bone tissue in vivo.

In previous studies, we have successfully 
prepared nano-hydroxyapatite/collagen/sodium 
alginate (nHAC/ALG) composite biomaterial, 
and verified its good physical properties in cell 
experiments, which can promote bone marrow 
mesenchymal stem cells differentiating into os-
teoblasts to repair bone defects30. One of the 
keys to the rapid survival of bone TE after 
implantation in vivo is vascularization. In the 
microenvironment of angiogenesis, a variety 
of cytokines and signaling pathways are in-
volved in the formation of new blood vessels. 
Among them, the angiopoietin-tyrosine kinase 
receptors2 (Ang-Tie2) signaling axis plays an 
important role in the formation of new blood 
vessels. Ang-1 acts to stabilize blood vessels 
by affecting the junctions between endothelial 
cells (ECs) and the actin cytoskeleton. While 
Ang-2 is involved in the early initiation and 
excitation stages of angiogenesis31. In the initial 
stages of angiogenesis, separation between ECs 
and Sertoli cells is necessary. Ang-2 can com-
petitively block the vascular stabilizing effect 
of Ang-1, making ECs into an unstable state 
and increasing the sensitivity to growth factors, 
thereby accelerating the formation of new blood 
vessels. Therefore, Ang-2 combined with TE 
scaffolds provide a new method to repair CSD. 
Our previous studies have found that local in-
jection of Ang-2 can regulate autophagy and 
promote early vascularization and bone defect 
repair of hydroxyapatite/collagen scaffolds in 
vivo17. Since the tensile strength and toughness 
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of hydroxyapatite are not ideal, in order to fur-
ther improve the material, we choose CNTs with 
lower price and better performance to improve 
the scaffold performance. The experimental re-
sults showed that the CNTs/PLA/CHI scaffold 
had a certain ability to repair bone defects but 
could not repair bone defects independently. 
When Ang-2 was applied locally, the number of 
new blood vessels in the bony callus increased 
significantly, accompanied by a stronger effect 
on bone defect repair.

In addition, we also found that the inflammato-
ry tissue around the new callus area was signifi-
cantly reduced after the application of Ang-2. To 
further explore the mechanism of Ang-2, western 
blotting results demonstrated that mitophagy in 
the callus area was significantly enhanced, while 
pyroptosis was significantly inhibited. Autopha-
gy is an evolutionarily conserved catabolic pro-
cess that degrades damaged proteins and organ-
elles through lysosomes. Mitophagy, the selective 
autophagic degradation of damaged mitochon-
dria, reduces the release of mitochondria-related 
inflammatory factors32,33. Pyroptosis is a novel 
pro-inflammatory mode of regulated cell death 
that plays a role in cellular inflammatory death 
in a variety of diseases34. NLRP3 is the most 
studied and understood of the inflammasomes 
to date35. In this study, the addition of Ang-2 re-
duced the activation of NLRP3 and caspase-1, the 
expression of the pyroptosis-dependent protein 
GSDMD, as well as the activation of the inflam-
matory factor IL-1β, which further demonstrated 
that Ang-2 promotes angiogenesis and repair of 
bone defects in tissue-engineered bone through 
the mitophagy-pyroptosis pathway. Therefore, 
we speculate that Ang-2 may inhibit pyroptosis 
by promoting mitophagy and attenuate cellular 
inflammatory death, thereby promoting neovas-
cularization and repair of bone defects. Since 
the inhibitors of mitophagy and pyroptosis were 
not used as a control in the experiment, which is 
what our future work needs to do. The regulatory 
mechanism between mitophagy and pyroptosis, 
such as through ROS or double-stranded DNA, 
remains to be further elucidated. 

Limitations
Despite the satisfactory results of animal ex-

periments, there are still many challenges for 
clinical application of this method. Cytotoxicity 
and bioavailability of biomaterials will require 
comprehensive toxicological analysis. The con-
trolled release effect of carbon nanotubes on 

drugs still needs to be developed. Additionally, 
Ang-2 is only used in the early stage of angio-
genesis, and whether Ang-1 and/or VEGF has 
a further promoting effect in the later stage re-
mains to be studied. In conclusion, CNTs/PLA/
CHI scaffold combined with Ang-2 has potential 
application for bone regeneration, which brings 
hope to CSD patients.

Conclusions

CNTs/PLA/CHI scaffold has excellent biolog-
ical properties. It combines with Ang-2 to accel-
erate the repair of critical-size bone defects by 
promoting mitophagy and inhibiting pyroptosis.
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