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Background/Objective. CGRP is a calcitonin gene-related peptide that is capable of promoting bone development and bone
regeneration. Chitosan is a nontoxic and degradable biomaterial. However, the gene transfection efficiency of chitosan is low,
whereas PEI (polyethyleneimine) has higher capability of transfection efficiency. In this paper, PEI was covalently linked to
chitosan, and the rat CGRP plasmid was encapsulated in a CS-PEI complex to construct CS-PEI/pCGRP nanoparticles. The
characterization and biological effects of CS-PEI/pCGRP nanoparticles were investigated in vivo. Methods. CS-PEI/pCGRP
nanoparticles were prepared by a complex coacervation method. The PEI distribution degree on chitosan was measured with a
dialysis method and 1H-NMR analysis. The particle size and zeta potential of CS-PEI/pCGRP nanoparticles were detected by
dynamic light scattering. The binding of CS-PEI to pCGRP was detected by gel retardation assay. The transfection effect was
evaluated by RT-qPCR. A rat femoral fracture model was established and treated with PBS, pCGRP, CS-PEI, and CS-
PEI/pCGRP to detect the expression of CGRP and downstream genes in early healing of fractures by RT-qPCR, western blot,
and immunohistochemistry (IHC). Results. The particle size and zeta potential of CS-PEI/pCGRP nanoparticles were stable
when the mass ratio of CS-PEI and pCGRP was higher than 5 : 1, the ratio which could also effectively protect pCGRP from
DNase I degradation. CS-PEI/pCGRP could obviously increase CGRP expression in rat bone marrow stromal cells. In vivo
fracture healing experiments demonstrated that CGRP could be delivered to the body via the CS-PEI and expressed in situ after
a 3-week treatment. Moreover, CS-PEI/pCGRP significantly enhanced the mRNA and protein levels of downstream RUNX2
and ALP. Conclusion. CS-PEI/pCGRP nanoparticles were an effective nonviral gene transfection system that could upregulate
CGRP expression in vivo and accelerate the expression of key biomarkers for early healing of fractures.

1. Introduction

With the increase of people’s activity and space, the possibil-
ity of bone fracture rises. And the increasing number of
osteoporosis patients caused by aging results in continuous
increase of fracture incidence. About 50% of women and
20% of men in their lifetime will experience fragility fractures
[1–4] and consequent high cost of medical care (costs associ-
ated with fragility fractures). In 2006, China spent 1.6 billion
USD on hip fracture care, which is projected to rise to 12.5
billion USD by 2020 and 265 billion USD by 2050 [5]. With

the development of biomaterials, it has been the focus of
bone repair research for tissue engineering biomaterials as
transplant substitutes in recent years. Bone tissue engineer-
ing has made “local repair” of the fracture area and systemat-
ically enhanced bone repair ability to regenerate normal bone
tissue, which has achieved considerable results.

Fracture healing is a complex physiological process
accompanied by the formation of local hematoma and local
inflammation. The healing process involves the proliferation,
differentiation, and matrix mineralization of osteoblasts. The
treatment strategies to control inflammation, promote blood
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circulation, and stimulate bone regeneration can improve
fracture healing. Gene therapy induces human normal genes
or therapeutic genes into targeted cells in some certain ways
to correct gene defects and has achieved clinical effect by
induction of single or multiple genes to accelerate the
fracture healing. CGRP is a calcitonin gene-related peptide,
which is a neuropeptide that distributes in the active region
of bone growth [6]. CGRP plays an important role in nour-
ishing nerves and blood vessels; it also plays an anti-
inflammatory role, directly promoting osteoblast prolifera-
tion, differentiation, and mineralization, thereby promoting
bone development and bone regeneration [7]. For example,
CGRP can induce differentiation of adipose-derived stem
cells into osteoblasts and maintain high cell proliferative
capacity, as well as induce exuberant secretion of extracel-
lular matrix, and upregulate BMP2 expression which can
promote osteogenic activity of osteoblasts [8]. However,
there are still few studies on the role of CGRP in fracture
healing, and it is beneficial to investigate how CGRP pro-
motes bone regeneration.

Chitosan is a natural polycationic and weak alkaline
polysaccharide with excellent biocompatibility and degrad-
ability [9]. It is safe and nontoxic, which is regarded as one
of the most promising drug-loading materials [10]. Mumper
et al. [11] first reported the use of chitosan in gene delivery
in vitro. Many studies have shown that the physicochemical
properties (size, zeta potential, and nucleic acid complexa-
tion efficiency) of chitosan/gene complex directly affect gene
delivery efficiency [12, 13]. It is generally recognized that a
diameter of complex, smaller than 200nm with a positive
potential [14], holds the highest transfection efficiency, so
the ratio of chitosan to nucleic acid and the preparation
method are the key factors affecting these physical and chem-
ical properties [15]. Polyethyleneimine (PEI), like chitosan, is
a cationic nonviral gene carrier that binds to proteoglycans
on the cell surface and enters cells by endocytosis. PEI facili-
tates the escape of carriers from lysosomes by “proton sponge
effect,” thereby increasing transfection efficiency [16]. In this
study, PEI with a small molecule mass was covalently grafted
onto the chitosan backbone to prepare chitosan-PEI (CS-
PEI) composite carrier, and CGRP plasmid (pCGRP) was
packaged by CS-PEI to synthesize CS-PEI/pCGRP nanopar-
ticles. The physical properties of CS-PEI/pCGRP nanoparti-
cles were detected. In vivo gene transfection experiments
were performed to study the role of CS-PEI/pCGRP complex
in promoting fracture healing.

2. Method

2.1. Materials. The pCDNA3.1+ plasmid containing the rat
CGRP sequence (pCGRP) was constructed and transformed
into E. coli to amplify and extract the plasmid.

2.2. Preparation of CS-PEI/pCGRP Nanoparticles. In Figure 1,
according to previous reports by Tripathi et al. [17], 100mg
of chitosan (85% deacetylated, Sigma) was dissolved in a
1% hydrochloric acid (HCl) solution and stirred at 60°C
overnight. Afterwards, 0.25mL of epichlorohydrin was
added, stirred for 3 hours, and concentrated to a white

powder on a rotary evaporator to achieve chitosan chlorohy-
drin hydrochloride (CC). CC and PEI (Sigma) with a mass
ratio of 1 : 4 were dissolved in 100mL of water, heated to
60°C, supplemented with NaOH solution (2mol/L, 2mL),
and stirred at 60°C for 20 h. The resulting solution was puri-
fied with a dialysis method and lyophilized to obtain CS-PEI.
The distribution degree of PEI on CS-PEI was calculated by
the following equation:

Distribution degree % = 100%× W1 −W0
W0

, 1

where W0 is the initial weight of chitosan and W1 is the
weight of CS-PEI.
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Figure 1: Reaction scheme of constructing CS-PEI.
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CS-PEI was dissolved in water to prepare a solution of
0.5μg/μL and stirred overnight. An appropriate amount of
CGRP plasmid DNA was added to the CS-PEI solution
and stirred for 2min to prepare a CS-PEI/pCGRP nano-
particle solution.

2.3. 1H-NMR Characterization of CS-PEI Nanoparticles. CS
and CS-PEI were dissolved in a CD3COOD/D2O solvent,
and the 1H-NMR spectrum was determined using a
Mercury-plus 400 NMR spectrometer (Varian, CA, USA).

2.4. Dynamic Light Scattering Detection of Particle Size and
Zeta Potential. The CS-PEI/pCGRP complex containing dif-
ferent mass ratios (CS-PEI : ) was sufficiently diluted, added
to the sample cell, and placed in a nanoparticle-size analyzer
(Delsa Nano C Particle Analyzer, Beckman Coulter Inc.) to
measure the particle size and zeta potential of the sample.

2.5. Agarose Gel Retardation Electrophoresis Experiment. 5U
DNase I (Qiagen) was added into the CS-PEI/pCGRP com-
plex solution containing CS-PEI and pCGRP in different
mass ratios under 37°C water bath. One hour later, 25mM
EDTA was added to stop the reaction. 1% agarose gel electro-
phoresis was performed to analyze the binding ability of the
CS-PEI carrier to plasmid, and pCGRP was used as control.

2.6. Culture of Rat Bone Marrow Stromal Cells and In Vitro
Transfections by CS-PEI/pCGRP. As previously discussed
[18], rat bone marrow stromal cells (BMSCs) were isolated
from the femur and tibia and cultured in IMDM supple-
mented with 20% FBS. The adherent BMSCs were used for
further assay after 3 days of culture.

Next, cells were trypsinized, washed, centrifuged, and
seeded in a 6-well plate at the density of 100,000/well. After
overnight culture, the medium was replaced with a serum-
free medium containing CS-PEI/pCGRP with different mass
ratios of CS-PEI to pCGRP from 1 : 2 to 8 : 1. The amount of
pCGRP was 2μg in every well. After 6 hours of culture, cells
were then continuously cultured for 48 h with a complete
medium. Then, CGRP mRNA levels of BMSCs were evalu-
ated by gene quantification.

2.7. Preparation of Rat Femoral Fracture Model and
Interventional Treatment of CS-PEI/pCGRP. 20-month-old
Sprague-Dawley male rats were provided by the Experimen-
tal Animal Center of Lanzhou University (Lanzhou, China).
All rats were prepared for the right femoral fracture model.
In brief, the middle part of the right hind leg was surgically
exposed after anesthesia and the middle part of the femur
was sawn to induce a short transverse fracture. A 1mm diam-
eter Kirschner wire was then threaded into the medullary
cavity of the femur. The fracture was fixed and the wound
was closed after surgery. The rats were intraperitoneally
injected with 100,000U of penicillin sodium daily for 3 days.
Three days after the operation, 48 rats were selected under
imaging without obvious displacement at the broken site
and loosening at the internal fixation.

The rats were randomly divided into 4 groups: PBS con-
trol group, pCGRP treatment group, CS-PEI treatment
group, and CS-PEI/pCGRP treatment group. The rats were

fixed after anesthesia, and 250μL of various solutions was
slowly injected subcutaneously at the fracture site. The injec-
tion time was not shorter than 1min. The amount of pCGRP
was 20μg, and the mass ratio of CS-PEI:pCGRP was 8 : 1. For
the mice in the CS-PEI treatment group, the amount of
CS-PEI was equal to the amount of CS-PEI/pCGRP in the
mice of the CS-PEI/pCGRP treatment group.

2.8. Immunohistochemistry (IHC) Staining to Detect the
Expression of CGRP in Bone Tissue. Animals were sacrificed
3 weeks after treatment. The femur samples from four rats
in each group were taken and fixed in 4% paraformaldehyde
for 12 h. Decalcification (Fuyang Biotek, Shanghai, China)
was performed to make 5μm thick paraffin sections. The sec-
tions were routinely dewaxed, hydrated, washed with PBS,
and incubated with 3% hydrogen peroxide for 20min at
room temperature to block endogenous peroxidase activity.
After blocking with rabbit serum, the slides were incubated
with CGRP primary antibody (Bioss, Beijing, China) at 4°C
overnight and then incubated with secondary antibody
(Bioster, Wuhan, China), visualized with DAB (Bioster),
and counterstained with hematoxylin for 2min, then dehy-
drated and mounted.

2.9. Real-Time Quantitative Polymerase Chain Reaction
(RT-qPCR). The callus was taken from each group with 4
rats. TRIzol reagent was added to the callus and placed in

Table 1: PCR primer sequences.

Gene Primer sequences

CGRP
F:5′-AGCCCCAGATCTAAGCGGTGTG-3′

R: 5′-TCCTTGGCCATATCCCTTTTCTTG-3′

ALP
F: 5′-CTCAACACCAATGTAGCCAAGAATG-3′

R: 5′-GGCAGCGGTTACTGTGGAGA-3′

RUNX2
F: 5′-GCACAAACATGGCCAGATTCA-3′
R: 5′-AAGCCATGGTGCCCGTTAG-3′

β-Actin
F: 5′-CATCCGTAAAGACCTCTATGCCAAC-3′

R: 5′-ATGGAGCCACCGATCCACA-3′

PEI

CS

CS−PEI

 𝛿(ppm)
5 4 3 2 1 0 

Figure 2: 1H-NMR spectra of CS and CS-PEI.
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liquid nitrogen. Afterwards, RNA was extracted, and 10μg of
total RNA was quantified by a spectrophotometer (BioPho-
tometer 6131, Eppendorf) and reverse-transcribed into
cDNA. Then, a real-time PCR instrument (Light Cycler,

Roche) was used to detect the relative expression of ALP,
RUNX2, and CGRP, and β-actin was used as a reference gene
for PCR reaction. The reaction conditions of the PCR were
set to 95°C for 30 sec, then 40 cycles with 60°C for 30 sec
and 72°C for 1min, and finally incubated at 72°C for 1min
and 4°C for extension. Primer synthesis was provided by
Guangzhou Funeng Gene Co. Ltd. (Guangzhou, China).
The specific primer sequences were shown in Table 1. The
results were analyzed using the 2-ΔΔCt data method. The same
procedure was used to detect the CGRP mRNA levels in
CS-PEI/pCGRP-transfected BMSCs.

2.10. Western Blot. The total bone protein was extracted
from 0.5 g frozen callus, and the total protein was adjusted
to the same concentration by the Coomassie Brilliant Blue
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Figure 3: Physical properties of CS-PEI/pCGRP with different mass ratios of CS-PEI to pCGRP. (a) Particle size and (b) zeta potential of
different CS-PEI/pCGRP nanoparticles.
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Figure 5: CGRP mRNA expression in rat bone marrow stromal
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method. The sample was loaded with 50μg, electropho-
resed on SDS-PAGE, and transferred to PCDF membrane.
The electroporated nitrocellulose membrane was blocked
with a 50 g/L skim milk blocking solution, after which
ALP, RUNX2, CGRP, and β-actin antibodies were added
and incubated at 4°C overnight and then incubated with
horseradish peroxidase-labeled secondary antibody IgG
(Bioster). Chemiluminescence method was applied for color
development and gel quantitative software Quantity One
4.52 was used for analysis. RUNX2, CGRP, and β-actin anti-
bodies were purchased from Bioss Inc., and ALP antibody
was purchased from Boster Inc.

2.11. Hematoxylin and Eosin (H&E) Staining. After the rats
were sacrificed, the livers were rapidly excised and fixed in
4% paraformaldehyde. Then, the fixed samples were dehy-
drated, embedded in paraffin, and sectioned to 5μm slices.
The sections were stained by hematoxylin and eosin for the
detection of pathological changes.

2.12. Statistical Analysis. Statistical analysis was performed
on SPSS19.0 statistical software. All data were presented

as mean ± SD, statistically analyzed by a t-test and
one-way ANOVA. P < 0 05 indicated that the difference
was significant.

3. Results and Discussion

3.1. The Distribution Degree of PEI on CS-PEI. The initial
weight of chitosan was 0.1 g, and the product weight of
CS-PEI was 0.135 g, showing the distribution degree of PEI
which was 35%. This indicated that the procedure could suc-
cessfully graft PEI to chitosan.

3.2. 1H-NMR Analysis and Composition of CS-PEI
Nanoparticles. 1H-NMR spectroscopy was used to investigate
the composition of chitosan to PEI. As shown in the CS-PEI
spectrum in Figure 2, the signals between 3.3 and 2.8 ppm
showed the presence of hydrogen peaks, which was absent
in the CS spectrum and was presumed to be the hydrogen
peak of PEI. The 1H-NMR confirms that PEI has been suc-
cessfully covalently grafted onto chitosan. According to the
analysis of peak areas, it could be concluded that one PEI is
connected to an average of 29 D-glucosamine units of
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Figure 6: CGRP expression in callus of rat femoral fracture model after 3 weeks treatment with CS-PEI/pCGRP. (a) mRNA level of CGRP by
RT-qPCR. (b) Representative image of CGRP bands for protein level by western blot. (c) The quantified result of CGRP bands. Data are
mean ± standard deviation (n = 4). ∗P < 0 05 vs. the PBS group.
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chitosan, which was consistent with the 35% distribution
degree calculated by the above dialysis method.

3.3. Size and Potential of CS-PEI/pCGRP Nanoparticles.
Figure 3 showed the particle size and zeta potential of
CS-PEI/pCGRP nanoparticles. The results displayed that
when the mass ratio was 1 : 2~1 : 1, the particle sizes of the
nanoparticles were 571 1 ± 34 9 nm and 254 1 ± 20 3 nm
(Figure 3(a)), respectively. When the mass ratio was 1 : 2 to
2.5 : 1, the zeta potential was increased from −3 4 ± 0 52 mV
to 14 1 ± 0 98 mV (Figure 3(b)). With the increase of mass
ratio, the particle sizes of composite nanoparticles decreased
gradually and the zeta potential gradually increased. When
the mass ratio is 5 : 1, the particle sizes and zeta potentials
of CS-PEI/pCGRP nanoparticles tended to be stable and
were 157 4 ± 15 6 nm (Figure 3(a)) and 20 1 ± 1 1 mV
(Figure 3(b)), respectively. This indicated that the ability
compressing DNA was improved as the proportion of
CS-PEI polymer in the nanoparticles increased, and the zeta
potential of the particles could be effectively increased. The
advantage of chitosan is the good degradability and

biocompatibility, and the main drawback is the low effi-
ciency for gene transfection [17]. Studies have shown that
the main reason for the low efficiency of chitosan-mediated
gene transfection is the lack of buffered amine groups, which
leads to the difficulty in escaping from endosomes and lyso-
somes. Another reason is the strong binding capability of
chitosan to DNA, which results in low DNA disassembly
and low target gene expression after entry into cells. PEI
has a strong ion buffering capacity, which allows DNA to
effectively escape the digestion of acidic lysosomes, thus
achieving higher transfection efficiency [19, 20]. However,
in gene transfection, PEI usually exhibits molecular weight-
related cytotoxicity in a dose-dependent manner, mainly
due to its significantly positive charge, which leads to strong
electrostatic interaction with the cell membrane, resulting in
intracellular functional disorder [21]. In addition, PEI is a
nondegradable polymer that accumulates in the body and
may present an unknown risk for long-term use. Therefore,
we selected a relatively low-molecular-weight (1.8 kDa) PEI
grafted onto chitosan and tried to produce a gene carrier
with low toxicity and high transfection efficiency [20]. It is
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Figure 8: RUNX2 and ALP mRNA levels in the callus of rat femoral fracture model after a 3-week treatment with CS-PEI/pCGRP. Data are
mean ± standard deviation (n = 4). ∗P < 0 05 vs. the PBS group.
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Figure 7: CGRP immunohistochemical result in callus of rat femoral fracture model after a 3-week treatment with CS-PEI/pCGRP.
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generally believed that a diameter < 200 nm [14, 15] with
positive potential is most beneficial for transfection. We
found that the mass ratio of CS-PEI : pCGRP affected the
particle size and zeta potential. When the mass ratio was
higher than 5 : 1, the CS-PEI/pCGRP nanoparticles had a
particle size of less than 200 nm.

3.4. Stability of CS-PEI/pCGRP Nanoparticles. To further
determine the loading and protection capability of CS-PEI

on pCGRP, we performed an agarose gel retardation assay.
It could be observed from Figure 4 that when the mass ratio
of CS-PEI copolymer to pCGRP was less than 2 : 1, some
DNA bands appeared. When the mass ratio reached 4 : 1,
no obvious DNA bands ran out, indicating that the CS-PEI
copolymer could fully bind to the pCGRP plasmid when
w :w is higher than 4 : 1. The DNA plasmid is easily degraded
by nucleases in the body. In the experiment, DNase I was
used to represent the nuclease in the cells. The results
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Figure 9: RUNX2 and ALP protein levels in callus of rat femoral fracture model after a 3-week treatment with CS-PEI/pCGRP. Data are
mean ± standard deviation (n = 4). ∗P < 0 05 vs. the PBS group.
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demonstrated that the antinuclease effect of CS-PEI on the
pCGRP plasmid could effectively encapsulate and protect
the gene from nuclease degradation. This advantage of
CS-PEI would significantly contribute to the improvement
of transfection efficiency.

3.5. CS-PEI/pCGRP Nanoparticles Enhance the In Vitro
Expression of CGRP mRNA in Rat BMSCs. Figure 5 showed
the CGRP mRNA levels in BMSCs transfected with CS-
PEI/pCGRP. The CGRP mRNA levels increased with
increasing of CS-PEI : pCGRP ratio (w :w). The level initially
increased at the ratio of 2 : 1 and obviously increased from
4 : 1 to 8 : 1. It could be explained by the increased protective
ability of CS-PEI.

3.6. CS-PEI/pCGRP Upregulates the Expression of CGRP and
Its Downstream Genes in Early Stage of Fracture. In the early
healing of fracture (3 weeks), there were no signs of non-
healing in the fracture site of rats in the 4 groups. The
PBS control group and the pCGRP treatment group had
less callus, the fracture line was clear, and the trabecular
bone formation was less; the CS-PEI treatment group
and the CS-PEI/pCGRP treatment group had more callus,
the fracture line was blurred, and the trabecular bone gen-
eration was more. The CS-PEI/pCGRP treatment group
had more quantities of callus and trabecular bone when
compared with the CS-PEI treatment group. The mRNA
and protein levels of CGRP in the callus site of rats were
detected. It was found that the mRNA and protein expres-
sion levels of CGRP were the highest in CS-PEI/pCGRP
treatment group, and the mRNA and protein levels of
CGRP in the CS-PEI-treated group were increased in a
certain level (Figure 6). Further IHC staining detection
(Figure 7) showed that the expression of CGRP was the
highest in the CS-PEI/pCGRP treatment group, and CGRP
was mainly deposited on functionally active osteoblasts
around the trabecular bone. These results indicated that
CS-PEI had certain repair ability. After CS-PEI polymer
delivery, pCGRP could be transfected into the cells of
the fracture site to induce more obvious repair effect.
Further, by RT-qPCR and western blot studies, it was
found that the mRNA of osteogenesis molecules RUNX2
and ALP (Figure 8) and their protein expression levels
(Figure 9) were also significantly increased after in vivo trans-
fection of pCGRP.Wang et al. [22] have reported that chitosan
has a certain effect on bone repair due to its osteoinductivity
and progressive substitution of implants by host bones, which

might explain the upregulated CGRP, RUNX2, and ALP
expression in the CS-PEI treatment group. However, pCGRP
delivered by a CS-PEI copolymer could further enhance the
repair effect.

Furthermore, because of the known toxicity of polymeric
cations, the biosafety of CS-PEI and CS-PEI/pCGRP was pre-
liminary detected by investigating the appearance of internal
organs and evaluating the histological changes in the liver. As
shown in Figure 10, all livers in rats of the CS-PEI or CS-
PEI/pCGRP treatment group did not present histological
changes. And the appearance of the heart, liver, stomach,
and kidney in all treatment groups was similar to that in
the control group. This indicated that the dosage of CS-PEI
or CS-PEI/pCGRP in this study did not show significant tox-
icity to rats.

The study found that CGRP levels were significantly ele-
vated in the local fracture site and in the patient’s plasma at
the time of fracture [23, 24], suggesting that this small pep-
tide was likely to be involved in the process of fracture repair.
In vivo experiments confirmed that CGRP knockout mice
showed more severe bone loss than wild-type mice [25]. In
vitro experiments had also demonstrated that CGRP could
induce osteoblast proliferation and differentiation [26]. ALP
(alkaline phosphatase) is an important index for evaluating
bone formation and bone turnover. During bone formation,
osteoblast activity is enhanced. ALP in osteoblasts produces
phosphoric acid by enzymatic action and is deposited in the
bone with calcium phosphate. RUNX2 is also a specific oste-
ogenic marker expressed by osteoblasts. It is an important
transcription factor that activates and initiates the differenti-
ation of BMSCs into osteoblasts and regulates the maturation
of osteoblasts. A number of studies have confirmed that
CGRP can increase the transcriptional level and protein level
of RUNX2 in vivo through Hippo signaling pathway [27] and
BMP2 signaling pathway [28], thereby accelerating the differ-
entiation of BMSCs into osteoblasts in vivo, resulting in the
difference in mineralization osteogenesis at the late stage of
the fracture. The results of in this study demonstrated that
CS-PEI polymer could not only transfect CGRP plasmid into
in vivo fracture areas but also preserve the biological role of
transfected CGRP plasmid.

4. Conclusion

In summary, this study developed a CS-PEI polymer that
could encapsulate the rat CGRP plasmid, which could signif-
icantly induce bone differentiation into the osteogenesis and

PBS pCGRP CS-PEI CS-PEI/pCGRP

Figure 10: The histological section of rat liver after 3 weeks with different treatments of pCGRP, CS-PEI, or CS-PEI/pCGRP.
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increase calcium deposition. By upregulating the production
of CGRP, CS-PEI/pCGRP nanoparticles might regulate the
fracture healing process in the early stage and provide a
new therapeutic approach for promoting early rehabilitation
of patients with fractures in clinics, preventing delayed heal-
ing and nonunion of fractures.
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