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Abstract: Radiation-induced skin injury, which remains a serious concern in radiation therapy,
is currently believed to be the result of vascular endothelial cell injury and apoptosis. Here,
we established a model of acute radiation-induced skin injury and compared the effect of
different vascular growth factors on skin healing by observing the changes of microcirculation
and cell apoptosis. Vascular endothelial growth factor (VEGF) was more effective at inhibiting
apoptosis and preventing injury progression than other factors. A new strategy for improving
the bioavailability of vascular growth factors was developed by loading VEGF with chitosan
nanoparticles. The VEGF-chitosan nanoparticles showed a protective effect on vascular endothelial
cells, improved the local microcirculation, and delayed the development of radioactive skin damage.
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1. Introduction

Radiotherapy is one of the standard treatment options for patients with cancer, as ionizing
radiation can kill tumor cells by generating free radicals (FR) or reactive oxygen species (ROS).
However, the beneficial effects of radiation are modest in the vast majority of patients. The failure
of targeted radiotherapy lies in the non-discriminative killing of both cancer and normal cells.
Radiation-induced skin injury is the most common complication, and late effects, which are the
most severe, are characterized by subcutaneous fibrosis and morbidity [1,2]. Recent advances
in cancer radiation biology resulted in the identification of new and promising targets for tumor
radiosensitization in addition to normal tissue radioprotection in radiotherapy [3]. Growth factors
have been used for a long time to rescue progenitor cells and hematopoietic cells following irradiation.
Current research has focused on microcirculation, an important breakthrough in the treatment of
radioactive skin damage with typical features of radiation-induced vasculopathies, including necrosis
and inflammation within the arterial wall [4]. Therefore, reducing the damage to microcirculation
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and promoting the reconstruction of impaired microvessels are key issues in the treatment of skin
radiation injury.

Vascular endothelial growth factor (VEGF), a master regulator of angiogenesis, has the ability
to start a complex cascade of events leading to endothelial cell activation, assembly of new vascular
structures, mural cell recruitment, and vessel stabilization [5–7]. However, incorporation of growth
factors is difficult due to their short half-life of only several minutes in circulation [8]. Many studies
have reported the development of VEGF-loaded nanoparticles for wound-healing angiogenesis,
bone regeneration, or inhibition of the graft shrinkage [9–12]. Chitosan (CS) nanoparticles—as
non-viral vectors that can deliver cytokines with low toxicity, favorable biodegradability, and lack
of immunologic effects—have been studied extensively by our and other research groups [13–16].
Here, we successfully developed CS nanoparticles loaded with VEGF165, a powerful vascular growth
factor [17], in a model of radiation-induced skin injury in rats. The results showed that the VEGF-CS
nanoparticles protected vascular endothelial cells, improved the local microcirculation, and alleviated
radiation-induced skin injury in rats.

2. Results and Discussion

2.1. The Characteristics of CS Nanoparticles Formulated with VEGF

VEGF has been formulated into various sustained release delivery systems because of its short
half-life. The long-term VEGF delivery is usually based on its encapsulation in biodegradable polymers,
which are designed to release the loaded VEGF in a sustained manner following the degradation of
the polymer. To improve the sustained release, VEGF has been conjugated with CS, which secures the
loaded growth factor and releases it in a biologically relevant manner. Here, we used CS nanoparticles
prepared by the ionic interaction between a positively charged amino group of CS and a negatively
charged counter-ion of tripolyphosphate sodium (TPP). CS has been used to improve or control drug
release based on its ability to form a hydrogel spontaneously upon contact with multivalent polyanions.

VEGF-CS nanoparticles were prepared by adding a sodium tripolyphosphate solution to
a chitosan solution under stirring as previous reported [15]. Figure 1a shows a representative
scanning electron microscope (SEM) image of particles with spherical structures and almost uniform
size distribution. The average particle size was 386.9 nm, the Zata potential was 25.3 V, and the
encapsulation rate reached up to 85% (data not shown). VEGF was released from nanoparticles for
30 days. In the first 2 days, the amount of VEGF released was 10%–20%, with a gradual increase for
more than 20 days (Figure 1b). This result demonstrated that CS nanoparticles achieve a controlled
release of VEGF, suggesting that VEGF-CS nanoparticles are a promising delivery system for the
treatment of radiation-induced skin injury.
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(a) Representative shapes of VEGF-CS nanoparticles via scanning electron microscope (SEM)
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2.2. Establishment of a Radiation-Induced Skin Injury Model

All rats survived after receiving 45 Gy X-ray irradiation, with varying degrees of depression,
reduced activity, and weight loss. Acute skin reactions were detected after 1 week of irradiation.
Hair loss was detected at 2 weeks after irradiation, while local skin erythema, blisters, and eczema
appeared at approximately 3 weeks after irradiation. Skin erosion, necrosis, and ulceration were
observed at 4 weeks after irradiation, and chronic ulcers developed gradually starting at 5 weeks
(Figure 2a). In the histological study, as shown in Figure 2b, injury can be found in the irradiated skin
group. The number of vessels decreased after 1 week of irradiation, and inflammatory cells began to
infiltrate. The vascular basement membrane was partly disintegrated and incomplete, and necrosis of
endothelial cells and microthrombosis were observed. After 2 weeks of irradiation, the blood vessels
disappeared, and a large number of inflammatory cells infiltrated the irradiation area.
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Figure 2. Establishment of a radiation-induced skin injury model. (a) Macroscopic images
of radiation-induced skin injury in rats at 2–5 weeks; (b) Histological changes associated with
radiation-induced skin injury in rats at 1 and 2 weeks after irradiation and in the control group;
(c) Changes of von Willebrand factor (vWF) content and number of apoptotic vascular endothelial cells.
Arrows pointing vessels.
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Apoptosis of vascular endothelial cells and changes of von Willebrand factor (vWF), which closely
resembled those of vascular disease, were a sensitive index of vascular endothelial cell injury [18–20].
Figure 2c shows that the contents of vWF and the number of apoptotic cells increased after 1 week of
irradiation and nearly reached a peak after 2 weeks, then remained stable, with significantly higher
values than those of the non-irradiated group (p < 0.05).
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2.3. Screening of Vascular Growth Factor Treatment in Radiation‐Induced Skin Injury 

Figure 3. Screening of growth factor treatment for radiation-induced skin injury. (a) Macroscopic
images and histological changes in irradiation-induced skin injury groups treated with different growth
factors; (b) Representative images of apoptosis staining-positive cells upon basic fibroblast growth
factor (bFGF), hepatocyte growth factor (HGF), and VEGF treatment (×200); (c) Quantification of
apoptotic cells upon bFGF, HGF, and VEGF treatment (d) Number of microvessels in skin sections of
all groups observed under the microscope. Data represent the mean ± SD from three independent
experiments. *** p < 0.005 (c–d). Arrows pointing vessels.
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2.3. Screening of Vascular Growth Factor Treatment in Radiation-Induced Skin Injury

The same amounts of growth factors such as basic fibroblast growth factor (bFGF), hepatocyte
growth factor (HGF), and VEGF were used for radiation-induced skin injury treatment. Figure 3a
shows that after 2 weeks of treatment, all rats displayed hair loss in the control group, which was
treated with equal volumes of normal saline. The bFGF- and HGF-treated groups showed slight
hair loss, while the VEGF-treated group had no significant hair loss. Furthermore, the development
of hair loss and ulcers was delayed in the VEGF group compared with that in the other groups.
Morphological studies showed that the VEGF-treated group showed a nearly normal strata structure,
complete re-epithelialization, and few hair follicles, whereas the other groups showed thickening of
the epidermal layer and poorly vascularized granulation tissue. In addition, the number of apoptotic
cells was lower in the VEGF-treated group than in the other groups (Figure 3b,c). The number of
microvessels was higher in the VEGF group than in the other groups, and the difference was statistically
significant (p < 0.05) (Figure 3d). Taken together, these data suggested that the rats injected with VEGF
had better results than the other groups. This observation coincides with the results of other research
groups, who used EVGF165 for the treatment of wounds in diabetic mice [21].

2.4. Effect of VEGF-CS Nanoparticles on Healing of Irradiation-Induced Skin Injury

VEGF165 promotes tissue repair in a rat model of radiation-induced injury [22] or relieves
endothelial injury after deep vein thrombectomy [23]. In the present study, we explored the
effects of different dose of VEGF165 loaded in CS nanoparticles and different delivery systems on
irradiation-induced skin injury. As shown in Figure 4a, there were no differences in hair loss and
ulcer development time between the group receiving a single treatment of VEGF165 (700 ng/mL)
and the control group (injected with saline) (p > 0.05). However, when VEGF165 was injected daily
(100 ng/mL) for 1 week, it delayed hair loss and ulcer development, and the difference was statistically
significant compared with the control group (p < 0.01). A single injection of VEGF165 bound to
nanoparticles (700 ng VEGF165) had a significantly better effect regarding the delay in hair loss and
ulcer formation than that of the group receiving VEGF165 injection (p < 0.01). These results were
confirmed by hematoxylin and eosin (HE) staining, which showed few microvessels in groups A and B,
while rich microvessels were observed in groups C and D (Figure 4b). Figure 4c shows a significantly
greater number of microvessels in the group treated with VEGF165 daily (100 ng/mL) for 1 week and
that treated with a single dose of VEGF165 nanoparticles (loaded 700 ng VEGF165) than in the control
group and the group receiving a single treatment of VEGF165 700 ng/mL (p < 0.01). These results
were confirmed by measuring the content of vWF (Figure 4d) and suggested the potential value of
VEGF-CS nanoparticles for the treatment of irradiation-induced skin injury.

2.5. Mechanism Underlying the Effect of VEGF165-CS on Alleviating Radiation-Induced Skin Injury

To explore the possible mechanism by which VEGF165-CS nanoparticles alleviated radiation-induced
skin injury, we further examined the expression of VEGF165 and caspase3, which plays an important
role in apoptosis in endothelial cells. As shown in Figure 6a, caspase3 expression was lower in groups
C and D than in groups A and B. This result suggested that the effects of VEGF165 on inhibiting
apoptosis and protecting endothelial cells in the form of nanoparticles were superior to those of
a single injection and the control group. In addition, the expression of VEGF165 in groups C and D
was significantly higher than that in groups A and B (Figure 6b). Furthermore, extensive vascular
tissue and a complete lumen were observed in group D.
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Figure 4. Effect of CS-VEGF nanoparticles on healing of irradiation-induced skin injury. The 64 rats
bearing irradiation-induced skin injury were divided into four groups (A–D): A, single treatment with
1 mL normal saline as control; B, single treatment with 1 mL VEGF165 (700 ng/mL); C, treatment with
1 mL VEGF165 (100 ng/mL) daily for 1 week; and D, single treatment with 1 mL heavy suspension
of VEGF165-CS nanoparticles. (a) Hair loss and ulcer development in each group after irradiation;
(b) Hematoxylin and eosin staining (×100) of skin tissues; (c) Number of microvessels; (d) vWF content
in each group. *** p < 0.005 (c–d). Arrows pointing to vessels.
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Figure 6. Mechanism of VEGF165-CS nanoparticle-mediated alleviation of radiation-induced skin
injury. The 64 rats bearing irradiation-induced skin injury were divided into four groups (A–D):
A, single treatment with 1 mL normal saline as control; B, single treatment with 1 mL VEGF165
(700 ng/mL); C, treatment with 1 mL VEGF165 (100 ng/mL) daily for 1 week; and D, single treatment
with 1 mL heavy suspension of VEGF165-CS nanoparticles. (a) Immunohistochemical staining of
caspase3 and VEGF165 in each group; (b) Western blot assessment of VEGF165 expression in each
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*** p < 0.005. Arrows pointing vessels or VEGF165 and caspase3 expression.

3. Experimental Procedures

3.1. Materials

Male Sprague Dawley (SD) rats (4 weeks old) were purchased from Shanghai SLAC Laboratory
Animal Co., Ltd. (Shanghai, China). Chitosan with a degree of deacetylation of 95% and average
molecular weight of 200 kDa, sodium tripolyphosphate, NaOH, and bFGF protein were obtained
from Gibco (Shanghai, China). VEGF165 was purchased from Sigma-Aldrich (St. Louis, MO, USA).
HGF was purchased from Invitrogen (Life Technologies, Carlsbad, CA, USA).

3.2. Methods

3.2.1. The Establishment of a Model

Seventy-two healthy male rats weighting 220 ± 20 g SD were used. Rats were anesthetized by
intraperitoneal injection of 10% chloral hydrate (0.35 mL/100 g). Rats were fixed with adhesive tape
on a plastic plate. A 3 cm thick piece of lead was used to shield the rats and localize the radiation
field (45 × 40 mm). A single dose of 45 Gy was administered to the buttock skin of each rat at a dose
rate of 600 cGy/min using a 4 MeV electron beam accelerator (Phillips, Amsterdam, the Netherlands).
To observe the hair and skin changes in the irradiated area, the animals were sacrificed and skin
tissues and blood samples were collected. All animal procedures were approved by the Ethics Review
Committee for Animal Experimentation of Soochow University.

3.2.2. Enzyme-Linked Immunosorbent Assay (ELISA)

To detect the changes of vWF content, blood samples were analyzed by ELISA. Rats were sacrificed
and blood samples were collected into citrated tubes, centrifuged at 3000 g (relative centrifugal force,
RCF) for 10 min, and stored at 4 ◦C for subsequent analysis by ELISA according to the manufacturer’s
data sheets (Shenggong, Shanghai, China).

3.2.3. Cell Apoptosis Analysis

Cell apoptosis analysis was performed using the One Step TUNEL Apoptosis Detection Kit
(Merck Millipore, Shanghai, China). Specimens were frozen and sections were fixed with 4%
paraformaldehyde, and incubated in an ice bath. Then, the cells were stained with Hoechst 33258
(10 µg/mL) for 30 min. Nuclear condensation and fragmentation were observed under a fluorescence
microscope (Eclipse TE2000-U, Nikon, Japan.)
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3.2.4. Screening of Vascular Growth Factors

The same approach was used to establish an irradiation-induced skin injury model as that
described above. The injury animals were assigned to four groups (n = 16) and injected subcutaneously
with 1 mL (100 ng/mL) HGF, VEGF, bFGF, or an equal volume of normal saline as control once a day
for 1 week. The observation parameters were the same as those described above.

3.2.5. The Preparation and Characterizations of CS Nanoparticles

CS nanoparticles were created by modified ionic gelation with negatively charged TPP ions [24].
Briefly, CS with a molecular weight of 200 kDa and a degree of deacetylation of 95% was dissolved
to a concentration of 2 mg/mL in 1% acetic acid solution, and NaOH solution was added with slow
stirring, followed by an equal volume of protein solution (20 ng/mL). TPP at a concentration of
1.5 mg/mL was prepared with deionized water and added dropwise under constant stirring to the
mixture [25]. The physical size and zeta potential of the nanoparticles were measured using a 3000HSA
Zetasizer (Malvern Instruments, Malvern, UK). The morphology of nanoparticles was observed by
scanning electron microscopy (SEM).

3.2.6. Release of VEGF from VEGF-CS Nanoparticles

The constant temperature oscillation method was used to measure VEGF association efficiency.
CS nanoparticles (5 mg) and 3 mL PBS buffer were mixed in a 5 mL test tube. After constant shaking
(100 r/min) at 37 ◦C, 3 mL of the supernatant were collected at different time periods and added with
fresh medium at the same time. Then the release of protein content and the cumulative release rate of
each time point were determined.

3.2.7. Application of VEGF-CS Nanoparticles in Vivo

Sixty-four SD rats bearing irradiation-induced skin injury were randomly assigned to four groups
according to the different VEGF165 delivery systems as follows: Group A, single injection of 1 mL
normal saline only; Group B, single injection of 1 mL VEGF165 (700 ng/mL); Group C, injection of 1 mL
VEGF165 (100 ng/mL) daily for 1 week; Group D, single injection of 1 mL suspension of VEGF165-CS
nanoparticles (loaded 700 ng VEGF165). The observation parameters were as mentioned above.

3.2.8. Hematoxylin and Eosin Staining and Immunohistochemistry

The skin specimens were fixed in 10% formalin for 2 days, embedded in paraffin, sectioned
at 5 µm, and mounted. After the sections were stained with HE, the morphology and vascular
density of skin tissues were observed under a light microscope (Olympus CX31, ×40 magnification).
Immunohistochemistry staining was performed by the Streptavidin–Peroxidase kit method according
to the manufacturer’s guide. In brief, paraffin sections were deparaffinized and incubated at 4 ◦C
overnight with anti-VEGF165 and Caspase3 (Abcam, Inc., Cambridge, MA, USA) in PBS containing 1%
BSA. Then, the slides were incubated with peroxidase-conjugated IgG (Shanghai Genomics, Shanghai,
China) and counterstained with hematoxylin.

3.2.9. Western Blot Determination of VEGF165 Expression

Skin tissues were harvested and lysed in TNES buffer. Equivalent 25 µg aliquots of proteins were
electrophoresed and electrotransferred onto polyvinylidine difluoride membranes. After the blots
were blocked, the membranes were incubated with 1:1000 anti-VEGF165 (Santa Cruz Biotechnology,
Santa Cruz, CA, USA) for 3 h at room temperature, and visualized with peroxidase-conjugated
secondary antibodies using an enhanced chemiluminescence detection system (Santa Cruz, CA, USA).
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4. Conclusions

In the present study, we established a model of radioactive skin damage, and demonstrated that
VEGF can inhibit apoptosis in vascular endothelial cells and accelerate wound healing in irradiated
areas. However, the biological function of VEGF depends on its method of delivery. We developed
a CS nanoparticle delivery system modified by TPP and successfully loaded VEGF165. Assessment
of microvessels, vWF content, and apoptosis demonstrated that VEGF165-CS nanoparticles delayed
the development of radiation-induced skin injury and promoted healing. The design of VEGF165-CS
nanoparticles with controlled local release of VEGF165 for long periods provides an excellent delivery
system for the treatment of radiation-induced skin injury.

Acknowledgments: This work was supported in part by Chinese Nature Science Foundation (81272738,
81372867, 81472297) and Project Founded by the Priority Academic Program Development of Jiangsu Higher
Education Institutions.

Author Contributions: Shouli Wang and Yanli Liu designed the experiments and wrote the manuscript.
Daojiang Yu, Shan Li, Shuai Wang, Xiujie Li, Minsheng Zhu, Shai Huang, Li Sun and Yongsheng Zhang performed
the experiments and analyzed the data. All authors endorse the full content of this work.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Wang, X.J.; Lin, S.; Kang, H.F.; Dai, Z.J.; Bai, M.H.; Ma, X.L.; Ma, X.B.; Liu, M.J.; Liu, X.X.; Wang, B.F. The effect
of RHIZOMA COPTIDIS and COPTIS CHINENSIS aqueous extract on radiation-induced skin injury in a rat
model. BMC Complement. Altern. Med. 2013, 13, 105. [CrossRef] [PubMed]

2. Kim, J.H.; Kolozsvary, A.J.; Jenrow, K.A.; Brown, S.L. Mechanisms of radiation-induced skin injury and
implications for future clinical trials. Int. J. Radiat. Biol. 2013, 89, 311–318. [CrossRef] [PubMed]

3. Kumar, S.; Singh, R.K.; Meena, R. Emerging targets for radioprotection and radiosensitization in radiotherapy.
Tumour Biol. 2016. [CrossRef] [PubMed]

4. Lucas, J.; Mack, W.J. Effects of ionizing radiation on cerebral vasculature. World Neurosurg. 2014, 81, 490–491.
[CrossRef] [PubMed]

5. Carmeliet, P. Angiogenesis in health and disease. Nat. Med. 2003, 9, 653–660. [CrossRef] [PubMed]
6. Caron, C.; DeGeer, J.; Fournier, P.; Duquette, P.M.; Luangrath, V.; Ishii, H.; Karimzadeh, F.; Lamarche-Vane, N.;

Royal, I. CdGAP/ARHGAP31, a Cdc42/Rac1 GTPase regulator, is critical for vascular development and
VEGF-mediated angiogenesis. Sci. Rep. 2016, 6. [CrossRef] [PubMed]

7. Gianni-Barrera, R.; Trani, M.; Reginato, S.; Banfi, A. To sprout or to split? VEGF, notch and vascular
morphogenesis. Biochem. Soc. Trans. 2011, 39, 1644–1648. [CrossRef] [PubMed]

8. George, M.L.; Eccles, S.A.; Tutton, M.G.; Abulafi, A.M.; Swift, R.I. Correlation of plasma and serum vascular
endothelial growth factor levels with platelet count in colorectal cancer: Clinical evidence of platelet
scavenging? Clin. Cancer Res. 2000, 6, 3147–3152. [PubMed]

9. Geng, H.; Song, H.; Qi, J.; Cui, D. Sustained release of VEGF from PLGA nanoparticles embedded
thermo-sensitive hydrogel in full-thickness porcine bladder acellular matrix. Nanoscale Res. Lett. 2011, 6, 312.
[CrossRef] [PubMed]

10. Subbiah, R.; Hwang, M.P.; Van, S.Y.; Do, S.H.; Park, H.; Lee, K.; Kim, S.H.; Yun, K.; Park, K.
Osteogenic/angiogenic dual growth factor delivery microcapsules for regeneration of vascularized bone
tissue. Adv. Healthc. Mater. 2015, 4, 1982–1992. [CrossRef] [PubMed]

11. Mohandas, A.; Anisha, B.S.; Chennazhi, K.P.; Jayakumar, R. Chitosan-hyaluronic acid/VEGF loaded fibrin
nanoparticles composite sponges for enhancing angiogenesis in wounds. Colloids Surf. B Biointerfaces 2015,
127, 105–113. [CrossRef] [PubMed]

12. Jiang, X.; Xiong, Q.; Xu, G.; Lin, H.; Fang, X.; Cui, D.; Xu, M.; Chen, F.; Geng, H. VEGF-Loaded
Nanoparticle-Modified BAMAs Enhance Angiogenesis and Inhibit Graft Shrinkage in Tissue-Engineered
Bladder. Ann. Biomed. Eng. 2015, 43, 2577–2586. [CrossRef] [PubMed]

13. Al Rubeaan, K.; Rafiullah, M.; Jayavanth, S. Oral insulin delivery systems using chitosan-based formulation:
A review. Expert Opin. Drug Deliv. 2016, 13, 223–237. [CrossRef] [PubMed]

http://dx.doi.org/10.1186/1472-6882-13-105
http://www.ncbi.nlm.nih.gov/pubmed/23675786
http://dx.doi.org/10.3109/09553002.2013.765055
http://www.ncbi.nlm.nih.gov/pubmed/23305180
http://dx.doi.org/10.1007/s13277-016-5117-8
http://www.ncbi.nlm.nih.gov/pubmed/27318945
http://dx.doi.org/10.1016/j.wneu.2014.01.006
http://www.ncbi.nlm.nih.gov/pubmed/24444794
http://dx.doi.org/10.1038/nm0603-653
http://www.ncbi.nlm.nih.gov/pubmed/12778163
http://dx.doi.org/10.1038/srep27485
http://www.ncbi.nlm.nih.gov/pubmed/27270835
http://dx.doi.org/10.1042/BST20110650
http://www.ncbi.nlm.nih.gov/pubmed/22103501
http://www.ncbi.nlm.nih.gov/pubmed/10955796
http://dx.doi.org/10.1186/1556-276X-6-312
http://www.ncbi.nlm.nih.gov/pubmed/21711840
http://dx.doi.org/10.1002/adhm.201500341
http://www.ncbi.nlm.nih.gov/pubmed/26138344
http://dx.doi.org/10.1016/j.colsurfb.2015.01.024
http://www.ncbi.nlm.nih.gov/pubmed/25660093
http://dx.doi.org/10.1007/s10439-015-1284-9
http://www.ncbi.nlm.nih.gov/pubmed/25711152
http://dx.doi.org/10.1517/17425247.2016.1107543
http://www.ncbi.nlm.nih.gov/pubmed/26549528


Mar. Drugs 2016, 14, 182 10 of 10

14. Lauzon, M.A.; Daviau, A.; Marcos, B.; Faucheux, N. Nanoparticle-mediated growth factor delivery systems:
A new way to treat Alzheimer’s disease. J. Control. Release 2015, 206, 187–205. [CrossRef] [PubMed]

15. Xu, Q.; Guo, L.; Gu, X.; Zhang, B.; Hu, X.; Zhang, J.; Chen, J.; Wang, Y.; Chen, C.; Gao, B.; et al. Prevention of
colorectal cancer liver metastasis by exploiting liver immunity via chitosan-TPP/nanoparticles formulated
with IL-12. Biomaterials 2012, 33, 3909–3918. [CrossRef] [PubMed]

16. Wang, S.L.; Yao, H.H.; Qin, Z.H. Strategies for short hairpin RNA delivery in cancer gene therapy. Expert Opin.
Biol. Ther. 2009, 9, 1357–1368. [CrossRef] [PubMed]

17. Losordo, D.W.; Vale, P.R.; Symes, J.F.; Dunnington, C.H.; Esakof, D.D.; Maysky, M.; Ashare, A.B.; Lathi, K.;
Isner, J.M. Gene therapy for myocardial angiogenesis: Initial clinical results with direct myocardial injection
of phVEGF165 as sole therapy for myocardial ischemia. Circulation 1998, 98, 2800–2804. [CrossRef] [PubMed]

18. Hassler, S.N.; Johnson, K.M.; Hulsebosch, C.E. Reactive oxygen species and lipid peroxidation inhibitors
reduce mechanical sensitivity in a chronic neuropathic pain model of spinal cord injury in rats. J. Neurochem.
2014, 131, 413–417. [CrossRef] [PubMed]

19. Ruggeri, Z.M. Structure of von Willebrand factor and its function in platelet adhesion and thrombus
formation. Best Pract. Res. Clin. Haematol. 2001, 14, 257–279. [CrossRef] [PubMed]

20. Lip, G.Y.; Blann, A. von Willebrand factor: A marker of endothelial dysfunction in vascular disorders?
Cardiovasc. Res. 1997, 34, 255–265. [CrossRef]

21. Yoon, C.S.; Jung, H.S.; Kwon, M.J.; Lee, S.H.; Kim, C.W.; Kim, M.K.; Lee, M.; Park, J.H. Sonoporation of
the minicircle-VEGF(165) for wound healing of diabetic mice. Pharm. Res. 2009, 26, 794–801. [CrossRef]
[PubMed]

22. Wang, T.; Liao, T.; Wang, H.; Deng, W.; Yu, D. Transplantation of bone marrow stromal cells overexpressing
human vascular endothelial growth factor 165 enhances tissue repair in a rat model of radiation-induced
injury. Chin. Med. J. 2014, 127, 1093–1099. [PubMed]

23. Tang, J.J.; Meng, Q.Y.; Cai, Z.X.; Li, X.Q. Transplantation of VEGFl65-overexpressing vascular endothelial
progenitor cells relieves endothelial injury after deep vein thrombectomy. Thromb. Res. 2016, 137, 41–45.
[CrossRef] [PubMed]

24. Mohammadpourdounighi, N.; Behfar, A.; Ezabadi, A.; Zolfagharian, H.; Heydari, M. Preparation of chitosan
nanoparticles containing Naja naja oxiana snake venom. Nanomedicine 2010, 6, 137–143. [CrossRef] [PubMed]

25. Vimal, S.; Taju, G.; Nambi, K.S.N.; Majeed, S.A.; Babu, V.S.; Ravi, M.; Hameed, A.S.S. Synthesis and
characterization of CS/TPP nanoparticles for oral delivery of gene in fish. Aquaculture 2012, 358, 14–22.
[CrossRef]

© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.jconrel.2015.03.024
http://www.ncbi.nlm.nih.gov/pubmed/25804873
http://dx.doi.org/10.1016/j.biomaterials.2012.02.014
http://www.ncbi.nlm.nih.gov/pubmed/22374455
http://dx.doi.org/10.1517/14712590903236843
http://www.ncbi.nlm.nih.gov/pubmed/19761417
http://dx.doi.org/10.1161/01.CIR.98.25.2800
http://www.ncbi.nlm.nih.gov/pubmed/9860779
http://dx.doi.org/10.1111/jnc.12830
http://www.ncbi.nlm.nih.gov/pubmed/25051888
http://dx.doi.org/10.1053/beha.2001.0133
http://www.ncbi.nlm.nih.gov/pubmed/11686099
http://dx.doi.org/10.1016/S0008-6363(97)00039-4
http://dx.doi.org/10.1007/s11095-008-9778-x
http://www.ncbi.nlm.nih.gov/pubmed/18998201
http://www.ncbi.nlm.nih.gov/pubmed/24622441
http://dx.doi.org/10.1016/j.thromres.2015.11.025
http://www.ncbi.nlm.nih.gov/pubmed/26632512
http://dx.doi.org/10.1016/j.nano.2009.06.002
http://www.ncbi.nlm.nih.gov/pubmed/19616121
http://dx.doi.org/10.1016/j.aquaculture.2012.06.012
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	The Characteristics of CS Nanoparticles Formulated with VEGF 
	Establishment of a Radiation-Induced Skin Injury Model 
	Screening of Vascular Growth Factor Treatment in Radiation-Induced Skin Injury 
	Effect of VEGF-CS Nanoparticles on Healing of Irradiation-Induced Skin Injury 
	Mechanism Underlying the Effect of VEGF165-CS on Alleviating Radiation-Induced Skin Injury 

	Experimental Procedures 
	Materials 
	Methods 
	The Establishment of a Model 
	Enzyme-Linked Immunosorbent Assay (ELISA) 
	Cell Apoptosis Analysis 
	Screening of Vascular Growth Factors 
	The Preparation and Characterizations of CS Nanoparticles 
	Release of VEGF from VEGF-CS Nanoparticles 
	Application of VEGF-CS Nanoparticles in Vivo 
	Hematoxylin and Eosin Staining and Immunohistochemistry 
	Western Blot Determination of VEGF165 Expression 


	Conclusions 

