RESEARCH ARTICLE

Targeted release of stromal cell-derived
factor-1α by reactive oxygen species-sensitive
nanoparticles results in bone marrow stromal
cell chemotaxis and homing, and repair of
vascular injury caused by electrical burns
a1111111111
a1111111111
a1111111111
a1111111111
a1111111111

Fang He1,2☯, Peng-Fei Luo1☯, Tao Tang1,3☯, Fang Zhang1, He Fang1, Shi-Zhao Ji1, Yu Sun1,
Guo-Sheng Wu1, Bo-Han Pan1, Zhi-Bao Huo4*, Guang-Yi Wang1*, Zhao-Fan Xia1*
1 Department of Burn Surgery, the Second Military Medical University affiliated Changhai Hospital, Shanghai,
China, 2 Department of Burn Surgery, the Nanjing Medical University affiliated Suzhou Hospital, Jiangsu,
China, 3 Department of Surgery, Navy Hospital of PLA, Shanghai, China, 4 School of Environmental Science
and Engineering, Shanghai Jiao Tong University, Shanghai, China
☯ These authors contributed equally to this work.
* hzb410@sjtu.edu.cn (ZBH); southeast000@163.com (GYW); xiazhaofan@163.com (ZFX)

OPEN ACCESS
Citation: He F, Luo P-F, Tang T, Zhang F, Fang H, Ji
S-Z, et al. (2018) Targeted release of stromal cellderived factor-1α by reactive oxygen speciessensitive nanoparticles results in bone marrow
stromal cell chemotaxis and homing, and repair of
vascular injury caused by electrical burns. PLoS
ONE 13(3): e0194298. https://doi.org/10.1371/
journal.pone.0194298
Editor: You-Yang Zhao, Ann and Robert H Lurie
Children’s Hospital of Chicago, Northwestern
University, UNITED STATES
Received: May 5, 2017
Accepted: February 28, 2018
Published: March 12, 2018
Copyright: © 2018 He et al. This is an open access
article distributed under the terms of the Creative
Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in
any medium, provided the original author and
source are credited.
Data Availability Statement: All relevant data are
within the paper and its Supporting Information
files.
Funding: This work was supported by the National
Natural Science Foundation of China (81171806,
81671911), (http://www.nsfc.gov.cn), the Scientific
Research Innovation Project of Shanghai Municipal
Commission of Education (12ZZ074), (http://www.

Abstract
Rapid repair of vascular injury is an important prognostic factor for electrical burns. This
repair is achieved mainly via stromal cell-derived factor (SDF)-1α promoting the mobilization, chemotaxis, homing, and targeted differentiation of bone marrow mesenchymal stem
cells (BMSCs) into endothelial cells. Forming a concentration gradient from the site of local
damage in the circulation is essential to the role of SDF-1α. In a previous study, we developed reactive oxygen species (ROS)-sensitive PPADT nanoparticles containing SDF-1α
that could degrade in response to high concentration of ROS in tissue lesions, achieving the
goal of targeted SDF-1α release. In the current study, a rat vascular injury model of electrical
burns was used to evaluate the effects of targeted release of SDF-1α using PPADT nanoparticles on the chemotaxis of BMSCs and the repair of vascular injury. Continuous exposure to 220 V for 6 s could damage rat vascular endothelial cells, strip off the inner layer,
significantly elevate the local level of ROS, and decrease the level of SDF-1α. After injection
of Cy5-labeled SDF-1α-PPADT nanoparticles, the distribution of Cy5 fluorescence suggested that SDF-1α was distributed primarily at the injury site, and the local SDF-1α levels
increased significantly. Seven days after injury with nanoparticles injection, aggregation of
exogenous green fluorescent protein-labeled BMSCs at the injury site was observed. Ten
days after injury, the endothelial cell arrangement was better organized and continuous,
with relatively intact vascular morphology and more blood vessels. These results showed
that SDF-1α-PPADT nanoparticles targeted the SDF-1α release at the site of injury, directing BMSC chemotaxis and homing, thereby promoting vascular repair in response to electrical burns.
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Introduction
Electrical burns are unique accidents in modern industrial society. Although their incidence is
not high, the damage is three dimensional with sandwich-like and progressive necrosis characteristics, resulting in serious damage in local tissues. The amputation rate in hospitalized
patients exceeds 30%, and retained limbs are often associated with varying degrees of dysfunction [1, 2]. Blood is a good conductor of electricity. After an electric current enters the body, it
passes through blood causing blood vessel damage. Tissue ischemic and hypoxic injury resulting from vascular damage is an important reason for the progressive necrosis of electrical
burns. At present, there is no clinical treatment effective for reducing vascular injury or promoting vascular repair. Therefore, how to induce the rapid repair of local blood vessels caused
by electrical burns is important in reducing tissue necrosis and improving the prognosis.
Bone marrow stromal cells (BMSCs) have the potential to develop into multiple cell types
[3]. Under the pathological conditions of burns, BMSCs can quickly mobilize from the bone
marrow into the peripheral circulation, translocate to the injury site, and differentiate into
endothelial progenitor cells (EPCs) that further differentiate into vascular endothelial cells to
repair the injury [4, 5]. The mobilization and aggregation of BMSCs depends primarily on chemotaxis induced by stromal cell-derived factor (SDF)-1α [6, 7]. The effect of SDF-1α on
BMSCs chemotaxis relies on a local high concentration, as well as the SDF-1α gradient in the
circulation. Therefore, establishment of these parameters is essential for chemotaxis and the
capture of stem cells for vascular repair.
Formation of local high concentrations of SDF-1α at the injury site, and creating an SDF-1α
gradient in the circulation by the exogenous administration of this factor, remain a challenge.
Direct intravascular injection of SDF-1α results in its rapid dilution in the blood. Thus, local
effective concentration at the injury site cannot be established continuously. Direct injection of
SDF-1α in the tissue may result in its uneven distribution and rapid degradation. Therefore, its
efficiency in entering the circulation by this route is uncertain. With the development of drug
carrier materials, SDF-1α can be delivered in a biodegradable nanoparticle system. This not
only effectively prevents its rapid degradation in the body, but also targets SDF-1α to the effective sites in the body, achieving the goal of directional and long-term release [8–10].
To achieve the targeted release of drugs carried by nanoparticles, it is essential to determine
the specific physical, chemical, and biological characteristics at the lesion site. Reactive oxygen
species (ROS) are pathogenic factors within in an organism [11], but can be utilized for the targeted release of nanoparticle-carried drugs. In our previous study, the ROS-sensitive thioketal
polymer, PPADT, was used as a nanoparticle carrier to encapsulate SDF-1α, forming SDF-1αPPADT nanoparticles [12]. These nanoparticles degrade and release drugs in response to high
ROS concentrations in tissue lesions, achieving the goal of targeted therapy. The current study
used a rat vascular injury model of electrical burns. SDF-1α-PPADT nanoparticles were
injected through the tail vein to evaluate the effects of targeted release of SDF-1α, directional
chemotaxis of BMSCs, and repair of vascular injury caused by electrical burns.

Materials and methods
Experimental animals
Male adult Sprague Dawley rats (200–250g) and six-week-old male nude mice (20–22g) were
purchased from the Experimental Animal Center of the Second Military Medical University
(Shanghai, China). Animals were housed in cages under controlled conditions (23±3˚C, 50
±5% humidity, 12 h day/night rhythm) with ad libitum food and water. The cages were swept
and the absorbent bedding materials were replaced every day. Animals were anaesthetized
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with an intraperitoneal injection of 40 mg/kg sodium pentobarbital (1%). Immediately after
the electrical burns, an appropriate amount of silver sulfadiazine cream was applied to the
injury site. Buprenorphine (0.02 mg/kg) was administered through tail vein 6 h and 18 h after
the electrical burns to minimized animal suffering and distress. During the study, animals
were monitored at least three times daily. The food intake, water intake and body weight of
animals in a week were paid attention to assess animal health. Animals were euthanized by an
overdose of sodium pentobarbital (200 mg/kg) when tissues were collected.
This study was carried out in strict accordance with the Guide for Care and Use of Laboratory Animals published by U.S. National Institutes of Health (NIH) (publication No. 96–01).
All animal experiments were approved by the Institutional Animal Care and Use Committee
of the SMMU.

Materials and reagents
The equipment used for generating electrical burns was as follows: the adjustable voltage regulator (0-250V; rated power, 2000W), the power supply switch, the microcomputer time-controlled switch (accurate to 1 sec), the current meter (range 0-600mA; accuracy, 1mA), the
voltage meter (range 0-450V; accuracy, 10V), two copper electrode clips, and two copper electrode plates (3mm×3mm), were purchased from Delixi Electric (Zhejiang, China). The CD31
antibody and the donkey anti-goat secondary antibody were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The ROS fluorescence detection kit was purchased from
Genmed Pharmaceutical Technology (Shanghai, China). First Strand cDNA Synthesis Kit was
purchased from Takara Bio (Dalian, China). PCR primers were synthesized by Sangon Biotech
(Shanghai, China). ELISA kit of SDF-1α was obtained from Abnova (Taipei, Taiwan). Cell culture reagents were purchased from Invitrogen (Carlsbad, CA, USA). If not stated otherwise,
reagents were purchased from Sigma-Aldrich (St Louis, MO, USA).

Establishing electrical burn vascular injury model
The equipment for generating electrical burns was designed and made by our group as
described previously (Fig 1) [13]. After anesthetization, the hair on the hip and hind limbs was
removed. The rat was then placed in the prone position with limbs extended and fixed to the
bench. An appropriate amount of conductive paste was smeared in the region 0.5 cm above
the ankle of both hind limbs, and an electrode clip (pressure 5N) was used to fix the electrode
plate at this position. The electrode clips were connected to the positive and negative poles of
the AC power supply. After completing the electrical circuit, rats were shocked continuously
for up to 6 s at 220 V. The maximum current passing through the limbs during the shock was

Fig 1. Diagram of the equipment used for generating electrical burns. B: Power supply switch, C: Microcomputer
time-controlled switch, D: Voltage regulator, V: Voltage meter, A: Current meter, E: Experimental animal.
https://doi.org/10.1371/journal.pone.0194298.g001
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recorded. Rats in the sham electrical burn group were anesthetized and connected to the electrodes the same way as the electrical burn group, but without electrical shock.
Six hours after injury, an overdose of anesthetic was given to euthanize each shocked and
control rat. Muscle tissue along the medial extremity, including the main arteries at the site of
electrical shock, was collected. Tissues at the same location were collected from the control
rats. Samples were fixed with 4% paraformaldehyde, embedded in paraffin, sectioned, and
stained to observe the pathological changes of the vascular tissue.

Identification of vascular injury resulting from electrical burns
A total of 12 rats were divided randomly into two equal groups: 6 s electrical burn and sham.
Shock, sample collection, fixation, and slide preparation were performed as described above.
In addition to conventional hematoxylin and eosin staining, immunohistochemical staining
with the CD31 antibody was performed. Immunohistochemical staining utilized 5μm thick
paraffin sections that were deparaffinized and rehydrated. Antigen retrieval was performed at
high temperature and pressure. Slides were then immersed in a 3% H2O2-methanol solution to
quench endogenous peroxidases, blocked with 4% bovine serum albumin, and incubated with
the CD31 antibody (1:100) at 4˚C overnight. A donkey anti-goat secondary antibody (1:400)
was added and incubated at room temperature for 1 h. The 3, 3’-diaminobenzidine substrate
was added for visualization. Vascular injury was observed under a microscope.

Measurement of local ROS levels at the injury site
Fluorescence detection of ROS. A total of 12 rats were divided randomly into two equal
groups: 6 s electrical burn and sham. After shocking, fresh tissues were frozen rapidly for the
preparation of cryosections. ROS were detected following the instructions of a fluorescence
detection kit. Immediately after completion of all steps (less than 1 h), slides were placed under
a fluorescence microscope to observe the distribution of fluorescence in blood vessels.
Antioxidant enzyme mRNA levels by real-time polymerase chain reaction (RT-PCR)
analyses. A total of 48 rats were divided randomly into two equal groups: 6 s electrical burn
and sham. Six rats from each group were sacrificed 0, 1, 3, and 7 days after the injury for sample collection. RT-PCR analyses were performed to detect the mRNA expression levels of
superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GSH-Px). TRIzol
reagent was used for total RNA extraction, which was then reverse transcribed into cDNA for
the subsequent RT-PCR analyses. The relative quantification method (2-Δ(ΔCt)) was used to calculate mRNA expression levels. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was
used as the internal reference. Primer sequences were: SOD forward 5'-CGGCTTCTGTCGTC
TCCT-3', reverse 5'-GTTCACCGCTTGCCTTCT-3'; CAT forward 5'-CCTATTGCCGTC
CGATTC-3', reverse 5'-AGGGTCCTTCAGGTGAGTTT-3'; GSH-Px forward 5'-CTGGTG
GTGCTCGGTTTC-3', reverse 5'-GTGGGATCGTCACTGGGT-3'; GAPDH forward 5'-AC
GGCAAGTTCAACGGCACAG-3', reverse 5’- CCACGACATACTCAGCACCAGC -3'.

Measurement of local SDF-1α levels in injured tissues
A total of 96 rats were divided randomly into four equal groups: sham, and 1, 3, and 6 s electrical burns. At 0, 1, 3, and 7 days after injury, six rats in each group were sacrificed to collect
samples. Tissue homogenates were prepared and centrifuged at 10,000 ×g at 4˚C for 20 min to
collect supernatants. SDF-1α concentrations in the supernatants were determined according
to the instructions of the SDF-1α ELISA kit.
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SDF-1α-PPADT nanoparticle preparation and verification of ROSsensitive targeted release of SDF-1α
Nanoparticles were prepared according to the procedures described in our previous study
[12]. ROS-sensitive PPADT was synthesized, and then nanoparticles containing the SDF-1α
protein were generated using the multiple emulsion solvent evaporation method. The size of
the nanoparticles was 110 nm, and the drug loading capacity was 1.8%.
The SDF-1α protein was labeled with Cy5 fluorescent dye and Cy5-SDF-1α-PPADT nanoparticles were prepared according to the method described above. Nine nude mice were
divided randomly into three equal groups. Two seconds × 220 V was used for making electrical
burns in mice using the same equipment with 3mm×3mm electrode plates fixed at 0.2 cm
above the ankle of both hind limbs, other procedures followed the same protocol described
above in rats. Group A was the sham electrical burn group. Groups B and C were the electrical
burn groups. After 12 h, tail vein injections were performed: group A received 10mg Cy5SDF-1α-PPADT nanoparticles, group B, 0.18mg Cy5-SDF-1α, and group C, 10mg Cy5-SDF1α-PPADT nanoparticles. Twelve hours after the injection, an in vivo imaging system (IVIS
LaminqII, Caliper LifeSciences, Alameda, CA, USA) was used to observe the distribution of
Cy5 fluorescence at the excitation wavelength of 649 nm.
A total of 120 rats were divided randomly into four equal groups: sham + 18 μg/kg SDF-1α;
sham + 1mg/kg SDF-1α-PPADT nanoparticles; 6 s electrical burn + 18 μg/kg SDF-1α; and 6 s
electrical burn + 1mg/kg SDF-1α-PPADT nanoparticles. At 0, 6, 12, 24, and 48 h, six rats from
each group were sacrificed for sample collection. The SDF-1α concentration in local tissue at
the injury site was determined using ELISA.

Directional chemotaxis and homing of BMSCs
Green fluorescent protein (GFP)-labeled BMSCs (Catalog No. RASMX-01101) were purchased from Cyagen Biosciences (Guangzhou, China). After continuous shock for 6 s, 18
rats were divided randomly into three equal groups. Tail vein injection was performed once
a day as follows: A) 5 × 106 GFP-BMSCs; B) 5 × 106 GFP-BMSCs + 18 μg/kg SDF-1α; and C)
5 × 106 GFP-BMSCs + 1mg/kg SDF-1α-PPADT nanoparticles. Samples were collected 7
days after injury for cryosection preparation. CD31 immunofluorescence staining was performed, and the numbers of GFP+ and CD31+ cells were detected under a fluorescence
microscope.

Effects of SDF-1α-PPADT nanoparticles on vascular repair
After continuous shock for 6 s, 18 rats were divided randomly into three equal groups. Tail
vein injection was performed once a day as follows: A) 0.1 mL normal saline; B) 18 μg/kg
SDF-1α; and C) 1 mg/kg SDF-1α-PPADT nanoparticles. Ten days after the injury, rats were
sacrificed for sample collection. Samples were fixed with 4% paraformaldehyde, embedded
in paraffin, and sectioned. This was followed by hematoxylin and eosin, and CD31 immunohistochemical staining. Pathological changes of the vascular tissues were observed under a
microscope.

Statistical analysis
All data were processed using SPSS 23.0 software (IBM, Chicago, IL, USA) and are presented
as means ± SEM. Data were assessed using an analysis of variance and the Bonferroni post-hoc
test. A p value less than 0.05 was considered statistically significant.
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Results
General observations after the electrical burn
All animals survived after electrical burns. The maximum current passing through the limbs
during electrical shock was 180 ± 36 mA. A third-degree burn wound formed in the area
where the electrode plate was applied on rats and mice. Rats and mice were limping on both
hind limbs after electrical burns.

Electrical burns caused vascular damage
Hematoxylin and eosin staining showed that, in the 6 s electrical burn group, vascular endothelial cells formed protrusions into the lumen and were discontinuous. Some endothelial cells
were even stripped from the lumen, and thrombi formed in some parts of the blood vessels
(Fig 2A, first row, arrow). In the sham electrical burn group, vascular endothelial cells were
smooth, closely connected, and organized (Fig 2A, second row, arrow). Immunohistochemical
staining showed that, compared to the sham group, CD31+ vessels in the electrical burn group
exhibited a dissociated inner layer and lumen narrowing (Fig 2B, arrow). These results suggested that continuous shock for 6 s at 220 V resulted in significant vascular damage in rats.

Local ROS levels were increased significantly at the injury site
Fluorescence detection of ROS showed that, in the 6 s electrical burn group, green fluorescence
in the blood vessels was obvious, whereas in the sham electrical burn group green fluorescence
was weak or even absent (Fig 3A). These results suggested that the local ROS levels in vascular
tissue of rats injured by electrical burns were significantly elevated compared to that in normal
tissue.
Antioxidant enzymes use redox reactions to convert peroxides into substances of lower or
no toxicity. To determine whether ROS levels were increased locally at the injury site, RT-PCR
analyses were performed to detect the mRNA expression levels of SOD, CAT, and GSH-Px in
rats. The results showed that on days 1, 3, and 7 after the 6 s electrical burn injury, SOD
mRNA levels were 3.78, 3.45, and 2.79 times higher, respectively, than those in the sham group
(Fig 3B). CAT mRNA levels were 6.28, 5.61, and 2.72 times higher than those in the sham

Fig 2. Vascular injury caused by 6 s electrical burns in rats. (A) Hematoxylin and eosin staining of muscle and
vascular tissues. In the electrical burn group, vascular endothelial cells form protrusions into the lumen; some
endothelial cells are stripped from the lumen and thrombi appear in parts of the blood vessels (arrow). In the sham
electrical burn group, endothelial cells are intact and organized (arrow). Images on the left are 200 × magnification.
Images on the right are 400 × magnification. (B) CD31 immunohistochemical staining of muscle and vascular tissues.
CD31 staining is brown. The nuclei are counterstained in blue. The inner layer of CD31+ blood vessels is detached and
the lumens are narrow in the electrical burn compared to the sham group (arrow). Images on the left are
200 × magnification. Images on the right are 400 × magnification.
https://doi.org/10.1371/journal.pone.0194298.g002
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Fig 3. Reactive oxygen species (ROS) levels are increased significantly at the injury site. (A) Fluorescence staining
for ROS in muscle and vascular tissue sections. Green fluorescence indicates ROS and blue fluorescence indicates the
4’, 6-diamidino-2-phenylindole-stained nuclei. Bar, 100 μm. (B) mRNA levels of antioxidant enzymes increase locally
at the injury site. mRNA levels of SOD, CAT, and GSH-Px were detected using the real-time polymerase chain
reaction. Data are presented as means ± SEM (n = 6).  p < 0.05,  p < 0.01 versus the sham electrical burn group.
https://doi.org/10.1371/journal.pone.0194298.g003

electrical burn group on days 1, 3, and 7, respectively (Fig 3B). GSH-Px mRNA levels were
7.26, 4.73, and 3.39 times higher than those in the sham group on days 1, 3, and 7, respectively
(p < 0.05) (Fig 3B). These results suggested that local ROS levels in blood vessel tissues damaged by electrical burns were higher than those in normal tissue.

Within a certain range, the extent of local electrical burn injury was
inversely related to the SDF-1α level
To determine the relationship between local tissue SDF-1α concentrations and the extent of
injury, shock time was adjusted to produce different degrees of injury in rats. SDF-1α concentrations were then measured using the ELISA method. SDF-1α concentrations following 1 and
3 s electrical shocks on days 3 and 7 after the injury were significantly higher than those of the
sham electrical burn group. However, SDF-1α concentrations in the 6 s electrical shock group
on days 1, 3, and 7 after the injury were lower and not significantly different from the sham
group (Fig 4). These results indicated that mild electrical burns increased local SDF-1α production, and with increasing severity of the burns, SDF-1α synthesis was reduced.

SDF-1α-PPADT nanoparticles had good targeted drug release properties
To determine whether SDF-1α-PPADT nanoparticles could target SDF-1α release in the
injured tissue, distribution and concentrations of SDF-1α protein were assessed. SDF-1α
labeled with the Cy5 fluorescent dye was used to prepare Cy5-SDF-1α-PPADT nanoparticles. These particles were injected into mice through the tail vein for in vivo imaging analysis.
In nude mice receiving a 2 s electrical burn and 10 mg Cy5-SDF-1α-PPADT nanoparticles,
the injury site and surrounding tissues showed obvious fluorescence, while no obvious
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Fig 4. The severity of local electrical burns is inversely related to SDF-1α levels within a certain range of injury.
Samples were collected at different time points after different shock durations. Tissue SDF-1α concentrations were
determined using an ELISA. Data are presented as means ± SEM (n = 6),  p < 0.05,  p < 0.01 versus the sham
electrical burn group.
https://doi.org/10.1371/journal.pone.0194298.g004

fluorescence was detected in other parts of the body. In the two control groups (sham burn +
10 mg Cy5-SDF-1α-PPADT nanoparticles and 2 s burn + 0.18 mg Cy5-SDF-1α), no fluorescence was observed (Fig 5A).
The concentration of SDF-1α in local tissue after administration of SDF-1α-PPADT nanoparticles was measured by ELISA. Compared with the other three control groups, electrical
burn rats injected with SDF-1α-PPADT nanoparticles showed a significant increase in the
concentration of SDF-1α at the electrical burn injury site (Fig 5B). These results indicated that
SDF-1α-PPADT nanoparticles could target SDF-1α release to the site of injury, thereby
increasing the local SDF-1α concentration.

SDF-1α-PPADT nanoparticles directed BMSC chemotaxis and homing
To determine whether SDF-1α-PPADT nanoparticles could direct chemotaxis of BMSCs, we
concomitantly injected SDF-1α-PPADT nanoparticles and GFP-labeled BMSCs intravenously.
Seven days later, pathological analysis showed that GFP-BMSCs clearly accumulated at the
injury site in the group injected with SDF-1α-PPADT nanoparticles. In the group treated with
only electrical burns, and the group injected with SDF-1α, GFP-BMSCs were not detected (Fig
6). These results suggested that SDF-1α-PPADT nanoparticles can promote BMSCs homing to
the injury site, indicative of directed chemotaxis.

SDF-1α-PPADT nanoparticles promoted vascular repair
Hematoxylin and eosin staining showed relatively intact vascular morphology in the electrical
burn group injected with SDF-1α-PPADT nanoparticles. In addition, the endothelial cell
arrangement was better organized and continuous. In the group treated with only electrical
burns, and the group injected with SDF-1α, vascular endothelial cells formed protrusions into
the lumen (Fig 7A, arrow). Immunohistochemical staining showed that there were more
CD31+ blood vessels in the electrical burn group injected with SDF-1α-PPADT nanoparticles,
and the lumens were round or oval. However, in the group treated with only simple electrical
burns, and the group injected with SDF-1α, the inner layer of the blood vessels was detached,
and parts of the lumen were occluded (Fig 7B, arrow). These results suggested that injection of
SDF-1α-PPADT nanoparticles promoted vascular repair caused by electrical burns.
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Fig 5. SDF-1α-PPADT nanoparticles have targeted drug release properties in mice. (A) Group A is the sham
electrical burn group. Groups B and C were the electrical burn groups. After 12 h, tail vein injections were performed:
group A, 10 mg Cy5-SDF-1α-PPADT nanoparticles; group B, 0.18 mg Cy5-SDF-1α; and group C, 10 mg Cy5-SDF-1αPPADT nanoparticles. Twelve hours after injection, the distribution of Cy5 fluorescence was observed using an in vivo
imaging system. (B) Samples were collected from each group at different time points after the injury. Local tissue SDF1α concentrations were determined using an ELISA. NP is SDF-1α-PPADT nanoparticles. Data are presented as
means ± SEM (n = 6),  p < 0.01 versus the other three control groups.
https://doi.org/10.1371/journal.pone.0194298.g005

Discussion
Blood vessel injury and repair are important prognostic factors for electrical burns. The latter
is achieved via BMSCs homing to the injury site and up regulating the expression of angiogenic
factors through paracrine actions such as VEGF, FGF, angiopoietin, HGF. Under the action of
these cytokines, BMSCs are differentiated into vascular endothelial cells and form vascularlike structures [3, 4]. The SDF-1α receptor, CXCR4, is highly expressed on the surface of
BMSCs and, under various pathological conditions, damaged tissues can release chemokines,
SDF-1α, that bind specifically to CXCR4. Secreted SDF-1α reaches the bone marrow through
the circulation, which in turn activates matrix metalloproteinase-9 (MMP-9) resulting in the
release of soluble Kit-ligand (sKitL), promoting the mobilization of BMSCs into the peripheral
circulation. Under the regulation of multiple factors, BMSCs migrate in response to chemotaxis, localizing to the injury site and undergoing directional differentiation, hence participating in repairing the injury [14, 15].
SDF-1α is expressed in dermis, dermal papilla, blood vessels, neurons, and other tissues
[16]. SDF-1α is a potent chemotactic agent for BMSCs homing to the injury site [17]. Local
high expression of SDF-1α can accelerate tissue vascularization, promoting vascular regeneration [18, 19]. In addition, through autocrine/paracrine effects, SDF-1α can inhibit apoptosis
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Fig 6. SDF-1α-PPADT nanoparticles direct BMSC chemotaxis and homing in rats. All rats received continuous
shock for 6 s and were divided randomly into three equal groups of six. Tail vein injections were performed once a day:
(A) 5 × 106 GFP-BMSCs; (B) 5 × 106 GFP-BMSCs + 18 μg/kg SDF-1α; and (C) 5 × 106 GFP-BMSCs + 1 mg/kg SDF1α-PPADT nanoparticles. Seven days after the injury, samples were collected for cryosection preparation and CD31
immunofluorescence staining. Red fluorescence indicates CD31-labeled vascular endothelial cells. Green fluorescence
indicates GFP-labeled BMSCs. Blue fluorescence indicates 4’, 6-diamidino-2-phenylindole-stained nuclei. Bar, 200 μm.
NP, SDF-1α-PPADT nanoparticles.
https://doi.org/10.1371/journal.pone.0194298.g006

and promote proliferation of stem cells originating in the bone marrow [20, 21]. On the other
hand, a lack of SDF-1α in local tissue results in impaired injury repair.
Regionally low expression of SDF-1α is the main reason for the difficult healing of diabetic
ulcers, and in vivo tracing shows that local EPC homing is disrupted [22]. The experimental
results discussed above suggested that local high concentrations of SDF-1α, and the SDF-1α
gradient in the circulation, resulted in chemotaxis, homing, and directional differentiation of
BMSCs, which is essential for vascular repair. However, within a certain range, the increasing
degree of vascular injury and tissue necrosis caused by electrical burns leads to decreases in the
local SDF-1α concentration (Fig 4). This might be the result of severe electrical burns causing
extensive tissue damage and necrosis, leaving too little residual surviving tissue to synthesize
and secrete a sufficient amount of SDF-1α for repair. In clinical practice, patients with severe
electrical burn injury often suffer from progressively worsening vascular damage, which may
be related to insufficient local SDF-1α production and impaired repair. Therefore, supplementation with exogenous SDF-1α to enhance BMSC chemotaxis and homing may be essential to
promote vascular repair.
Generating a local continuous high concentration of SDF-1α is challenging. Protein and
peptide drugs have disadvantages such as poor stability, easy degradation, and a short half-life
in the circulation [23]. Direct intravascular injection of SDF-1α results in its rapid dilution in
the blood, preventing the formation of an effective concentration gradient. Direct injection of
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Fig 7. SDF-1α-PPADT nanoparticles promote the repair of electrical burn vascular injury in rats. (A)
Hematoxylin and eosin staining of muscle and vascular tissues. Vascular morphology of the 6 s electrical burn group
injected with SDF-1α-PPADT nanoparticles is relatively intact. Endothelial cells are better organized and continuous
(arrow). In the group treated with only electrical burn and the group injected with SDF-1α, the inner vascular layer
formed protrusions into the lumen (arrow). Images on the first rows, 200 × magnification. Images on the second rows,
400 × magnification. (B) CD31 immunohistochemical staining of muscle and vascular tissues. CD31 staining is brown
and nucleus staining is blue. In the electrical burn group injected with SDF-1α-PPADT nanoparticles, more CD31
+ blood vessels are present, and the lumens are round or oval (arrow). In the group treated with only electrical burn
and the group injected with SDF-1α, the inner layer of the blood vessel is detached and the lumens are occluded
(arrow). Images on the first rows, 200 × magnification. Images on the second rows, 400 × magnification.
https://doi.org/10.1371/journal.pone.0194298.g007

SDF-1α into tissues results in its uneven distribution and easy degradation, and the efficiency
of SDF-1α in entering the circulation is uncertain. In our previous study, ROS-sensitive
PPADT was used as a nanoparticle carrier to encapsulate SDF-1α, forming SDF-1α-PPADT
nanoparticles. Importantly, high concentrations of ROS in the lesions triggered structural
changes of PPADT, releasing SDF-1α and achieving targeted therapy. This provided an effective method for achieving high local SDF-1α concentrations at the injury site and yielded a
long half-life in the circulation.
There is no universally recognized animal model for studies of vascular injury caused by
electrical burns. We used the method of Wan et al. [13] to make the equipment for generating
electrical burns. The application of a continuous shock for 6 s at 220 V in rats produced relatively consistent vascular injury. The main blood vessels in rat hind limbs are superficial and
their anatomical positions are constant. Therefore, the path for the electrical current was relatively fixed. Histopathological analysis of the damaged tissues showed that the limb vascular
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injury generated in this model was highly stable, hence suitable for experimental studies of vascular injury and repair resulting from electrical burns (Fig 2).
The key to achieving the targeted release of drugs carried by nanoparticles is to determine specific local physical, chemical, or biological characteristics at the injury site. Oxidative stress is an
important mechanism involved in many kinds of injuries [24–26]. Several studies have reported
that oxidative stress is increased locally at the sites of vascular injury [27–33] while ROS levels
remain low in normal tissues or cells [34, 35]. This study showed that ROS levels in the damaged
blood vessels remained high for a long period of time during the course of electrical burns (Fig 3).
Therefore, ROS can be used as a specific target for distinguishing damaged from normal tissue.
PPADT is ROS-sensitive due to its thioketal linkages. At high ROS concentrations, these
linkages break and PPADT depolymerizes to release the encapsulated drug, thereby achieving
targeted release [36]. At present, there are few reports on the application of PPADT as a drug
carrier. Wilson et al. used PPADT to package siRNA which was then administered orally to
treat ulcerative colitis [37]. Our research used SDF-1α-PPADT nanoparticles to mimic the
process of chemotaxis in the circulation to treat vascular disease. SDF-1α was labeled with Cy5
and the nanoparticles were injected intravenously into nude mice. In vivo imaging showed
that fluorescence was mainly distributed at the injury site, while no obvious fluorescence was
detected in normal tissues (Fig 5A). In addition, we examined the local SDF-1α concentration
at the injury site in rats after nanoparticle injection. Local SDF-1α levels were improved significantly by the injection of nanoparticles (Fig 5B). These results demonstrated that SDF-1αPPADT nanoparticles have good targeted drug release properties.
As mentioned earlier, vascular injury requires the presence of local high concentrations of
SDF-1α for BMSC chemotaxis, homing, and differentiation into EPCs, which further differentiate into vascular endothelial cells to achieve repair. To examine whether the repair achieved
with SDF-1α-PPADT nanoparticles involved BMSC chemotaxis and homing, GFP-transfected
BMSCs were injected intravenously simultaneously for tracing. The results showed that the
rats treated with SDF-1α-PPADT nanoparticles had GFP-BMSCs gathering at the site of vascular injury (Fig 6). This confirmed that SDF-1α-PPADT nanoparticles induced BMSC chemotaxis and homing to the injury site. Furthermore, in the rat model with daily tail vein
injections of nanoparticles, histopathological analyses of sample sections showed that blood
vessel morphology was relatively intact, the endothelial cell arrangement was better organized
and continuous, and the number of blood vessels was higher in the nanoparticle treatment
than that in the control group (Fig 7). These morphological analyses confirmed that nanoparticles can promote the repair of blood vessel injury.
Overall, this study achieved the targeted release of SDF-1α at the site of electrical burn
injury using SDF-1α-PPADT nanoparticles. These particles induced BMSC chemotaxis and
homing, and promoted the repair of vascular injury caused by electrical burns. This provides
an effective treatment method for vascular repair caused by electrical burns, as well as new
ideas and methods for studying the repair of other vascular lesions.
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