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A B S T R A C T

Gold nanorods have been studied extensively in the field of tumor therapy but have not been explored in the
treatment of venous malformation (VM), which is a common vascular disease in clinic practice lacking an
effective therapeutic approach. Herein we reported a nanoplatform of CD31 antibody-conjugated gold nanorods
for the photothermal therapy of venous malformation. We immobilized CD31 antibodies on gold nanorods using
standard 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC)/N-hydroxysulfosuccinimide sodium (NHS)
amine coupling strategies. Besides, a VM xenograft model suitable for testing therapeutic efficacy was established
by isolating and culturing VM patient endothelial cells. In vitro experiments indicated that anti-CD31 gold
nanorods (GNRs) combined with photothermal therapy (PTT) contributed to the suppression of proliferation and
activation of the apoptosis pathway. For in vivo experiments, anti-CD31 GNRs were locally injected into VM
xenograft models followed by near infrared (NIR) 808 nm laser irradiation. Notably, VM on the mice was
destroyed and absorbed. The anti-CD31 GNRs nanoplatform may serve as a new strategy for the treatment of VM
which is of good biosafety and high value of applications.
1. Introduction

Venous malformation (VM) is the most common type of vascular
malformation, with an estimated prevalence of 1% [1,2]. VM consists of
dysplastic venous channels, which are usually found in the head, neck,
limbs, and trunk [3]. VM patients have extremely different symptoms
such as severe pain, impaired joint function, craniofacial implications,
episodic bleeding, and cardiac defects, which eventually result in critical
conditions [3]. Conventional treatments include medication, interven-
tional management, surgical excision, and laser ablation. Despite
personalized multiple strategies being used, micro-venous channels
infiltrating into soft tissue cannot be completely excised or cured. Recent
studies have shown that pharmacological blockade of signaling pathways
may be a feasible strategy. Sirolimus and rapamycin have been tested in
patients with slow-flow VM lesions and have achieved some progress
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[4–6]. However, these medications lack tissue selectivity and generally
correlate with serious side reactions, including bone marrow suppres-
sion, mouth sores, and metabolic disturbances [7]. The recurrence of VM
and multiple complications remain challenges for many patients, and an
effective minimally invasive approach is lacking.

Photothermal therapy (PTT) exhibits attractive technological pros-
pects and clinical potentials [8,9]. PTT is an effective, minimally inva-
sive, and high biocompatibility method. Near infrared (NIR) light can be
converted into heat energy by photothermal conversion agents, causing
multiple cell physiological processes, such as membrane damage, protein
degeneration, and cell death [10,11]. Most researches focused on the
diagnosis and treatment of tumors using PTT rather than vascular dis-
eases [12–14]. Some works have explored the therapeutic effect of PTT
on atherosclerotic diseases by eliminating inflammation and intimal
hyperplasia of the vascular system [15,16], while studies that
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investigated PTT on VM are still missing.
Among photothermal conversion agents, gold nanorods (GNRs) have

broad application prospects in nanobiology and biomedicine because of
their unique optical activity, simple synthesis method, stable chemical
properties, good biocompatibility, and easy surface modification
[17–19]. Different organic ligands such as peptides, antibodies, and oli-
gonucleotides can be anchored to the surface of GNRs to achieve various
bio-functions [20]. The IgG antibody has been proved to be an eligible
agent to promote selective interactions with the targeted cells and
cellular uptake. Despite substantial efforts, there is no specific biomarker
has been found between venous malformation endothelial cell (VM-EC)
and normal endothelial cell (EC) [21,22]. Fortunately, platelet endo-
thelial cell adhesion molecule-1 (CD31) is a marker for EC which is
highly expressed in the membrane of VM-ECs, and the CD31 antibody
conjugated GNRs may achieve efficient localization in the target tissues
[23,24].

To be in accordance with different research purposes, diverse VM
models have been established, ranging from those based on venous
structures to those based on gene manipulation techniques. However, to
our knowledge, no VM model was specifically designed or tested for
photothermal therapy research. A VM xenograft model suitable for
photothermal therapy research has some requirements, including a stable
modeling procedure, suitable size of VM lesions to match laser in-
struments, and high growth velocity to improve research efficiency. In
this work, we isolated and characterized VM-ECs from patient tissues and
established a xenograft model of VM which remains the integrity of ge-
netic materials and may be appropriate for PTT research. Besides, we
synthesized and characterized the antibody-conjugated GNRs and
explored the effectiveness and underlying mechanisms. The synthesized
GNRs were first modified with polyethylene glycol (PEG) to avoid
nanoparticle agglomeration, and then the CD31 antibodies were conju-
gated to the surface of the GNRs. Irradiation of 808 nm NIR laser
exhibited a synergistic biological effect by promoting apoptosis and
inhibiting proliferation on VM-ECs engulfing anti-CD31 GNRs. As far as
we know, this research is the first to focus on the PTT of VMs by nano-
materials, which may inspire further research in the photothermal
therapy of vascular malformation diseases.

2. Materials and methods

2.1. Synthesis of GNRs

According to the previous protocols, the GNRs were prepared by the
seed-mediated method [25,26]. Briefly, cetyltrimethylammonium bro-
mide (CTAB) (5 mL, 0.2 mol L�1) in an aqueous solution and a solution of
HAuCl4⋅3H2O (10.0 mL, 0.5 mmol L�1) were mixed to prepare the seed
solution. Then, a mixture of NaBH4 (1.2 mL, 0.01 mol L�1) and the seed
solution was made under stirring and the solution mixture was kept at 27
�C for 2 h without agitating. To prepare the growth solution, following
aqueous solutions including AgNO3 (3.0 mL, 4.0 mmol L�1), CTAB (50
mL, 0.2 mol L�1), HAuCl4⋅3H2O (100 mL, 1.0 mmol L�1), and ascorbic
acid (1.4 mL, 80mmol L�1) were mixed. To initiate the growth procedure
of nanorods, an aliquot (0.12 mL) of the seed solution was added to the
growth solution. Afterward, the mixture was stirred for 10 s and was then
allowed to stand for 4 h. Finally, the GNRs were collected by
centrifugation.

2.2. Synthesis of GNRs-PEG conjugated to CD31 antibody

To prepare gold nanorods attached with PEG, GNRs were transferred
into acetate buffer at a pH of 5 containing cetrimonium bromide. After a
reaction of 30 min, COOH-PEG-SH was added and the mixture was kept
reacting for 90 min. Then, the mixture was transferred into a MES buffer
containing NaCl and polysorbate 20 [27]. EDC/NHS linking chemistry
was applied for the attachment of GNRs-PEG and CD31 antibodies [27,
28]. GNRs-PEG were mixed with an equal volume of 48 mM EDC and 12
2

mMNHS. After reacting for 15 min, 20 ppm CD31 antibody inMES buffer
which contains 120 mM NaCl and 0.005% (v/v) polysorbate 20 were
added into the suspension. After 1 h, 10 mM 2-methoxyethylamine was
added into the mixture to block unreacted succinimide ester. Finally, the
anti-CD31 GNRs were collected into sterile PBS after three cycles of
centrifugation. In addition, part of the product was mixed with 5-Carbox-
yfluorescein (5-FAM) in MES and vortexed overnight under dark condi-
tions. 5-FAM labeled nanorods were harvested by centrifugation for three
cycles.

2.3. Materials characterization

Ultraviolet–visible (UV–vis) spectrum and TEM were used to validate
that GNRs were synthesized correctly. Ultraviolet–visible absorption
spectra were detected on Cary 50 UV–vis spectrometer and TEM (CM12,
Philips, the Netherlands) was performed to characterize the size, shape,
and morphology of the GNRs. Fourier transform infrared spectroscopy
(FTIR) spectra were collected using a Nicolet 6700 FTIR spectrometer
(Thermo Scientific, USA). Coomassie staining was performed by the Bio-
Safe™ Coomassie stain (BIORAD) to validate that anti-CD31 GNRs were
synthesized correctly. Briefly, the surface proteins on anti-CD31 GNRs
were separated by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis and the gel was stained with Coomassie Brilliant Blue. A digital
camera was used to characterize and image the protein components.

2.4. Isolation of human VM-ECs

VM tissues were obtained from clinical patients who underwent
resection surgeries of their VMs. This study was approved by the Human
Ethics Committee of Shanghai Ninth People's Hospital, Shanghai Jiao
Tong University School of Medicine. Informed consents were signed by
all patients. After immediately sterilely transported to the central labo-
ratory, the VM tissues were minced and digested for cell isolation. The
tissues were scissor minced on ice and digested in 10-cm dishes with 10
mL of Dulbecco's modified Eagle medium (DMEM, Gibco), 1X Ca2þ/Mg2þ

which was dissolved in phosphate-buffered saline solution (PBS, Thermo
Fisher), 2% fetal bovine serum (Gibco) and 1 mg/mL of collagenase A
(Roche) for 30 min at 37 �C [24]. Next, the digested tissues were ho-
mogenized by 5 mL of PBS supplemented with 5% pen-
icillin–streptomycin–glutamine (PSG; Gibco) three times. A 100 μm cell
strainer was used for filtering dissociated tissues and the liquid was
centrifugated for 6 min at 1500 rpm. The pellet was mixed with endo-
thelial growth medium-2 (EGM-2; CC-3156; Lonza), which was supple-
mented with 20% FBS and 2% PSG. Then the mixture was cultured onto
10 cm dishes coating with 1 μg/cm2 of fibronectin (Millipore). Cells were
trypsinized with 0.05% trypsin-EDTA (Invitrogen) and centrifugated for
6 min at 1500 rpm when they grew to 80%–90% confluency. Afterward,
CD31 positive cells were sorted using anti-CD31 antibody-conjugated
magnetic beads (Miltenyi Biotech). These purified VM-ECs were cultured
on fibronectin-coated plates at 37 �C, 5% CO2 supplemented with EGM-2,
20% FBS, and 2% PSG.

2.5. Identification of human VM-ECs, HUVECs and HUSMCs

The VM-ECs were identified by immunofluorescence and western
blot. Human umbilical vein endothelial cells (HUVECs) and human
uterine smooth muscle cells (HUSMCs) were identified by immunofluo-
rescence staining. For immunofluorescence assay, VM-ECs, HUVECs and
HUSMCs were fixed with cold methanol (Fisher Chemicals) at 4 �C for 10
min and blocked in 5% horse serum (Vector Laboratories) in PBS. Anti-
CD31 (1:50, Dako), anti-von Willebrand Factor (vWF) (1:100, Dako),
anti-VE-Cadherin (1:50, Santa Cruz), anti-α-SMA (1:500, Sigma) and
anti-PROX1 (1:50, R&D Systems) were incubated with primary antibody
for 1 h followed by FITC which conjugated with secondary antibodies
(1:200, Vector Laboratories). Nuclei were detected by DAPI counterstain
(ProLong Gold Antifade Reagent with DAPI; Life Technologies).
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Fluorescent images were acquired using an immunofluorescence micro-
scope (Nikon). Western blot assays were performed as previously
described [24].

2.6. Cell culture, cellular uptake, and cell viability assay

VM-ECs were fed with endothelial cell growth medium (ECGM) (Cell
Applications)/10% FBS (HyClone). HUVECs were purchased from
Shanghai Institute, Chinese Academy of Sciences and HUSMCs were
purchased from ATCC. HUVECs and HUSMCs were cultured in high
glucose dulbecco's modified eagle medium (DMEM) supplemented with
10% FBS. TEM assay and 5-FAM fluorescence assay were performed to
visualize cell conditions and uptake by coculturing VM-ECs with 80 ppm
GNRs, anti-CD31 GNRs, or 5-FAM-anti-CD31 GNRs for 2 h or 12 h. After
that, part of the cells was treated with an 808 nm NIR laser for 5 min.
Finally, both irradiated and unirradiated cells were collected and
detected by TEM or an immunofluorescence microscope.

To explore the cytotoxicity and PTT efficiency of anti-CD31 GNRs
with or without irradiation, VM-ECs and HUVECs were cultured with
different concentrations of anti-CD31 GNRs (0, 20, 40, 80, 120, 160, 320
ppm) for 12 h and a CCK-8 cytotoxicity assay was performed. Briefly,
cells were plated in 96-well plates, processed according to the manu-
facturer's instructions (CCK8 Dojindo CK04-05), and quantified on a
Versa Max microplate reader (Molecular Devices). Then VM-ECs co-
cultured with 80 ppm GNRs or anti-CD31 GNRs were irradiated by
different power densities (0, 0.28, 0.56, 0.84, 1.12 W/cm2) or different
irradiation times (0, 1, 3, 5, 7, 9 min). In another setup, a CCK-8 cell
proliferation assay was performed in which the CCK-8 solution was
added at day 1, day 3, and day 5 to identify the PTT efficiency of the
chosen concentration of anti-CD31 GNRs combined with the appropriate
power density on VM-ECs. Part of the treated VM-ECs were cultured for
another 12 h to perform a live/dead cell viability assay (Dojindo Labo-
ratories, Shanghai, China). Immunofluorescent pictures were acquired
using an immunofluorescence microscope (Nikon).

2.7. Flow cytometry analysis

Flow cytometry was applied for cell apoptosis with Annexin V/PI
double staining (BD pharmingen). For the anti-CD31 GNRs group and
anti-CD31GNRs þ Laser group, the VM-ECs were co-cultured with anti-
CD31 GNRs for 12 h when they reached 80%–90% confluency. After
incubation, cells were washed with PBS three times. For the anti-CD31
GNRs þ Laser group, the VM-ECs were followed by irradiation with
808 nm NIR laser at 0.56W/cm2 for 5 min. Next, cells were collected and
resuspended in a 100 μl binding buffer. A solution of 5 μl Annexin V-FITC
and 5 μl PI were added and the cell suspensions were maintained from
light for 15 min. A FACS Calibur flow cytometer (BD Biosciences, USA)
was used to detect the fluorescence.

2.8. Western blot analysis

To evaluate the influence of nanorods and NIR laser irradiation on the
phenotype of VM-ECs, a Western blot analysis was performed. VM-ECs
were divided into 3 groups: the blank control group, the anti-CD31
GNRs group, and the anti-CD31 GNRs þ Laser group. VM-ECs cultured
in 6-well plates to an 85–90% confluency were harvested and centri-
fuged. The total cell protein was extracted using the BCA protein assay
kit, separated by sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE), and transferred into the polyvinylidene fluoride
membrane (Sigma Aldrich, USA). Then skim milk was used to block the
membrane and then it can be incubated with the following primary an-
tibodies: rabbit monoclonal anti-cleaved-caspase 3, rabbit monoclonal
anti-cleaved-caspase 9, rabbit monoclonal anti-Bax, rabbit polyclonal
anti-Bcl-2, rabbit monoclonal anti-Phospho-PI3K (Y458), rabbit mono-
clonal anti-PI3K, rabbit monoclonal anti-Phospho-AKT (S473), rabbit
monoclonal anti-AKT, rabbit monoclonal anti-Ki67, rabbit monoclonal
3

anti-IL-1β, and mouse monoclonal anti-β-actin. Samples were washed
with TBST and respective secondary antibodies were incubated for 1 h.
Finally, an enhanced chemiluminescence system was utilized to detect
the immunoreactive bands.
2.9. Animal model and in vivo PTT

Animal experiments and animal care were performed in accordance
with the protocols approved by the Animal Experiment and Care Com-
mittee of Shanghai Ninth People's Hospital, Shanghai Jiaotong University
School of Medicine. After the cell expansion, HUVECs (2.5–3.5 � 105),
VM-ECs (2.5–3.5 � 105) and HUVECs (2.5–3.5 � 105) þ HUSMCs
(2.5–3.5 � 105) were suspended in Matrigel™ (Corning) and injected
subcutaneously into one flank of 6-7-week old male athymic nu/nu mice
purchased from Shanghai Southern Model Biotechnology Co. Ltd
(Shanghai, China). Five days after modeling, 75 μL PBS solution and 75
μL 80 ppm anti-CD31 GNRs were locally injected into12 and 24 mice,
respectively. Twelve hours after the injection, an 808 nmNIR laser with a
power density of 0.56 W cm�2 was used for direct irradiation. Thermal
imaging was performed using a FLIR A300 infrared camera with
ResearchIR software to record the real-time infrared thermal images and
temperature. Part of the lesions were dissected 1, 3, and 5 days after VM
xenograft modeling. Other lesions and major organs were dissected 3
days and 7 days after NIR irradiation. The dissected lesions and major
organs were fixed in 10% formalin then embedded as paraffin. Hema-
toxylin and Eosin (H&E) staining was performed in major organs and five
images were taken randomly per section using EVOS (Life Technologies).

To further evaluate in vivo biocompatibility of anti-CD31 GNRs
including hematology, liver, and kidney functions, blood samples of the
mice 7 days after different treatments were collected. By centrifuging the
samples for 15 min at 3500 rpm, serum was obtained and stored at 20 �C.
Whole blood was stored in EDTA anticoagulant tubes at 4 �C.
2.10. In vivo biodistribution

To study the biodistribution of nanoparticles, VM xenograft mice (n
¼ 3 each group) received a local injection into VM lesions of 75 μL GNRs
solution or anti-CD31 GNRs solution at a dose of 5 mg/kg based on Au.
Twelve hours after the injection, all mice were euthanized and their
hearts, livers, spleens, lungs, kidneys and VMs were dissociated. Organs
and VMs were weighed with an electronic scale and Au content of organs
or VMs was quantified with ICP-MS.
2.11. Immunohistochemical and immunofluorescence analysis

The immunohistochemical and immunofluorescence staining were
adopted to observe the pathological morphology and evaluate the effi-
cacy of PTT as previously described [24]. For immunohistochemical
analysis, an anti-CD31 antibody (77,699, Cell Signaling) was used. For
immunofluorescence, FITC/Texas Red-conjugated secondary antibody
(1:200, Vector Laboratories) was used. Samples were mounted using
Prolong Gold with DAPI. A Nikon light microscope (Nikon Corp. Tokyo,
Japan) was used for image acquisition. Vascular area quantification was
performed by ImageJ software.
2.12. Statistical analysis

All quantitative data were presented as mean � standard deviation
(SD) from three independent experiments. Statistical analyses were
performed using GraphPad Prism. The student's t-test or one-way analysis
of variance (ANOVA) was performed as appropriate. *P < 0.05, **P <

0.01, and ***P < 0.001.



Scheme 1. Schematic design of CD31 antibodies combined with PEG-GNRs for photothermal therapy of venous malformations.
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3. Results and discussion

3.1. The synthesis and characterization of GNRs and anti-CD31 GNRs

The synthesis procedure of anti-CD31 GNRs is shown in Scheme 1.
GNRs were synthesized and characterized by TEM and UV–vis–NIR. The
TEM picture showed GNRs with a size of about 65nm � 15 nm were in
good monodispersity (Fig. 1A, Fig. S1). It is considered that 50 nm is
appropriate for tumor therapy and 20 nm is suitable for diagnostic tools
[29]. Nanorods with small size (<40 nm) have a greater possibility to
induce cell damage, while larger nanorods may be quickly metabolized
through visceral pathways [30–33]. Therefore, our GNRs may be suitable
for photothermal treatment of venous malformations. The UV–vis spec-
trum revealed that the GNRs had a sharp absorption peak at 840 nm
which indicated their strong NIR absorption ability (Fig. 1B).

To achieve better biocompatibility and higher phagocytosis rate,
GNRs were modified with PEG chains followed by the binding of CD31
antibodies to the surface of PEG-GNRs which was performed by NHS/
EDC chemistry [29]. An absorption band at 1100 cm�1, which is asso-
ciated with C–O–C stretching of PEG, confirms the successful PEGylation
of the GNRs (Fig. S2). The final product was analyzed by SDS-PAGE.
According to Fig. S3, the product of the anti-CD31 GNRs group had
bands which were similar to the CD31 antibody group, indicating that
CD31 antibody-modified GNRs were successfully synthesized.

To evaluate the photothermal effect of different concentrations of
anti-CD31 GNRs, the temperature evolution under continuous laser
irradiation of 808 nm was mapped and quantified by real-time thermal
imaging using a thermal camera. As shown in Fig. 1C, D, the nanorod
solutions achieved significant increases in solution temperature by 13.3,
19.7, and 26.7 �C following irradiation for 5 min (0.56 W/cm2) at 20, 40,
80 ppm respectively, while the temperature of the PBS was slightly
changed. These results indicated that anti-CD31 GNRs can convert the
808 nm NIR laser energy into heat energy efficiently and rapidly.
3.2. Isolation and characterization of ECs from tissue of VM lesions

VM-ECs were successfully isolated from 3 VM samples, and one
4

primary VM-EC strain with the best growth status was chosen for further
experiments. The sorted VM-ECs exhibited the same “cobblestone”
morphology as HUVECs (Fig. 2A). Besides, VM-ECs expressed EC-specific
cell markers CD31, VE-Cadherin, and vonWillebrand Factor (vWF) but no
lymphatic marker Prox1 or smooth muscle marker α-SMA. On the con-
trary, HUSMCs expressed smooth muscle marker α-SMA which was
shown in Fig. S4. The western blot analysis revealed a significant phos-
phorylation activation of TIE2 protein (Fig. 2B C) and aberrant activation
of PI3K/AKT pathway in the VM-EC population compared to HUVECs,
indicating a representative strain was isolated from sporadic VMs
(Fig. S5). These results verified the purified VM-ECs cell line was suc-
cessfully established.
3.3. Construction of VM-EC xenograft model in nude mice

Venous malformations are congenital developmental malformations,
which are characterized by a single layer of endothelial cells forming
anomalous blood vessels surrounded by disorganized smooth muscle
cells and pericytes [34,35]. By now, a few animal models have been
constructed for different applications. Castel used PIK3CASprr2f�Cre mice
to develop spinal and cutaneous VMs [22]. Boscolo and Goines generated
xenograft VM models by injecting the mixture of HUVEC-TIE2-L914F or
VM-ECs with Matrigel subcutaneously into immune-deficient mice [5,
24]. Using HUVEC mutated cell line can obtain quickly enlarged VM
lesions and stable modeling procedures. However, there are differences
in cellular activities between HUVECs and VM-ECs which may not be
represented in HUVEC-TIE2-L914F model. Using primary VM-ECs can
protect the integrity of genetic materials and achieve a similar physio-
logical environment in vivo. Different from tumor cells, VM-ECs are not
highly proliferative or invasive cells and a subcutaneous transplantation
environment may be not suitable for the early survival and the growth of
VM-ECs after transplantation, though matrigel promotes proliferation
and tube formation to some extent [21]. Therefore, we aimed to provide
a modified method that can accelerate the speed of enlargement of VM
lesions while remain the integrity of genetic materials by using primary
VM-ECs. We mixed VM-ECs and HUSMCs at a ratio of 1:1 and resus-
pended in Matrigel (Fig. 3). This modified model has early appearance of



Fig. 1. Synthesis and characterization of the GNRs and anti-CD31 GNRs. (A) TEM image of GNRs. (B) UV–vis spectrum of the GNRs' solution. (C) Photothermal effect
of different concentrations of the anti-CD31 GNRs (0, 20, 40, 80 ppm) illuminated with 808 nm NIR laser (0.56 W cm�2). (D) Temperature profile of various groups
after being irradiated with 808 nm NIR laser for 5 min.

Fig. 2. Characterization of VM-ECs and relative
marker expression (A) VM-ECs and HUVECs stained
positive for endothelial markers CD31, VE-Cadherin
and vWF while negative for smooth muscle marker
α-SMA and lymphatic marker Prox1. (B, C) Western
Blot analysis of TIE2 activation difference between
VM-ECs and HUVECs which indicated an elevation of
phosphorylation TIE2 in VM-ECs. β-actin served as a
loading control. The one-way analysis of variance was
performed to compare data between groups. *P <

0.05; **P < 0.01.
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Fig. 3. Schematic of VM xenograft modeling approach (drawn by Figdraw).

Fig. 4. Representative TEM images of VM-ECs with or without anti-CD31 GNRs and laser irradiation. (A) Normal VM-ECs without anti-CD31 GNRs. (B) VM-ECs co-
incubated with 80 ppm GNRs and no significant organelle injuries were observed. However, only a small amount of GNRs were phagocytosed by the VM-ECs. (C) VM-
ECs co-incubated with 80 ppm anti-CD31 GNRs demonstrated more significant phagocytosis of the nanoparticles and no organelle injuries were observed. (D) After 12
h of coculturing with 80 ppm anti-CD31 GNRs and exposure to an 808 nm NIR laser at a power density of 0.56 W cm�2 for 5 min, VM-ECs showed some nucleus
karyotheca were dissolved and broken, and some remaining anti-CD31 GNRs were internalized in the cytoplasm of the cell. (E) High magnification of image (A). (F)
High magnification of image (B). (G) High magnification of image (C). (H) High magnification of image (D).
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pathological structures similar to human VMs, such as wide deformed
venous lumens and loose endothelial structures (Fig. S6). This may be
because the interaction between HUSMC and VM-ECs creates a patho-
logical environment that is more in line with the survival of VM-ECs.
3.4. Cellular uptake of anti-CD31 GNRs

Before determining the cytotoxicity and photothermal properties of
anti-CD31 GNRs on VM-ECs, we explored the phagocytosis of VM-ECs by
5-FAM fluorescence assay and TEM. As shown in Fig. S7, VM-ECs could
gradually take up 5-FAM-anti-CD31 GNRs. Fig. 4A and E are normal VM-
ECs while Fig. 4B, C, D, F, G, and H are VM-ECs co-incubated with anti-
CD31 GNRs. After 12 h of coculture with 80 ppm anti-CD31 GNRs, VM-
ECs engulfed several nanorods and no significant organelle injures were
observed. While cells demonstrated significant nuclear lysis after being
6

exposed to 808 nmNIR laser for 5 min. The TEM assay indicated that PTT
combined with anti-CD31 GNRs could trigger significant death of VM-
ECs.
3.5. In vitro photothermal therapy

The cytotoxicity of anti-CD31 GNRs was reflected by the relative
viability of cells with different concentrations. As shown in Fig. 5A, no
adverse effect was observed in both HUVECs and VM-ECs with the con-
centration of 80 ppm while both kinds of cells demonstrated a significant
decrease in cell viabilities with a concentration of �120 ppm. Therefore,
anti-CD31 GNRs with a concentration of 80 ppm was selected as the
appropriate condition for co-incubation with VM-ECs in subsequent ex-
periments. Next, the effects of a certain concentration of nanorods with
different NIR laser power densities on VM-ECs were evaluated. With the



Fig. 5. Assessment of in vitro photothermal therapy. (A) Cytotoxicity of anti-CD31 GNRs on HUVECs and VM-ECs. (B) Cytotoxicity of VM-ECs co-incubated with 80
ppm GNRs or anti-CD31 GNRs and treated with different NIR power densities for 5 min. (C) Cytotoxicity of VM-ECs co-incubated with 80 ppm GNRs or anti-CD31
GNRs and treated with 808 nm NIR laser (0.56 W cm�2) for different time durations. (D) The cell proliferation assay to identify the PTT efficiency of the concentration
of 80 ppm anti-CD31 GNRs combined with the power density of 0.56 W/cm2 on VM-ECs. (E, F) Representative images of Calcein AM (green)/PI (red) staining after
incubation with the anti-CD31 GNRs with or without NIR laser irradiation (808 nm, 0.56 W cm�2). The green and red areas represent the regions of living and dead
cells, respectively. Values are expressed as mean � SD. *p < 0.05, **p < 0.01. (n ¼ 3). All scale bars are 200 μm.
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increase of laser power densities, the viability of VM-ECs progressively
decreased and 0.56 W/cm2 was proved to be an appropriate laser power
density with approximate cell viability of 50% (Fig. 5B). The influence of
NIR irradiation time was then analyzed indicating 5 min of irradiation
contributed to proper therapeutic effect (Fig. 5C). Furthermore, we
performed a cell proliferation experiment lasting for 5 days. As shown in
Fig. 5D, the viability of VM-ECs in the anti-CD31GNRsþ Laser group was
markedly inhibited in 24 h and showed no increase in the following 5
days. The photothermal effect was also detected visibly by using the
LIVE/DEAD cell staining (Fig. 5E and F). As shown in Fig. 5F, the via-
bilities were 99.64%� 0.36%, 98.27%� 1.63%, and 47.05%� 7.05% in
groups of control, anti-CD31GNRs, anti-CD31GNRs þ Laser respectively.
These results verified the satisfactory therapeutical effect of PTT in vitro.
However, the underlying treatment mechanisms needed to be clarified.

Gold nanoparticles are particularly effective in damaging tumor cells
via several pathways, including stimulation of pro-apoptotic protein
expression, inhibition of tumor cells migration, and suppression of
epithelial-to-mesenchymal transition [36–38]. The process of necrosis
has the potential to amplify tissue inflammation and contribute to severe
tissue damage while apoptosis is a preferred mode of cell death avoiding
collateral damage and inflammation. However, whether the photo-
thermal effect of anti-CD31 GNRs triggered VM-ECs death via necrosis or
apoptosis was still unclear. To definitively address this issue, the treated
cells were analyzed by flow cytometry and Western Blot assays. Flow
cytometric analysis of cell apoptosis showed that the percentage of
VM-ECs apoptosis for group anti-CD31 GNRs þ Laser was significantly
lower than the anti-CD31 GNRs group and control group (Fig. 6A).
Western Blot assays showed that the mitochondrial apoptosis pathway
was activated (Fig. 6B and C). Moreover, to discover other underlying
mechanisms of the therapy, we tested other proteins, including Ki-67 for
cell proliferation, IL-1β for inflammation, and the well-known PI3K/AKT
pathway (Fig. 6D and E). We found a significantly lower expression of
Ki-67, IL-1β and TNF-α in the anti-CD31 GNRs þ Laser group which
7

indicated the therapy could effectively inhibit the proliferation of
VM-ECs and avoid strong inflammatory responses. Aberrant signal
transduction in the PI3K/AKT pathway is one of the major pathogenic
factors of venous malformations [5,21]. Studies have proved that mu-
tations in TIE2 can increase TIE2 autophosphorylation level and result in
aberrant activation of PI3K/AKT pathway, followed by vascular
morphogenesis, and finally lead to venous malformations. Phosphoryla-
tion of PI3K and AKT indicated the activation of this signal pathway. In
the present experiments, the phosphorylated PI3K and AKT expression of
VM-ECs cocultured with anti-CD31 GNRs were significantly decreased
after photothermal irradiation. In the other two groups, aberrant acti-
vation of the signal pathway still existed. To conclude, the therapeutic
effect may be the result of both the activation of the mitochondrial
apoptosis pathway and the inhibition of the PI3K/AKT pathway.

3.6. In vivo therapeutic efficacy of PTT

Amodified xenograft VMmousemodel was constructed to investigate
the therapeutic effect of anti-CD31 GNRs with laser irradiation. A solu-
tion of 80 ppm anti-CD31 GNRs (75 μL) or PBS was injected into xeno-
graft site locally. After 12 h of the injection, one of the experiment group
and PBS group were chosen to receive local irradiation (0.56 W cm�2) by
using an 808 nmNIR laser for 5min. In vivo photothermal imaging of VM
xenograft nude mice after different treatments (PBSþ Laser or anti-CD31
GNRsþ Laser) were recorded (Fig. 7A and B). As the figure presented, the
injection of anti-CD31 GNRs accompanied with laser irradiation led to
significant thermal contrast, with the highest temperature reached to
46.3 �C, indicating the optimal condition among groups. In contrast, the
temperature in the VM xenograft site only increased by 4.9 �C after being
treated with PBS under 808-nm laser irradiation for 5 min.

Three days and seven days after laser irradiation, the VM xenograft
samples were collected from sacrificed mice and prepared into paraffin
sections. Then the immunofluorescence and immunohistochemistry



Fig. 6. Anti-CD31 GNRs-based PTT induced apoptosis and proliferation suppression in vitro. (A) Flow cytometric analysis of cell apoptosis of VM-ECs after incubation
with anti-CD31 GNRs treated with or without PTT. (B, C) Western blot analysis of apoptosis-related proteins in VM-ECs treated with or without laser irradiation. (D, E)
Western blot analysis of the proliferation, inflammation, and PI3K/AKT signaling pathway-related proteins in VM–ECs treated with or without laser irradiation. The
β-actin protein level was used as a control. (n � 3, *P < 0.05, **P < 0.01).
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staining were performed. VM sections were profiled by immunofluores-
cence microscopy for CD31 and α-SMA expression which are ECs-specific
and SMCs-specific markers, respectively. As shown in Fig. 7C and F, in
the control group and anti-CD31 GNRs group, typical VM lesions were
observed which are characterized by ectatic EC-lined channels covered
by rare and abnormally distributed SMCs. The numbers of VM-ECs were
counted on day3 and day7 (Fig. 7D, G). The anti-CD31 GNRs þ Laser
group showed significantly fewer VM-ECs and smaller lumens or disor-
ganized vessel structures were observed either (Fig. 7E, H).
8

Immunofluorescence analysis showed that the vessel area of the anti-
CD31 GNRs þ Laser group was only approximately 25% on day 3 and
12% on day 7 compared to the control group and no typical enlarged
channel was observed on day 7 (Fig. 7E, H). These results demonstrated
the effectiveness of PTT with anti-CD31 GNRs for the treatment of VM in
vivo.

Furthermore, GNRs and anti-CD31 GNRs were locally injected into
VM lesions and tissue uptake of the nanorods was measured in terms of
Au content through ICP-MS. The results demonstrated that the Au



Fig. 7. Anti-CD31 GNRs-based PTT eliminated VM lesions in vivo. (A, B) In vivo thermal images and temperature changes of VM xenograft mice after different
treatments when exposed to an 808 nm laser at 0.56 W/cm2 for 5 min. (C) Treatment effect of NIR irradiation. Immunofluorescence staining of CD31, α-SMA, and
DAPI after 3 days. (D) Statistical analysis of VM-ECs per area 3 days after different treatments. (E) Statistical analysis of relative luminal area 3 days after different
treatments. (F) Treatment effect of NIR irradiation. Immunofluorescence staining of CD31, α-SMA, and DAPI after 7 days. (G) Statistical analysis of VM-ECs per area 7
days after different treatments. (H) Statistical analysis of relative luminal area 7 days after different treatments. Scale bars ¼ 50 μm *P < 0.05, **P < 0.01, ***P
＜0.001.
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Fig. 8. H&E staining of slices of the heart, liver, spleen, lung, and kidney from xenograft nude mice after different treatments for 7 days. All of the organs appear
histologically normal. Scale bars ¼ 100 μm.
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content of VM xenograft lesion in anti-CD31 GNRs group was signifi-
cantly higher than GNRs group (Fig. S8).
3.7. In vivo biocompatibility

To evaluate the biocompatibility, mice were sacrificed 3 days and 7
days after PTT treatment. HE staining of major organs was performed,
including heart, liver, spleen, lung, and kidney (Fig. S9 and Fig. 8). No
obvious tissue damage was found in comparison with the control group.
Besides, there was no obvious difference in the hematology, liver, and
kidney functions among these groups (Fig. S10). The phenomenon
indicated that the application of anti-CD31 GNRs-based PTT in VM
treatment was safe and feasible.

4. Conclusion

In the present study, we successfully synthesized non-toxic and good
biocompatible anti-CD31 GNRs which could be applied specifically to
treat venous malformations. In vitro experiments demonstrated effective
ablation of PTT at specific conditions on VM-ECs. For in vivo experi-
ments, we modified a VM xenograft model and confirmed that an in-
jection of anti-CD31 GNRs followed by 808 nm NIR laser significantly
reduced VM-EC number and lumen area. Potential mechanisms were
explored but remain speculative. Further studies could focus on param-
eter adjustment to improve therapeutic effects, specific mechanisms of
the PTT on VM, andmultiple applications for this VM xenograft model. In
conclusion, our study has proved that anti-CD31 GNRs with 808 nm NIR
laser is a promising strategy for VM treatment.
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