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Vascular-targeted photothermal therapy of an 
orthotopic murine glioma model

Angiogenesis plays a critical role in tumor 
progression, and gliomas are among the most 
densely vascularized tumors. Consequently, 
there has been a surge in the number of antian-
giogenic therapies available for glioma [1]. We 
previously proved that nanoshell (NS)-mediated 
photothermal therapy (PTT) improves survival 
time in a subcutaneous glioma model [2], and 
here, we apply targeted PTT to disrupt vascula-
ture in orthotopic gliomas because this approach 
is simple, minimally invasive and should have 
limited side effects. In PTT, exposure to near-
infrared light causes gold-based nanoparticles 
within a tumor to produce heat sufficient to 
induce cell death through mechanisms such as 
protein denaturation and cellular membrane 
rupture [3,4]. While this approach has previously 
been aimed directly towards cancerous cells, 
here we apply PTT to destroy endothelial cells 
forming tumor vessels via the same mechanisms 
of action. Killing the endothelial cells should 
inhibit vessel functionality, reducing the blood 
supply to the tumor. This physical disruption 
of angiogenesis should be less susceptible to the 
cellular escape mechanisms that have plagued 
other therapies. For example, gliomas treated 
with monoclonal antibodies upregulate cyto-
kines and endothelial cell survival factors such 
as PDGF/PDGF receptor‑b and Ang-1/Tie2 [5], 
and undergo a metabolic switch toward glyco
lysis that promotes further invasion of tumor 

cells into the normal brain [6]. Disruption of 
vessels with PTT should avoid such resistance. 
To date, nanoparticles explored for PTT include 
silica core/gold-shell nanoparticles (NSs) [7,8], 
hollow-gold nanospheres [9], nanorods [10,11], 
gold–gold sulfide nanoparticles [12,13], nano-
cages [14], copper sulfide nanoparticles [15,16] and 
gold spheres [17]. NSs were chosen for this work 
because they are simple to fabricate, contain a 
biologically inert gold surface that is readily 
available for conjugation to desired biomole-
cules and have a high per-particle photothermal 
transduction cross-section [18].

In the process of tumorigenesis, genetic 
alterations within cancer cells often induce 
upregulation of cell surface receptors; these 
‘molecular markers’ distinguish diseased tissue 
from normal tissue, enabling targeted therapies. 
Nanoparticles have been coated with antibod-
ies [19,20], aptamers  [21], or peptides [9] to direct 
them toward specific tumor cell populations with 
unique surface markers upon extravazation from 
the bloodstream. However, areas of increased 
vascular permeability are spatially nonuniform 
in tumors, leading to irregular blood flow and 
high interstitial pressures that hinder the deliv-
ery of these agents to the tumor interstitial 
space via the ‘enhanced permeability and reten-
tion effect’ [22]. Targeting markers selective for 
tumor vessels avoids delivery difficulties since 
luminal endothelial cells are readily accessible to 
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circulating compounds and tissue penetration is 
not required for the therapeutic agent to reach 
its target [23]. This accessibility is particularly 
important for gliomas, since difficulty crossing 
the blood–brain barrier has limited the efficacy 
of many therapies. Potential targets for vascular-
focused therapies include av integrins and angio-
genic growth factors and their ligands  [24]. For 
example, arginine–glycine–aspartic acid (which 
binds avb3) has been used to address both 
liposomal doxorubicin [25] and gold nanorods 
[26]. We chose to direct NSs toward tumor ves-
sels by coating them with VEGF because this 
ligand and its receptors are the most important 
for glioma angiogenesis and have thus received 
the most focus among developing therapeutics 
[27,28]. VEGF is a tumor-secreted cytokine that 
exerts its effect by interacting with the transmem-
brane tyrosine kinase receptors VEGF receptor-1 
(VEGFR-1) and VEGFR‑2, which is highly 
expressed in glioma endothelium [29].

Here we describe the development of 
NS-mediated vascular-targeted PTT, which 
disrupts glioma vasculature with heat-based 
mechanisms so subsequent reductions in nutri-
ent and oxygen transport result in tumor necro-
sis. NSs were coated with VEGF

165
, the most 

common isoform of VEGF, and in vitro studies 
verified that these NSs can bind to VEGFR‑2- 
positive endothelial cells at levels sufficient for 
photothermal ablation. Subsequent in vivo work 
was performed using intracerebral U373 human 
glioma tumors. Coating NSs with VEGF nearly 
doubled the proportion of NSs bound to tumor 
vessels. For therapy experiments, laser light was 
applied through a glass cranial window, which 
not only enabled light delivery to the tumor but 
also allowed changes in tumor-associated vascu-
lature to be monitored by intravital microscopy. 
Examination of intravital microscopy images 
and histology specimens revealed that therapy 
disrupted tumor vessels while leaving the normal 
brain unharmed, suggesting that this treatment 
strategy could be a valuable alternative to con-
ventional antiangiogenic brain tumor therapy in 
the future.

Materials & methods
�� NS preparation & characterization

NSs with spherical silica cores and thin gold shells 
were prepared as described previously [2,30] and 
characterized by UV-visible spectroscopy (Cary50 
Bio, Varian, CA, USA) and scanning electron 
microscopy (FEI Quanta 400). To link NSs to 
VEGF, orthopyridyl disulfide (OPSS)–poly-
ethylene glycol (PEG)–N-hydroxysuccinimide 

(NHS; 2 kDa, Creative PEGWorks, NC, USA) 
was reacted with murine VEGF

165
 (PeproTech, 

NJ, USA) at a 10:1 molar ratio (ten PEG moi-
eties per VEGF molecule) at 4°C overnight. 
Conjugation was confirmed via silver staining on 
proteins separated by polyacrylamide gel electro-
phoresis (4–15% Tris-HCl precast gels and silver 
stain from Bio-Rad, CA, USA). The OPSS–
PEG–VEGF then reacted for 1 h at 4°C with 
NSs suspended in milli-Q water (4 × 109 NS/ml) 
to produce VEGF-coated NSs (VEGF‑NS); this 
reaction included 1200 VEGF proteins per NS. 
Next, nine parts NSs were incubated with one 
part 25 µM methoxy PEG-thiol  (5 kDa, Laysan 
Bio, AL, USA) overnight at 4°C. Control NSs 
were also prepared with only methoxy PEG-thiol 
(PEG‑NS). After VEGF and/or PEG modifica-
tion, NSs for in vitro studies were centrifuged and 
suspended in cell culture medium; NSs for in vivo 
studies were concentrated via cross-flow filtration 
(11 cm2 polysulfone filters, 0.05 µm molecular 
weight cut-off, Spectrum Laboratories, Inc., CA, 
USA) and suspended in sterile phosphate-buffered 
saline (PBS). 

To confirm and quantify the presence of VEGF 
on NSs, dynamic light scattering, zeta potential 
measurements, and a solution-based ELISA were 
performed. For the ELISA, NSs  were incu-
bated with 10 µg/ml rabbit antimouse VEGF 
(PeproTech), then with 20 µg/ml Horseradish 
peroxidase (HRP)-conjugated antirabbit IgG 
(Sigma). Nonspecific reaction sites were blocked 
with 3% bovine serum albumin (Sigma) in PBS. 
To remove unbound antibodies, NSs were cen-
trifuged twice (500 g, 5 min) and suspended in 
3% bovine serum albumin. Bound HRP was 
developed with 3,3 ,́5,5 -́tetramethylbenzidine 
dihydrochloride (Sigma) for 15  min and the 
reaction was stopped by adding 2 M sulfuric 
acid. Developed HRP was compared with a stan-
dard curve of the HRP-labeled anti-IgG by mea-
suring the absorbance at 450 nm. The number 
of antibodies per nanoparticle was calculated by 
dividing the number of peroxidase-labeled anti-
IgG moieties by the number of NSs in solution.

Further NS characterization provided in the 
Supplementary Information (see online: www.future-
medicine.com/doi/suppl/10.2217/nnm.11.189) 
includes a transmission electron micrograph, 
the heating profile of NSs in suspension and the 
optical extinction spectra before and after sur-
face functionalization. In addition, the stability 
of the conjugated NSs was verified by spectro-
scopically monitoring optical extinction versus 
time after introducing the nanoparticles into a 
1% saline solution, which mimics physiological 
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ionic conditions. Reduction of peak absorbance 
over time indicates nanoparticle aggregation; 
conversely, peak maintenance confirms stabil-
ity. Both the PEG- and VEGF-coated NSs were 
extremely stable compared with bare NSs, indi-
cating that the conjugates should remain intact 
once injected into animals.

�� In vitro assessment of  
vascular-targeted PTT
In vitro tests were performed to confirm that 
VEGF‑NS could bind VEGFR‑2 positive cells 
and facilitate thermal ablation of these targeted 
cells. Mile Sven 1 (MS1) murine endothelial 
cells were obtained from the American Type 
Culture Collection and cultured in DMEM 
supplemented with 10% fetal bovine serum and 
1% l-glutamine, penicillin and streptomycin. 
These cells were chosen to mimic VEGFR‑2-
positive endothelial cells lining tumor vascula-
ture, which is the target of this therapy. Cells 
grown in chambered coverglass received 1 ml of 
saline, PEG‑NS (1.1 × 1010 NS/ml) or VEGF‑NS 
(1.1 × 1010 NS/ml). After rinsing three times to 
remove unbound NSs, an 808-nm laser was 
applied (60  W/cm2, 3  min). Following 1-h 
incubation, samples were stained with 1 µM 
calcein AM and 4 µM ethidium homodimer-1 
(Live/Dead® staining kit, Molecular Probes, 
OR, USA) and fluorescence microscopy was 
performed with an inverted Zeiss Axiovert 
135 phase contrast microscope (Carl Zeiss, NJ, 
USA) to investigate cell viability. Samples were 
also imaged with a darkfield microscopy adaptor 
(Cytoviva, AL, USA) on the same microscope to 
assess NS binding to the cells. 

�� Tumor inoculation
In vivo models were used to evaluate NS accumu-
lation in intracranial tumors and to confirm the 
ability to disrupt tumor vasculature with PTT. 
All animals were used under an approved pro-
tocol of the Institutional Animal Care and Use 
Committee (IACUC) of the Baylor College of 
Medicine (TX, USA). U373 human high-grade 
glioma cells were engineered to constitutively 
express both firefly luciferase and green fluores-
cent protein (GFP) as described previously [2,31]
and cultured in RPMI 1640 medium (Invitrogen, 
CA, USA) supplemented with 1% glutamine and 
10% fetal bovine serum. Cells were detached 
from flasks with trypsin–EDTA and diluted in 
culture medium to 5 × 107 cells/ml for inocula-
tion into male IcrTac:ICR-PrkdcSCID mice (a 
spontaneous mutant model deficient in T and 
B cells; Taconic Farms, NY, USA). In all mice, 

105 cells were injected with a Hamilton syringe 
1 mm lateral right to the middle sagittal suture, 
2 mm anterior of the lambdoid suture and 3 mm 
below the surface of the brain. 

For the biodistribution study, a 0.8-mm diam-
eter Burr hole was created in the skull with a 
microsurgical drill to allow cell implantation. By 
contrast, for treatment studies the tumors were 
implanted using the cranial window procedure 
of Gaber et al., published in detail elsewhere [32]. 
This approach places a 4–5-mm width/length 
glass window over the tumor, enabling laser 
light to be delivered to the tumor and allow-
ing changes in the tumor to be monitored with 
intravital microscopy. Before tumor implanta-
tion surgery, each mouse was anesthetized with 
50 mg/kg Nembutal® (sodium pentobarbital) 
and the surgical area cleaned with alcohol and 
Betadine®. After surgery, the mice received 
buprenorphine intraperitoneally (Buprenex®, 
0.2 mg/kg) every 12 h for 2 days to minimize 
pain as well as antibiotics in their water for 
5 days to prevent infection (1.7 ml Baytril® 100 
[enrofloxacin, 100 mg/ml] per 400 ml H

2
O). 

Tumor growth was monitored in vivo at prede-
termined time-points with intravital microscopy 
or bioluminescent imaging to observe the GFP 
signal and luciferase activity, respectively. For 
bioluminescent imaging, isoflurane-anesthetized 
animals were imaged with a Xenogen IVIS® 100 
(Caliper Life Sciences, CA, USA) 10 min after 
receiving intraperitoneal injections of 150 mg/kg 
d-luciferin (Xenogen), which emits light when 
oxidized in the presence of luciferase and ATP. 
In preliminary studies we established tumor 
growth curves by comparing signal intensity 
with histological samples acquired on various 
days post cell implantation. These pre-estab-
lished growth curves allowed us to estimate 
when tumor diameter had reached 3–5  mm 
based on both the bioluminescent signal and 
the number of days since tumor implantation.

�� Analysis of NS distribution in mice 
bearing intracerebral glioma tumors
For the biodistribution study, mice received 
PEG‑NS or VEGF‑NS intravenously (100 µl, 
1.7 × 1010 NSs) when the tumor diameter reached 
3–5 mm. After waiting 6, 24 or 48 h, the mice 
were euthanized and the spleen, liver, blood, 
kidney, heart, tumor and normal brain were col-
lected. Each specimen (apart from blood) was 
divided into two pieces – one for histology and 
one for quantitative analysis of gold content by 
inductively coupled plasma–mass spectrometry 
(ICP–MS). Blood was only analyzed by ICP–MS. 
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Three mice were used per group per time-point, 
for a total of 18 mice. These numbers were chosen 
based on our previous experience studying PTT 
in murine glioblastoma models, with the goal of 
using as few animals as possible while maintain-
ing the ability to gather scientifically valid data. 

ICP–MS is a common method for analyz-
ing gold content in tissue and its utility has 
previously been demonstrated with spheres [33], 
NSs  [2] and nanorods [34]. Tissue samples for 
ICP–MS were lyophilized, weighed and digested 
with 0.5 ml aqua regia for 48 h. Trace grade 
nitric acid and hydrochloric acid were purchased 
from Sigma-Aldrich and VWR, respectively. 
Digested samples were further diluted with 1% 
aqua regia and filtered through a 0.45-µm filter. 
Standard solutions of known gold concentra-
tions were prepared in 1% aqua regia using cer-
tified reference material Gold Standard for ICP 
(Sigma-Aldrich). Standards and samples were 
analyzed for 197Au with germanium as an inter-
nal standard using the ELAN® 9000 ICP–MS 
from Perkin-Elmer (MA, USA).

Histological specimens were formalin-fixed, 
paraffin embedded, cut into 6-µm sections 
and fluorescently labeled to show blood ves-
sels. Samples were incubated in xylene twice for 
10 min before hydrating through a series of alco-
hol (100, 90, 70 and 50%; 3 min each) and water 
(5 min). Antigen retrieval was accomplished by 
incubating slides in proteinase K (10 µg/ml, at 
37°C for 15 min) and slides were cooled with 
running water for 3 min. After rinsing with PBS 
containing 0.1% Tween® 20, nonspecific bind-
ing sites were blocked with 10% donkey serum 
in PBS for 45 min. Samples then reacted with 
goat antimouse CD31 (15 µg/ml, R&D Systems) 
overnight at 4°C. Three rinses with PBS con-
taining 0.1% Tween 20 were performed before 
exposing samples to AlexaFluor 488-conjugated 
donkey antigoat IgG (10  µg/ml, Invitrogen) 
for 1  h. Rinsed sections were mounted with 
Vectashield® containing 4 ,́6-diamidino-2-phe-
nylindole. To evaluate the proximity of NSs to 
blood vessels, dual darkfield and fluorescence 
microscopy were performed on stained tissue 
sections using a Cytoviva® adaptor attached to 
a Zeiss Axiovert 135 inverted microscope. With 
darkfield microscopy, indirect sample illumi-
nation allows NSs to be visualized against the 
tissue background due to their enhanced light 
scattering properties [2]. The nanoparticle signal 
from each darkfield image was merged with a 
fluorescence image from the same field of view 
to qualitatively assess NS proximity to blood ves-
sels. NS distance from the nearest blood vessel 

was quantified to establish whether coating NSs 
with VEGF increased their adherence to blood 
vessels compared with NSs coated with PEG 
(image processing and analysis details are in the 
Supplementary Information).

��PTT of intracerebral glioma tumors
For PTT, mice received 150 µl saline or NSs 
through the tail vein (2.9 × 1011 NS/ml) and 
24 h later the 808-nm laser was applied through 
the cranial window (6 W/cm2; ~4.5 mm beam 
diameter; 3  min). Three mice each received 
PEG‑NS, VEGF‑NS or saline. Response to 
treatment was monitored with intravital micro
scopy and bioluminescence imaging. Mice were 
euthanized according to Baylor’s IACUC crite-
ria. The experiment was repeated twice to ensure 
reproducibility of the data.

To quantify changes in vasculature induced 
by treatment, intravital microscopy images 
acquired on the day of laser application and 
3 days later were analyzed for the three mice 
that received VEGF‑NS and the three mice that 
received saline. Mice that received PEG‑NS 
could not be included in the analysis since only 
one mouse survived in the 3 days; it remains to 
be investigated in future studies why the mice 
treated with PEG‑NS did not survive longer. 
For the analysis, vessels within 1.5 mm from 
the tumor center were traced in ImageJ soft-
ware (NIH), filled, and the image binarized 
(Supplementary Information). Vessel density was 
calculated as the area of positive pixels divided 
by the total area and the density on day 3 was 
normalized to the density on day 0 to quantify 
treatment effect. Lastly, treatment effect was also 
monitored with histology. A subset of mice were 
euthanized immediately following laser exposure 
and the brain tissue was excised for hematoxylin 
and eosin staining. These samples were exam-
ined to determine the effects of therapy on both 
the tumor and the normal brain.

Results
�� NS characterization

Scanning electron microscopy indicated that 
the NSs had a homogeneous size distribution 
(Figure 1A). Silver staining of PEG–VEGF pro-
tein samples separated by SDS–PAGE confirmed 
the conjugation of VEGF to OPSS–PEG–NHS. 
As shown in Figure 1B, addition of OPSS–PEG–
NHS increased the observed molecular weight, 
with several bands appearing based on the num-
ber of PEG chains added. VEGF appears as a 
19 kDa monomer due to reducing conditions 
used to prepare the gel. For the biodistribution 
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study, NSs were characterized with the ELISA, 
which showed 100.9  ±  14.3 VEGF per NS; 
PEG‑NS controls showed minimal background 
(-3.9 ± 14.0) (Figure 1C). For the therapy study, the 
NSs were characterized further with dynamic 
light scattering and zeta potential measurements, 
which confirmed increased hydrodynamic diam-
eter and neutralized surface charge upon func-
tionalization, respectively (Figure  1D). Results 
of further characterization are displayed in 
Supplementary Figure 1.

�� VEGF-conjugated NSs bind  
murine endothelial cells in vitro  
to facilitate PTT
The ability of VEGF‑NS to bind murine endo-
thelial cells that overexpress VEGFR‑2 and 
facilitate thermal therapy was first tested in vitro. 
Darkfield microscopy confirmed that VEGF‑NS 

could bind MS1 cells, while PEG‑NS could not 
bind the cells and were thus removed during the 
rinsing steps (Figure 2A). NSs appear red under 
darkfield microscopy due to their enhanced 
light-scattering properties. Upon near-infrared-
irradiation, only MS1 cells that had been exposed 
to targeted (VEGF-coated) NSs experienced loss 
in viability, indicated by red ethdium homo
dimer-1 fluorescence (Figure 2B). Comparatively, 
cells previously exposed to saline or PEG‑NS 
remained viable (green calcein acetoxymethyl 
ester fluorescence).

�� VEGF- & PEG-NSs accumulate in 
intracerebral tumors
After the initial in vitro assessment of vascular-
targeted PTT, a biodistribution study was per-
formed. Using ICP–MS, the mean and stan-
dard deviation of gold content in several organs 
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Figure 1. Nanoshell characterization. (A) Scanning electron microscopy confirmed nanoshells had 
a uniform size distribution. (B) Silver staining of proteins separated by gel electrophoresis confirmed 
VEGF conjugation to orthopyridyl disulfide–PEG–N-hydroxysuccinimide (2000 Da), with different 
bands of increased molecular weight appearing based on the number of PEG chains attached. (C) An 
ELISA revealed approximately 100 VEGF molecules bound to each NS; background on PEG-NS 
controls was minimal. (D) Upon functionalization, nanoparticle hydrodynamic diameter increased and 
zeta-potential magnitude decreased. 
NS: Nanoshell; PEG: Polyethylene glycol; PEG-NS: Polyethylene glycol-coated nanoshells;  
VEGF-NS: VEGF-coated nanoshells.
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were calculated from three mice per group 
after NSs circulated 6, 24 and 48 h (Figure 3A &  

Supplementary Table 1). Organs analyzed included 
the spleen, liver, kidney, blood, heart, tumor and 
brain. The kidney and heart were included since 
antivascular therapies, such as bevacizumab, have 
been linked to proteinuria and hypertension [35]. 
Coating (PEG or VEGF) did not greatly influ-
ence nanoparticle accumulation in the kidney; 
however, more gold was found in the heart and 
liver and less in the spleen when the particles 
were coated with VEGF. In addition, NSs coated 
with VEGF were cleared more rapidly from the 
blood than those coated with PEG.

Figure 3B shows an expanded y-axis for tumor 
and normal brain samples. Differences between 
samples were tested for significance using a one-
way analysis of variance with post hoc Tukey and 

samples with p < 0.05 are marked in Figure 3B. 
This analysis did not reveal any difference in 
gold accumulation in the tumor at any given 
time based on NS coating (VEGF or PEG). To 
provide a normalized comparison of PEG‑NS 
versus VEGF‑NS, the gold content in the tumor 
was divided by the content in the brain and in the 
blood to account for background distribution. 
At 6 h, the tumor-to-brain gold content ratio 
was 7.0 for VEGF‑NS and 2.8 for PEG‑NS, and 
the tumor-to-blood ratio was 2.2 for VEGF‑NS 
versus 0.03 for PEG‑NS. While this suggested 
the VEGF‑NS amass more rapidly in the tumor, 
over time the ratios equalized at approximately 
15-times more gold in the tumor than the normal 
brain and ten-times more gold in the tumor than 
in the blood. Comparison of normalized data 
with a student’s t-test revealed no statistically 

Saline

50 µm

250 µm 250 µm 250 µm

50 µm 50 µm

PEG-NS VEGF-NS

Saline PEG-NS VEGF-NS

Figure 2. In vitro assessment of photothermal therapy mediated by VEGF-coated nanoshells. Mile sven 1 endothelial cells that 
overexpress VEGF receptor (VEGFR-2) were incubated with saline, PEG-NS or VEGF-NS prior to darkfield microscopy and 808-nm laser 
irradiation (6 W/cm2, 3 min). (A) Darkfield microscopy proves that VEGF-NS bind mile sven 1 cells that express VEGFR-2, while PEG-NS 
do not. NSs appear red against the blue cell background. (B) Fluorescence microscopy reveals that only cells targeted with VEGF-NSs 
experience loss in viability upon laser irradiation. Live cells fluoresce green (calcein acetoxymethyl ester) and dead cells fluoresce red 
(ethidium homodimer-1). 
PEG-NS: Polyethylene glycol-coated nanoshells; VEGF-NS: VEGF-coated nanoshells.

Review AuthorsResearch Article Day, Zhang, Thompson et al.



www.futuremedicine.com doi:10.2217/NNM.11.189future science group

significant differences at any time-point, again 
indicating that coating did not greatly influence 
the total number of NSs delivered to the tumor. 
Importantly, regardless of coating, more NSs 
were found in the tumor than in the normal 
brain at all times. This difference was maxi-
mized at 24 h, rendering it the best time to apply 
the laser to minimize the potential for off-target 
effects. Darkfield and fluorescence microscopy 

of all tissue acquired 24 h post-NS injection 
visually confirmed the ICP–MS data (Figure 4). 
For example, the darkfield images reveal fewer 
VEGF‑NS in the spleen and more in the liver 
than PEG‑NS. In the fluorescence images, ves-
sels are green (anti-CD31) and nuclei are blue 
(4 ,́6-diamidino-2-phenylindole), and within all 
organs both NS types remain in close proximity 
to vasculature.
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Figure 3. Distribution of VEGF-coated and polyethylene glycol-coated nanoshells in mice 
with intracerebral tumors. (A) Gold content in various organs was determined by inductively 
coupled plasma–mass spectrometry. Data depicts mean ± standard deviation. No standard deviation 
is shown for the heart in the VEGF-NS group at 24 h because n = 2 in this group. (B) Nanoshell 
distribution to the tumor and normal brain is shown with an expanded y-axis. 
†Significant versus all normal brain groups. 
‡Significant versus both 6-h tumor groups; analysis of variance with post hoc Tukey.  
PEG-NS: Polyethylene glycol-coated nanoshells; VEGF-NS: VEGF-coated nanoshells.
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To more stringently evaluate the effect of 
VEGF targeting on NS intratumoral localiza-
tion, the distance of each NS from the near-
est tumor vessel was determined by merging 
images showing the NSs’ positions (determined 
from darkfield microscopy) with fluorescence 
images from the same field of view (Supplementary 

Figures 2–6). Figure 5 shows three representative 
areas for VEGF‑NS (Figure  5A) and PEG‑NS 
(Figure  5B). The VEGF‑NS appear to remain 
closer to tumor vessels than the PEG‑NS, and 
quantitative analysis confirmed this result 
(Figure  5C). For the analysis, an investigator 
blinded to the treatment groups counted the 
number of NSs within vessels (the region 
<0 µm) and within distinct regions 5 µm wide 
outside the vessels. These were converted to 
percentages by dividing the number of NSs in 
each region by the number in each image, and 
the results were averaged across six images (total 
analysis of 271 PEG‑NS and 215 VEGF‑NS). 
A one-way analysis of variance with post hoc 
Tukey revealed that statistically significantly 
more VEGF‑NS adhered to or remained within 
the vessels (the region <0 µm) than PEG‑NS 
(p = 0.00002). Specifically, 59.2% of VEGF‑NS 
remained adherent to/within vessels, while only 
31.6% of PEG‑NS remained adherent to/within 
vessels. Furthermore, there were significantly 
more VEGF‑NSs within vessels (the region 
<0 µm) than within any region outside vessels 
(regions >0 µm; p < 5 × 10-8 for all). By compar-
ison, the percentage of PEG‑NSs within vessels 
only differed significantly from the percentage 
of PEG‑NSs in regions beyond 10 µm from the 
vessels (p < 0.005). Together, these data prove 
the VEGF coating allows NSs to bind their 
target receptors on vascular endothelial cells 
in vivo.

�� Intravital microscopy & histology 
indicate that NS-mediated PTT can 
disrupt tumor-associated vasculature
To evaluate the effects of therapy on the tumor 
and the normal brain, the laser was applied 24 h 
postintravenous injection of NSs. In this case, 
a higher NS dose was delivered (4.35 × 1010 
NSs per mouse) with the prediction that more 
nanoparticles would accumulate in the tumor, 
enabling more effective treatment. Response 
to treatment was monitored with intravital 
microscopy and histology.

With intravital microscopy the superficial 
layer of the tumor appears as a bright region due 
to the GFP signal emitting from the tumor cells 
and the tumor-associated vessels are observed 

as shadows. This allows changes in vascula-
ture induced by therapy to be monitored both 
qualitatively and quantitatively by calculating 
vessel density. Figure 6A shows intravital micro
scopy images acquired for a mouse that received 
saline and for a mouse that received VEGF‑NS 
1 day prior to laser treatment. The left column 
displays an image acquired immediately before 
the laser was applied and the right column dis-
plays the same region 6 days later. In the saline 
control mouse, the GFP signal indicates rapid 
tumor growth over time and the vessels appear 
to be maturing. By contrast, the vessels are dis-
rupted following treatment for the VEGF‑NS 
treated mouse and the GFP signal indicates a 
reduced rate of tumor growth. 

To quantify changes in vasculature induced 
by treatment, intravital microscopy images 
acquired on the day of laser application (day 0) 
and 3 days later were analyzed for three mice that 
received VEGF‑NS and three mice that received 
saline. Vessels within 1.5 mm from the tumor 
center were traced in ImageJ software, filled, 
and the image binarized (Supplementary Figure 7). 
Vessel density was calculated as the area of 
positive pixels divided by the total area and the 
density on day 3 was normalized to the den-
sity on day 0. As shown in Figure 6B, vessel den-
sity increased by 18% for the saline group but 
decreased by 24% for the VEGF‑NS treatment 
group over these three days (p = 0.025, student’s 
t-test). Data in the figure represent the mean 
and standard error for each group. 

Lastly, treatment effect was also monitored 
with histology. A subset of mice was eutha-
nized immediately following laser exposure 
and tissue was excised to determine the effects 
of therapy on both the tumor and the normal 
brain since the light encountered both regions 
after it passed through the cranial window. 
Figure  7 displays images of hematoxylin and 
eosin stained sections of the tumor, the nor-
mal brain and the interface between the two 
regions for mice exposed to saline, PEG‑NS 
and VEGF‑NS. There were no changes in the 
vasculature in the normal brain for any group, 
indicating that both laser power and nanopar-
ticle concentration in this region were low 
enough to prevent thermal damage. By con-
trast, distinct treatment effects (such as vessel 
dilation and hemorrhaging; bright pink areas 
in the images) were observed in the tumor vas-
culature for both PEG‑NS- and VEGF‑NS-
treated mice, but not for saline control mice. 
Interestingly, at the tumor periphery, where 
vessel density (and thus NS concentration) 
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is higher, the thermal damage was more pro-
nounced. Importantly, this damage was con-
fined to the tumor and did not spread beyond 
500 µm into the adjacent brain.

Ultimately, the mice treated with VEGF‑NS 
experienced a 2.2-fold increase in median 
survival versus mice treated with saline, and 

a similar 2.7-fold increase was observed upon 
repeating this study. While these initial data 
are worth noting given the aggressive nature of 
glioblastoma, we plan to perform survival stud-
ies with larger animal numbers in the future so 
that we can more thoroughly compare treatment 
outcomes with statistical analysis.

Spleen

Liver

Kidney

Heart

Tumor

Brain

VEGF-NSPEG-NS

20 µm 20 µm 20 µm 20 µm

20 µm 20 µm 20 µm 20 µm

20 µm 20 µm 20 µm 20 µm

20 µm 20 µm 20 µm 20 µm

20 µm 20 µm 20 µm 20 µm

20 µm 20 µm 20 µm 20 µm

Figure 4. Visualization of nanoshell distribution. Accumulation of PEG-NS and VEGF-NS in 
various organs was observed with darkfield microscopy (columns one and three). Fluorescence 
images (columns two and four) from the same fields of view show CD31 (green), nuclei (blue), and 
some tissue autofluorescence (orange). Generally, nanoshells are found in close proximity to blood 
vessels. 
PEG-NS: Polyethylene glycol-coated nanoshells; VEGF-NS: VEGF-coated nanoshells.
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Figure 5. Assessment of nanoshell proximity to tumor vasculature. (A & B) To evaluate the targeting effect, images of nanoshells 
(red, derived from darkfield microscopy) were merged with fluorescence images from the same region in the tumor. Three representative 
areas, in which nuclei are blue (4 ,́6-diamidino-2-phenylindole), endothelial cells are green (CD31), and red blood cells are orange 
(autofluorescence) are shown for (A) VEGF-NSs and (B) PEG-NSs. Generally, VEGF-NSs remain closer to vessels than PEG-NSs.  
(C) Quantification of nanoshell distance from blood vessels confirmed that targeting with VEGF increased the adherence of nanoshells to 
tumor vessels. 
†Significant versus PEG-NS >10 µm; analysis of variance with post hoc Tukey. 
‡Significant versus PEG-NS <0 µm. 
§Significant versus VEGF-NS >0 µm. 
PEG-NS: Polyethylene glycol-coated nanoshells; VEGF-NS: VEGF-coated nanoshells.
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Figure 6. Intravital microscopy reveals changes in tumor vasculature following treatment. (A) Changes in tumor signal and 
vessel morphology were qualitatively evaluated by comparing intravital microscopy images acquired on the day the laser was applied and 
6 days later. The mouse treated with saline shows increasing tumor signal and signs of vessel maturation, while the mouse treated with 
VEGF-NS shows a stable tumor signal and signs of vessel disruption. (B) Quantification of vessel density from intravital microscopy 
images highlights the treatment effect. Mice that received saline exhibited a mean increase in vessel density of 18% over 3 days after 
laser treatment (green bar) while mice that received VEGF-NS experienced a 24% decrease in vessel density (turquoise bar). Data show 
mean ± standard error. These differences were significant at the 95% CI. 
*p = 0.025; student’s t-test. 
VEGF-NS: VEGF-coated nanoshells.

Discussion
Since the concept that tumors are angiogenesis-
dependent was introduced in the 1970s [36], 
there has been explosive growth in the devel-
opment of vascular-targeted cancer therapies. 
Antiangiogenic therapy is particularly well 
suited for high-grade gliomas because they are 
among the most densely vascularized tumors. 
Unfortunately, approaches that utilize anti-
bodies or small molecule inhibitors to disrupt 
tumor vasculature have faced clinical setbacks, 
including toxicities and the inability to prevent 
cells from developing resistance mechanisms 
such as signaling through alternative pathways. 
To overcome these limitations, nanoparticle-
mediated therapies are now being investigated. 
Here, VEGF-coated NSs were evaluated for 
their ability to target intracerebral gliomas and 
to facilitate subsequent vascular-focused PTT 
since the VEGF-R pathway is critical in glioma 
angiogenesis. This work provides an initial pre-
clinical validation of vascular-targeted PTT, and 
our future work will refine the parameters of this 
therapy and confirm the data of this pilot work in 
large-scale studies with sample sizes determined 
by power analysis.

Vascular-targeting with NSs confers sev-
eral advantages for PTT. First, because the 

targeted receptor is expressed on the luminal 
endothelium, NSs do not need to extravasate 
out of blood vessels for therapy to be effective. 
Furthermore, the NSs do not need to evade the 
blood–brain barrier, which is disrupted in high-
grade glioma but may not be disrupted in early-
stage tumors. Second, the genetic and molecular 
changes that occur in tumor-associated endo-
thelial cells are consistent across multiple tumor 
lineages, so VEGF‑NS may be effective against 
several diseases besides glioma, increasing the 
applicability of this new therapy. In addition, 
endothelial cells are relatively genetically sta-
ble, and therefore, less likely to develop resis-
tance than tumor cells [23]. Even if resistance to 
chemotherapy does develop, vascular-targeted 
PTT should remain effective provided target 
receptor expression is maintained. This hypoth-
esis is based upon the demonstration that some 
drug-resistant breast cancer cells are susceptible 
to NS-mediated PTT [37]. A final advantage of 
vascular targeting specific to the VEGF ligand 
used in this work is based on the discovery that 
the VEGF-signaling pathway regulates both 
paracrine and autocrine promotion of glioma 
tumorigenesis [38]. Since VEGFR‑2 is expressed 
on both endothelial cells and some brain tumor 
cells, VEGF‑NS could potentially inhibit tumor 
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growth by enabling thermal ablation of both 
targets.

Vascular-targeted PTT was assessed in vitro 
and in  vivo. In  vitro, MS1 cells were used to 
model endothelial cells lining tumor vasculature. 
U373 cells were not used in vitro because they 
are tumor cells, and the goal of the targeting is 
to bind endothelial cells. NSs coated with VEGF 
bound to VEGFR‑2 expressing endothelial cells 
in vitro, marking these cells for ablation upon 
exposure to near-infrared light. Treatment was 
subsequently studied further using an ortho-
topic tumor model, which is more clinically 
relevant than subcutaneous models since the 
microenvironment influences cancer cell behav-
ior. In addition, the intracerebral tumor model 
allowed effects of therapy on the normal brain 
to be assessed; any new glioma treatment must 
minimize damage to the normal brain to provide 

the best possible quality of life for patients fol-
lowing therapy. The U373 cell line was used to 
induce tumor growth in vivo, enabling genera-
tion of tumor-associated vessels that could be 
targeted by this therapy. In vivo, both PEG‑NS 
and VEGF‑NS accumulated at higher levels in 
intracerebral tumors than in the normal brain, 
and this delineation is necessary for therapy to 
be both effective and safe. Notably, similar to 
the results of others who have studied the effect 
of surface coating on nanoparticle distribu-
tion [39,40], we concluded that adding VEGF to 
NSs did not increase their accumulation in the 
tumor; however, it did increase their localization 
to the desired target, VEGFR‑2 positive endothe-
lial cells lining the tumor vessels, by nearly dou-
ble. As a result, vessel disruption was achieved 
selectively in the tumor and at its periphery, but 
not in the adjacent normal brain of mice treated 
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Tumor–brain interface
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Figure 7. Histological evaluation of vascular-targeted photothermal therapy. Mice that received saline, PEG-NSs, or VEGF-NSs 
were sacrificed immediately after laser exposure to evaluate the effects of vascular-targeted photothermal therapy on the tumor and the 
normal brain with hematoxylin and eosin staining. No signs of thermal damage were observed in the normal brain for all groups nor in 
the tumor for mice exposed to saline. Comparatively, mice exposed to VEGF-NSs and PEG-NSs showed evidence of vessel dilation and 
hemorrhaging within the tumor. 
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with NSs and single-laser exposure. Similar 
effects were not observed in control mice. We 
believe future studies will confirm that this vas-
cular disruption is sufficient to reduce the flow 
of nutrients and oxygen to the tumor and sub-
sequently induce tumor necrosis. Furthermore, 
in future work we will critically assess the sta-
bility of the VEGF conjugates after they have 
been introduced in vivo. While gold–sulfur bond 
energies are strong and we have observed supe-
rior stability of these nanoparticles under physio
logical saline conditions (supplementary information), 
it remains to be proven whether or not the VEGF 
is displaced from the NSs in vivo.

In the future, it may be necessary to use a 
more direct mode of light delivery, such as a 
fiber-optic probe, to ensure more even distri-
bution of light energy throughout the tumor, 
avoiding energy loss that occurs with external 
delivery as light traverses the normal brain 
before reaching the tumor, and prevent off-
target heating of NSs that may accumulate in 
the normal brain. This may enable lower laser 
powers to be utilized to achieve the same thera-
peutic benefit. The feasibility of fiber-optic light 
delivery has already been demonstrated in two 
studies of nanoparticle-mediated therapy of 
brain tumors [41,42]. In the first, a probe deliv-
ered light for vascular-targeted photodynamic 
therapy of 9L glioma in rats and survival time 
was prolonged almost fourfold [41]. In the sec-
ond, a probe delivered light for NS-mediated 
PTT of canine brain tumors [42]. Intratumoral 
temperatures of 65.8  ±  4.1°C were achieved 
in the presence of nontargeted NSs while the 
maximum temperature in the normal brain 
was 48.6 ± 1.1°C, below the damage threshold 
[42]. In future studies, it will be both interesting 
and important to determine whether the tem-
peratures achieved in the tumor and the normal 
brain are influenced greatly by the changes in 
intratumoral NS localization induced by target-
ing the NSs to tumor vasculature with VEGF. 
In addition, it will be important to establish if 
this approach can capture tumor cells beyond 
the main tumor mass. Infiltrative glioma cells 
missed by conventional therapies are often 
responsible for patient relapse [43], so it is criti-
cal to develop PTT with the goal of eliminat-
ing these evasive cells. Tumor satellites typically 
form along the vascular supply, supporting the 
use of VEGF-coated NSs for glioma treatment. 
Based on the work displayed here, with further 
development vascular-focused PTT could be an 
effective strategy for the elimination of brain 
tumors.

Conclusion
Overall, our results indicate that VEGF-NSs 
have further potential as a mediator of anti-
angiogenic glioma therapy. In vitro, VEGF‑NS 
bound VEGFR‑2 expressing MS1 endothelial 
cells, which acted to mimic tumor vasculature, 
at levels sufficient for photothermal ablation. 
In  vivo, more vascular-targeted NSs bound 
vessels associated with intracerebral tumors 
than nontargeted PEG-NSs and subsequent 
application of a near-infrared laser induced 
hyperthermia to disrupt the tumor vessels. 
Intravital microscopy images proved that suf-
ficient heat was obtained to disrupt tumor ves-
sels, as vessel density only decreased in mice that 
received VEGF‑NSs following laser exposure. 
Furthermore, the area of the GFP signal (which 
indicates tumor size) remained fairly constant 
in VEGF‑NS treated mice, but increased rapidly 
in mice treated with saline, indicating this ves-
sel disruption slowed tumor growth. In turn, 
median survival time doubled in mice treated 
with VEGF‑NS compared with mice treated 
with saline. Importantly, the normal brain was 
unaffected by treatment based on histological 
assessment. As this therapy is developed further 
it will be critical to continually evaluate the 
safety margin since brain tumor treatments are 
often plagued by long-term side effects.

To conclude, vascular-targeted NS-mediated 
PTT offers an intriguing alternative to conven-
tional glioma treatments. PTT offers the advan-
tage over chemotherapy and radiation therapy, 
in that it is quick and should prevent patients 
from enduring weeks or months of treatment. 
In addition, the procedure is simpler to perform 
and thus may pose less risk than surgery. In the 
future, vascular-targeted NS-mediated PTT 
could be an excellent treatment not only for 
gliomas, but also for a multitude of tumor types.

Future perspective
Molecular targeting is anticipated to improve 
cancer nanomedicine by enhancing specific-
ity, prolonging nanoparticle retention in the 
tumor and decreasing off-target effects. While 
the scientific community is making great strides 
towards this goal, there is still much work to be 
performed and knowledge to be gained before 
this potential will be fully realized. Several 
groups have tested targeting schemes in vitro, 
but in vivo validation is lacking. It is critical to 
evaluate these systems in animal models because 
in a complex biological setting it is more dif-
ficult to reach the target site. Here we provided 
an initial evaluation of vascular-targeted PTT 
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with VEGF-NSs, and the results suggest that 
this novel alternative to conventional glioma 
therapy is worthy of further investigation. 
Future work will include survival studies in 
larger animal models to confirm the results of 
this research, which demonstrated the proof-
of-concept that tumor vessels can be disrupted 
with focused hyperthermia. It remains to be 
determined whether this disruption results in 
reduced oxygen and nutrient transport into the 
tumor that will ultimately lead to tumor necro-
sis and improved long-term survival; so answer-
ing these questions will be a major focus of our 
future studies.
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Executive summary

VEGF-conjugated nanoshells bind murine endothelial cells in vitro to facilitate photothermal therapy
�� Nanoshells (NSs; silica core/gold shell nanoparticles) have been used successfully as a mediator of photothermal therapy (PTT) against a 

variety of tumor cell lines.
�� Coating NSs with VEGF promoted their binding to endothelial cells expressing the appropriate receptor (VEGFR‑2) in vitro.
�� In vitro analysis confirmed the efficacy of vascular-targeted PTT and justified further investigation in vivo.

VEGF-coated & PEG-coated NSs accumulate in intracerebral tumors
�� This is the first report to assess the in vivo distribution of molecularly targeted NSs and to demonstrate the effect on intratumoral NS 

localization.
�� Both PEG-coated and VEGF-coated NSs accumulated to a higher degree in intracerebral glioma tumors than in the normal brain.
�� In this orthotopic glioma model, coating NSs with VEGF instead of with PEG nearly doubled the percentage of nanoparticles bound to 

tumor vessels.
Intravital microscopy & histology indicate that NS-mediated PTT can disrupt tumor-associated vasculature
�� Upon irradiation with a near-infrared laser, NSs bound to tumor vessels produced heat sufficient to induce vascular disruption and slow 

tumor growth.
�� Minimal damage was observed in the normal brain following PTT.
�� These data support continued studies of vascular-targeted PTT.
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