
BARTCZAK ET AL . VOL. 7 ’ NO. 6 ’ 5628–5636 ’ 2013

www.acsnano.org

5628

May 28, 2013

C 2013 American Chemical Society

Manipulation of in Vitro Angiogenesis
Using Peptide-Coated Gold
Nanoparticles
Dorota Bartczak,† Otto L. Muskens,† Tilman Sanchez-Elsner,‡ Antonios G. Kanaras,†,* and

Timothy M. Millar‡,*

†Institute for Life Sciences, Physics and Astronomy, Faculty of Physical Sciences and Engineering, University of Southampton, SO17 1BJ, U.K. and
‡Faculty of Medicine, Southampton General Hospital, University of Southampton, Southampton, SO17 1BJ, U.K.

A
ngiogenesis is a process where new
blood vessels are formed in order
to deliver oxygen and nutrients

throughout the body.1 Thus, angiogenesis
is vital in growth and development, playing
a pivotal role in wound healing, pregnancy,
rheumatoid disease, cardiovascular pro-
cesses, eye diseases, and importantly the
growth andmetastasis of tumors.2�4 Angio-
genesis starts when endothelial cells are
activated by specific molecules that bind
to angiogenic receptors, promoting a sig-
naling cascade. This activation results in
the proliferation of endothelial cells, which
then assemble to form the new vascular
structures. The process is under strict con-
trol of signals that regulate the growth of
new vessels by activation (pro-angiogenic
factors) or inhibition (anti-angiogenic factors),
when necessary. Pathological angiogenesis
derives fromdisruptions in the fragile balance
between stimulating and inhibiting factors.5,6

Due to the high importance of this process,
there is intense research activity aimed at the
discovery of angiogenic drugs (often small
organic molecules, proteins, or antibodies)
that can increase or deplete the growth of
capillaries.7 However, although sometimes

temporarily effective, in many cases these
drugs must be introduced in large quanti-
ties, which could lead to nonspecific bind-
ing, unexpected toxicities, and undesired
side effects.8

Nanoparticulate systems can offer an al-
ternative way to target angiogenesis.9�12

One of their great advantages is the require-
ment for low doses due to their increased
reactivity that derives from the large con-
centration of active molecules confined in
the small volume of a nanoparticle. Further-
more, the versatility of chemical strategies
to modify their surface allows the immobi-
lization of severalmolecules, offering amulti-
functional ability.13�17 Among several kinds
of particles with various chemical composi-
tions,18 the utilization of simple types of
inorganic nanoparticles (i.e., gold) offers ad-
ditional benefits in imaging and therapy,
deriving from the optical and thermal prop-
erties of the metal core.19�24

A limited number of studies so far has
addressed the development of inorganic
nanoparticles with pro-angiogenic and anti-
angiogenic properties.25,26 Mukhopadhyay
and co-workers reported that europium hy-
droxide nanorods can promote proliferation
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ABSTRACT We demonstrate the deliberate activation or inhibition of in vitro

angiogenesis using functional peptide coated gold nanoparticles. The peptides,

anchored to oligo-ethylene glycol capped gold nanospheres, were designed to

selectively interact with cell receptors responsible for activation or inhibition of

angiogenesis. The functional particles are shown to influence significantly the

extent and morphology of vascular structures, without causing toxicity. Mechan-

istic studies show that the nanoparticles have the ability to alter the balance

between naturally secreted pro- and anti-angiogenic factors, under various

biological conditions. Nanoparticle-induced control over angiogenesis opens up new directions in targeted drug delivery and therapy.
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and vascular sprouting of endothelial cells in a dose-
dependent manner. The governing mechanism was
found to be an increase in the production of the
reactive oxygen species (ROS) deriving from the chemi-
cal composition of the nanorods.27,28 The same group
showed that “naked” 5 nm gold nanoparticles, i.e.,
without an organic capping layer, interact selectively
with a heparin-binding growth factor (through sulfur/
amines existing in the heparin-binding domain) and
inhibit angiogenesis.29,30 Recently, Mukherjee and co-
workers demonstrated that the anti-angiogenic prop-
erty of bare gold nanoparticles is lost when the particles
are covered with nonfunctional charged ligands.31

In earlier work, we investigated several types
of interactions between endothelial cells (ECs), the
building units of angiogenesis, and three chosen types
of peptide-coated nanoparticles:32�35 P1 (KPQPRPLS),
which binds to the vascular endothelial growth factor
receptor (VEGFR-1) and promotes signal cascade acti-
vating angiogenic genes; P3 (KATWLPPR), which pre-
dominately binds to neuropilin-1 receptor (NRP-1) and
promotes receptor internalization; and P2 (KPRQPSLP),
which does not interact with any of these receptors
and is simply taken up by the cells.
Here, we expand this work employing the three

types of peptide-coated nanoparticles in in vitro an-
giogenesis, presenting for the first time control of the
activation or inhibition of blood vessel growth. Me-
chanistic studies reveal how the functional nano-
particles influence the process of angiogenesis. We
believe that these studies are critically important to
the understanding of the interactions between the
chosen nanoparticles and angiogenesis and will open
up new directions in angiogenic treatments using gold
nanoparticles as a platform for drug development.

RESULTS AND DISCUSSION

Gold nanoparticles (NPs) with a narrow size distri-
bution (15 ( 2 nm) were synthesized following the
Turkevich method.36 To ensure robustness and bio-
compatibility, the particles were capped with mono-
carboxy (1-mercaptoundec-11-yl) hexakis(ethyleneglycol)
(OEG) as reported elsewhere.37 The OEG-NPs were func-
tionalized with the three peptides (P1, P2, P3) following
previous protocols established in our group.38 Initially
the endothelial cells were placed in amatrix gel under
reduced serum conditions. Then, their growth into
vascular structures was monitored at different time
intervals (2, 4, and 8 h) in the presence of the three
different types of gold nanoparticles: the “activators”
(P1-OEG-NPs), the “inhibitors” (P3-OEG-NPs), and the
“mutants” (P2-OEG-NPs).

Activation and Inhibition of Angiogenesis. Figure 1a shows
phase contrast images of the angiogenic process at
various incubation times. As can be seen, the samples
containing only endothelial cells show neovascular
sprouting after 8 h of incubation. This is not unexpected

and results from the residual growth factors contained
in the matrix gel. A similar observation is made for the
samples containing the mutant particles, allowing us to
safely assume that this type of particle does not influ-
ence the rate of the angiogenic process (see Figure S3).
On the other hand, the observations for the samples
where the activators and inhibitors were introduced are
substantially different. For the matrix gel containing the
activators, capillary formation is easily observed even
after 2 h of incubation, while the sample containing the
inhibitors does not show any sign of angiogenesis (even
after 8 h hours of incubation).

Further quantification of these general observa-
tions was done by statistical image analysis using the
mathematical algorithm AngioQuant (v1.33).39 Com-
puter-assisted analysis allows recognition of the main
vascular network by conversion of the microscopy
image to a skeleton (see Figure S2). Three parameters
were extracted for each image: the total vessel length,
the fractional area coverage of the cells/capillaries
(taking into account their width), and the number
of junctions in the skeleton network. Results are shown
in Figure 1b for the activators and inhibitors compared
to untreated endothelial cells. The quantitative analysis
confirms the trend shown in the images, namely, that
the activator nanoparticle�peptide complex signifi-
cantly accelerates angiogenesis. This effect is especially
pronounced during the first hours of incubation, where
the P1-activated capillary network is almost fully devel-
oped after 4 h. The growth saturates when the vascular
network reaches coverage of around 25%. The image
analysis reveals that after 8 h the morphology of
the vascular structures activated by the P1-OEG NPs
is equivalent to those generated at a slower rate by
the growth factors found in the matrix gel. Thus, the
activation of endothelial cells with P1-functionalized
NPs produces a considerable (factor of 2) accelera-
tion of angiogenesis without resulting in significant
morphological differences compared to neovascular
sprouting caused naturally by the matrix gel.

The sample containing the inhibitors shows a
marked anti-angiogenic effect in Figure 1b. All three
parameters (vessel length, fractional area, and number
of junctions) are drastically compromised for times
longer than 2 h after treatment. A comparison with
the samples containingonly endothelial cells (Figure 1b)
or endothelial cells with the mutant particles (see
Figure S3) led us to attribute the anti-angiogenic
effects to the functionality of the nanoparticle�peptide
complex alone. Indeed, inour experiments thegold core
is not naked but coated with OEG and peptides, which
prevents the nonspecific binding of any growth factors,
as in the case of Mukhopadhyay and co-workers.29,30

Mechanistic Studies. During angiogenesis, the en-
dothelium undergoes structural changes, including loss
of barrier function, leading to an increased permeability
of the endothelial monolayer. To assess the degree of
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permeability caused by the different types of nano-
particles, we performed the following experiment.
A confluent layer of endothelial cells was treated with
the different types of nanoparticles for 24 h, and then
the permeability of themonolayerwas examined by the
diffusion of a fluorescently labeled high molecular
weight (40 kDa) dextran through the layer.

Figure 2a shows the results of the assay. As can
be seen, a 24 h stimulation with the activators caused
an increased permeability beyond the level expected
by an ordinary endothelial cell monolayer (see bar
marked “untreated”). In agreement with our previously
reported findings,32�35 a high permeability typically
occurs after growth factor receptor binding, and it
is considered the first stage in the process of angio-
genesis. Surprisingly, when the assay was applied in
the presence of the inhibitors, it also led to increased
cell monolayer permeability (compared to untreated
cells and cells incubated with mutants). Since the P3
peptide, attached to the inhibitors, interacts with the
NRP-1 receptor, we hypothesize that the permeability
is related to the reported role ofNRP-1 in cell adhesiveness

via integrin regulation.40,41 In order to verify our hy-
pothesis, we used an assay to measure the number of
adherent cells after 24 h treatment with the different
types of nanoparticles. The results in Figure 2b show
that a significant number of cells were detached
when they were incubated with the inhibitors (see also
Figure S4). This observation suggests that NRP-1 signal-
ing, an important function of the receptor in the regula-
tion of the angiogenic process, is related to monolayer
permeability. Conversely, the cultures with activators
and mutants did not show any change in the number
of adherent cells, which (i) correlates with the lack of
a receptor signaling caused by mutants, leading to
permeability changes, and (ii) confirms that the pro-
angiogenic effects of the activators causes a change in
permeability via changes in cell-to-cell contact rather
than by the acute loss of cells.

Endothelial cells are an adhesive cell typewhere the
loss of adhesion could be correlated to cytotoxicity
as cells progress through cell death and apoptosis.
Therefore, an alternate explanation for a reduced cell
adhesion in the sample that contains the inhibitors

Figure 1. Peptide-coated gold nanoparticles activate or inhibit angiogenesis. (a) Phase contrast images show endothelial
cells grownon reduced serummatrix gel after treatmentwith P1-OEG-NPs (activators), P2-OEG-NPs (mutants), or P3-OEG-NPs
(inhibitors) or nontreated with particles (untreated ECs) and for 2, 4, and 8 h after incubation. (b�d) Results from computer-
assisted quantitative analysis of angiogenesis showing total vessel length (b), fractional area coverage (c), and number of
junctions (d); *pe0.05, **pe0.01, ***pe0.001 significance versus control timepoints; ##pe 0.01 significancedecrease versus
control time points; ns nonsignificant versus control (n = 3, mean ( SD). For clarity P2-OEG-NPs versus control is shown in
Figure S2.
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might be associated with the potential cytotoxicity
caused by the gold nanoparticles. To rule out this
hypothesis, we assessed the cytotoxicity of the inhibi-
tor nanoparticles. There are multiple aspects and pos-
sible cytotoxic effects of NPs on cells, and a variety
of assays can be utilized to assess potential damage.
Mitochondrial membrane potential and plasma mem-
brane integrity are early and late markers of cytotoxi-
city and apoptosis, respectively. Figure 3 shows that
no significant changes were observed in mitochon-
drial membrane potential and cell plasma membrane
integrity when combined populations of floating
and adherent cells were examined. This indicates that
association of cells with NPs does not put cells under
cytotoxic stress. Additionally, reactive oxygen species
are naturally occurring signaling molecules, which have
also been shown to increase during times of cellular
stress, leading to cytotoxicity. Figure 4 shows the mon-
itoring of ROS levels in the presence of mutants and
inhibitors. An assay based on the dye carboxy-DFFDA
shows that no significant ROS levels are detected in the
samples. Thus, NP-mediated inhibition of angiogenesis
is purely derived from the selective receptor binding
rather than any inherent cytotoxicity.

Inhibition of Angiogenesis Caused by Cancer Cell Media. In
the above experimentswedemonstrated that peptide-
functionalized gold nanoparticles can be used to de-
liberately influence the functionality of endothelial
cells in the angiogenic process in a relatively simple
model system. In order to develop nanoparticulate
platforms that can successfully trigger or inhibit angio-
genesis through selective binding to the relevant

receptors, one has to address another, even more
important question: how does the nanoparticulate
platform behave in tumor angiogenesis? In tumor
angiogenesis, the surrounding environment is more
complex, as the tumor itself also secretes angiogenic
factors and promotes angiogenesis. Cancerous envir-
onments actively accelerate vascularization in order to
obtain sufficient oxygen and nutrients for growth and
metastasis. The first question to be answered toward

Figure 3. Peptide-functionalized NPs show no significant
changes on mitochondrial membrane polarization and cell
plasma membrane integrity of ECs. Mitochondrial mem-
brane potential (a) and cell plasma membrane integrity
(b) measured by flow cytometry following 24 h treatment
with inhibitors and mutants using the JC-1 and PI fluores-
cent assays, respectively; *pe 0.05, **pe 0.01, ***pe 0.001,
ns nonsignificant (n=3,mean( SD). In (a) DMSO is used as a
negative control that disrupts the potential of the mito-
chondrial membrane. In (b) the results for the mutants
and the inhibitors are normalized to permeability caused
by DMSO and compared to untreated cells, showing no
significant changes in the cell plasma membrane integrity.

Figure 4. Production of free radicals (ROS) in the presence
of inhibitor nanoparticles against mutant particles and un-
treated cells. ROShistograms for untreated cells alone (black)
(a) and for P3-OEG-NPs treated (blue) or P3-OEG-NPs in
the presence of H2O2 (green) (b). P2 refers to the gating
strategy in (a) and (b). Resulting average ROS production for
untreated ECs and for ECs incubated with peptide�NP
complexes, normalized to ECs treated with H2O2 (c). The
dye carboxy-DFFDAwas used in the assay. P3-OEG-NPs/H2O2

is employed as positive control. *pe 0.05, **pe 0.01, ***pe
0.001, ns nonsignificant (n = 3, mean ( SD).

Figure 2. Peptide-functionalized NPs cause changes in
EC barrier function and cellular adhesion. (a) Endothelial
cell monolayer permeability, evaluated 24 h after treat-
ment with different types of peptide-coated nanoparticles.
The results are compared to untreated endothelial cell
monolayer. The assay is based on the transportation of
fluorescein isothiocyanate�dextran (FITC dextran) through
a confluent cell monolayer grown on polyethylene ter-
ephthalate (PET) membrane trans-wells with a 0.4 μm pore
size. Signals are normalized to the background fluorescence
from the cells. (b) Percentage of adherent cells quantified
through the total DNA labeled with the dye Hoechst 33342
bymeasuring relativefluorescence normalized to untreated
EC monolayer; *p e 0.05, **p e 0.01, ***p e 0.001, ns non-
significant (n = 3, mean ( SD).
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this direction is if our activators or inhibitors interact
directly with common tumors. For these experiments,
we selected two human breast cancer cell lines (MCF-7
andMDA-MB-231), which were derived frommetastatic
breast cancers localized to the lung and which have
been shown previously to release angiogenic factors.42

We employed previously developed protocols35 to tag
nanoparticles with the dye HiLyte and used these
particles to assess their interactions with cancerous cell
lines by flow cytometry. Figure S5 shows that particles
interact with the cancer cells but less so in comparison
to endothelial cells.

There remains the intriguing possibility that the
interaction of our inhibitor nanoparticles with cancer
cells may either alter the cells ability to release angio-
genic factors or reduce their capacity to adhere to the
substrate (as seen for endothelial cells). To address this,
we performed an experiment where we monitored
the effectiveness of cancer cells to drive angiogenesis

via released angiogenic factors following exposure to
different doses of P3-OEG-NPs.

In this experiment, cancer cells were exposed to
the inhibitors for 24 h. Subsequently the medium,
following removal of cells, debris, and P3-OEG-NPs by
centrifugation, was added to endothelial cells on a gel
matrix. First, the amount of growth factors required for
activating angiogenesis was optimized by calibrating
the neovascular sprouting for samples with an increas-
ing number of cancer cells (Figure S6). A concentration
of 50 000 cancer cells per 200 μL was found to produce
sufficient growth factors and was used in the sub-
sequent experiments. Figure 5 shows the relevant
phase contrast images of ECs on the gel matrix after
8 h treatment with the conditioned media obtained
from cancer cells exposed to different doses of P3-
OEG-NPs. As can be seen, angiogenesis mediated by
cancer cell conditioned media was suppressed when
the cancer cells had been incubated with the inhibitors

Figure 5. Cancer cell conditioned media causes angiogenesis, which can be blocked by pretreatment of cancer cells with
a sufficient concentration of inhibitors. Phase contrast images of ECs on matrix gel after 8 h treatment with conditioned
media, derived from24h treatment ofMDA-MB-231 cells (media I) orMCF-7 cells (media II) exposed to inhibitor nanoparticles
at different doses (0.2�3 nM). The graphs represent quantitative analysis of microscope images covering an area of 800 �
600 μm2, of the overall length, area fraction, and number of junctions of capillaries formed following treatment of ECs with
cancer cell conditionedmedia (100%), compared to conditioned medium from cancer cells without nanoparticles. *pe 0.05,
**p e 0.01, ***p e 0.001, ns nonsignificant.
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in a concentration-dependent manner. These obser-
vations indicate a change in the release of pro-
angiogenic factors via a direct effect on cancer cells,
potentially through changes in the release of angio-
genic factorsmediated byNPR-1 stimulation/blockade.

To further investigate the direct effect of P3-OEG-
NPs on the release of angiogenic factors by cancer
cells, we used a protein array targeted at both pro- and
anti-angiogenic factors to measure the levels of factors
released from cultures of the cancer cell lines over 24 h
in the presence or absence of inhibitors. The level of
proteins in the conditioned cultured media were com-
pared to levels in cell-conditionedmedia fromuntreated
cells, which constituted the 100% control levels. Figure 6

shows that inhibitors not only reduce the levels of a
range of pro-angiogenic factors but also increase several
anti-angiogenic factors (see Figure S7 for the full angio-
genic profile). Although the specific role of each protein
in this complexmilieu is difficult to define, it is likely to be
the overall balance between pro- and anti-angiogenic
factors, which leads to the inhibition of angiogenesis
shown in Figure 5. Therefore, the inhibitor nanoparticu-
late platform that we have developed possesses a
unique ability to selectively regulate angiogenesis via

dual modes of action. The particles (i) inhibit endothelial
cell capillary formation by binding to NRP-1 receptors
expressed by these cells and (ii) selectively alter the
secretion of pro- and anti-angiogenic factors produced
by cancer cells, reducing the possibility of cancer lead
neovascularization and metastasis.

CONCLUSION

In conclusion, we demonstrated the manipulation
of in vitro angiogenesis using peptide-coated gold
nanospheres. Depending on the peptide function,
the NPs (activators or inhibitors) promoted or blocked
the capillary formation by ECs without causing toxicity
to the cells, and both activators and inhibitors caused
barrier dysfunction following different mechanisms.
The treatment with activators accelerated neovascu-
larization by a factor of 2 compared to untreated endo-
thelial cells. Stimulation of angiogenesis is of interest
for biomedical applications where promotion of vas-
cular growth is desirable (i.e., wound healing). On the
other hand, we demonstrated that the inhibitors can
selectively inhibit angiogenesis. This happens (a) via a
receptor-mediated function by binding to angiogenic
receptors on endothelial cells and (b) by changing
cancer cell secretion of pro- and anti-angiogenic fac-
tors. We believe that the results presented in this
paper will open up newdirections for the development
of angiogenic drugs based on inorganic nanoparti-
culate systems. The great advantage of this type
of particle is that they can offer new routes of targeted
delivery using multifunctional coatings and may allow
additional advantages for imaging and treatment
based on the properties of their inorganic core. Future
studies will explore the potential of these new types
of nanoparticle�peptide complexes in biomedical ap-
plications, such as wound healing or the treatment of
cancer.

EXPERIMENTAL METHODS

Preparation of Peptide OEG Coated Nanoparticles. Sodium citrate
stabilized spherical gold nanoparticles were prepared via the
citrate reduction method36 and functionalized with OEG. P1, P2,
and P3 peptides were conjugated to OEG-coated nanoparticles
using coupling agents. All of these procedures as well as character-
ization of the peptide-coated nanoparticles are described in detail
in previous publications and in the Supporting Information.32�35

Isolation of Human Endothelial Cells. Human umbilical vein
endothelial cells were isolated as described previously.32�35

Briefly, umbilical cords were collected and cannulized
before the addition of Type I collagenase solution (1 mg/mL)
(Worthington), which was added to remove endothelial cells
from the surface of the vessel wall. Following centrifuga-
tion, cells were cultured on gelatin-coated tissue culture flasks
until confluence in 20% human serum, M199 media (Gibco),
and Pen/Strep/Glut at 37 �C in humidified 5% CO2 balanced air.

Figure 6. Effect of P3-OEG-NP inhibitors on pro-angiogenic
(dark bars) and anti-angiogenic (gray bars) factors released
by the cancer cells. Cancer cells were treated for 24 h with
particles, and a rangeof angiogenic factors in themediawas
identified deriving from the different cancer lines (a) for
MCF-7 and (b) for MDA. Dotted line at 100% is the level of
protein released in nonstimulated cells and is used to
calculate the relative level of released protein following
treatment. All protein levels shown in the figure are sig-
nificantly increased or decreased compared to control (n =
3, mean ( SD). For a more detailed profile see Figure S7 in
the Supporting Information.
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All experiments were carried out with cells at passage one, and
endothelial lineage was shown by CD31 and von Willebrand
Factor expression.

In Vitro Angiogenesis. The experiments for the different con-
ditions were adopted to protocols supplied by the manufac-
turers (Geltrex, Gibco, and μ-Slide Angiogenesis, ibiTreat).
Briefly, 10 μL of gel, 10.000 EC, 40 ng of VEGF-B167, 2 ng of
peptides (P1 or P2, MW = 922.1; P3, MW = 968.2), 4 fmol of
peptide-coated nanoparticles, and 2.5% HS M199 media were
used per well for different experiments. For the case of tumor
angiogenesis, the serum-free M199 media was collected after
24 h culture of MDA-MB-231 or MCF-7 (50 000 cells per 200 μL)
with or without inhibitor nanoparticles (3 nM). Afterward, it was
centrifuged for 15 min, at 16 400 rpm, to precipitate out any
cells and NPs, then mixed (1:1) with 5% HS M199 before use.
The assay duration was varied between 2 and 24 h from
seeding. Phase contrast images of live capillary-like structures
were taken with an IX81 Olympus microscope and then ana-
lyzed by measuring the overall length of capillaries per image,
number of junctions, and fractional area using AngioQuant
(v1.33) quantification software.

EC Monolayer Permeability. To determine the effects of the
peptides on endothelial barrier function and permeability, the
ability of cell monolayers to prevent large molecules from
passing through the barrier layer was probed. In detail, a con-
fluent monolayer of EC, grown on gelatin-coated (0.2% porcine
skin, Sigma) polyethylene terephthalate (PET) culture inserts
(12-well microplate, BD Biosciences), was treated with peptide-
coated nanoparticles (1.3mL, 2.3 nM) in 20%HSM199media for
24 h. After treatment, the media was aspirated, and cells were
washed twice with HBSS before the addition of FITC-dextran
(MW = 40 000 Da, 300 μL, 10 mg/mL, HBSS) to the monolayer
along with additional HBSS (1 mL) that was placed in the well
under the insert. After 7 min the inserts were removed and
the quantity of FITC-dextran, which leaked through the cell
monolayer, was measured with an Ascent Fluoroscan plate
reader (Labsystems), at 485 nm excitation and 527 nm emission
wavelengths. The results are expressed as a percentage of
FITC-dextran passing through a PET membrane in the absence
of cells (100% permeability) and in the absence of FITC dextran
(0% permeability).

Number of Adherent Cells. Angiogenesis requires a change
in the adhesive processes of cells, and the effect of the peptide
nanoparticle treatments on cell number was measured. There
is also a potential toxicity effect of the treatments, and
the calculation of cell number is the first step in assessing
this potential. Using the relative amounts of DNA as a surrogate
for cell number, wewere able to assess the effects of treatments.
One-hundred percent confluent (EC) monolayers and 80% con-
fluent breast cancer cells (96-well microplate) were treated
with the inhibitors (200 μL/well, 3�0.02 nM) or DMSO (10%)
in 20% HSM199media (EC) or 10% HS DMEM (MDA andMCF-7)
for 24 h. After treatment media was aspirated and cell nuclei
were stainedwith Hoechst (1 μg/100 μL/well) in HBSS for 15min
in the dark. Then, it was washed twice prior to measure-
ments (HBSS, 200 μL/well) with an Ascent Fluoroscan plate
reader (Labsystems) at 355 nm excitation and 460 nm emission
wavelengths. The intensity of the fluorescence signal is propor-
tional to the number of adherent cells (r2 = 0.98 ( 0.03, n = 10)
that remained after treatment. Results are presented as a per-
centage of stained untreated cells (100%) compared to un-
stained untreated controls (0%).

Mitochondrial Membrane Potential. One of the first markers
of toxicity and cell death is the depolarization of mitochondrial
membranes. Using the polarization-specific dye 5,50 ,6,60-tetra-
chloro-1,10 ,3,30-tetraethylbenzimidazole-carbocyanine iodide
(JC-1), which fluoresces red in polarized mitochondrial mem-
branes and green on depolarization, it is possible to determine
the effects of treatments on cell viability. ECs (100 000) seeded
on a 12-well microplate were treated with the different peptide-
coated nanoparticles (1 mL, 3 nM), DMSO (10%), or methanol
(MeOH, 20%) in 20% HS M199 media for 24 h. The JC-1 stain
(10 μL, 500 μg/mL, HBSS) was then added, and cells were
incubated for an additional 30 min. After incubation, the media
was transferred into tubes and cells were harvested from the

culture dish with trypsin/EDTA solution (0.5 mL, Sigma-Aldrich)
for 5 min. The harvested cell suspensions were combined
with collected media and centrifuged for 5 min at 1500 rpm.
Cell pellets were resuspended in HBSS (0.2 mL) prior to mea-
surements by flow cytometry (FACSCalibur, BD Biosciences)
using 488 nm excitation wavelength with FL1 (530 nm) and
FL2 (585 nm) emission channel detectors. Compensation para-
meters were set at FL1 = 10.5% FL2 and FL2 = 25.9% FL1. Results
are presented as a percent of the FL2/FL1 fluorescence intensity
ratio of untreated stained cells (100%).

Cell Membrane Integrity. Cells that are undergoing toxicity and
cell death lose the ability to control themovement of molecules
across their plasma membranes. This can be utilized to study
cell death and toxicity by measuring the fluorescence of cells
following exposure to the usually cell impairing nucleic acid dye
propidium iodide (PI). Cells that fluoresce red on excitation have
lost the ability to exclude PI and are therefore thought to be
dead or in the act of dying. ECs (100 000) seeded on a 12-well
microplate were treated with peptide-coated nanoparticles
(1 mL, 3 nM) or DMSO (10%) in 20% HS M199 media for 24 h.
After treatment, media was transferred into plastic tubes and
cells were harvested from the culture dish with nonenzymatic
cell dissociation solution (0.5 mL, Sigma-Aldrich) for 30 min.
Harvested cell suspensions were combined with collected
media and centrifuged for 5 min at 1500 rpm. Cell pellets were
resuspended in HBSS (0.5 mL), and PI stain (20 μL, 0.1 mg/mL,
HBSS) was added. Cells were incubated for 10min on ice prior to
measurement of cell-specific fluorescence by flow cytometry
(FACSCalibur, BD Biosciences) using a 488 nm excitation wave-
length and FL2 (585 nm emission) channel detector. Results
were compared to FL2 fluorescence intensity of untreated
unstained cells, untreated stained cells, and cells treated with
known toxic agents such as high concentrations of DMSO.

Intracellular ROS Levels. Reactive oxygen species are naturally
occurring signaling molecules generated inside cells but can
also be a marker of cellular stress or activation, with the release
of large amounts being related to toxicity. ROS levels in cells
were therefore determined using the ROS-specific fluorophore
carboxy-H2DFFDA, which shows a green fluorescence when
reacted with ROS to form the fluorescent molecule difluoro-
fluorescein (DFF) following exposure to the treatments listed.
ECs (100 000) seeded on a 12-well microplate were treated with
peptide-coated nanoparticles (1 mL, 3 nM) in 20% HS M199
media for 24 h. After treatment cells were stained with carboxy-
H2DFFDA (1 mL, 5 μM in HBSS) for 30 min, and then the media
was transferred into plastic tubes and cells were harvested
from the culture dish with trypsin/EDTA (0.5 mL, Sigma-Aldrich)
for 5 min. Harvested cell suspensions were combined with
collected media and centrifuged for 5 min at 1500 rpm. Cell
pellets were resuspended in HBSS (0.5 mL). A positive control
using hydrogen peroxide (1 mM in HBSS) was added to labeled
untreated cells prior to measurements of carboxy-DFF intensity
by flow cytometry (FACSCalibur, BD Biosciences) using a 488 nm
excitation wavelength and an FL1 (520 nm emission) channel
detector. Results were compared to FL1 fluorescence intensity
of untreated unstained cells (0%) and hydrogen peroxide
treated stained cells (100%).

Quantification of Relative Levels of Angiogenesis-Related Cytokines.
The release of pro- and anti-angiogenic factors in the presence
and absence of peptide-functionalized nanoparticle treatments
was determined using a Proteome profiler kit (R&D). Breast
cancer cells (MCF-7 and MDA 100 000 per well) were seeded
on 12-well microplates and were treated with the inhibitors
(1 mL, 3 nM) in 20% HS M199 media for 24 h. The conditioned
media was transferred into plastic tubes and centrifuged for
15 min at 16 400 rpm and 4 �C to remove the nanoparticles
and any suspended cells. The supernatant was transferred
into new plastic tubes, and the angiogenesis-related cytokines
were determinedwith the Proteomeprofiler kit (R&D) according
to a protocol supplied by the manufacturer. Quantification
and analysis of the subsequent dot-blots were performed with
ImageJ software, by measuring integral density of spots com-
pared to untreated controls.

Statistical Analysis. One-way ANOVA with Dunnett's post test
or two-tailed Student's t test was performed using GraphPad
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Prism version 5.04 for Windows (GraphPad Software, San Diego,
CA, USA) with positive significance shown as *p < 0.05, **p <
0.01, and ***p < 0.001, nonsignificant shown as ns, and negative
significance shown as #p < 0.05, ##p < 0.01, and ###p < 0.001.
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