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Abstract
Discovering therapeutic inorganic nanoparticles is evolving as an important area of research in the
emerging field of nanomedicine. Recently, we reported the anti-angiogenic property of gold
nanoparticles (GNPs): it inhibits the function of pro-angiogenic heparin-binding growth factors
(HB-GFs) such as vascular endothelial growth factor 165 (VEGF165), basic fibroblast growth
factor (bFGF), etc. However, the mechanism through which GNP imparts such an effect remains
to be investigated. Using GNPs of different sizes and surface charges we demonstrate here that a
naked GNP surface is required and core size plays an important role to inhibit the function of HB-
GFs and subsequent intracellular signaling events. We also demonstrate that the inhibitory effect
of GNPs is due to the change in HB-GFs conformation/configuration (denaturation) by the
nanoparticles, whereas the conformations of non-HB-GFs remain unaffected. Significantly, this
study will help structure-based design of therapeutic nanoparticles to inhibit the functions of
disease causing proteins.
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Introduction
It is recognized that angiogenesis plays a pivotal role in pathological diseases such as age
related macular degeneration, arthritis, ischemic heart disease, tumorigenesis, and metastasis
[1]. This neovascular development from preexisting vessels is essential for the growth and
progression of tumors [2, 3] in which vascular endothelial growth factor (VEGF) has been
recognized as the prominent cytokine in the angiogenic cascade [4]. VEGF 165, the most
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portent among its several isoforms, is a heparin binding protein [5]. The binding of VEGF
165 with its tyrosine kinase receptor KDR (aka VEGFR-2), initiates a number of signaling
cascades, end point of which is the proliferation of endo-thelial cells leading to migration
and angiogenesis. Hence, therapeutic antibodies against VEGF165 have been developed and
currently used in the clinics to inhibit VEGF165 function [6]. However, use of the anti-
angiogenic therapy lead to some serious and unexpected toxicities of anti-VEGF antibodies
treatment [6]. Moreover, it is recognized that due to tumor heterogeneity blocking a single
pathway is not ideal therapeutic option for long term patient care. Thus, developing a new
class of anti-angiogenic agents that will simultaneously inhibit the function of multiple
growth factors might be important to overcome such a problem. Hence, GNPs might be
interesting in this aspect as it not only blocks the function of VEGF165 but also other HB-
GFs such as bFGF, PlGF, etc.

Discovering therapeutic inorganic nanoparticles is evolving as an important area of research
in the emerging field of nanomedicine [7–12]. Some biologically occurring biomolecules
can act as an antiangiogenic agent such as PolyP [13]. Other inorganic nanoparticles have
also been shown to aborgate VEGF 165 in ocular disease [14]. Gold and silver
nanoparticles, in particular, have also demonstrated some promising outcome [15–20].
Furthermore, gold nanoparticles have generated significant interest in various biomedical
applications including detection, diagnosis and therapy due to their relatively favorable
safety profile and ease of surface functionalization [21–23]. Recently, we reported that
naked GNPs can inhibit the function of pro-angiogenic heparin-binding growth factors such
as vascular endothelial growth factor 165, basic fibroblast growth factor and PIGF [24].
However, the mechanism of such anti-angiogenic property of gold nanoparticles is not clear.
Determining the mechanism of such inhibitory effect is essential for future clinical
translation of inorganic nanoparticles-based anti-angiogenic agents. These inorganic anti-
angiogenic agents may overcome the unusual toxicities associated with the traditional anti-
angiogenic agents presently used in the clinic. Thus, to determine the mechanism of anti-
angiogenic property of GNPs we investigated the role of nanoparticle core size, surface
charge and their ability to change the conformation of HB-GFs and non-HB-GFs.
Furthermore, modifying the surface functionality may allow for specific interactions with
biomacromolecules through favorable electrostatic or lipophilic interactions [25, 26]. Using
GNPs of different sizes and surface charges we demonstrate here that a naked GNP surface
is required and core size plays an important role to inhibit the function of HB-GFs
(VEGF165; bFGF) and subsequent intracellular signaling events. We also demonstrate that
the inhibitory effect of GNPs is due to the change in HB-GFs conformation/configuration
(denaturation) by the nanoparticles, whereas the conformations of non-HB-GFs remain
unaffected. Significantly, this study will help structure-based design of therapeutic
nanoparticles to inhibit the functions of disease causing proteins.

Materials and methods
Gold nanoparticles

The 5, 10, and 20 nm citrate reduced nanoparticles were purchased from Ted Pella
(Redding, Ca). They were used without any modifications (Supplemental Figure 4). Media
and PBS was purchased from Mediatech (Manassas, VA) unless othherwise noted.
Positively charged gold nanoparticles were synthesized according to reported procedures
[27].

Zeta potential and size measurements
ζ-Potential (ZP) and dynamic light scattering (DLS) results were used to characterize the
charge and the hydrodynamic diameter of both nanoparticles and proteins. The nanoparticles
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were dissolved in sodium phosphate buffer (5 mM, pH 7.4) to make solutions of 5 μM
concentrations. The samples were filtered through a Millipore syringe filter (0.22 μm) and
injected into a folded capillary disposable cell. Both ZP and DLS were measured on a
MALVERN Zetasizer Nano ZS instrument. Each sample was scanned six times and an
average value was reported.

Cell cultures
Human umbilical vein endothelial cells (HUVECs) were grown on plates coated with
collagen and cultured with EGM-MV BulletKit (5% fetal bovine serum in endothelial basal
medium with 12 μg/ml bovine brain extract, 1 μg/ml hydrocortisone, 1 μl/ml GA-1000, and
human EGF). NIH3T3 were cultured in DMEM media. Experiments were performed in cells
at ~80% confluence.

Intracellular Ca2+ Release
Serum-starved HUVECs were washed twice with PBS and incubated with 4 ml of
collagenase solution (0.2 μg/ml collagenase, 0.2 μg/ml soybean trypsin inhibitor, 1 μg/ml
bovine serum albumin, and 2 mM EDTA in PBS) at 37°C for 30 min. Cells were detached
by gentle scraping and centrifuged at 1100 rpm for 3 min. Cell pellets were washed twice
with PBS and were resuspended in 10 ml of Ca2+ buffer and centrifuged at 1000 rpm for 10
minutes. Cell pellets were resuspended in 10 ml of Ca2+ buffer containing 1 μg/ml Fura-2
and 0.02% Pluronic F-127 and incubated at 37°C for 0.5 h. Cells were collected by
centrifugation at 1000 rpm for 10 min and re-suspended in 10 ml of Ca2+ buffer.
Intracellular Ca2+concentrations were measured with the DeltaScan Illumination System
(Photon Technology International) using Felix software.

3H-Thymidine incorporation assay for cellular proliferation
Cells (2×104) were seeded in 24-well culture plates in there respected medium. After
culturing overnight, they were treated with 10 ng/ml VEGF165 that was preincubated with
and without gold nanoparticles (conc = 1nmol/L) for 24 hours at 4°C. After being cultured
with the nano-particle/VEGF 165 mixture, thymidine incorporation assay was performed as
previously published [28]. In brief, after 24h, 1 μCi/ml [3H]thymidine was added, and 4h
later, cells washed with ice-cold PBS, fixed with 100% cold methanol, washed again, and
lysed with 250 μl 0.1N NaOH. [3H]thymidine incorporation was measured in scintillation
solution.

Western Blot Analysis
HUVEC cells were serum starved overnight and stimulated with AuNPs (5, 10, 20nm)
preincubated with 10 ng/mL VEGF165. After 5 minutes, stimulation was halted by the
addition of chilled PBS, washed thrice in cold PBS, and lysed using RIPA buffer. Cell
lysates were centrifuged at 14,000 x g for 10 minutes at 4°C and the supernatant was
collected for protein analysis. The supernatant was re-suspended in 2× SDS sample buffer
for Western blot analysis. All experiments were repeated at least three times. The primary
antibody used was from Santa Cruz (SC-504) in a 1:250 dilution. The secondary antibody
dilution was a 1:1000 (anti-rabbit).

Results
Inhibition of HB-GFs induced cell proliferation is dependent on the size of gold
nanoparticles

To determine whether the size of nanoparticles plays any role to inhibit the function of HB-
GFs, we used commercially available citrate reduced GNPs of 5, 10 and 20 nm (diameter) to
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test their ability to inhibit VEGF165 and bFGF induced proliferation of HUVECs and
NIH3T3 cells, respectively. VEGF165 and bFGF was first pre-incubated overnight at 4°C
with GNPs of different sizes (5, 10, and 20 nm) and then added to serum-starved HUVECs
and NIH3T3 cells, respectively. It is evident from the [3H]-thymidine incorporation assay
(Figure 1) that VEGF 165-induced proliferation of HU-VECs was significantly inhibited by
all sizes of GNPs tested in a concentration dependent manner. The larger nanoparticles (20
nm diameter) showed maximum effect (Figure 1A). The 5 nm GNP exhibited a modest
~25% inhibition of proliferation at 1nmol/L and complete inhibition at 10 nmol/L (Figure
1B). The 10 nm GNP showed ~60% inhibition of proliferation at 1nmol/L and 100%
inhibition at 5 nmol/L (Figure 1C). However, complete inhibition of VEGF165-induced
proliferation was achieved with 1 nmol/L of 20 nm GNPs (Figure 1D). Similar results were
observed with bFGF -induced proliferation of NIH3T3 fibroblast (Figure 2A). Similarly as
VEGF165, the 20 nm GNP maximally inhibited bFGF-induced proliferation of NIH3T3
cells as compared to 5 and 10 nm GNPs. However, these particles did not inhibit the activity
of EGF, a non-HB-GFs (Figure 2B). These results demonstrate that the specific inhibitory
effects of GNPs towards HB-GFs are size dependent, bigger nanoparticles being more
efficacious.

GNPs abrogate VEGF165- induced KDR-phosphorylation in a size dependent manner
The angiogenic cascade is initiated when VEGF165 binds to its extracellular receptor,
mainly KDR on endothelial cells, leading to receptor phosphorylation and commencing
further downstream signaling events [29]. Thus, to confirm whether the inhibition of
proliferation of HUVECs is due to the inhibition of VEGF165 function by GNPs of different
sizes, we looked at the VEGF165 induced phosphorylation of KDR after pre-incubating
VEGF165 with GNPs of different sizes. When VEGF165 was pre-incubated with 5 nm
GNPs at a concentration of 1 nmol/L, significant inhibition of KDR phosphorylation was
observed (~65 %), whereas complete inhibition was observed with the 20 nm GNPs at the
same concentration (Figure 3). The effect of core size on the inhibition of phosphorylation
of KDR was also seen to be concentration dependent. The 5 nm GNP showed significant
inhibition of KDR phosphorylation at 5 nmol/L and complete inhibition at 10 nmol/L (Sup
Fig 1A), whereas the 10 nm GNP showed a modest inhibition at 0.5nmol/L and complete at
1nmol/L (Sup Fig1B). These results indicate that the core size of GNPs plays important role
in inhibiting VEGF165 function. Furthermore, it also indicates that GNPs directly bind to
VEGF to inhibit its function,

Effect of nanoparticles size and surface charge to inhibit VEGF function
If direct binding of VEGF165 to gold nanoparticles is the cause of inhibition of its activity
as evidenced from the KDR-phoshorylation experiments, it is then expected that all of the
subsequent downstream signaling events will also be inhibited. To further confirm this, we
performed a VEGF165-induced intracellular Ca2+ release assay using HUVECs. It is well
documented that, HUVECs when stimulated with VEGF165, increase cytosolic Ca[i]
released from the endoplasmic reticulum [30]. When VEGF165 was pre-incubated with a
concentration of 1 nmol/L of the 5 nm GNP, a modest decrease in Ca2+ release was
observed, whereas complete inhibition was evident with the 10 nm and 20 nm GNPs at the
same concentration (Figure 4a). The effect of core size on VEGF165 induced Ca+2 release
was also shown to be concentration dependent (Supplemental Figure 2A–C).

Previously we described that the HBD of VEGF plays an important role to interact with
nanogold through its -NH2 or – SH functionalities probably via a coordination interaction
[31]. All the citrate capped gold nanoparticles have a net negative surface charge of ~ −40
mV. Thus, to investigate whether the electrostatic interaction between the negatively
charged GNP and the highly basic HB-domains of VEGF165 plays any role in inhibiting
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VEGF function, we used thiolated tetraethleyene glycol (NP1-4) functionalized gold
nanoparticles with various surface charges (Figure 4B). The use of TEG masks the gold
surface [32] thus allowing us to determine the role of surface charge, if any, to inhibit the
function of VEGF165. As seen in Figure 4C, when VEGF165 was pre-incubated with
NP1-4, no inhibition of VEGF165 induced Ca2+ release was observed, even with increasing
concentrations of the nanoparticles (Supplemental Figure 3). These experiments clearly
demonstrate that the bare gold surface is important and essential to inhibit the function of
VEGF165.

Ability of GNP of different sizes to bind VEGF 165
Having demonstrated the size of the GNPs surface is directly related to VEGF inhibition,
probably through its cysteine and/or lysine residues[31], we then focused on determining the
quantity of VEGF165 bound to the surface of GNPs of different sizes. To address this
potential interaction between the naked surface of GNPs and VEGF165, we used an ELISA
to determine the concentrations of unbound VEGF165 remaining in solution after incubation
with GNPs of different sizes (5, 10, and 20 nm). VEGF165 was incubated with the citrate
reduced GNPs at different concentrations and then pelleted using ultracentrifugation. The
concentration of unbound VEGF165 in the supernatant fractions notably decreased in a size
and concentration dependent manner, with 95% of the protein being bound on the surface of
20 nm GNPs at 1nmol/L concentration compared to 80% bound to the 5nm GNPs
respectively (Figure 5A). This data further strengthens the fact that the inhibitory effect of
GNPs is due to the direct binding with VEGF165, probably leading to the conformational
changes in the protein structure.

We further probed whether direct binding causes conformational changes of the proteins
leading to inhibiting the function of HB-GFs. We monitored changes in secondary structure
of both HB-GFs and non-HB-GFs upon incubation with different sized citrate GNPs using
circular dichroism (CD). The far-UV CD spectrum shows dramatic change in the
conformation of bFGF in the presence of citrate reduced GNPs. These changes in the protein
conformation are reflected by both the shift and increase in intensity of the characteristic
minima of native bFGF at 204 nm (Figure 5B). [33, 34] The maxima between 227–229 nm
of native bFGF were also changed for all the GNPs and became prominent as the
concentration of GNP increased. However the CD spectrum for EGF incubated with GNPs
was in good agreement with the spectra of native rhEGF [35], indicating that the secondary
structure of non-HB-GF, EGF, was not disrupted by the nanoparticle (Figure 5C). This
result demonstrates that GNPs have a significant effect on the structure of HB-GFs that
ultimately dictates the protein function.

Discussion
Anti-angiogenic therapy is a viable therapeutic option in cancer. To be successful, the
therapeutic should either target multiple angiogenic factors or an angiogenic factor that is
critical to angiogenesis or specifically control a host of other angiogenic factors.
Bevacizumab, a monoclonal antibody that binds and inactivates VEGF165 effectively
inhibits cell signaling and proliferation [36]. Although there is a positive response when
Bevacizumab is combined with chemotherapy, there is a question of its tolerability [37].
Patients treated with Bevacizumab had complications due to GI perforations and/or arterial
thromboembolism. Since VEGF also regulates normal physiologic processes, such as wound
healing and stabilization of damaged endothelia, thus total inhibition of VEGF may create a
unique toxicity. Other small molecule inhibitors, such as Sunitinib, have also been
developed to inhibit protein tyrosine kinases. The FDA has recently approved this drug for
treatment of renal cell carcinoma and gastrointestinal stromal tumors. However, with its
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being able to target multiple receptors, Sunitinib has numerous side effects such as
hyperthyroidism, hand-foot syndrome, cardiac dysfunction, and brain hemorrhage [38].

Nanoparticles have piqued the interest of the medical community for use in cancer
diagnosis, treatment, and as delivery vectors for biologic or pharmacologic agents [39]. The
ability to affect diagnostic or therapeutic changes on a nanoscale could provide significant
gains in medical care. Metallic gold compounds are widely used in medicine, with the most
common being a therapeutic for reducing rheumatoid arthritis symptoms since the early
1900’s [40]. With its long history of use in humans, the FDA has recently approved a gold
nanoparticle conjugated system for Phase-1 clinical trials for the treatment of solid tumors.
Along with being biocompatible, gold nano-particles are easily synthesized and readily
modified to create a tailored and effective multifunctional drug delivery system. Recent
reports using nanogold imply that they can disrupt/inhibit the activity of pro-angiogenic
cytokines containing a heparin-binding domain (HBD) such as VEGF165, basic fibroblast
growth factor (bFGF), and PIGF ([31]; [41]). The nature of bonding between gold and
proteins has been the subject of intense investigation over the last several decades. It is now
generally accepted that there are three main types of interactions that occur between a
protein/antibody and a gold nano-particle; (i) electrostatic interactions of negatively charged
GNPs with positively charged proteins; (ii) covalent interactions between the thiol/amine
groups present within amino acid residues in antibodies and the GNPs; and (iii) hydrophobic
interactions between proteins and GNPs [28, 42, 43]. Using X-ray photoelectron
spectroscopy and thermo-gravimetric analysis we previously demonstrated that cetuximab,
VEGF antibody and VEGF165 utilize thiol and amine functionalities to bind to gold
nanoparticles [42]. In the present study, we further assess the anti-angiogenic properties of
gold nanoparticles with respect to the nanoparticle size and surface charge. By modifying
the surface functionality, it allows for specific interactions with biomacromolecules through
favorable electrostatic or lipophilic interactions [44, 45]. These studies are important to gain
further insight into the mechanism of GNP-induced anti-angiogenesis for future therapeutic
application. To that end, we demonstrate here using human umbilical vascular endothelial
cells (HUVECs) and NIH3T3 fibroblast cells that the naked GNP surface and the core size is
important in culling the intrinsic activity of their respective HBD growth factors (VEGF165;
bFGF) and subsequent intracellular signaling events.

Since VEGF regulated angiogenesis is known to play a crucial role in many pathological
angiogenesis such as cancer, we wanted to further probe the interaction between HB-GFs
and GNPs with different size and charge. We chose to use citrate reduced gold nanoparticles
since they have been synthesized by well-established method and commercially available.
Interestingly GNPs are selective to inhibit the function of HB-GFs whereas non-HB-GFs
remain unaffected upon preincubation with GNPs. In this respect, the 20 nm GNP is the
most potent among all the 3 sizes tested to inhibit the function of HB-GFs. Furthermore,
surface modification of GNPs with different ligands (NP1-4) prevents their ability to inhibit
the HB-GFs function, clearly emphasizing the role of naked nanoparticles surface.

The data presented here demonstrates that GNPs inhibit the VEGF signaling cascade in
vitro, which may contribute to disease treatment. The anti-angiogenic mechanism of GNPs
is unique and needs to be investigated further. In summary, we investigated the mechanism
of anti-angiogenic property of gold nanoparticles. GNPs selectively disrupt the functions of
pro-angiogenic HB-GFs in a size dependent manner in vitro. Furthermore, surface
modification of GNPs with various charged ligands prevents their ability to inhibit the HB-
GFs function, clearly emphasizing the role of the naked nanoparticle surface. Circular
dichroism confirms that such inhibitory effect is due to the change in conformation of HB-
GFs upon binding to GNPs, whereas the conformation of non-HB-GFs remains unaffected.
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These findings provide strong evidence to design therapeutic nanoparticles to inhibit the
function of disease causing proteins in a structure depended manner.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Effect of gold nanoparticle core size on cell proliferation in HUVECs
[3H] Thymidine incorporation is represented as fold stimulation. (A) Serum starved HU-
VECs were stimulated with 10 ng/ml VEGF165 that was preincubated with and without
gold nanoparticles (conc = 1nmol/L) (B-D) The effect of dose on HUVEC proliferation with
5nm (B), 10nm (C), and 20nm GNPs (D). The analysis for each nanoparticle were done in
triplicate and each C+V = cells stimulated with VEGF165 only. * = P<0.01, ** = P<0.005
as determined by a two-tailed student t-test. Error bars, mean ± SD.
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Figure 2. Effect of gold nanoparticle core size on cell proliferation in NIH3T3
[3H] Thymidine incorporation is represented as fold stimulation. Serum starved NIH3T3
were stimulated with 10 ng/ml bFGF (A) or EGF (B) that was preincubated with and
without gold nanoparticles (conc = 1 nmol/L). The analysis for each nanoparticle were done
in triplicate and each experiment was repeated independently three times. c-b, c-e = only
cells, c+b, c+e = cells stimulated with GF. * = P<0.01, ** = P<0.005 as determined by a
two-tailed student t-test. Error bars, mean ± SD.
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Figure 3. GNPs effect the phosphorylation of VEGF165 receptor
(A) Serum starved HUVECs were stimulated for 5 minutes with VEGF165 (10ng/mL) that
was preincubated with or without gold nanoparticles and then immunoblotted with
antibodies to phophotyrosine KDR (pKDR) and total KDR levels in the cell extracts. (B)
Densitome-tric scanning of phosphotyrosine blots using NIH Image, expressed in
percentage. Experiments were performed in triplicate.

Arvizo et al. Page 12

Nanomedicine. Author manuscript; available in PMC 2012 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4. Response of calcum signaling in HUVECs in the presence of GNPs
Serum-starved HUVECs were suspended in Ca2+ buffer containing Fura-2AM dye and were
stimulated with VEGF165 (10ng/mL) that was preincubated with or without gold
nanoparticles. The top panel (A) shows the effect of surface size of GNPs on VEGF
signaling cascade. (B) Schematic of the GNPs with different surface charges. In panel (C),
VEGF165 was preincubated with charge modified GNPs. Experiments were performed in
triplicates.
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Figure 5. Affinity of VEGF165 binding is dependent on the surface size of GNP
Gold nanoparticles (5nm, 10nm, and 20nm) were incubated with VEGF165. (A) An ELISA
was used to quantify the amount of VEGF bound to the nanoparticle surface. Three
independently performed experiments showed similar outcomes. Error bars, mean ± SD. (B,
C) Far UV-CD spectra was measured from 180 to 250 nm in a 1cm cuvette (B) 0.2mg/mL
bFGF in were incubated with and without GNPs in 5mM phosphate buffer (C) 0.15 mg/mL
EGF were incubated and without GNPs under similar conditions as listed above. The blanks
containing GNPs with same concentration in buffer were subtracted from each data set
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