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ABSTRACT: The functionalization of colloidal nanoparticles with short peptides
often fails in achieving satisfactory targeting efficiency and selectivity toward receptor-
specific human cells. Here, we show that an optimized passivation of gold nanoparticle
surface with a mixed self-assembled monolayer, including a targeting ligand, a
fluorescent dye, and an intercalating short PEG derivative, led to a very stable, nontoxic,
and efficient nanoconjugate for targeting urokinase plasminogen activator receptor-
positive breast cancer cells.

Cancer has become a major public health problem in many
countries. Statistically, such cancers as pancreatic, liver,

and lung lead to an extremely high level of morbidity and
mortality (up to 97%), while breast cancer is most frequently
diagnosed, being the leading cause of death for cancer among
females.1 Although targeted therapy with monoclonal antibod-
ies is rapidly becoming the major nonsurgical treatment in
many cancers,2,3 the use of short peptides as targeting ligands of
tumor receptors has several potential advantages over
commonly employed entire antibodies. In particular, when
more sophisticated nanoconjugates are used for drug delivery
purposes, short peptides allow for regular and density-
controlled distribution of ligands and lower immunogenicity
of the nanoconstruct, along with their low nonspecific uptake
by the reticuloendothelial system, such as the liver, spleen, and
bone marrow. These features have led to their wide application
as promising ligands for tumor targeting.4 In addition, peptides
are chemically stable and relatively easy to modify compared to
monoclonal antibodies.5

A number of peptide-based ligands for cancer cell targeting
have been described in the literature, with the most prominent
examples being the arginine−glycine−aspartate (RGD) family
of peptides for αvβ3/5 integrin receptor-targeting.6−9 Peptide
sequences derived from urokinase plasminogen activator (uPA)
amino-terminal protein fragment (ATF) have recently been
used as an efficient way of targeting the uPA receptor (uPAR)
on cancerous cells.10,11 uPAR was found overexpressed across a
variety of tumor cells and tissues, including breast, lung,

pancreas, liver, and stomach.7 Moreover, such a high level of
expression is considered to be associated with cancer invasion
and metastasis.12−16 Among uPAR-targeting peptide sequences,
U11 peptide (VSNKYFSNIHW) represents a prominent part
of the recognition fragment in uPA. Its loop-like structure
comprises 11 amino acid residues localized at the tip of a β-
hairpin loop within the growth factor domain of uPA. The
interaction between U11 and uPAR was reported to be
characterized by an equilibrium dissociation constant, Kd, of
1.3−1.4 μM.10

Thanou and co-workers used a U11 peptide−lipid
amphiphile for functionalization of liposomes with the aim of
nucleic acid delivery.10 Although, the authors have obtained an
efficient targeting of prostate cancer cells by the U11-
functionalized nanoconjugates, still they indicated the presence
of strong nonspecific interactions that caused an undesired
binding of nanoparticles to the cell membranes. In addition,
U11 peptide was shown to form β-sheets on the surface of
liposomes when inserted at high densities. However, at low
concentrations (1 mol %), the same peptide−lipid conjugates
appear to rearrange into more separated structures inside the
liposome bilayer.10 Similarly, Mazzucchelli et al. have observed
that direct random conjugation of U11 linear peptide to
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colloidal nanoparticles led to neither efficient nor selective
binding of uPAR-positive cells in comparison with a uPAR-
negative control, probably owing to a disadvantageous
arrangement of the peptide or low availability for recognition.17

In that case, likely the number of peptide molecules conjugated
to the particle was too low to ensure successful targeting of the
cells. Therefore, it is evident that the structure of the targeting
molecule and its density and/or distribution on the nano-
particle surface play an important role both in colloidal stability
and in the interaction with membrane receptors of the cell.18,19

Considering the high binding affinity of uPAR−uPA complex
along with the favorable propensity of such complex to be

endocytosed by receptor activation, the uPAR−U11 receptor−
ligand system could be attractive for the design of smart
nanoconjugates selective for uPAR targeting. Among different
nanoparticles, gold nanoparticles (AuNPs) are a promising tool
for biomedical applications, due to their unique optical and
chemical properties, along with straightforward preparation and
surface functionalization via Au−thiol chemistry.20 In addition,
the functionalization of nanoparticles with bioactive targeting
ligands allows researchers to improve not only the selectivity of
the conjugates exploiting a higher capacity to enter the cells but
also their antitumor activity over the free drug through an
increase of its local concentration.21,22 However, no AuNPs-

Figure 1. Schematic representation of fluorescent U11 peptide-functionalized Au-(1) NPs. A zoomed section of AuNP surface shows the supposed
self-assembled organization of the mixed ligand monolayer. Chemical structures and amino acid sequences of the ligands and an example of TEM
micrograph of AuNPs (inset) are included.
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based anticancer drug has been approved for clinical therapy yet
except for only two AuNPs-containing drugs which have been
in phase 0 (pilot study) and phase 1 of clinical trials. AuroShell
nanoparticles have been investigated by Nanospectra Bio-
sciences Inc. as potential tool for near-infrared photothermal
therapy of head and neak cancers.22 On the other hand,
CytImmune Sciences Inc. has developed tumor necrosis factor
(TNFα) bound AuNPs, namely, CYT-6091 Aurimmune, and
Taxol and TNFα-bound colloidal gold, namely, and CYT-
21001 (Auritol), for the treatment of solid tumors by breaking
down tumor defenses.22

In this paper, we show that biocompatible fluorescent AuNPs
can be successfully functionalized with U11 peptide with the
aim of efficient targeting of uPAR-positive cancer cells. We
developed an ad hoc nanoconjugate in which U11 peptide was
inserted into a mixed monolayer of ligands imparting the
required stability and fluorescent properties to AuNPs. Here,
U11 peptide molecules were spaced by a short-chain PEG
derivative containing both −SH and −OH groups, whose
polarity favors the formation of a continuous passivation layer
around nanoparticles. The high surface density of PEG chains
provided AuNPs with an optimal colloidal stability, allowing
them to reduce protein adsorption and nonspecific interactions
with nontargeted biological species.23−26 These features
conferred also a more regular distribution of the peptide on
the nanoparticle surface, which presumably avoided β-sheets
formation resulting in a stronger affinity of immobilized U11
for uPAR. Finally, a fluorescein-modified bis-carboxylic disulfide
was used to introduce a fluorescent moiety into the ligand shell,
useful for further biological experiments (Figure 1).
U11 peptide was assembled by Fmoc-based solid phase

peptide synthesis (see Supporting Information) adding an
extra-sequence short PEG spacer in order to separate the main
peptide chain from the nanoparticle surface, while an N-
terminal cysteine residue was added to allow peptide covalent
conjugation to AuNPs exploiting Au−thiol chemistry (Figure
1). A scrambled U11 variant (ISKSVYNFWNH) (5) was used
as a negative control. Citrate-stabilized AuNPs were prepared
by a modified Turkevich−Frens method, in which the reaction
parameters were adjusted to yield monodisperse spherical
nanoparticles of 16 ± 1.2 nm.27−29 AuNPs were subsequently
stabilized and functionalized by a mixed layer of ligands to give
fluorescent Au−U11 nanoconjugates (1).23,30 For this purpose,
the components were mixed at specific stoichiometric ratios to
achieve precise control over the number of functional ligands
on each particle, maintaining reproducibility in the nanoparticle
production. A short heterobifunctional PEG (11-
mercaptoundecyltetra(ethylene glycol) (2)), containing both
−SH and −OH groups, a fluorescein-bearing bis-carboxylic
disulfide molecule (3), and Cys-modified U11 peptide (4) were
used for nanoparticle derivatization. A typical schematic
multifunctional nanoparticle, a TEM micrograph of the
nanoparticles, and the chemical structure of the ligands utilized
for the synthesis are schematically illustrated in Figure 1.
Although conjugation of peptides to the protecting ligand

shell of AuNPs is an appealing strategy to preserve their
biological activity, we have already had experience in
successfully attaching biologically active thiol-containing
peptides and proteins directly to the gold surface, observing
retained biological functionality.31,32

It has been demonstrated that ligand shell composition and
ligand density on nanoparticle surface play an important role in
targeting efficiency and particle internalization mechanism.33,34

Our preliminary experiments suggested to us that 3% of FITC
groups is the most suitable amount to render the nanoparticles
bright enough for binding studies in cells avoiding false positive
results (Figure S8, Supporting Information). On the other
hand, on the basis of these preliminary data, the U11 peptide
amount for further experiments was established to be 3%. More
details on the rationale of using this peptide density are
reported in the discussion part of the paper. Furthermore, Au−
U11 NPs containing 3% U11 peptide, 3% FITC, and 94% HS-
PEG-OH ligands are named Au-(1) NPs.
In Table 1, representative characteristics of nanoparticles

functionalized with different amounts of U11 peptide are

summarized. Our results show that it is possible to obtain stable
colloidal nanoparticles reaching a maximum 20% of peptide in
the ligand shell. However, the insertion of U11 peptide at
higher densities (>20%) resulted in poor stability of nano-
particles and their aggregation occurred shortly after function-
alization.
Although AuNPs are known to quench the dye fluorescence

because of energy transfer effects,35,36 we succeeded in
obtaining sufficiently bright nanoparticles suitable for biological
experiments. Only freshly prepared AuNPs were used for all
biological experiments to avoid false negative results. The
quenching efficiency of Au-(1) NPs was determined by plotting
fluorescence spectra from nanoparticles before and after
dissolution of the core. The very low intensity of emission
peak from Au−U11 NPs grew considerably when the gold core
was dissolved in aqua regia (Figure S5, Supporting
Information), corresponding to a quenching efficiency of
98.4%.
The physicochemical properties of Au−U11 NPs have been

studied by UV−vis, TEM, DLS, and ζ potential techniques. All
the particles exhibited a negative charge and a small
hydrodynamic diameter, indicating good colloidal stability
and a highly monodisperse distribution under physiological
conditions (150 mM NaCl at pH 7). To confirm the good
colloidal stability of Au-(1) NPs, the particles were incubated
with NaCl in a 150 mM to 1.5 M concentration range, and
UV−vis spectra alterations were evaluated. In addition,
nanoparticle stability in cell culture medium was studied by
incubating Au-(1) NPs with high glucose DMEM lacking
phenol red indicator and supplemented with 50% FBS. As
shown in Figure S3 (Supporting Information), the particles are
perfectly stable both in cell culture medium and even at the
highest salt concentrations, since no UV−vis spectra alterations
can be noticed.
To assess biological activity of Au-(1) NPs, we used uPAR

positive human MDA MB 468 cells, uPAR positive murine 4T1
cells, and uPAR negative CAL51 breast cancer cells. In order to
exclude possible cytotoxic effects of the particles, cell death was
evaluated by annexin V assay after 1, 3, 24, 48, and 72 h of
incubation (Figure 2a). No evidence of cytotoxicity was

Table 1. Characterization of Au−U11 Nanoparticles
Containing Different Amounts of U11 Peptide by UV−
Visible Spectroscopy, Transmission Electron Microscopy
(TEM), Dynamic Light Scattering (DLS), and ζ-Potential

U11, % SPR, nm TEM, nm DLS, nm ζ-potential, mV

3 524 16 ± 1.2 21.3 ± 1.56 −30.36 ± 1.02
10 524 16 ± 1.2 21.1 ± 1.24 −23.74 ± 3.12
20 524 16 ± 1.2 23.1 ± 1.54 −18.96 ± 1.38
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observed in MDA MB 468 cells after short incubation times at
the dosages used (0.5, 2, and 4 nM). On the other hand, the
nanoparticles induced minimally acceptable in vitro cytotoxicity
after longer periods postincubation (24−72 h). As a control
experiment, the same assay was performed also on uPAR-
negative CAL51 cells, while control Au-PEG NPs were
incubated with uPAR-positive MDA MB 468 cells (Figure
S11 and Figure S12, respectively, Supporting Information). As
indicated in Figure S12, Au−PEG NPs show similar cell death
values as Au−U11 NPs after long incubation times, confirming
the safety of as-prepared particles to the cells. A cytotoxicity
study was performed with a conventional methylthiazolyl-
diphenyltetrazolium bromide (MTT) based assay that relies on
the color change of MTT by mitochondrial succinate
dehydrogenase. The results show that Au-(1) NPs are not
toxic at commonly used concentrations (Figure 2b).
In addition, in order to ensure that the presence of U11

peptide in the ligand shell does not affect the cytotoxicity of Au-
(1) NPs, MTT assay with Au-PEG NPs, on MDA MB 468 cell
line, as negative control was performed (Figure S13, Supporting
Information). The results show a negligible difference between
treated and untreated cellular viability profiles, indicating that
Au−PEG NPs hardly affect cell profileration.
The binding efficiency between uPAR and Au-(1) NPs was

studied by fluorescence-based flow cytometry (FACS) as a
function of nanoparticle concentration. Cell-associated FITC
fluorescence was examined 2 h after incubation of particles with
the cells. Our aim was to assess the extent of receptor labeling
minimizing nonmediated endocytosis. Hence, cell incubation
with nanoparticles was performed at 4 °C. Flow cytometry

results are summarized in Figure 3. First, we tested AuNPs
containing higher densities of U11 in the ligand shell (5−20%)

with the aim to observe a possible binding improvement as a
function of ligand density (Figure S8, Supporting Information).
However, at very high peptide densities (10−20%) the
nanoparticles showed a nonspecific binding to both uPAR-
positive (MDA MB 468 and 4T1) and uPAR-negative
(CAL51) cells. Importantly, when the U11 amount reaches
20%, the cells show strong aggregation, making it difficult to
perform the analysis. This can be explained by a disadvanta-
geous distribution of U11 amino acid sequences on the
nanoparticle surface, as it has been already observed by Thanou
et al.6 On the other hand, at lower peptide densities (1%), the
binding efficiency was not sufficiently high, probably because of
insufficient nanoparticle avidity toward uPAR (Figure S8,
Supporting Information). In contrast, treatment of uPAR+ cells
with AuNPs containing 3% of U11 peptide produced the most
reliable data showing a 2-fold increase in the percentage of cells
in the positive region compared to uPAR-negative treated cells
(CAL51) at 0.5 nM concentration of AuNPs. At 2 and 4 nM
nanoparticle concentration, the percentage of cells in the
positive region grew to 53%, indicating the binding in a
concentration-dependent manner (Figure 3). Importantly,
nanoparticles functionalized with 3% scrambled U11 peptide
(5) showed negligible binding to all kinds of tested cells,
confirming the specificity of Au-(1) NPs for uPAR.
While flow cytometry is a powerful tool to quantify

association of nanoparticles with cells, it does not distinguish
between cellular binding and cellular internalization. To
confirm cellular uptake and internalization of nanoparticles by
breast cancer cells, we performed confocal laser scanning
microscopy experiments. Scrambled peptide-conjugated nano-
particles (Au-scr) and cell-only controls were also included.
The data do indicate the active involvement of a receptor-
mediated targeting and U11 specificity to uPAR-positive MDA
MB 468 cells, as Au-(1) NPs can be observed inside the cell.
Negligible internalization was evident with nontargeted Au-scr
NPs (Figure 4). More images are available in Figure S9,
Supporting Information.
In summary, we have presented a robust method for the

preparation of urokinase plasminogen activator receptor
(uPAR) directed gold nanoparticles for targeting of breast
cancer cells. The nanoparticles were functionalized with a short
11-amino acid (U11) peptide derived from the growth factor

Figure 2. (a) Cell death assay with Au-(1) NPs. MDA MB 468 cells
were treated with Au-(1) NPs (0.5, 2, and 4 nM) for 1, 3, 24, 48, and
72 h. Cell death was assessed to measure the exposure of annexin V
evaluated by flow cytometry. The percentage of cell death in untreated
population was subtracted. Data are expressed as mean values ± SD of
three individual experiments. (b) Cell viability assessed by the MTT
assay with Au-(1) NPs. MDA MB 468 cells were treated with Au-(1)
NPs (0.5, 2, and 4 nM) for up to 72 h. The results are expressed as
mean values ± SE of six individual experiments. Untreated cells are
shown as negative control.

Figure 3. FACS analysis of uPAR targeting with Au-(1) NPs on MDA
MB468 (uPAR+), 4T1 (uPAR+), and CAL-51 (uPAR−) cells. The cells
were incubated for 2 h at 4 °C with 0.5, 2, and 4 nM nanoparticle
concentration. The results are expressed as mean values ± SD of three
individual experiments normalized on cell proliferation of untreated
cells. Student t analysis results are calculated and compared to uPAR−

cells (*) and Au-Scr NPs (+).
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domain of uPA, which is responsible for binding to uPAR due
to its epitopal folding. We show that an optimized insertion on
gold nanoparticle surface of a 3% U11 in a mixed self-
assembled ligand monolayer, including fluorescent dye and
intercalating short PEG chains, led to very stable and nontoxic
nanoconjugates, which promoted receptor selectivity for
improved cell binding and uptake in uPAR-positive cancer
cells. The next step will be to prove the efficiency of the
optimized U11 nanoparticles for in vivo administration to
uPAR-overexpressing breast cancer.
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