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The arginine—glycine—aspartic acid (RGD) peptide sequence is known to specifically interact with integrins,
which are chief receptors participating at various stages of cancer disease and in bacterial adhesion/invasion
processes. In particular, vitronectin receptor (a,B3) and fibronectin receptor (asB;) integrins are involved
respectively in tumour cell targeting and bacteria internalization inhibition. Silver nanoparticles (AgNPs)
have elicited a lot of interest as a theranostic platform, owing to their unique optoelectronic as well as
self-therapeutic properties as bactericides. The goal of this work was the comprehensive
physicochemical characterization of a hybrid peptide—metal nanoparticle biointerface fabricated by the
immobilisation, through thiol chemistry, of a fluorescent cyclic RGD peptide onto AgNPs of 13 nm
diameter. RGD peptide-functionalized AgNPs were investigated by a multi-technique approach,
including various spectroscopic (XPS, FTIR and UV-visible), spectrometric (ToF-SIMS) and microscopic
(SEM, TEM, AFM) methods as well as dynamic light scattering and {-potential measurements. Proof-of-
work experiments by confocal microscopy imaging of the cellular uptake by human neuroblastoma SH-
SY5Y and chronic myelogenous leukaemia K562 cells, overexpressing respectively o,z and aspB;
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www.rsc.org/advances make them very promising as a multifaceted platform in applications with cells and bacteria.

shape, surface chemistry, biocompatibility and, in general, non-
toxicity. Furthermore, an increased ability of targeting and
efficiency of drug loading/release as well as image contrast

1 Introduction

Multifunctional nanoparticles (NPs) offer great promise for
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early diagnosis and targeted therapy, which is a hot area of
nanomedicine." Nanomaterials, owing to their extremely high
surface-to-volume ratio, offer an ideal versatile platform for
polyvalent presentation on account of their tunable size and
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capability, for instance, due to their optical or magnetic prop-
erties, are major advantages of nanoparticles for theranostic
applications.>*

An enormous research effort has been devoted to the search
for suitable materials to achieve targeted delivery, for example
polymers/inorganic mesoporous nanoparticles,* hollow nano-
capsules based on polymers,*>® liposomes,” inorganic metals
and oxides.?

In particular, metal NPs, with their unique optoelectronic
properties® as well as their self-therapeutics features, including
anti-angiogenic gold nanoparticles (AuNPs) and antibacterial
silver nanoparticles (AgNPs),' attract a large interest as ideal
candidates for tumour diagnosis and therapy.>**

Different functionalization and/or surface modification
strategies, including the surface-anchoring of protein-
mimicking peptides as bioactive moieties,"”>™** can be used to
trigger the response of a solid surface at the hybrid biointerface,
thus modulating the interaction with lipid membranes,*> "’
mammalian cells*®?° or bacteria.**

Surface-engineered nanoparticles may intrude cells by active
targeting but also by passive penetration of the plasma
membrane.” Nanoparticles adhere to and penetrate cell
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membranes depending on their physical properties, including
size, surface composition and surface charge.> Small, positively
charged NPs pass through cell membranes, leading to
membrane rupture and noticeable cytotoxic effects.>

To specifically guide and direct anticancer therapeutics (and/
or imaging agents) to cancer cells, without interfering with
normal tissues, active targeting strategies are typically used,” by
means of the nanoparticle decoration with ligands able to target
specific receptors over-expressed on the diseased cells.®*

Integrins, which are adhesion molecules involved in physi-
ological and pathological angiogenesis® as well as tumor
invasion and metastasis,**** are considered an important target
for molecular imaging and delivery of therapeutics for cancer.
Currently, 3 out of the 24 known human integrins are targeted
therapeutically by monoclonal antibodies, peptides or small
molecules.*

Most integrins recognize their respective extracellular matrix
(ECM) proteins through short amino acids sequences, such as
arginine-glycine-aspartic acid (RGD)* and its synergic site
proline-histidine-serine-arginine-asparagine (PHSRN).>

In particular, RGD has been widely used as basic module in
the design of a variety of molecules for the preferential binding
to o, B; integrin (vitronectin receptor) and o5, integrin (fibro-
nectin receptor) as well as other integrins.****

RGD-containing peptides have successfully been employed
as multidentate agents for their ability to bind integrins and to
stabilize biocompatible gold nanoparticles and nano-
heterostructures usable for tumour imaging and photo-
thermal therapy.**”

El Sayed et al. established the use of AuNPs for cancer
imaging by selectively transporting the nanoparticles into the
cancer cell nucleus, obtained via conjugation of RGD and
a nuclear localization signal peptide (lysine-lysine-lysine-argi-
nine-lysine) to a 30 nm AuNPs via PEGylation.*® The presence of
RGD enabled the cancer-cell-specific targeting to human oral
squamous cell carcinoma, having integrins overexpressed on
the cell surface.*® Recently, RGD-functionalized AuNPs bound to
integrins were detected by means of tip enhanced Raman
scattering technique, which discriminated the binding between
asB; and o,fB; integrins to RGD-conjugated gold nanoparticles
both on surfaces and in a cancer cell membrane.*

The affinity of RGD-based oligopeptides for their ligands
may be affected by steric conformation. Cyclization is
commonly employed to stabilize the correct binding properties
as well as to confer rigidity, enhanced stability and reduced
susceptibility of the ligands to chemical protease
degradation.*>*!

Cyclic RGD (c-RGD) peptide sequences encompassing the
sequence glycine-cysteine (GC),* displaying thiols as capping
groups of metal nanoparticles, or glycine-lysine (GK),*
reported to avoid colloidal aggregation by cross-linking.*>*

AuNPs functionalized with c¢-RGD have been largely
employed for targeting human cancer cells expressing o,f;
integrin.** For instance, the effect of passive targeting by
PEGylation and active targeting by c-RGD peptide conjugation
on the biodistribution of ultrasmall (2.7 nm) gold nanoparticles
in mice bearing B16 melanoma allografts, indicated that un-
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PEGylated c-RGD performed poorly, but PEGylated c-RGD
showed a significant transient collection in the tumor, with
liver and kidney being the primary targets of all constructs,
although none of the particles were able to cross the blood-
brain barrier.*” Also, radioactive iodine-labelled, c-RGD-PEGy-
lated AuNPs designed and synthesized for targeting cancer cells
and imaging tumor sites via integrin o,fB;-receptor-mediated
endocytosis showed no cytotoxicity.*®

Similar to gold, silver nanoparticles elicited a lot of interest
as theranostic platform.>"* Nevertheless AgNPs exhibit several
more attractive features in comparison to AuNPs: (i) a narrower
plasmon bandwidth that permits more accurate measurements
of the local surface plasmon shift,”” (ii) known anti-bacterial
activity®® and low propensity to induce bacterial resistance,*
and (iii) availability of green synthetic approaches assisted by
biomolecules.* The few works reported on silver nanoparticles
conjugated to RGD-containing peptides, include the demon-
stration of programmed cell death in carcinoma cells by
nuclear-targeted RGD-conjugated AgNPs>* and the active
conjugation of silver nanoparticles with c-RGD, which rapidly
induced endosome formation and minimized nonspecific
interactions in comparison to passive PEGylation.”* Promis-
ingly, poly-gamma glutamic acid-capsulated AgNPs conjugated
to c-RGD, carried out a sustained controlled release specifically
targeting the neovascularization cells and induced apoptosis
unaffecting the normal retinal cells, thus demonstrating
potential applications as a boon to ocular therapies.*

In the present paper, we address fabrication and focus on an
extensive physicochemical characterization of the hybrid
nanoassembly made of AgNPs and fluorescein isothiocyanate
(FITC)-labelled cyclic RGD peptide containing a glycine-
cysteine stretch.

A combined approach of spectroscopic (UV-visible, FTIR),
spectrometric (ToF-SIMS) and microscopic (SEM, TEM, AFM)
techniques demonstrated that an actual chemisorption of the
peptide molecules occurs onto the AgNPs. The reaction between
the -SH moiety of cysteine residues and the metal nanoparticle
surface is assisted by additional electrostatic contributions
from the RGD sequence in the side chain.

The RGD based peptides for both a,B; and asp; integrins
have high potential for the development of a novel nanosystem
with advanced therapeutic and antimicrobial properties.

Indeed, o,f; integrin is expressed at low levels on mature
endothelial cells and epithelial cells, conversely it is highly
expressed on the activated endothelial cells of tumour neo-
vasculature and other tumor cells, including osteosarcomas,
neuroblastomas, glioblastomas, melanomas, lung carcinomas,
and breast cancer.®® Undifferentiated and differentiated
neuroblastoma SH-SY5Y cells have been shown to express a4,
a3, and By integrin subunits, as well as concentrations of a,, oy,
a5, 0, and o, integrin subunits.**>¢

While the a,B; integrin cooperates with certain growth
factors, potentiating their effect on cells, the osB; integrin
appears to be a growth-suppressing integrin, and it protects
cells from apoptosis when growth factors are absent.*” It is also
to note that several pathogens utilize ECM protein fibronectin
as a molecular bridge, indirectly linking the bacterial surface

This journal is © The Royal Society of Chemistry 2016
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with the a5, integrin.”® An important feature that makes cell
adhesion receptors prime targets for bacterial adhesion and
invasion is their functional connection to the intracellular
cytoskeleton whose rearrangements can lead to cellular inva-
sion. A non-peptide antagonist of integrin asp,, able to inhibit
internalization of streptococci by primary human tonsillar
epithelial cells, increased the extent of bacterial killing by
antibiotics.>® A cellular model which overexpress the fibronectin
receptor is the K562 cell line, which endogenously express a0,
with o, 3.5

Compounds capable of binding integrins and of disrupting
the bacteria ability to engage integrins have the potential to
affect the outcome of microbial activity. To the best of our
knowledge, this is the first work that deals with RGD peptide-
silver nanoparticles, with a comprehensive physicochemical
study of the hybrid biointerface, in view of its application with
cells and bacteria. Results are indeed very promising, with
proof-of-work confocal microscopy imaging experiments on
neuroblastoma and K562 cell lines, which overexpress respec-
tively the a,B; and asB; integrins, validating the assembled
systems as versatile and multifunctional theranostic
nanoplatform.

2 Experimental section
2.1 Chemicals

Chemicals were purchased from Sigma Aldrich and used as
received. Ultrapure MilliQ water was employed (18.2 MQ cm at
25 °C, Millipore). Glassware was cleaned before using by soak-
ing in aqua regia (HCI : HNOj3, 3 : 1 volume ratio) and thorough
rinsing with water. The buffer solution was prepared with 3-(N-
morpholino)propane sulfonic acid (MOPS) at the final concen-
tration of 10 mM, added with 2.7 mM KCI and 0.137 M NacCl. In
order to avoid the oxidation of sulphur moieties, tris(2-
carboxyethyl)phosphine (TCEP) reducing agent was added at
equimolar concentration to the MOPS buffer and the final pH
was corrected by NaOH to 7.4 (at 25 °C). Polypropylene reaction
vessels and sintered polyethylene frits for the peptide synthesis
were supplied by Alltech Italy. Phenylsilane, Pd(PPh;),, hydra-
zine solution, fluorescein isothiocyanate (FITC) and N-methyl-
morpholine (NMM), N,N-diisopropylethylamine (DIPEA) and
piperidine were purchased from Sigma-Aldrich. NovaSyn TGR
resin, 2-(1H-benzotriazole-1-y1)-1,1,3,3-tetramethyluronium
hexafluorophosphate (HBTU), 1-hydroxybenzotriazole (HOBT),
benzotriazole-1-yloxytripyrrolidinophosphonium hexa-
fluorophosphate (PyBop) and all amino acids were from
Novabiochem.

2.2 Synthesis of fluorescent RGD peptide-functionalised
silver nanoparticles

2.2.1 Peptides synthesis. The FITC-(GC), and FITC-
(GC),RGD peptides were prepared by Fmoc solid phase strategy
on NovaSyn TGR resin. Fmoc-Lys(ivDde)-OH in 10-fold excess
were preactivated with HBTU (9.8 equiv.)/HOBT (9.8 equiv.)/
DIPEA (10 equiv.) in DMF for 5 min and then added to the
resin suspended in DMF. The reaction was performed for 1 h

This journal is © The Royal Society of Chemistry 2016
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and the coupling efficiency was assessed by the Kaiser test. The
following coupling and cyclization reactions were carried out as
previously reported.* To label the peptides with fluorescein, the
ivDde protecting group was removed from the e-amino group of
the lysine by treatment of the peptidyl resin with a solution of
2% hydrazine in DMF (20 x 3 min). FITC labelling was per-
formed with 2 equiv. of FITC isothiocyanate and 4 equiv. of
NMM in DMF for 5 h. Purification of the crude products and
identification of the final peptides were achieved as reported
previously.**

2.2.2 Synthesis of AgNPs. Silver nanoparticles (AgNPs) were
prepared by sodium borohydride reduction method.®* In
a typical experiment, a 5 mL volume of 1 mM silver nitrate was
added dropwise (about 1 drop per second) to 30 mL of sodium
borohydride aqueous solution (2.0 mM) that had been chilled in
an ice bath covering the flask with an aluminium foil. The
reaction mixture was stirred vigorously on a magnetic stir plate.
The solution turned bright yellow after the addition of the silver
nitrate had ended. After that, the stirring was stopped and the
stir bar removed. A colloidal aqueous dispersion with silver
nanoparticles at the concentration of 17.5 nM was obtained, as
estimated by using the molar coefficient extinction value (¢) of
1.84 x 10 M~ ' ecm ™" for spherical silver nanoparticles of 13 nm
of diameter, as expected by the plasmon band centred at 389 nm
of wavelength.®> Assuming a spherical shape and a uniform face
centered cubic (fcc) structure,® the volume of about 1150 nm?
for a particle of radius 6.5 nm and that of (0.407)* nm?® for one
unit cell that contains 4 Ag atoms can be calculated. These
values result in about 4.3 x 10° Ag atoms per each nanoparticle,
corresponding to the concentration of 1.8 x 10° AgNP per mL in
the as prepared colloidal dispersion. In order to minimize the
dissolution of AgNP that occurs through oxidation of metallic
Ag and release of Ag" into aqueous solution, freshly synthesised
nanoparticles were used both for the peptide immobilisation
and the cellular experiments.®**

2.2.3 RGD-AgNP assembling. Stock peptide solutions were
prepared at the concentration of 1 mM by dissolving in
MOPS:TCEP buffer the lyophilized peptide powders of FITC-
(GC), (MW = 1081.32) and FITC-RGD(GC), (MW = 1625.55) (see
Scheme 1). The corresponding non-fluorescent peptides (GC),
and RGD(GC), were used as reference.

To prepare the peptide-coated nanoparticles, the fluorescent
peptides (10 uM) were added to the Ag colloidal dispersion (1.8
x 10° NP per mL) under stirring, then the unbound peptide
molecules were removed by centrifugation (14 000 rpm, 30 min)
and the collected pellets were dissolved in MilliQ water at a final
concentration of 3.3 x 107° M AgNPs, as determined by UV-
visible spectra. The same dilution ratios were used in the
culture medium for the cells treatment.

2.3 Physicochemical characterisation of RGD-functionalised
AgNPs

2.3.1 UV-visible and FT-IR spectroscopic studies. UV/Vis
spectroscopy of the aqueous dispersions was performed on
a Perkin Elmer spectrometer by using a quartz cuvette with an
optical path length of 0.5 cm. For vibrational spectra analyses,
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Scheme 1 Structures of the newly synthesized fluorescent peptides
FITC-(GC); (a) and FITC-RGD(GC), (b).

solid samples were prepared by drop casting on silica wafer of
the solutions, then blow-drying under gentle nitrogen flow.
Infrared spectra were obtained on a Bruker IFS 66v/s system, in
the wavenumber range from 500 cm™ ' to 4000 cm™ ', with
a resolution of 1 cm™".

2.3.2 Atomic force microscopy (AFM). For AFM imaging,
the samples were allowed to adsorb at room temperature on
freshly cleaved muscovite mica (Ted Pella, Inc.). After 5 min, the
mica surface was briefly washed with 100 pL ultrapure water,
dried under a gentle nitrogen stream and immediately imaged.
A Cypher AFM instrument (Asylum Research, Oxford Instru-
ments, Santa Barbara, CA) operating in AC-mode and equipped
with a scanner at XY scan range of 30/40 um (closed/open loop)
was used. Silicon tetrahedral tips mounted on rectangular 30
pm long cantilevers were purchased from Olympus (AT240TS,
Oxford Instruments). The probes had nominal spring constants
of 2 N m™" and driving frequencies of 70 kHz. A number of
images covering 1 to 10 um® surfaces were scanned and the
lengths of particles were measured using a freehand tool in the
MFP-3DTM offline section analysis software. The same tool was
used to measure cross sections of particles.

2.3.3 Scanning electron microscopy (SEM) and electron
transmission microscopy (TEM). SEM images were taken by
using a Hitachi SU8020 with a field emission gun, an accelera-
tion voltage of 30 kV and a transmission electron detector. TEM
images were acquired by using a TEM Philips CM200 with
a high voltage of 120. Samples were deposited on 300 mesh
carbon-coated copper grids from Agar and directly imaged.

2.3.4 Dynamic light scattering (DLS) and {-potential (ZP)
measurements. DLS and ZP measurements were carried out at
25 °C by using a NanoPartica SZ-100 apparatus equipped with
a 514 nm green laser from Horiba-Scientific with reproducibility
being verified by collection and comparison of sequential
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measurements. Z-Average sizes of three sequential measure-
ments were collected at room temperature and analysed. AgNPs
dispersion samples were diluted in MilliQ water in a disposable
plastic cuvette to obtain a concentration of about 2 nM. Samples
were not filtered before measurements.

At least 5 measurements were made and data were averaged.

2.3.5 X-ray photoelectron spectroscopy (XPS). XPS
measurements were performed using a PHI 5000 VersaProbe
apparatus equipped with a monochromatic Al Ka line source
(1486.7 eV). Typically, the pressure in the analysis chamber was
5 x 10° Torr. For high resolution scans, pass energy and
energy step of the analyser were fixed to 23.5 eV and 0.2 eV,
respectively. Dual beam charge neutralization from an electron
gun (~1 eV) and the argon ion gun (<10 eV) were used for charge
compensation on the sample surface during the measurements.
From all spectra, a Shirley background was subtracted before
the peak fitting and the binding energy (BE) component of the
resolved C 1s peak corresponding to carbon in a hydrocarbon
environment was set at 285.0 eV.

2.3.6 Time of flight-secondary ion mass spectrometry (ToF-
SIMS). ToF-SIMS spectra were acquired with a ToF-SIMS IV
instrument from ION-TOF GmbH. A pulsed 10 keV Ar' beam
was rastered over a scan area of 300 x 300 pm? at the current of
1 pA in positive ion (acquisition time of 3 minutes) or of 2 pA in
negative ion (acquisition time of 6 minutes) detection mode,
respectively. To ensure static SIMS conditions, the ion fluence
was maintained to 1 x 10" ions per cm?. Five different loca-
tions on the surface were accounted for the ToF-SIMS analysis
of the samples. For each spectrum, the mass scale was cali-
brated by using well-identified ions, namely H', H,", H;", C",
CH', CH,", CH;", C,H;".%

ToF-SIMS spectra were interpreted with the help of the
Principal Component Analysis (PCA) method,} by using SIMCA-
P13 software (Umetrics, Sweden). Before PCA, each of the peak
intensities were normalized to the total ion count, to correct for
the differences in total secondary ion yield, then the normalized
spectra were exported from the acquisition software (Surface
Lab 6.3) to the SIMCA-P13 analysis software that mean-centres
and scales the variables. The scaling of all the peaks inside
the ToF-SIMS spectra gives them the same statistical weight,
independently of their relative intensity in the spectra. This
procedure ensured that the variance in the data was related to
chemical differences between samples and not to artefacts in
peak intensity.®

} From a geometric point of view, the PCA is a projection method that turns the
initial swarm of points (the samples) of the multidimensional system with n
axes (n is the number of ToF-SIMS peaks considered) into a highly lowered
dimensional system (2 to 3), the new axes being the principal components
(PCi). These new PCi components display, inside the initial n-dimensional
space, the main directions along which the swarm of points is the most
extended (i.e. maximum variance). Additionally, from an algebraic point of view,
the PCA calculation decomposes the initial matrix, constituted from the
intensities (“the variables”) and the samples (“the observations”), into a new set
of three matrices, the scores, coordinates of the samples onto the new principal
components, the loadings, statistical weights of contribution of the ToF-SIMS
peaks to the principal components, and the residuals, random and unexplained
variation, respectively.

This journal is © The Royal Society of Chemistry 2016
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2.4 Cellular experiments

2.4.1 Cell cultures. Cell culture media Dulbecco’'s Modified
Eagle's Medium with HEPES, r-glutamine (DMEM-F12, 1 : 1);
RPMI 1640, fetal bovine serum (FBS) and human chronic
myelogenous leukaemia cells (K562) cells were purchased from
Sigma Aldrich. Collagen I, bovine was purchased from Ther-
moFisher. Human neuroblastoma SH-SY5Y cells (obtained
from the American Type Culture Collection (Manassas, VA)),
were grown in DMEM-F12 (1 : 1) medium, supplemented with
10% fetal bovine serum, 1% penicillin/streptomycin, 2 mM r-
glutamine and maintained in a humidified incubator at 37 °C in
5% CO, atmosphere. K562 cells were grown in RPMI 1640
medium, supplemented with 10% fetal bovine serum, 1% r-
glutamine and maintained in a humidified incubator at 37 °C in
5% CO, atmosphere. At confluence, cells were split on glass
bottom Petri dishes (WillCo Wells, glass diameter of 22 mm)
pre-coated, only in the case of K562 cells, with collagen (3.5 pg
mL™", 1 hour incubation) and placed in the incubator. The day
after, cells were treated with both bare AgNPs and AgNPs/
peptides, at a final nanoparticle concentration of 3.3 X
10~° M. After 2 hours of incubation time, cells were washed with
phosphate buffer saline solution (10 mM PBS, 37 °C, pH = 7.4),
fixed and stained with the nuclear dye DAPI (ThermoFisher).

2.4.2 Laser scanning confocal microscopy analyses.
Confocal imaging was performed with an Olympus FV1000
confocal laser scanning microscope (LSM), equipped with diode
UV (405 nm, 50 mW), multiline argon (457 nm, 488 nm, 515 nm,
total 30 mW), HeNe(G) (543 nm, 1 mW) and HeNe(R) (633 nm, 1
mW) lasers. An oil immersion objective (60xO PLAPO) and
spectral filtering system was used. The detector gain was fixed at
a constant value and images were taken, in sequential mode, for
all the samples at random locations throughout the area of the
well.

3 Results and discussion

The characteristic plasmonic peak of a metal nanoparticle is
a straight marker of size and/or shape modification upon the
adsorption of molecules on its surface. Indeed, any increase of
the hydrodynamic size of the nanoparticle, due to aggregation
and/or core particle coating, may induce a shift in the absor-
bance maximum wavelength (Ay.x) and/or a change in the
corresponding absorbance value (4, ) and the band width.**”

To scrutinize whether the introduction of the FITC group in
the two peptide sequences (GC), and RGD(GC), altered the
adsorption process onto the metal nanoparticle, both fluores-
cent and non-fluorescent sequences were investigated by UV-
visible spectroscopy. Fig. 1 shows the spectra of the silver
nanoparticles in the titration experiments carried out by adding
the peptide at increasing concentrations from 2.5 x 10°° M to
1.8 x 10° M.

An overall trend of absorbance decrease and red-shift in the
plasmonic peak wavelength was observed in all the spectra. The
two non-fluorescent peptides (GC), (Fig. 1a) and RGD(GC),
(Fig. 1b) showed a saturation effect after the addition of 12 uM
peptide, corresponding to plasmon shifts of about 10 nm for

This journal is © The Royal Society of Chemistry 2016
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Fig.1 UV-visible spectra of silver colloids (4.6 x 108 NP per mL) upon
the addition of increasing concentrations of: (GC), (a), RGD(GC), (b),
FITC-(GC), (c), FITC-RGD(GC), (d).

RGD(GC), and 7 nm for (GC),, respectively. Such an observation
was explained by the reaching of the equilibrium in the particle
coverage process by the peptide molecules.

It is to note that the plots of the absorbance shift (AAbs)
versus wavelength shifts (A2) displayed different trends (see
insets), suggesting that distinct adsorption stages occurred for
RGD(GC), and the ‘bare backbone’ (GC),. In fact, specific forces
at the interface between the RGD peptide and AgNP could
originate, in addition to the mere chemisorption of the cysteine
groups to the metal surface, some extra contributions in the
binding, e.g., electrostatic attraction between the anionic silver
nanoparticles and the cationic guanidine side chain of arginine
in the RGD sequence.

As to the fluorescent FITC-(GC), (Fig. 1c) and FITC-RGD(GC),
(Fig. 1d), the UV-visible spectra showed, other than the obvious
increase of the fluorescein absorption peak (A = 488 nm) at
increasing peptide concentrations, a trend similar to that found
for the non-fluorescent peptides, both in terms of absorbance
decrease and of red shift of the plasmonic band.

The AAbs versus AA plots were found similar in this case for
both peptides (insets Fig. 1c and d), suggesting a perturbative
role of the fluorescein group in the side chain. However, the
total wavelength shift, measured after reaching the saturation
(at 5 uM of fluorescent peptide addition), was still higher for the
RGD peptide (~7 nm) than for the (GC) backbone peptide (~5
nm), analogously to the trend observed for non-fluorescent
peptides. Although the plasmonic response of the AgNPs at
the interface with the fluorescent peptides was slightly different
than the correspondent non-fluorescent one, likely owing to the
steric hindrance of the FITC group, the general trends of
peptide coverage were maintained.

According to the spectra reported in Fig. 1, the calculated
coverage was of about 1.6 x 10'° peptide molecules/NP for both
(GC), and RGD(GC), and of about 6.6 x 10° peptide molecules/
NP for both FITC-(GC), and FITC-RGD(GC),, respectively.

It is to note that the spectral modification for all the peptide/
AgNP assemblies studied was concomitant with the enhancing
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of brightness of the silver colloidal dispersion, explained in
terms of stabilization towards aggregation, due to the nano-
particle coating by the biomolecules. Indeed, the freshly
prepared dispersion of bare Ag NPs was pale yellow and turned,
at the used experimental conditions, to brown-grey after few
hours. Conversely, the hybrid peptide/metal nanoparticle
system was much more stable, with the yellow colour retained
on a time scale of days.

The flocculation assay, where an electrolyte solution is added
to the colloidal dispersion to disrupt the electrostatic mechanism
of stabilisation, was used to discriminate between the two
possible processes responsible for the observed plasmonic shifts,
i.e., particles aggregation and/or actual surface adsorption.

The UV-visible spectra upon the addition of NaCl to bare as
well as to peptide-added nanoparticles are reported in Fig. S1 in
ESIL.{ The plasmonic band of bare NPs significantly changed
after the salt addition, with the dramatic decrease (about 60%)
of absorbance at the peak maximum (4339 nm). This finding
indicated that the electrolyte neutralized the surface charge of
the AgNPs, i.e., the borohydride ions used both to reduce the
ionic silver and to stabilize the formed nanoparticles. On the
contrary, an almost negligible decrease of 4,95 nm (roughly 5-
10%) was measured in the peptide-added NPs. On the basis of
these data the actual formation of a peptide coating could be
inferred. Such an adlayer, adsorbed both chemically and phys-
ically, acted as a shell around the metal core thus drastically
decreasing the colloidal aggregation.

Fig. 2 shows the UV-visible spectra (Fig. 2a and b) before and
after the centrifugation step, required to remove the loosely
bound and/or unbound peptide molecules, in comparison with
the results on the same samples of DLS and {-potential
measurements (Fig. 2c and d).

The spectra of pellet recovered after the centrifugation of
bare AgNP (Fig. 2a and b, curves 3) exhibited a red-shifts in
comparison to as prepared dispersion (curve 1), corresponding
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Fig. 2 UV-visible spectra (a and b) and DLS/ZP results (c and d) of
FITC-(GC),-AgNP (aand c) and FITC-RGD(GC),-AgNP (b and d) before
and after centrifugation. The spectra are labelled as follows: (1-3) =
AgNP ((1) before centrifugation, Amax = 382.5 nm; (2) supernatant; (3)
re-suspended pellet); (4-6) = AgNP + peptide ((4): before centrifu-
gation, Amax = 396.5 nm for FITC-(GC), and Amax = 393.5 nm for FITC-
RGD(GC),; (5) supernatant; (6) re-suspended pellet; (7) peptide
solution).
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to the hydrodynamic size increase, from about 15 nm (as
prepared) to ~25 nm (centrifuged) (Fig. 2c and d).

As to the hybrid peptide/silver nanoparticle system, the
supernatant (curves 5) for both AgNP/FITC-(GC), (Fig. 2a) and
AgNP/FITC-RGD(GC), (Fig. 2b) showed two absorption bands,
assigned to the presence of both peptide-coated nanoparticles
(A ~ 410 nm) and unbound peptides (1 ~ 498 nm), respectively.

On the other hand, the spectra of re-suspended pellets
(curves 6) exhibited only the band attributed to the silver
nanoparticles coated by the peptide molecules, red-shifted with
respect to the bare nanoparticle respectively of 14 nm for FITC-
(GC), and 11 nm for FITC-RGD(GC),.

A contribution to these spectral features could be attributed
to a partial aggregation, as indicated by the DLS analyses, which
showed a large increase of the hydrodynamic diameter to
~60 nm for the re-suspended pellet of Ag/FITC-(GC), (Fig. 2c)
and a minor size change to ~29 nm for that of Ag/FITC-
RGD(GC), (Fig. 2d).

The characterization by {-potential of the bare and peptide-
coated NPs indicated that the anionic bare AgNPs (ZP ~ —20
mV) were neutralised by FITC-(GC), peptide immobilization (ZP
~ 0) and exhibited a further increase of the surface negative
charge after the functionalisation with FITC-RGD(GC), (ZP ~
—30 mV). A likely explanation of such a finding, according to the
titration experiments discussed above, can be given in terms of
the preferential orientation of anionic carboxylic groups (in the
aspartic acid residue) and of the cationic guanidine group (in
arginine) respectively outwards and towards the AgNP surface.
It is to note that the charge neutralization of the nanoparticle
upon the immobilisation of FITC-(GC), is in agreement with the
observed aggregation effect, owing to the predominance of
dispersive van der Waals attraction forces compared to the
electrostatic repulsions among the AgNPs.

AFM results (Fig. 3) further confirmed the aggregation effect
for AgNPs functionalised with (GC), peptide and clearly showed
a different morphology of the nanoparticle surface, with the
increase of average size after the peptides adsorption. Note-
worthy, the phase images displayed a soft shell (brightest areas)
in the RGD peptide-coated compared to the bare nanoparticles.

Fig. 3 AFM topography (top, z scale = 25 nm) and phase (bottom)
images on (1 um x 1 um) scan size of: (a) bare AgNP; (b) AgQNP/FITC-
(GC),; (c) AGNP/FITC-RGD(GC),.

This journal is © The Royal Society of Chemistry 2016
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The characterization by SEM and TEM (Fig. 4) also
confirmed the results discussed above.

In particular, the SEM micrographs of re-suspended pellets
evidenced the presence of dimer aggregates, with average
dimensions of about 20 nm. No significant difference compared
to the bare nanoparticles (Fig. 4a) were found for both (GC),-
coated AgNP (Fig. 4b) and RGD(GC),-coated AgNP (Fig. 4c).

On the other hand, the TEM micrographs displayed the
successful peptide coating of the nanoparticles, as evidenced by
the appearance of a uniform shell around the core metal.®®

FT-IR spectra of hybrid AgNP/peptide systems, compared to
the reference peptides and bare AgNP samples (Fig. S2 in ESIY),
showed very similar spectral features. Both RGD(GC), and (GC),
displayed the characteristic vibrational modes of amide I and II
(1600-1400 cm ), N-H (a sharp band around 3292 cm '), C=0
(1735 em™ ), C-0O (1212 ecm™ %), aliphatic CH, (1300 cm™ ') and
C-H (1300 cm '), respectively. Furthermore, two weak peaks at
2450 and 2650 cm ™" were visible, due to the free cysteine (see
insets in Fig. S21). Upon the adsorption on the AgNPs surface,
the whole spectra of (GC), and RGD(GC), were strongly affected:
the amide I and II bands as well as the aliphatic chain peaks
were still visible but less defined and the -NH peak sharper and
shifted to 3342 cm ™" with respect to the peptides alone. More-
over, the peak related to -SH moieties was not any more visible,
indicating that an actual chemisorption process occurred via
the thiol moieties.*

Representative high resolution XPS spectra for the peptides
as well as the peptide-AgNP systems are shown in Fig. 5.

The Ag 3d spectrum of bare silver nanoparticles (Fig. 5a)
exhibited two series of doublet components 3ds, and 3d;,
with full widths at half maximum (FWHM) of 0.8 eV and splitted
each from the other of 6 eV, assigned to silver(1) oxide (Ag1l
component, at binding energy (BE) = 367.3 + 0.2 eV for Ag 3ds,
and BE = 373.5 £ 0.2 eV for Ag 3d;/,) and to metal silver (Ag2
component, at BE = 368.2 £ 0.2 eV for Ag 3ds,, and BE = 374.2
+ 0.2 eV for Ag 3ds,),” respectively.

In the peptide-coated AgNP samples, the Ag 3d peak shifted
to higher binding energies, respectively of +0.2 eV for AgNP/

Fig.4 SEM (top; scale bar =100 nm) and TEM (bottom; scale bar = 50
nm) micrographs of AgNPs from the re-suspended pellet after
centrifugation: (a) bare AgNPs; (b) AgNP/FITC(GC),; (c) AgNP/FITC-
RGD (GC)s.

This journal is © The Royal Society of Chemistry 2016
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Fig. 5 Representative high resolution spectra of Ag 3d (a—c) and S 2p
(d—f) of bare Ag NP (a and d), AgNP/FITC-(GC); (b and e) and AgNP/
FITC-RGD(GC); (c and f).

FITC-(GC), (Fig. 5b) and of +0.5 eV for AgNP/FITC-RGD(GC),
(Fig. 5c). These findings can be attributed to charge-transfer
effects from the metal to the peptide molecules.”

A weak but still visible peak corresponding to S 2p signals
was found in the various samples (Fig. 5d-f). In particular, two
sulfur species were detected onto the uncoated Ag NPs (Fig. 5d),
assigned to unbound disulfide (S1 component, S 2ps/, BE ~ 164
eV) and oxidized S atoms (S2 component, S 2p;/, BE ~ 168 eV),
respectively. This behaviour is likely due to air exposure of the
nanoparticles, S-O bonds in S0%~ species of the MOPS buffer
and/or X-ray irradiation effects.”” In the case of FITC-(GC),
(Fig. 5e) and FITC-RGD(GC), (Fig. 5f) spectra, the peak around
162-163 eV (S3 component) can be assigned to sulphur atoms
chemisorbed to the silver surface,”””* while the component S3
around 169 eV is also associated to unbound S of cysteine.”

The quantitative XPS analysis confirmed the presence of the
peptide in the hybrid peptide/silver nanoparticle assemblies by
the detection of nitrogen and sulphur signals, not found in the
bare AgNPs (Table S1 in ESIf). Bare AgNPs showed an actual
surface atomic composition consistent with a metal substrate
covered with an organic overlayer, according to the carbon and
oxygen contents respectively of about 74% and 23%. The
peptide molecules are expected to replace the shell of stabilisers
ions wrapping the metallic core. Accordingly, the C/O ratio
changed from ~3.2 in uncoated Ag NPs to ~2.6 in FITC-(GC),/
AgNP and ~2.3 for FITC-RGD(GC),/AgNP, respectively.

An exhaustive picture of the AgNP/peptide systems was given
by ToF-SIMS analysis. Positive ToF-SIMS spectra (Fig. S3 in ESIT)
of AgNPs, AgNP/FITC-(GC), and AgNP/FITC-RGD(GC), samples
exhibited many peaks, as typical in ToF-SIMS spectra of
peptides and proteins,”®”” globally similar but with some
differences in their relative intensities.

The PCA method used to wisely analyse the ToF-SIMS
spectra, and the corresponding results are shown in Fig. 6.
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In this plot, each individual point represents the ToF-SIMS
spectrum acquired at a specific location of the sample. PC1
and PC2 are represented by the horizontal and the vertical axis,
respectively.

In particular, Fig. 6a, showing the score plots from the PCA
study of the positive ToF-SIMS spectra for AgNP, FITC-
RGD(GC), and AgNP/FITC-RGD(GC),, reveals that the 3 samples
are clearly discriminated, i.e. located in distinct regions in the
PC1-PC2 plan.

The two first PCs together capture 86.1% of the data vari-
ance. More precisely, PC1 and PC2 represent 62.3% and 23.8%
of the variance, respectively. Since most of the data variance is
captured by PC1, it allows the samples corresponding to
uncovered- and peptide functionalized samples to be discrimi-
nated from each other.” Specifically, the shifts in PC1 values for
AgNP/FITC-RGD(GC), samples compared to AgNP are indicative
of the surface chemical modifications of the bare silver nano-
particles by the binding of FITC-RGD(GC), molecules. Indeed,
the AgNP/FITC-RGD(GC), sample is located at the PC1 value of
—3.4 £ —0.1, which is higher than the corresponding value of
AgNP (PC1 = —4.9 + 0.1), whereas FITC-RGD(GC), peptide
reference sample, located at PC1 > 0, exhibited a significant
dispersion along both PC1 and PC2, which is typically
encountered in the ToF-SIMS analysis of proteins.”®””

The most significant peaks in the PCA model at PC1 < 0, are
those relative to Ag and "°°Ag peaks, with a maximum statistical
weights of 58%. The characteristic ionized fragments associated
with the peptides reference samples are various carbonaceous

8
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Fig. 6 Score plots obtained from PCA analysis of: (a) positive ToF-
SIMS spectra of AgNP, FITC-RGD(GC), and AgNP/FITC-RGD(GC)5; (b)
negative ToF-SIMS spectra of AgNP, AgNP/FITC-(GC), and AgNP/
FITC-RGD(GC),. At least five spectra for each sample used.
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fragments, including the fragment C,H;,SN", characteristic of
the cysteine. The slight difference in PC1 value between AgNP/
FITC-RGD(GC), and AgNPs samples can be attributed to a low
but significant chemical modification of the silver nano-
particles by the peptide. Examination of PC2 helps to further
discriminate between AgNP/FITC-RGD(GC), and AgNPs
samples. Indeed, the most significant peaks for the AgNP/
peptide samples were carbonaceous fragments, and CH,N",
which is encountered in most of the amino acids. These
observations highlight the potentialities of ToF-SIMS together
with PCA analysis to chemically characterize various function-
alization routes of silver nanoparticles.

The negative ion ToF-SIMS spectra may be relevant to the
characterization of Ag-S interfacial bonds, because of sulphur
atoms that give rise to intense S~ ions. The PCA score plots
obtained from the model composed of AgNP, AgNP/FITC-(GC),
and AgNP/FITC-RGD(GC), samples is shown in Fig. 6b.

In this case PC1 and PC2 together take into account 81.7% of
the variance, and, according to PC1, spectra from AgNP/FITC-
RGD(GC), (PC1 score = —3.47 + 0.09) are well separated from
the groups formed by AgNP and AgNP/FITC-(GC),, which
instead are located close each other at PC1 scores of 2.65 £ 0.46
and 2.35 £ 0.10, respectively. Nevertheless, PC2, that explains
28.7% of the overall variance, indicates that bare AgNP (PC2 < 0)
are parted both from AgNP/FITC-(GC), (PC2 > 0, 2.43 + 0.62)
and AgNP/FITC-RGD(GC), (PC2 = 0, —0.14 + 0.02).

The characteristic ionized fragments associated with PC1
(loadings > 90%) and with PC2 (loadings > 50%) are listed in
Table S2 in ESL.} As to the column PC1 < 0 (namely the AgNP/
FITC-RGD(GC), sample), the two fragments of CN~ and CNO ",
characteristics respectively of amine and amide moieties were
found. On the other hand, the AgNP/FITC-(GC), sample (PC2 >
0 column) showed S~ and HS™ ions, characteristic of the
cysteine amino acid. These findings can be related to the
differences in size as well as conformation of FITC-(GC),
compared to FITC-RGD(GC),.”* ToF-SIMS analysis could not
detect a clear evidence of Ag-S bonds (at the near-surface
region). This fact can be explained by differences in the
ordered arrangement of the peptide molecules at the nano-
particle surface, with a thickness of the adlayer higher than the
=1 nm (top-surface region), which is the depth probed by the
ToF-SIMS technique.

It is noteworthy that the ToF-SIMS technique presents
a sensitivity of 1-2 order of magnitude higher than the XPS
technique. Indeed, XPS analyses discussed above clearly
revealed signals from sulphur moieties in the hybrid AgNP/
peptide samples but with a very low intensity of the S 2p line
related to thiolate bound to silver (at 162 eV of binding energy)
compared to the intense sulphate line with S 2p. This behaviour
can be attributed to a lack in sensitivity for the presence of
signals from the MOPS : TCEP buffer used to dissolve the
peptides.

Proof-of-work cellular experiments of confocal microscopy
imaging were performed to assess the capability of the AgNP/
peptide hybrid systems to be internalized by two different cell
lines, overexpressing the vitronectin receptor (o,3) and fibro-
nectin receptor (asf) integrins, respectively.

This journal is © The Royal Society of Chemistry 2016
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Fig. 7 and 8 show the representative images of neuroblas-
toma and K562 cells after the treatment with the peptide-
conjugated AgNPs. The green fluorescence (excitation wave-
length of 488 nm, FITC) allows for the tracking of the
fluorescein-labelled peptides and the blue emission (excitation
wavelength of 405 nm, DAPI) is due to the nuclear staining,
respectively.

Neuroblastoma cells treated with FITC-(GC), (Fig. 7b) and
FITC-RGD(GC), (Fig. 7c) exhibited a diffuse green intracellular
fluorescence. The comparison with control untreated cells
(Fig. 7a) as well as cells treated with the bare nanoparticles
(Fig. 7d) evidences slight differences in the cellular uptake of
the two peptides, in terms both of different sub-cellular locali-
zation and of intracellular accumulation, e.g., a less spread and
more intense green fluorescence for cells treated with FITC-
(GCQ), than those treated with FITC-RGD(GC),. For SH-SY5Y cells
incubated with AgNP/FITC-(GC), (Fig. 7e) and AgNP/FITC-
RGD(GC), (Fig. 7f), the trend displayed was similar to that
found in cells incubated with the free peptides, but an amplified
fluorescence was visible. It must be noted that fluorescence
spectra in solution of the free peptides evidenced instead
a decrease in the FITC emission, of about 40% for both
peptides, in the presence of AgNP (Fig. S4 in ESI{). Therefore,
the peptides immobilized onto the AgNPs actually exhibited
a higher internalization, due to the sum of passive transport,
related to the nanoparticle carrier, and the active transport,
related to the specific peptide sequence. The observed differ-
ences, i.e., lower cellular uptake when RGD is in the peptide
sequence, can also be related to steric hindrance effects.

As to leukaemia K562 cells, Fig. 8 shows that unbound FITC-
(GQ), (Fig. 8b) and FITC-RGD(GC), (Fig. 8c) peptides are not
internalized by the cells at the used experimental conditions.
However, AgNPs were visible in the close proximity and/or at the
cell membrane (Fig. 8d, dark spots, assigned to nanoparticle
aggregates) and also, for the cells treated with the hybrid AgNP/
peptide systems, a slight green fluorescence, which revealed the

(a) (b) (c)

20 ym 20 ym

Fig.7 Bright field optical and fluorescence confocal (DAPI, blue; FITC,
green) merged micrographs of neuroblastoma SH-SY5Y cells
untreated (a) and 2 hours treated with: 5 pM peptides ((b) FITC-(GC),,
(c) FITC-RGD(GC),); 3 nM AgNP (d); nanoparticle/peptide systems at
3 nM nanoparticle concentration ((e) AQNP/FITC-(GC),, (f) AgNP/FITC-
RGD(GC),).
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(b)

(d)

Fig.8 Bright field optical and fluorescence confocal (DAPI, blue; FITC,
green) merged micrographs of leukaemia K562 cells untreated (a) and
2 hours treated with: 5 uM peptides ((b) FITC-(GC),, (c) FITC-
RGD(GC),); 3 nM AgNP (d); nanoparticle/peptide systems at 3 nM
nanoparticle concentration ((e) AgNP/FITC-(GC),, (f) AgNP/FITC-
RGD(GC),).

effective cell targeting by the peptide molecules through the
nanoparticle carriers. Such a fluorescence was mostly confined
at the cell membrane, visibly lower for cells incubated with
AgNP/FITC-(GC), (Fig. 8e) than those treated with AgNP/FITC-
RGD(GC), (Fig. 8f). Therefore, the AgNP/peptide platform was
effective to achieve a cellular membrane-peptides interaction
that could not be reached, at the same experimental conditions,
with the free peptides. Moreover, also in this case, some
peptide-specific differences at the cellular biointerface
occurred, therefore suggesting that the peptide immobilized at
the surface of the silver nanoparticle still maintained its activity
towards the specific integrin receptor.

It is to note that, upon incorporation by an organism,
nanoparticles interact with extracellular biomolecules dissolved
in body fluids, including proteins, sugars and lipids prior to
their encounter with the plasma membranes of cells. A layer of
proteins forms at the nanoparticle surface, the so-called protein
corona. Consequently, cell surface receptors, which activate the
endocytosis machinery, actually encounter enshrouded nano-
particles rather than bare particles.”®*® Similarly, at the experi-
mental conditions used for imaging the cellular uptake, it is
expected that serum proteins added to the culture medium
cover the nanoparticles. According to these considerations, the
results obtained clearly demonstrate that the hybrid peptide/
AgNPs assemblies still keep some specific activity in the
uptake by neuroblastoma SH-SY5Y and leukaemia K562 cells,
likely related to the specific peptide sequence, i.e., the RGD
moiety, towards a3 and asp; integrins, respectively. Moreover,
the different cellular uptake showed by the two cell lines
pointed to certain cell selectivity towards the uptake of the
peptide-coated nanoparticles, thus ruling out a predominant
role of simple ‘passive’ pathway of nanoparticles internalization
due to diffusion.

It is to note that the effects of the binding to asB; and B3
depend on signaling pathways specific for these integrins.
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Moreover, integrins require activation from the inside of the cell
to be able to bind their ligand outside the cell. High asp,
expression and abundant matrix formation also suppress
tumorigenicity in vivo, whereas perturbing the function of asp3,
with peptides that block its ligand binding suppresses experi-
mental metastasis.®® Effecting these changes in tumor cells by
a theranostic platform such as the AgNP/RGD-peptide assembly
may provide new potentially highly effective cancer therapies.
Further experiments, by staining cellular organelles such as
lysosomes, mitochondria and Golgi with the respective dyes, are
planned to map precisely by co-localization analysis the fate of
the peptide-conjugated AgNP nanoplatform inside the cells.

4 Conclusions

In summary, a fluorescein-conjugated cyclic RGD peptide,
encompassing a glycine-cysteine stretch, was successfully
immobilized on spherical silver nanoparticles of 13 nm of
diameter. A predominant chemisorption driven by the covalent
binding of thiol moieties of the cysteine residues to the metallic
nanoparticle surface was obtained. Additional contributions
from electrostatic interactions between the anionic AgNP and
the cationic arginine residue were figured out.

UV-visible, XPS and FTIR spectroscopies, ToF-SIMS spec-
trometry, atomic force microscopy and scanning electron
microscopies demonstrated, in the case of the RGD-containing
polypeptide, an additive electrostatics contribution in the
biomolecule-AgNP interaction. This, in turn, resulted in
different particle coverage and average peptide conformation at
the hybrid interface. {-Potential and DLS measurements
confirmed different surface charges and nanoparticle stability
towards aggregation, respectively.

Proof-of-work experiments of cellular uptake by confocal
microscopy demonstrated different interaction levels of the
assembled nanoplatforms at the cell membrane in neuroblas-
toma and leukaemia cells, overexpressing respectively o, ; and
a5, integrins, demonstrated a receptor-specific activity of the
RGD peptide-functionalised AgNPs, which make them very
promising as multifaceted platform in applications with cells
and bacteria.
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