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Abstract: In this work, nanobiohybrids of plasmonic gold nanoparticles (AuNP, anti-angiogenic)
and a peptide mimicking the vascular endothelial growth factor (VEGEF, pro-angiogenic) were as-
sembled and scrutinized in terms of physicochemical characterization, including optical properties,
surface charge, surface chemical structure and morphology of the bioengineered metal nanoparticles,
for their potential application as multifunctional theranostic (i.e., therapy + sensing) nanoplat-
form (AuNP/VEGEF). Specifically, a peptide sequence encompassing the VEGF cellular receptor
domain 73-101 (VEGF73-101) and its single point cysteine mutated were immobilized onto AuNP
by physi- and chemi-sorption, respectively. The new hybrid systems were characterized by means
of a multitechnique approach, including dynamic light scattering (DLS) analyses, zeta potential
(ZP), spectroscopic (UV-Vis, FT-IR, XPS), spectrometric (TOF-SIMS) and microscopic (AFM, SEM)
techniques. Proof-of-work cellular experiments in human umbilical vein endothelial cells (HUVEC)
upon the treatment with AuNP/VEGF samples, demonstrated no toxicity up to 24 h (MTT assay) as
well an effective internalization (laser confocal microscopy, LSM).

Keywords: plasmonics; theranostics; TOF-SIMS; XPS; FT-IR; TEM; DLS; zeta potential, HUVEC;
theranostics

1. Introduction

Angiogenesis is the process by means new blood vessels are formed from pre-existing
vasculature. It is strictly controlled by an equilibrium between a huge number of pro and
anti-angiogenic factors [1]. Excessive or insufficient angiogenesis contributes to many and
different pathologies from cancer to neurodegenerative diseases [2-4]. The proliferation
step in angiogenesis has a central role in many pathological conditions including neoplasia,
rheumatoid arthritis, wound healing, and chronic inflammation.

Vascular endothelial growth factor (VEGF-A) was discovered more than a decade ago
and it is known as one of main key regulator of physiological angiogenesis [5,6]. VEGF
includes a family of polypeptides belonging to the cysteine-knot superfamily of signalling
proteins, including VEGF-A, VEGF-B, VEGF-C, VEGF-D, placenta growth factor (PLGF)
and platelet-derived growth factor (PDGF).

All VEGFs bind to and activate different VEGF receptors, i.e., VEGFR-1, VEGFR-2 and
VEGEFR-3, mainly expressed by endothelial cells, but displaying different and overlapping
binding patterns [7].
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Four isoforms of VEGF-A, having 121, 165, 189, and 206 amino acids, are produced
from a single gene because of alternate splicing [8,9]. The most abundantly expressed
splice variant is VEGF165, a heparin binding glycoprotein cleaved by plasmin to yield
VEGF110, which is equipotent to VEGF121 with respect to mitogenic activity on endothelial
cells [10]. The 121 amino acid form of VEGF induces the proliferation of endothelial cells
but, in contrast to VEGF165, lacks the heparin binding ability. Only a small number of
VEGEF residues are important for the binding to VEGF receptors. Particularly, the positively
charged domain of VEGF encompassing Arg82, Lys84 and His86, located in a hairpin loop,
and a negatively charged residues Asp63, Glu64 and Glu67 resulted responsible for the
respectively binding of VEGFR-1 and VEGFR-2 receptors [11], and then for the angiogenic
response [12].

Different antiangiogenic approaches have been developed to block the interaction of
VEGFs with their receptors to inhibit angiogenesis and tumour growth. Small molecules
and peptides have been synthesized as agonist or antagonist agents for potential application
in many pathologies [13]. It is to note that many VEGF mimetic peptides with antiangio-
genic activity have been described [14], while very few molecules with pro-angiogenic
activity have been reported [15].

A relevant issue in the application of anti- or pro-angiogenic molecules is the large
amount that generally has to be administered, which could determine unspecific binding,
side effects and toxicity [16].

To overcome these shortcomings, nanoparticles (NPs) have been utilized to delivery
angiogenic modulators. An advantage is the requirement for low doses due to increased
reactivity that derives from the large concentration of active molecules confined in the small
volume of NPs [16]. In addition to acting as a delivery system, NPs can protect molecules
and in particular peptides from degradation due to enzymatic action. Furthermore, NPs
display pro- or anti-angiogenic properties based on their nature [17,18].

Different sizes and surface charges influenced the intracellular signalling events.
Particularly, gold and silver nanoparticles seemed to inhibit the function of pro-angiogenic
heparin-binding growth factors (HB-GFs), such as VEGF165 and basic fibroblast growth
factor (bFGF) [19-21].

Recently, AuNP functionalized with VEGF165 and (11-mercaptoundecyl)-N,N,N-
trimethyl-ammonium bromide showed pro-angiogenic and anti-microbial activity in
wound healing process [22].

VEGF121, which do not have a heparin binding domain, was not inactivated by
gold nanoparticles, so AuNP selectively inhibited VEGF165-induced proliferation of HU-
VEC cells [23]. Gold NPs may act as an effective inhibitor of VEGF-induced choroid-
retina endothelial cells migration without affecting cells viability and their adhesion to
fibronectin [24]. Moreover, gold nanoparticles conjugated with VEGF exhibit a surface
carrying negative charges, which is ideal for VEGF transdermal delivery efficacy in wound
repair [25]. Recently, AuNP functionalized with VEGF165 and (11-mercaptoundecyl)-
N,N,N-trimethyl-ammonium bromide showed pro-angiogenic and anti-microbial activity
in wound healing process [22].

The use of the whole protein can have drawbacks in the immune response and in the
higher costs [26], for this reason new nanoparticles were synthesized and functionalized
using biomimetic peptide fragments [27,28].

A relevant issue in the use of AuNPs for peptide delivery is to avoid toxicity in normal
cells. NPs functionalized with peptides containing RGD sequence showed to increase
uptake by HUVEC cells, while the nanoparticles were not toxic for these cells [29].

In the present work, we studied the immobilization of a peptide, VEGF73 191, en-
compassing a recognition domain of VEGF [30,31], labelled with 5,6-carboxyfluorescein
(VEGF-FAM) on AuNPs through (i) indirect physisorption of the VEGF73_10; peptide
(VEGF-FAM/ Au) and (ii) a direct chemisorption mediated by the mutated residue 88 with
a cysteine (Cys) instead of the Glycine (Gly) in the VEGF73 101 peptide (VEGFcysFAM/ Au)
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(Scheme 1). The promising potentialities in the nanoparticle-driven cellular uptake of the
peptide were tested on human umbilical vein endothelial cells (HUVEC).
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Ac-ESNITMQIMRIKPHQGQHIGEMSFLQHNK(5,6-FAM)-NH, Ac-ESNITMQIMRIKPHQCQHIGEMSFLQHNK(5,6-FAM)-NH,
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Scheme 1. A pictorial representation of AuNPs functionalized with VEGFg,FAM (a) and
VEGFcysFAM (b).

2. Materials and Methods
2.1. Chemicals

Ultrapure Milli-Q water (resistivity > 18 MQ) cm ') was used for all experiments.
Glassware was cleaned immediately before use by immersing in aqua regia (HCI:HNO;3,
3:1 volume ratio), followed by rinsing with copious amount of water. Hydrogen tetra-
chloroaurate (HAuCly) and trisodium citrate dihydrate (NazCsHs0O7-2H,0O, TSC) were
purchased from Sigma-Aldrich.

2.2. Peptide Synthesis

The peptide fragments VEGF73_19; Ac-ESNITMQIMRIKPHQGQHIGEMSFLQHNK-
NH2 (hereafter named VEGFgyy) and VEGF73_101-G88C Ac-ESNITMQIMRIKPHQCQHIGE
MSFLQHNK-NH2 (hereafter named VEGFcys) were purchased from Genecust (Dude-
lange, Luxembourg). The peptide fragments were dye-labelled with 6-carboxyfluorescein
(FAM) and blocked at their N- and C-terminal domains, Ac-ESNITMQIMRIKPHQGQ
HIGEMSFLQHNK(5,6-FAM)-NH2 (hereafter named VEGF-GlyFAM and Ac-ESNITMQIMR
IKPHQCQHIGEMSFLQHNK(5,6-FAM)-NH2 (hereafter named VEGF-CysFAM).

2.3. AuNP Synthesis and Their Biofunctionalization with VEGF-FAM Peptides

Gold nanoparticles were synthesized by a modified Turkevich’s method of chemical
reduction of the chloroauric acid by the reducing agent trisodium citrate [32,33]. AuNPs
were synthesized by chemical reduction of HAuCly (1 mM) with TSC (1 wt %). The
plasmonic band centered at 518 nm and the full width at half-maximum of about 50 nm
confirmed the formation of monodisperse spherical gold colloids with a diameter of 12 nm.
The actual concentration of the gold nanoparticles synthesized was estimated of 18 nM,
with ¢ =1.9 x 108 M~! em ™!, calculated according to the equation: In ¢ = k In D + a, where
¢ is the extinction coefficient, in M~ lecm™1, D is the core diameter of the nanoparticles, and
k =3.32111, a = 10.80505 [34].

To prepare the peptide-coated nanoparticles, 173 nM VEGFcysFAM or 520 nM VEGFgy
FAM were added to 9 nM Au colloidal dispersion under stirring; then, the unbound peptide
molecules were removed by centrifugation step (8000 r.p.m., 15 min) and the collected
pellets were redissolved in MilliQ water.



Appl. Sci. 2021, 11, 6333

40f16

2.4. UV-Visible and FT-IR Spectroscopies

UV /Vis spectroscopy characterization of the aqueous dispersions was performed on
a Perkin Elmer spectrometer by using quartz cuvettes with optical path lengths of 1 cm.
For vibrational spectra analyses, solid samples were deposited by drop casting of the
solutions onto silica wafer, then blow-dried under gentle nitrogen flow. Infrared spectra
were obtained on a Bruker IFS 66 v /s system, in the wavenumber range from 500 cm~! to

4000 cm !, with a resolution of 1 ecm 1.

2.5. Electron Transmission Microscopy (TEM)

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.

2.6. Dynamic Light Scattering (DLS) and {-Potential (ZP)

A NanoPartica SZ-100 apparatus equipped with a 514 nm ‘green’ laser from HORIBA-
Scientific was used. Reproducibility was verified by collection and comparison of sequential
measurements in at least three separate series of experiments. The samples were not filtered
before measurements. At least five measurements were made for each sample and data
averaged.

2.7. X-ray Photoelectron Spectroscopy (XPS) and Time of Flight Secondary lon Mass Spectrometry
(ToF-SIMS) Analysis

After centrifugation step, the obtained pellets were deposited on silica wafer and
dried at the air for the XPS and ToF-SIMS analyses. 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
Arion 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.

Positive ion ToF-SIMS spectra were acquired with a ToF-SIMS IV (IONTOF) instrument
from ION-TOF GmbH. A pulsed 10 keV argon ion beam was used as analysis beam at a cur-
rent of 1 pA (positive ion mode detection), and rastered over a scan area of 300 x 300 pm?
for an acquisition time of 3 min. These conditions ensure static SIMS acquisitions (ion
fluence maintained lower than 1 x 102 ions/cm?). Five different locations on the surface
were accounted for the ToF-SIMS analysis of the samples. For each spectrum, the mass scale
was calibrated by using well-identified ions, namely H*, H,*, Hs*, C*, CH*, CH,", CH;3",
CyH3™. For surface spectroscopy operated in the negative ion mode detection, a pulsed Ar*
10 keV ion beam at a current of 2 pA was rastered over a scan area of 300 x 300 um?, and
used as analysis beam during ~ 6 min [35].

ToF-SIMS spectra were interpreted with the help of the PCA method, by using SIMCA-
P13 software (Umetrics, Sweden). Before PCA, the peak intensity was 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, inde-
pendently of their relative intensity in the spectra. 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 (two to three), 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.,
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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 contri-
bution of the ToF-SIMS peaks to the principal components, and the residuals, random and
unexplained variation, respectively. This procedure ensures that the variance in the data is
related to chemical differences between samples and not to artefacts in peak intensity [36].

2.8. Cell Viability Assay (MTT)

The MTT assay was performed to evaluate the viability of cells treated with 2.5 nM
bare AuNP and in combination with 75 nM VEGFg;yFAM and 25 nM VEGFcysFAM.
HUVEC cells were seeded in 96-well plates at a density of 3 x 10% cell/well (cells treated
in growth medium, EGM®-2 BulletKit® without VEGF supplementation).

After 24 h of cells treatment, the 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium
bromide salt (MTT, Invitrogen) was used following the manufacturer’s instruction. The
results were reported as the percentage of viable cells with respect to the control set to 100%
(data not shown).

2.9. Laser Scanning Confocal Microscopy (LSM) Analyses

HUVEC cells were cultured on coverslips at 2 x 10* cell/cm? in EGM®-2 BulletKit®
without VEGF supplementation and treated with 2.5 nM AuNPs, 75 nM AuNP/VEGFg,FAM,
25 nM AuNP/VEGFcysFAM. Measurements were carried out after 24 h.

After the 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 HOECHST.

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 (60 x O 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
3.1. Synthesis and Physicochemical Characterization

The synthesis of gold nanoparticles was carried out by the chemical reduction method
with citrate acting both as reducing and stabiliser agent and resulted, at the used experi-
mental conditions, in a monodisperse colloidal solution of spherical nanoparticles having
diameter of 12 nm [37] and a plasmonic band centered at 518 nm (Figure 1). The strong
absorption in the visible region spectra of AuNPs is the characteristic feature of gold plas-
monic resonance. A red shift and broadening of this band upon the addition of a ligand
can be related to the surface coverage and/or aggregation of nanoparticles [38]. Indeed,
Figure 1 displays noticeable red shifts of the plasmonic band upon the addition of the
peptide in the 25 nM-125 nM concentration range, with total shifts measured of 10 nm for
VEGFg)yFAM and 6 nm for VEGF¢ysFAM, respectively.

As the concentration of the added peptide increases, in the range between 125 nM and
175 nM, the width of the plasmonic bands increase up to FWHM of 130 nm compared to
81 nm for the bare AuNPs. Such findings are explained in terms of two main contributions,
i.e.,, a predominant particle coverage by the peptide molecules in the lower concentra-
tion range, and a predominant colloidal aggregation in the higher concentration range,
respectively. To confirm this hypothesis, the flocculation assay by addition of an electrolyte
solution (56 tM NaCl) has been performed for the gold nanoparticle-peptide assemblies
formed in the 25-100 nM range of peptide concentration. Figure 1c, d show that the addi-
tion of 75 nM VEGF¢yFAM and 25 nM VEGFcysFAM were enough to stabilise the gold
colloids, which exhibit a decrease in the intensity of the plasmonic intensity respectively
of 30%, 26%, and 9% for bare, VEGFgyFAM- and VEGFcysFAM-coated nanoparticles. It
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was, therefore, inferred that the cysteine residue was more effective as anchoring site to the
metal nanoparticle surface than the glycine residue, thus owing the chemisorption forces
that complement the energy balance of the peptide adsorption at the nanoparticle surface.
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Figure 1. Changes in the AuNP (1.3 nM) plasmonic band by addition of: VEGFg,FAM (a) and
VEGFcysFAM (b) at increasing concentrations (from 2.5 x 1078 M to 17.5 x 10~8 M). In (c,d) are
shown the UV-visible spectra of bare and peptide-coated AuNPs upon the addition of 56 uM NaCl.

To remove the loosely bound and/or free peptide molecules from the peptide-coated
NPs, a centrifugation step was performed. The supernatant and the pellet obtained were
collected. Figure 2 shows the UV-vis spectra of recovered supernatants and re-suspended
pellets and demonstrate a good stability of the prepared systems.

AuNP I AuNP
2 AuNP(sup) 2k AuNP(sup)
AuNP(pel) AuNP(pel)
AuNP VEGF Gly Fam AuNP VEGF Cys Fam
= === AuNP VEGF Gly Fam(sup) = === AuNP VEGF Cys Fam(sup)
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Figure 2. UV-visible spectra of AuNP/VEGFg)yFAM (a) and AuNP/VEGFcysFAM (b) dispersions
before (solid line) and after (dot line: pellet; dash-dot line: supernatant) centrifugation. The spectra
for bare AuNP are shown for comparison.

Figure 3 shows the TEM images of the re-suspended samples. The nanoparticles
appear well-dispersed with an average dimension of 30 nm, as dynamic light scattering
analysis confirmed. Instead, the average size of hydrodynamic diameter for functionalized
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AuNPs/VEGFcysFAM reached ~159.3 & 11.9 nm in comparison to AuNPs/VEGFg,FAM
(~67.4 £ 0.8 nm). It was also possible to note a shell around the grouped nanoparticles
suggesting the effectively coating of the peptide at the nanoparticles surface. On the other
case, AuNPs/VEGFgy,FAM image did not clearly evidence the same coating, but only a
slight increasing of the average dimensions.

".

»v“ii?

p——y

o\ e . .?
& < s 9
.’“—"'—m I R —

(@) (b) (©)

Figure 3. TEM images (scale bar = 50 nm) of bare AuNPs (a), AuNPs/VEGFcysFAM (b) and
AuNPs/VEGFg,FAM (c).

The change of (-potential values further confirms the effective functionalization of
AuNP (Figure 4). Indeed, for bare NPs we found an average ZP of ~—60.6 mV, while the
surface charge was almost neutralized after the peptide immobilization (ZP~ — 7.7 mV
and 4.4 mV for AuNPs/VEGFg, FAM and AuNPs/VEGFcysFAM, respectively).

VEGFCysFAM —

VEGFGlyFAM

AuNPs/VEGFCysFAM H

AuNPs /VEGFGlyFAM

— AuNPs

-80.0 -60.0 -40.0 -20.0 0.0 20.0 40.0 60.0
ZP (mV)

Figure 4. (-potential values of bare AuNPs, AuNPs/VEGFcysFAM, AuNPs/VEGFg,FAM and free
peptides.

FT-IR spectra were utilized to study the characteristic bands of AuNPs before and
after the peptide conjugations (Figure 5). Both VEGFcysFAM and VEGFc), FAM peptides
exhibited very similar spectral features, with the characteristic vibrational modes of amide
Iand II (1666-1450 cm 1), N—H (a sharp band around 3276 em~1),C=0 (1737 em™1), C-O
(1245 cm™1), aliphatic CH, (1313 ecm ') and C-H (1278 cm ™), respectively. However, the
spectrum of VEGF¢ysFAM did not evidence the characteristic peak of thiol group related
to cysteine residue as the inset shown. FI-IR spectra were strongly affected after AuNP
conjugation. Particularly, the characteristic features were still visible but less evidence;
also, a shift in the position of COO~ (asymmetric ~1629 cm~! and symmetric ~1405 cm™1)
and NHj3* stretching was likely due to a change in their dipole moment when peptides
physisorption or chemisorption on metal surface with high electron density [39].
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Figure 5. FT-IR spectra of the bare gold nanoparticles (yellow line) and the hybrid (green line)
AuNP/VEGFg)yFAM (a) or AuNP/VEGFcysFAM (b). The spectra of the free, unbound peptides are
included for comparison.

In order to obtain information about the functionalization and the chemistry of modi-
fied nanoparticles, XPS and ToF-SIMS measurements were performed.

The atomic percentage composition of AuNPs before and after the coating with
peptides showed in Table 1, demonstrate that the bare AuNPs a relatively high amount of
C 1s and O 1s that hide the Au 4f signal. This finding was attributed to a thick adlayer of
citrate ions coating the metal core of the nanoparticles.

Table 1. Surface atomic composition of AuNPs before and after the functionalization with peptides.

Samples C 1s (at.%) O 1s (at.%) S 2p (at.%) N 1s (at.%) Au 4f (at.%)
Bare AuNPs 54.6 34.3 - - 11.1
AuNPs/VEGFcysFAM 8.0 3.6 1.0 - 874
VEGF¢ysFAM 66.7 18.5 2.0 12.9 -
AuNPs/VEGFqy,FAM 9.5 45 0.9 15 83.7
VEGFg}, FAM 67.3 15.7 1.6 15.3 -

Accordingly, the atomic concentration for Au 4f increases due to the replacement
of the citrate shell by the peptide molecules adsorbing at the interface. It must be noted
that no traces of N 1s and S 2p were detected at the surface of bare AuNPs, whereas,
after the coating by the peptides, comparable amounts of sulphur were found for both
AuNPs/VEGFgyFAM and AuNPs/VEGFcysFAM. The S 2p high-resolution spectra of
the two peptides, both free and bound to the gold nanoparticles are shown in Figure 6.
The peak deconvolution has been performed according to the presence of a doublet cor-
responding to the S 2p3,, and S 2p;/, components, at a relative distance each from the
other of 1.2 eV and with an intensity peak ratio, S 2p3,,/S 2py /2, of about 2:1. The higher
binding energy (BE) component S 2p3,/, has been assigned to the following chemical states
of sulphur: S-Au bonds, at BE = 161.3 £ 0.2 eV [40,41] (SO component); S-C bonds, e.g., in
cysteine and methionine residues, at BE=163.5 &+ 0.2 eV [39,42] (51 component); S-O bonds,
at increasing oxidation levels, respectively at BE = 166.3 £ 0.2 eV [37] (52 component);
168.4 £ 0.2 eV (53 component) and 170.7 £ 0.2 eV (54 component) [43].
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Figure 6. Representative high-resolution spectra and peak fitting curves of S 2p in

AuNPs/VEGFg,FAM (a) and AuNPs/VEGFcysFAM (c) hybrids, as well as in VEGFg, FAM (b) and
VEGF¢ysFAM (d) peptides, respectively.

Interestingly, although the free peptides exhibit different peak shapes, the peak fitting
analysis resulted in the same components of the S 2p peak, i.e., S1, S2 and S3, at different
relative intensity ratio. Specifically, the S1/(S2 + S3) ratio is 1.2 for VEGFgyFAM and 0.3
for VEGFcysFAM. This finding can be explained by the tendency of cysteine groups to
oxidise in a non-reducing environment [44]. As to the peptides bound to the AuNPs, for
both AuNP/VEGFg;yFAM and AuNP/VEGFcysFAM the component SO of chemisorbed
sulphur is found. In the case of the peptide containing the cysteine such a component is
expected owing to the high binding affinity of thiol groups towards metal surfaces [37,39].
On the other hand, in the methionine residue, the presence of electron pairs of the sulphur
2p orbitals is likely to prompt, e.g., by coordinative binding, the formation of S-Au bonds
corresponding to SO component. It must be noted that the relative intensity ratio between
the components assigned respectively to chemisorbed sulphur (5-Au) and S-C bonds, corre-
spond to the S0/S1 values of 3.1 for AuNP/VEGFcysFAM and 1.7 for AuNP/VEGF¢, FAM,
thus confirming the higher chemisorption process occurred in the presence of the cysteine
residue. As to the overall oxidation state of sulphur in the AuNP/peptide assemblies, the
values of the intensity ratio S1/(S2 + S3 + 54) of 0.7 for AuNP/VEGF¢yFAM and 0.3 for
AuNP/VEGFg,FAM point to a less extent of oxidation of the sulphur moieties for the
nanoparticle-bound peptide in comparison to the free peptide in the case of VEGFcysFAM.

The spectra of Au 4f region exhibit symmetric peaks with comparable full widths at
half maximum (FWHM) of about 0.9 eV for all samples (Figure 7). For the bare AuNP,
the distinctive doublet peaks can be observed at the BE of 86.9 & 0.2 eV(Au 4f5,;) and
83.2 £ 0.2 eV(Au 4f;;), respectively. The peak separation of 3.7 eV and an area ratio of
3:4 are in good agreement with literature XPS data of gold nanoparticles [45]. For both
AuNPs/VEGFcysFAM and AuNPs/VEGFg FAM, the Au 4f signals display a shift of
0.4 eV and 0.5 eV respectively towards lower binding energies with respect to the bare
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AuNP sample located at 83.2 eV. Such a shift can be attributed to charge-transfer effects
from core electrons of gold to the peptide molecules [37,39,46].The spectra of Au 4f region
exhibit symmetric peaks with comparable full widths at half maximum (FWHM) of about
0.9 eV for all samples (Figure 7). For the bare AuNP, the distinctive doublet peaks can be
observed at the BE of 86.9 £ 0.2 eV (Au 4f5,,) and 83.2 & 0.2 eV (Au 4f7,), respectively.

== AuNP (Au 4f) == AuNP VEGF Gly Fam (Au 4f) == AuNP VEGF Cys Fam (Au 4f)
Audf7/2(832eV) Audf7/2(83.7eV) & |~ Table 7c FIT Au VEGF Cys D
Au 4f5/2 (869 V) Audf5/2(874¢V) ; Au 417/2 (83, /)
Audf5/2(873eV)
Ell 3 Ell
s sf )
2 B B
z z er
& @ &
=t £ £
........ # A e Copeceet/ N =7 QAN s
9% 88 86 84 82 9 88 86 84 82 9% 88 86 84 82
Binding energy (eV) Binding energy (eV) Binding energy (eV)
(a) (b) (c)
Figure 7. Representative high-resolution spectra of Au 4f of bare AuNPs (a), AuNPs/ VEGFgyFAM (b) and
AuNPs/VEGFcysFAM (c).

The ToF-SIMS technique has been extensively used to study the interaction of biomolec-
ules with surfaces including nanofilms and nanoparticles, often as complementary tool of
XPS studies [47,48].

The principal component analysis (PCA) method [49] used to thoughtfully analyse
the ToF-SIMS spectra, and the corresponding results are shown in Figure 8. In this plot,
each individual point represents the ToF-SIMS spectrum acquired at a specific location of
the sample. PC1, represented on the vertical axis, from the PCA study of positive ToF-SIMS
spectra for AuNP, AuNP/VEGF peptide and VEGF peptide samples reveals that the bare
AuNP and the peptide-coated AuNP samples are clearly discriminated, i.e., located in
distinct regions (i.e., PC1 < 0) with respect to the free peptide one (PC1 > 0). This result
is found for both VEGF,FAM (left hand side panel) and VEGFcysFAM (right hand side
panel), respectively.
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Figure 8. PC1 score plot obtained from PCA analysis of positive ToF-SIMS spectra (at least five
spectra for each sample) of functionalized AuNPs with VEGFgyFAM (a) and VEGFcyFAM (b)
peptides.

In Figure 9 is displayed a second PCA model, which takes into account only the
spectra recorded from bare and peptide functionalised AuNP samples.
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Figure 9. PC1 Score Plot obtained from PCA analysis of positive ToF-SIMS spectra (at least five
spectra for each sample) of bare and functionalized AuNPs with VEGFg,FAM peptide (a) and
VEGFcysFAM (b).

The PC1 score plots well discriminate between two samples, and a higher separation
is obtained for the ensembles of PC1 values of AuNP vs. AuNP/VEGFg,FAM than those
of AuNP vs. AuNP/VEGFcysFAM. According to the picture figured out from UV-visible
and XPS analyses, this finding is explained in terms of the higher peptide coverage of the
gold nanoparticles by VEGFg),FAM with respect to VEGFcysFAM.

The loadings plots related to the PC1 score plots above-described focus on the most
significant peaks of the considered samples. The PC1 loadings list for the AuNPs/VEGFgy
FAM, reported in Table 2, distinguishes a main Na* fragment located a negative PC1
value, which can be considered characteristic of naked AuNPs due to the layer of citrate
used during the reduction reaction. Instead, positive PC1 values are observed for all
characteristic fragments related to the functionalized peptide at the surface of AuNPs.
Most of them can be correlated to aminoacidic residues (selected in bold in the table) as
Wagner et al. have reported [50], specific of the VEGFgyFAM sequence. Among them, also
a fragment related to Au* was found.

Table 2. PC1 loadings list related to the functionalized AuNP/VEGFg,FAM.

PC1<0 PC1>0
C;H;* CgHg* CgHg* C4Hg* C4Hyt CsHgO*  CsHppN*
C8H11+ C3H50+ C5H9+ C2H3+ C4H7O+ C7H5+ C2H6NS+
C(,H7+ C5H7O+ C4H6I\T+ C7H6Jr C9H8N+ C5H10N+ CHZJr
CHO? CqoHg* CyH,O% C4HgN™* CoHgN™  CsHgN* CH,*
C5H7N2+ C8H90+ C3H4NO+ C3H2+ C3H6+ C2H6N+ CH*
CéHg+ C4H60+ C2H4Jr C3H3Jr C3H5Jr I\TH4+ CH3Jr
Na+ C4H50% CsHs* CgHg* C4Hs* CsHyt CgHgO* CoHs*
C4H8+ CH2N+ C7H11+ C2H4N+ C5H2+ C8H10N0+ Au*
CgHg+ C6H10Jr C4H61\TOJr C3H3OJr C6H11+ C12H90+ H*
C3H,O C7Hg* NH;* CgoHg* CoHgNO*Y CgHp0O"  C3H50,7
C7H8+ C9H7+ C5H7+ C8H10N+ C4H7+ C2H30+ C2H502+
(:‘gI‘IBOJr CSI‘IgJr CH41\IJr CSH?,Jr CH30+ C7H13Jr (:2H5OJr
CoHg* CqoHg* CoH, O C4Hz* CH3N,* C;H50% C4Hg*
ct C3H7+ C5H11+ C8H70+ C8H7+ C6H5+ C4H2+

Table 3 shows the PC1 loadings list for the characteristic fragments related to AuNPs/

VEGFcysFAM sample. However, as discussed, the loadings list displays only positive
fragments suggesting a low peptide coating at the nanoparticle surface. In any case, it
is possible to recognize characteristic amino acid fragments. The results obtained from
ToF-SIMS analysis confirm what was observed through the XPS study:.
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Table 3. PC1 loadings list related to the functionalized AuNP/VEGFcysFAM.

PC1>0
CsHy* CoHy* C;H;0* CgHoNO* CH,N* C1pHgO* CsHqppN*
CeHy* CoH5* C,Hg* CsHy* CeHs* CHO* C3H,0,*
CgHy* CgHypp* Cy4H,* C3Hy* CgHg™ CsHypp?t CH*
CeHg* C4HygN* CH;0* CoH5* CgHygN* C4Hy* CyoHo™"
C,Hs* CsHgO* CgH,0* C,Hg* C,H,* C,Hs* CoHg*
CsHyN,™* C3H50* C3Hg* C3H50,* C;Hy3" NH,* CH4N*
C4H50"* C3Hs* C4H;0O" C;Hg* C3H,0% CH3N,* C4H3*
C3H5* CsH,0*  CgHppOt  C4HO* C,Hy* CsHioN*  C4HgN*
CgHy* C3H30* C4HgN* C,H,Of Co,H,0,* C4HgNO™ CoHgN*
CgH;* CyHg* CgHoO" C,H50* C,HgNO* C,H50,* C4Hy*
C,Hy* CsHg* C3H,0* C,H,N* C3H,* CsHs* CsHy*
CeHyp" C3H/,NO* CyHo* CgHyp1* H* CH,* CsHz*
C;Hp " CsHoO™" CgH,O" C,H30* CH3"* CeHg* CoHgNS*
c* C,Hs0* CsHy* CroHg*

3.2. Cytotoxicity and Cellular Uptake

Cells incubated for 24 h (37 °C, 5% CO;,) with 2.5 nM AuNP, 25 nM VEGFcysFAM,
75 nM VEGF¢,FAM and the corresponding hybrid composites did not exhibit any toxicity.
Moreover, experiments of cellular uptake of AuNPs, both bare and peptide-functionalised,
were performed in HUVECs by confocal microscopy (LSM) to investigate the potential
application of these smart nanosystems as potential theranostic nanoplatform. Figure 10
shows the highest cellular internalisation of peptide for AuNP/VEGFcysFAM, as visible
by the green emission of the FAM moiety covalently bound to the peptide sequence; it
must be noted that this fluorescence mostly co-localises with the dark spots in the optical
image (due to metal nanoparticles aggregates), thus confirming the strong chemisorption
of the peptide containing the cysteine residue onto the AuNPs. On the other hand, a lower
green fluorescence but still co-localised with AuNPs, is detected for AuNP/VEGFg FAM,
according to the weaker binding of this peptide to the nanoparticle surface. No significant
peptide uptake could be detected for the free VEGFg,FAM (75 nM) nor VEGFcysFAM
(25 nM and 75 nM).

Figure 10. LSM merged micrographs of fluorescence (blue: DAPI; green: FAM) and optical
bright field of HUVECs 24-h treated with (a) 2.5 nM bare AuNP; (b) 75 nM VEGFGIyFAM,; (c)
AuNP/VEGFGIyFAM,; (d) 25 nM VEGFCysFAM; (e) 75 nM VEGFCysFAM,; (f) AuNP/VEGFCysFAM.
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4. Discussion

The angiogenic factor VEGEF is the most studied growth factor, due to its specificity
and important role in the activation of all steps of angiogenesis in the endothelium vascula-
ture [51]. The splicing variant VEGF165 is the predominant form and has been shown to
be up-regulated in tumour microenvironment by hypoxia or activation of oncogenes [52].
VEGEF is a glycoprotein and consists of an antiparallel homodimer structure containing
inter- and intra-disulphide bonds, and it has been shown to bind to three receptor types
as follows: VEGFR-1 (flt-1), VEGFR-2 (flk-1 or KDR), and neurophilin-1 (NR-1). In the
endothelial cells, most of the angiogenesis signaling (proliferation, migration, and survival)
proceeds via the interaction between VEGF and VEGFR-2. The latter has been identified
and includes residues at a loop region formed by the anti-parallel 3-sheets 35-{36 in the
VEGEF protein [53].

Only a small number of VEGEF residues are important for binding to VEGF recep-
tors [54], and, therefore, several molecules able to modulate VEGF biological activities
have been reported [55]. Some VEGF mimetic peptides with antiangiogenic activity have
been described [30]. It was reported that the peptide fragment encompassing the residues
73-101 blocked at N- and C-terminus (Ac-ESNITMQIMRIKPHQGQHIGEMSFLQHNK-
NHy), included in the loop 5-36 region involved with VEGFR2 interaction, showed
anti-proliferative activity on HUVEC cells [30].

In recent decades, nanodrug delivery system has played an important role in depress-
ing the toxic side effects and enhancing the therapeutic efficiency [56]. Functionalization
of AuNPs with biological molecules has many applications in biomedical imaging, clin-
ical diagnosis and therapy [19]. Recently, it was reported that gold nanoparticles exhib-
ited potentially antiangiogenic effects by interacting with the heparin-binding domain of
VEGF165. Furthermore, AuNPs seem to inhibit migration, tube formation and proliferation
VEGF165-induced of endothelial cells [23,57]. It was also reported that intravenously
administrated AuNPs could pass through blood-retinal barrier and induce no retinal toxic-
ity [58]. We investigated the gold nanoparticles conjugated with VEGF fragments peptide
Ac-ESNITMQIMRIKPHQGQHIGEMSFLQHNK-NH, and its mutated VEGF73-101-G88C
5,6-FAM labelled.

The obtained results showed the enhanced intracellular uptake respect to AuNPs
alone and no toxicity on HUVEC cells. Indeed, the fluorescent dye conjugated to the
peptide sequence allowed for the certain simultaneous localization of both the peptide
molecules and the gold NPs. To note, VEGF receptors are known to use clathrin-dependent
endocytosis that ultimately leads endocytosed material to lysosomes [59]. On the other
hand, different physicochemical properties of gold nanoparticles, including size, clustering
and surface chemistry of nanoparticles regulate their cellular uptake and transport [60,61].
Among the most common internalization mechanisms of gold nanoparticles, there is au-
tophagosome accumulation through size-dependent nanoparticle uptake and lysosome
impairment [62,63]. Specifically, AuNPs are known to reduce lysosomal activity by alka-
lization of the lysosomal lumen [64,65].

Further studies on the peptide-functionalized hybrid nanosystems can focus to map
the trafficking process of the gold-nanoparticle bound peptides as well as to test them in
cancer cells as a potentially anti-cancer drug or on retinal cells to regulate retinal neovas-
cularization. Another potential follow-up of this study can involve cell migration and
tubulogenesis studies in the HUVEC treated by VEGF peptide-modified AuNPs. Indeed,
we recently demonstrated that different physi- vs. chemi-sorption processes by mutated
angiogenin isoforms at the AuNP surface may offer a new strategy to modulate the angio-
genesis processes in wound care [66]. Moreover, the plasmonic properties of the metallic
nanoparticles, characterized in silico, add a further potential application of the hybrid sys-
tem as multifaceted theranostic platform, to be exploited, e.g., in micro-Raman microscopy
and hyperthermia studies.
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