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Purpose: In this study, we investigated the physicochemical properties, biofunctionalization and internalization mechanisms of
peptide-functionalized gold nanoparticles (GNPs), with a particular focus on a cyclic a,f; integrin-targeting ligand (cRGD), embedded
in a scaffold comprising a gold-binding glycine-cysteine tetrapeptide (GCt) and a fluorescein isothiocyanate (FITC) dye.

Methods: The characterisation of the GNPs and their biofunctionalised counterparts (b-GNPs) was carried out by a series of
techniques including dynamic light scattering (DLS), zeta potential ({) measurements, UV-visible (UV-vis) spectroscopy, scanning
electron microscopy (SEM), Fourier transform infrared spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS) and theoretical
modelling. Cellular uptake experiments were performed in human adenocarcinoma (HeLa, a,f; non-expressing cells, negative control)
and metastatic melanoma (WM266, a,f3-overexpressing cells, positive control) cells to assess receptor-mediated internalization.
Results: The physicochemical characterisation confirmed the successful functionalisation of GNPs with the bioinspired multifunc-
tional cRGD-GCt-FITC moiety. Detailed analysis of the nano-bio interface revealed distinct chemical states and evidence of charge
transfer effects between the GNPs surface and the RGD-containing peptide. Cellular studies demonstrated selective uptake and
preferential accumulation of b-GNPs in a,fs-overexpressing cells, with RGD-functionalised GNPs inducing notable pro-apoptotic
effects.

Conclusion: This work provides new understanding of biomimetic gold nanoparticles and highlights their potential in tumour
selective strategies, particularly for integring-targeted theranostics, while addressing toxicity and targeting limitations of current RGD-
and gold nanoparticle-based nanomedicine.

Keywords: plasmonic nanoparticles, theranostics, targeting, cancer nanomedicine, peptide

Introduction
Gold nanoparticles (GNPs) have opened up a new frontier in medicine,' > owing to their remarkable properties, including
low toxicity, high biocompatibility, size tunability, ease of functionalisation, localized surface plasmon resonance
(LSPR), and intrinsic anti-angiogenic and anti-metastatic therapeutic properties.*> These features make GNPs highly
suitable for both diagnostic imaging and therapeutic applications, a combination often termed “theranostics”.*¢'°

The functionalization of GNPs enhances their properties and enables the development of nanoformulations with
improved selectivity, targeting, cellular uptake and specificity,'' while overcoming common drug delivery challenges
such as poor solubility, low bioavailability and instability in biological environments. A particularly promising strategy is

the use of bioinspired ligands, such as extracellular matrix (ECM) components, peptides or proteins, to modify the
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surface of GNPs.'>!® This allows the nanoparticles to acquire selectivity and specificity for particular cell types. For
example, specific peptide sequences can be used to control the behaviour of nanoparticles, including stabilising them
against colloidal aggregation and directing them into desired cellular uptake pathways.*>

Peptides such as the cyclic arginine-glycine-aspartate (cCRGD) sequence have attracted particular attention for their
ability to specifically bind integrins, including a3, which are highly expressed on the surface of many tumour cells,
including those in melanoma,'* glioblastoma'® and ovarian'® cancer. This selective binding can enhance the delivery of
therapeutic agents and improve targeting specificity.

Integrins, which are well-known cell adhesion receptors for ECM proteins, immunoglobulins, growth factors,
cytokines and matrix-degrading proteases, play important roles in inflammation and cancer. Among the various integrins
involved in angiogenesis, a,B; is particularly significant due to its involvement in the regulation of blood vessel

17-19

formation and its association with tumour and metastasis.’

There is a growing trend in biomedicine to integrate the RGD peptides with GNPs, with several examples in the

literature describing both single®'* 25729 30,31

and multi-step syntheses of linear and cyclic RGD-conjugated GNPs.
Although several decades have passed since the first preclinical studies with gold nanoconstructs, the transition from
bench to bedside is still ongoing, with clinical trials progressing slowly.>> A key consideration in this process is the
length of the linker or spacer used to bioconjugate RGD peptides to GNPs. Often, RGD-conjugated GNPs contain
polyethene glycol (PEG) moieties of varying lengths on their surface, either as spacers or alongside RGD peptides to
prevent gold nanoparticle aggregation.”>*>*?® Recent studies suggest that PEGylation may present some issues, such as
interference with the primary function of human erythrocytes,>® immunotoxicity, clearance problems,>* and apoptosis.*
Another important consideration is the need to better understand the actual nano-bio interface between the RGDs and the
GNPs.

A key aspect of this interaction is that RGDs bind to integrins on the cell surface, mediating cell adhesion and
influencing cellular responses. When coupled to GNPs, this interaction could potentially enhance cellular uptake or
improve targeting specificity. However, the exact way in which RGDs modify the properties of GNPs - whether through
structural changes, alterations in surface charge, or other mechanisms - is not always fully understood.

Most studies primarily focus on validating the cellular uptake mechanism to confirm that the RGD peptides retain
their ability to specifically target tumour cells after being immobilised on GNPs. Despite the extensive research on RGD-
functionalised GNPs, there remains a limited understanding of the nano-bio interface between these nanoparticles and the
peptides, which could further optimise their targeting and therapeutic potential.

In this study, we investigated biofunctionalized GNPs (b-GNPs), built via a combination of physisorption and
chemisorption onto GNPs of the chimeric fluorescent peptide cRGD-GCt-FITC.?>*%37 This multifunctional peptide
combines a cyclic RGD sequence for integrin targeting, a gold binding glycine-cysteine tetrapeptide (GCt) for nano-

particle stabilization*®°

and a fluorescein isothiocyanate (FITC) dye for imaging (Figure 1). Furthermore, due to its
peptide-based nature, it may provide a bioinspired alternative to address the toxicity issues associated with PEG. Our
focus was to investigate the physicochemical properties of these GNPs and their interactions with human adenocarci-
noma (HeLa) cells (avPs-negative) and metastatic melanoma (WM266) cells (a,p3;-overexpressing). Our aim was to
evaluate the biofunctionalisation of these nanoparticles and their cellular uptake, to elucidate their potential as therapeutic

agents themselves for theranostic applications in cancer therapy.

Materials and Methods

Synthetic Procedures and Experimental Characterisation

GNPs Fabrication

Chemicals were purchased from Sigma-Aldrich and used as received. Ultrapure MilliQ water (18.2 MQ cm at 25 °C,
Millipore) was employed. Glassware was cleaned prior to use by soaking in aqua regia (HCI:HNOj;, 1:3 volume ratio)
and thoroughly rinsing with water. The buffer solution was prepared by dissolving 10 mM 3-(N-morpholino) propane-
sulfonic acid (MOPS), to which 2.7 mM KCI and 0.137 M NaCl were added. The reducing agent tris(2-carboxyethyl)
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Integrin a,B;

Figure | Graphical and constructed illustrations of the hybrid platform comprising b-GNPs, made of gold nanoparticles biofunctionalized with cRGD-GCt-FITC on their
surface, designed for targeted interaction with the cell membrane.

phosphine (TCEP) was added to the MOPS solution at a 1:1 molar ratio, and the final pH was adjusted to 7.4 (25°C) with
NaOH.

Preparation of Peptide-Functionalised GNPs
The peptide sequences FITC-(GC), (MW=1081.32) and FITC-RGD (GC), (MW=1625.55) were synthesised via Fmoc

chemistry following a previously reported protocol.*’

Stock solutions of the peptides were prepared by dissolving 0.5 mg
of lyophilised peptide powder in MOPS-TCEP buffer solution and stored at —20°C. Gold nanoparticles were synthesised
by chemically reducing chloroauric acid with trisodium citrate. Briefly, gold (III) chloride hydrate (HAuCl,4-xH,O) was
dissolved in 20 mL of water in a beaker on a stirring hotplate to achieve a final concentration of 1 mM. 2 mL of a 1%
solution of trisodium citrate dihydrate (Na;C¢HsO7-2H,0) was then rapidly added to the vigorously stirred boiling
solution. The gold sol gradually formed as citrate reduced the gold (III) ions. When the solution turned deep red, the
beaker was removed from the heat and left to cool for about 10 minutes. This preparation resulted in particles of
approximately 12 nm in diameter, with a plasmonic peak at 518 nm. The concentration of the synthesized gold
nanoparticles was estimated to be 20 nM, with an extinction coefficient (g) of 1.9x10% M 'em™!, calculated using the
equation: € =k -InD + a, where D is the core diameter of the nanoparticles, and k = 3.32111 and a = 10.80505 are
constant.*” The GNP@RGD hybrids were prepared by adding a 10 uM peptide solution to 1 mL of 20 nM GNP
dispersion, followed by stirring and centrifugation (8000 rpm, 15 min at 25 °C). The resulting pellets were then dissolved
in MilliQ water.

UV-Visible (UV-Vis) Spectroscopy

To investigate the plasmonic properties of the GNPs, electronic spectra were collected using a Jasco UV-vis spectrometer
with quartz cuvettes (1 cm optical path length). To determine the inflection point of the LSPR peak,*' the first
and second-order derivative spectra were calculated from the extinction spectrum and then smoothed by using
Microcal Origin software.

Fourier-Transformed Infrared (FT-IR) Spectroscopy

For FT-IR analysis, solutions were drop-cast onto a silica wafer and dried under a gentle stream of nitrogen. Infrared
spectra were collected in the range from 500 cm-1 to 4000 cm ' with a resolution of 1 cm ' on a Bruker IFS 66v/s
system.

International Journal of Nanomedicine 2025:20 hetps: 12059
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X-Ray Photoelectron Spectroscopy (XPS)

XPS measurements to assess the surface composition and oxidation state were conducted using a PHI 5000 VersaProbe
instrument, employing a monochromatic Al Ko X-ray source (1486.6 eV). High-resolution spectra of Au 4f, Cls, Ols,
N1s and S2p signals were recorded at a pass energy and analyser energy step of 23.5 eV and 0.2 eV respectively. Fitting
was carried out using software provided by PHI, with Shirley background subtraction applied. The spectra were
calibrated for carbon contamination at a binding energy of 284.6 eV. All BE values are reported with an uncertainty +
0.2 eV.

Dynamic Light Scattering (DLS) and Zeta Potential ({)

Hydrodynamic particle size analysis (via DLS) and nanoparticle surface charge (based on measurement of the particle
electrophoretic mobility to calculate ) were performed using a NanoPartica SZ-100 instrument, equipped with a 514 nm
laser (Horiba-Scientific). Measurements were conducted at 25°C, with data collected from three sequential readings.
A minimum of five measurements were taken, and the results were averaged for analysis.

Scanning Electron Microscopy (SEM)

SEM images were captured using a Hitachi SU8020, equipped with a field emission gun and operating at an acceleration
voltage of 30 kV, along with a transmission electron detector. Samples were mounted on 300 mesh, carbon-coated copper
grids of agar and imaged directly.

Density Functional Theory (DFT) Modelling

All calculations were performed using Gaussian 16 software within the framework of Density Functional Theory (DFT).
The dispersion-corrected MO6L** functional was applied, along with the 6-311G(2d,p) basis set for the peptide and
FITC. For the gold nanoparticle, a semi-empirical PM6 level was used.****

Cellular Studies

Cell Maintenance and Treatment

The human adenocarcinoma cell line (HeLa) (ECACC) was cultured in DMEM supplemented with 10% foetal bovine
serum (FBS), 2 mM glutamine, 100 U/mL penicillin and 100 mg/mL streptomycin (Euroclone, Italy). The human
metastatic melanoma cell line (WM266), kindly provided by Dr Gentilcore (IRCCS-Fondazione Pascale, Naples, Italy),
was grown in RPMI, at physiological pH (7.2-7.4), supplemented with heat-inactivated 10% FBS, 1% glutamine, 100 U/
mL penicillin and 100 mg/mL streptomycin. Both cell lines were maintained in a humidified incubator with 5% CO,
at 37°C.

Integrin Content Determination

The specific detection and quantification of a,f; integrins were achieved through indirect immunofluorescence of non-
permeabilized HeLLa and WM266 cells using a conjugated monoclonal Alexafluor488 antibody targeting avp3 (LM609 -
Millipore). Quantitative analysis was performed by flow cytometry. Briefly, approximately 100,000 HeLa and WM266
cells were harvested, washed once with PBS and pelleted. The cell pellet was fixed by incubation with 200 uL of 2%
formaldehyde for 1 hour at room temperature. Fixed cells were blocked with 4% BSA and stained by incubation with
14 pg/mL of o,B; antibody for 45 min at 4°C. The stained cells were then washed twice and analysed using a CyFlow®
ML flow cytometer (Partec). Cells were excited with an air-cooled argon 488 nm laser, and the AlexaFluor488 signal was
detected on the FL1 detector in log mode. Data for 100,000 cells per sample were acquired, gated, and analysed using
FlowMax software (Partec).

Cellular Uptake Analysis and Competition Binding Assay

Cells were seeded into 35 mm glass-bottomed cell culture plates (Willco Wells). After 24 hours, the cells were incubated
with GNP@RGD(GC),-FITC or GNP@(GC),-FITC at a final concentration of 1.6 nM in HBSS buffer for 30 minutes at
37°C. The incubation was performed in the presence of 100 nM Lysotracker red and/or 10 uM Hoechst 33342
(Molecular Probes). Cells were then rinsed twice with PBS to remove excess peptide and imaged using a 63X oil
immersion objective under a Leica DMI 6000B epifluorescence inverted microscope with adaptive focus control. This
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system is equipped with a controllable X-cite mercury lamp and a variety of filter cubes (360, 488, 560, 604 nm
excitation) for fluorescence microscopy, as well as a halogen lamp for brightfield and DIC imaging. It also features 4
bright objectives (10, 20, 40, 63x), a high-resolution Hamamatsu Orca R2 CCD camera (1344x1024 pixels) and
a motorised stage (XY only). Images were acquired using Leica LAS Extended Annotation software. For the competition
binding assay, cells plated in 35 mm glass-bottomed cell culture dishes (Willco Wells) were incubated with
GNP@RGD(GC),-FITC in HBSS buffer for 30 min at 37°C in the presence or absence of 10 mg/mL anti-a,[3; antibody.
After washing, peptide binding was assessed by fluorescence microscopy.

Statical Analysis

Data are presented as mean + SEM of three independent experiments. Dependent variables were analyzed by either
pairwise Student’s ¢-test or one-way ANOVA, depending on the data analyzed (details are provided in the figure legends),
using GraphPad Prism version 9.0.0 (GraphPad Software, San Diego, California USA). P<0.05 was considered
significant. ***

Results and Discussion

Physicochemical Characterization of Peptide-Functionalised Gold Nanoparticles
(b-GNPs)

The UV-vis spectra (Figure 2) of the as-prepared aqueous dispersions of GNPs show a plasmonic band around 520 nm,
characteristic of spherical nanoparticles with a 12 nm diameter.** This band is sensitive to wavelength shifts, which can
be influenced by factors such as particle size, shape, aggregation state, and the surrounding dielectric medium.*® The
spectra from the titration experiments, in which increasing amounts of peptides were gradually added to the GNP
dispersion, exhibit similar bathochromic shift trends for both (GC), (Figure 2A) and RGD(GC), (Figure 2B). However,
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Figure 2 (A and B) From top to bottom: extinction, first derivative, and second derivative spectra of 3 nM GNPs (concentration calculated according to equation provided
in Materials and Methods) during titration experiments with increasing concentration of (GC), (A) and RGD(GC), (B). The dashed lines serve as a guide for the eye,
marking the peak maximum (2) and the two inflection points near the maximum in the extinction spectrum (1,3), which correspond to zero-crossing in the first and second
order derivative spectra, respectively. (C~E) Normalized extinction spectra (insets: magnified view of the second order derivative on the higher wavelength side of the LSPR
peak maximum) before and after the centrifugation of: GNP (C), GNP@(GC),-FITC (D), GNP@RGD(GC),-FITC (E). The spectra of free (GC),-FITC and RGD(GC),-FITC
peptides are included as references.
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RGD(GC), demonstrates more pronounced redshifts, as seen at the peak maxima and inflection points. These shifts can
be clearly identified by analysing the zero-crossings in the first and second derivative spectra, respectively.*!

For the fluorescent peptides, a redshift of the plasmon band is still evident, but the most prominent spectral change is
the concentration-dependent increase in fluorescence at 488 nm, attributed to FITC (Figure S1). However, after the
centrifugation step used to remove unbound or loosely bound peptide molecules, the analysis of UV-vis spectra around
the LSPR peak maximum (Figure 2C and D) confirms effective peptide binding, revealing significant differences
between the two fluorescent peptides in their adlayers on the GNPs. These differences affect the refractive index at
the hybrid biointerface with the metal nanoparticles, resulting in distinct plasmonic shifts. In the pellets, the plasmonic
peak is red-shifted by approximately 6 nm for GNP@(GC),-FITC and 8 nm for GNP@RGD(GC),-FITC compared to the
bare GNPs (see insets of Figure 2C and D).

The results of DLS and ZP analysis are presented in Table 1. Measurements of the dispersions before centrifugation
show that the bare GNPs have a hydrodynamic size (dy) of approximately 20 nm. After centrifugation, the pellets of bare
GNPs, resuspended in PBS, show an average particle diameter of about 40 nm. This suggests the formation of dimeric
aggregates from individual gold nanoparticles. As expected, the surface charge of the bare gold nanoparticles is negative
(= —54.5 mV), which can be attributed to the presence of citrate ions. These ions, used as reducing agents in the
synthesis reaction, also function as stabilizers for the colloidal dispersion through an electrostatic repulsion mechanism.*’

For the peptide-functionalized GNPs, both GNP@(GC),-FITC and GNP@RGD(GC),-FITC show no significant
changes in particle diameter compared to the bare nanoparticles. This suggests that citrate ions and water molecules in
the electric double layer around the core gold nanoparticle have been replaced by peptide molecules without causing a net
change in the colloidal hydrodynamic size. In terms of nanoparticle surface charge, the GNPs are negatively charged
(with a { potential of approximately —50 mV), while the b-GNPs exhibit an almost neutral surface charge. Additionally,
a characteristic increase in the polydispersity index (PDI) is observed in the b-GNPs following purification.

Figure 3 shows the morphological characterization by SEM of both bare (GNPs) and peptide-functionalized (b-GNPs)
samples. The bare nanoparticles are spherical and monodisperse before centrifugation (Figure 3A), but after centrifuga-
tion, dimeric aggregates are clearly visible (Figure 3B). In contrast, the GNP@(GC),-FITC (Figure 3C) and
GNP@RGD(GC),-FITC (Figure 3D) samples exhibit branched structures, with a higher degree of aggregation observed.
Notably, no significant changes are observed on the surface of the GNPs after biofunctionalization (as shown in the
magnified insets). Additionally, the changes in nanoparticle size observed from the electron microscopy images are not

statistically significant.

Table | Zeta Potential ({), Hydrodynamic Size (dy), and
Polydispersity Index (Pl) Measurements for Bare (GNPs) and
Peptide-Functionalized (b-GNPs) Nanoparticles, Both Before
and After the Centrifugation Process. The Values Presented
are Averages from Three Independent Experiments with
Standard Deviation (S.D.)

Sample £ (mV) dy (nm) Pl

GNPs —545+25 | 204+05 | 0.22
GNPs pellet 39+£3 0.56
GNP@(GC),-FITC -02+04 19+ 2 0.56
GNP@(GC),-FITC pellet 19+ 2 0.77
GNP@RGD(GC),-FITC -21 %15 22 +3 0.32
GNP@RGD(GC),-FITC pellet 20.6 £ 0.9 | 1.52
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Figure 3 Representative SEM micrographs of GNPs and b-GNPs: bare nanoparticles as prepared (A) and after centrifugation (B); peptide-functionalized nanoparticles with
(GC),-FITC (C) and RGD(GC),-FITC (D).
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Figure 4 (A) Experimental FT-IR spectra of GNPs (line a), GNP@(GC),-FITC (line b), GNP@RGD(GC),-FITC (line c), (GC),-FITC (line d), and RGD(GC); (line e).
Calculated spectra for physisorption and chemisorption of RGD(GC),-FITC on GNPs in the comparison with the experimental spectrum of the b-GNP in the high
wavenumber range (B) and the fingerprint range (C) regions. In (B) and (C) the calculated spectrum for GNP@(GC),-FITC is included for comparison.

The experimental and calculated FTIR spectra are shown in Figures 4. Figures 4A displays the experimental FTIR
spectra for b-GNP samples (lines b and ¢), compared with reference spectra for bare GNPs (line a) and the peptides alone
(lines d and e). The peptide-functionalized nanoparticles, GNP@(GC),-FITC and GNP@RGD(GC),-FITC, exhibit
characteristic infrared peaks associated with the amide groups: amide I (1600-1800 cm ™), corresponding to the C=0O
and C=N stretching vibration; amide II (1470-1570 cm™"), corresponding to the N—(C=0)—CHj stretch vibration; and
amide IIT (12501350 cm™"), attributed to methyl-related C—H or C—C stretch vibrations.*® Notably, peaks at 1670 cm ™',
primarily assigned to C=O stretch vibrations (vC=0), is indicative of B-turns and antiparallel B-sheets in the secondary
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structure, while a peak at 1590 cm™', resulting from N-H bending (SNH) and N-C stretching (vNC), further supports the
presence of B-structure.**>® Additionally, the amide A band, mainly due to the H-N stretch/bend vibration v(NH) or the
hydroxyl H-O-stretch/bend vibration, v(OH),*® is also observed. A broad band in the 3300-3500 cm ' range is seen in the
free peptides, while the appearance of a v(NH) peak at 3360 cm ' suggests an ordering effect at the surface of the GNPs,
accompanied by the formation of medium strength H-bonds, typical of B-sheet structure.”'~?

Interestingly, the citrate-related -CH,- stretching bands at 2925 cm ™' (v,sCH,) and 2850 cm™ ' (v,CH,)® are clearly
"and at 1591 cm!

asymmetric stretching (v,;COO") bands of citrate molecules strongly adsorbed onto gold nanoparticles and of bulk

visible in the GNPs spectrum, as well as the peaks at 1639 cm™ , assigned to the carboxylate
citrate, respectively.” In addition, a peak at 1740 cm ', ascribed to a non-interacting -COOH (vC=0) onto the GNP
surface® is also observed. However, these bands are significantly reduced in the b-GNP hybrids, suggesting that the
citrate molecules originally attached to the nanoparticle surface, are partially replaced by the peptide molecules. The
peaks around 1380 cm™' and 1080 cm ™' could correspond to carboxylate symmetric stretching (v;COO™) and C—O

stretching broad bands, respectively.”*>> On the other hand, a broad band between 880 and 800 cm '

, assigned to
vibrations from Au-OH,>® is clearly visible in GNPs (line a) and, although attenuated, is also present in b-GNP samples.

The comparison between the experimental spectrum of GNP@RGD(GC),-FITC and the calculated vibrational
spectra, shows a closer match between the experimental and calculated spectra for physisorption for the characteristic
N-H and O-H stretching bands around 3300 cm ™' (Figure 4B). Notably, the S-H stretching band expected between 2430
and 2490 cm™ ' is absent from the experimental data. This can be likely due to oxidation of the thiol group or due to the
fact that this stretching mode of cysteine S-H bonds has a low cross section and the band can be strongly broadened in

heterogenous environment.”” In the fingerprint region, 2000-800 cm '

(Figure 4C), both calculated spectra, for
chemisorption and physisorption, closely match the experimental peaks in the absorption bands for amide and guanidine
groups between 1580 and 1660 cm™'. In addition, in the calculated spectra, numerous overlapping bands contribute to
a broader absorption profile, with R-C-H bending observed between 1320 and 1360 cm', C-O stretching around
1220 em " and C-S stretching is seen at 680 cm '.>® Additionally, C-H out-of-plane (oop) vibrational modes are
observed between 600-900 cm ™. In general, when the peptide is covalently bound to the nanoparticles, the observed
frequencies shift slightly to higher values compared to when the peptide is simply physisorbed on the metal surface of the
nanoparticle. This suggests that the covalent attachment imposes greater constraints, leading to higher vibrational
frequencies.

To note, the main difference in the calculated spectrum for GNP@(GC),-FITC is a shift of the vibrational modes to
higher frequencies, suggesting that the peptide without RGD adopts a more rigid conformation at the surface of GNPs.

XPS analysis (Table 2 and Figure 5) confirms the successful biofunctionalization of GNPs. The C 1s spectra for GNPs
(Figure SA) show components at 284.6 eV (C1), 286.3 eV (C2) and 288.1 eV (C3), which correspond to C-H/C-C, C-O,
C=0, respectively. In the spectra of GNP@(GC),-FITC (Figure 5B) and GNP@RGD(GC),-FITC (Figure 5C), a new
component at 285.9 eV (C4) appears, which is attributed to C-S/C-N.> Interestingly, the C2/C4 amplitude ratio is 0.5 for

Table 2 Average Atomic Compositions of Bare GNPs and Hybrid
GNP@peptide Samples

Sample GNPs | GNP@(GC),-FITC | GNP@RGD(GC),-FITC
Cls(at. %) | 547 52.9 514
N Is (at. %) - 12 16
Ols(at. %) | 345 436 425
S 2p (at. %) - 06 07
Au 4f (at. %) | 108 1.7 38
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Figure 5 XPS deconvolution analysis of the C Is (A-C) and N Is (D-F) peaks is shown for GNPs (A-D), GNP@(GC),-FITC (B, E), and GNP@RGD(GC),-FITC (C-F)
samples.

GNP@(GC),-FITC and 1.7 for GNP@RGD(GC),-FITC, suggesting a greater contribution from C-N bonds in the
presence of RGD, as confirmed in the quantitative analysis.

The N 1s XPS peak (Figure 5D and E), though rather noisy, confirms the presence of nitrogen in b-GNPs samples,
and also the presence of different oxidation states.®”®' The tetrapeptide (GC), has three N-C=0 amide bonds giving
photoemission at 399.3+0.2 ¢V (N1 component), together and a small peak at 400.8+0.2 eV of BE (N2 component) from
the amine at the N-terminus in the glycine (Figure 5E). The RGD peptide has two N-C=0O amide linkages and
a protonated arginine o-NH;' at the N-terminus, resulting in photoemission at 401.8+0.2 eV (N3 component)
(Figure 5F). Additional contributions to N1 and N3 components arise from the guanidine group of arginine and
protonation by Brensted donation from aspartic acid’s second carboxyl group.®®’

XPS analysis of the Au4f 1s and S 2p spectra (Figure S3) further confirms the peptide functionalisation of the GNPs,
revealing different adsorption states for the two peptides. A downward shift of 0.2 eV for both GNP@(GC),-FITC and
GNP@RGD(GC),-FITC (Figure S3B and C) compared to the Au 4f5,; (86.4 eV) and Au 4f;,, (82.7 eV) doublet®” in bare
GNPs (Figure S3A) suggests interaction, likely charge-transfer effects, between the gold core electrons and peptides.®®

In the S 2p core level region (Figure S3D-F), the three doublets (2p3/2 and 2p1/2) for the GNP@(GC),-FITC sample
show the main components at 161.1+£0.2 eV (S1), 163.4+0.2 eV (S2) and 167.4+0.2 eV (S3), which are attributed to Cys
moieties chemisorbed onto gold through thiolate formation,®*®> sulphur-containing groups not directly bound to gold,
and oxidised S atoms,®® respectively. For GNP@RGD(GC),-FITC, the S2 component shifts to 164.8+0.2 eV, indicating

adsorbed states with slightly different bonding configurations or absorption sites.

The Receptor-Dependent Interaction of b-GNPs with Melanoma WM266 and Hela
Cells

In the cellular experiments, two cell lines were chosen: WM266 (high a3 expression) and HeLa (very low or no a3
expression). To validate the appropriate cell line for our studies, we first assessed the expression levels of a,[3; integrin on
the membrane surface of both WM266 and HeLa cell lines using flow cytometry. The cells were fixed and immunos-
tained with an AlexaFluor488-conjugated anti-integrin o, 353 antibody, as described in the Materials and Methods section.
Consistent with previous findings,®’ the histogram in Figure 6 shows that WM266 cells exhibit higher o,f5 expression
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Figure 6 Flow cytometry analysis of o,f3 integrin expression by immunofluorescence in HeLa and WM266 cells. Percentage of gated cells and cytofluorimetric plot (inset)
in each population: control (CTRL), control with secondary antibody (Ctrl sec AB), Hela, and WM266. The gate represents the threshold for positive fluorescence,
established based on the negative control incubated with only the AlexaFluor488-conjugated antibody. Statistical analysis was performed by one-way ANOVA with P<0.05
was considered significant. *** in Hela vs Ctrl, and WM266 vs Hela and WM266 vs Ctrl.

compared to HeLa cells. This is further confirmed by the clear separation of the two populations in the cytofluorimetric
plots (see inset), signifying a higher concentration of a,; molecules in WM266 cells, displaying brighter fluorescence
compared to the other cell types and conditions.

The internalisation of GNP@peptide into WM266 cells was examined using epifluorescence microscopy by detecting the
FITC signal (Figure 7). Both WM266 and HelLa cells were incubated for 30 minutes at 37°C with 1.6 nM GNP@peptide
samples, and the distribution of FITC fluorescence was observed. DAPI staining was used to visualize the cell nuclei. The green
fluorescence likely represents nanoparticle aggregates, as likely due to the high ionic strength of the saline aqueous solution in the
cellular environment. As shown in Figure 7A, a faint FITC signal was detected in HeLa cells (upper left panel), while in WM266
cells (lower left panel) GNP@RGD(GC),-FITC displayed diffuse fluorescence throughout the cytosol. In certain instances, the
signal was also localized to discrete puncta, consistent with vesicular structures (Figure 7, right panels, yellow circles). These
results suggest that, similar to previous findings in U87 glioblastoma cells,”* in WM266 melanoma cells, expressing high levels
of a,f3;, the uptake of RGD-functionalised GNPs involves active internalisation via a,f3; integrin-mediated endocytosis. In
contrast, HeLa cells, which express lower levels of a, 33 integrin, showed only weak fluorescence, indicating limited nanoparticle
uptake.

Under identical experimental conditions, cell treatment with GNP@(GC),-FITC was used to assess the fluorescence signal
resulting from the o, B;-independent uptake of GNPs lacking the RGD motif. The micrographs in Figure S4 show that the
presence of RGD motif in the multifunctional cRGD-GCt-FITC capping agent for GNPs results in a strong FITC signal within
WM266 cells. In contrast, the absence of RGD, i.e., the treatment with GNP@(GC),-FITC, resulted in markedly weaker
fluorescence in WM266 cells. The observed diffuse and faint signal supports the hypothesis that, in the absence of the RGD
sequence, the nanoparticles undergo passive or nonspecific internalization. The lack of punctate staining further implies that
endocytosis is not efficiently engaged without o, 35 targeting.

To investigate the mechanism of GNP@RGD(GC),-FITC uptake, specifically whether it requires a receptor-
mediated endocytic pathway, WM266 cells were incubated with or without an anti-a,p; blocking antibody. The
results in Figure 8 show that the blocking the a,fB; receptor with a specific antibody led to a strong reduction in
fluorescence following exposure to GNP@RGD(GC),-FITC (Figure 8B) compared to cells without the anti-o,[3
blocking antibody (Figure 8A), reinforcing the notion that uptake by WM266 cells is dependent on a,p;-mediated
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Figure 7 Uptake of GNP@peptides into WM266 and Hela cells. (A) Epifluorescence microscopy images show the distribution of FITC fluorescence in Hela cells (upper
right panels) and WM266 cells (lower right panels) after treatment with the nanoparticles. Panel (B) shows histograms quantifying the fold change in the mean fluorescence
intensity (MFl) between Hela and WM266 cells, measured by defining regions of interest (ROI) within each cell and calculating the average fluorescence value after
background subtraction. Statistical significance was assessed using a pairwise Student’s t-test, with *** indicating p < 0.05 compared to the control (Hela).

mechanisms. The residual fluorescence still observed and related to some nanoparticle uptake (Figure 8C) suggests
that while o,p3 plays a major role, other non-specific uptake mechanisms may also contribute to internalization.

It is worth mentioning that a,f; receptor blockade led to noticeable morphological changes in WM266 cells,
including cell rounding and increased detachment from the culture surface. These features, related to a disrupted cell
adhesion, often precede apoptosis and are consistent with the well-established role of this integrin in promoting cell
viability, migration, and angiogenesis.®®

Discussion
We exploited the plasmonic, vibrational, and chemical properties of GNPs to characterize the nanoparticle surface and
conduct in-situ investigations into the formation of the hybrid nano-bio-interface of b-GNP nanocomposites. The insets
of Figure 2A and B emphasize the subtle variations in the LSPR signal between (GC), and RGD(GC),, with maximum
shifts of approximately 1 nm and 2 nm (at the peak maxima) and around 2 nm and 3 nm (at the inflection points), relative
to the original wavelengths of 521 nm and 551 nm of the pristine GNP. This effect is attributed to local changes in the
dielectric permittivity following the chemisorption of the peptide onto the gold nanoparticle surface.®® It should be noted
that arginine is positively charged at pH=7.4, as the pKa of the guanidinium group is around 11. Therefore, the greater
shift observed for the RGD-containing peptide, which is expected to be positively charged under these experimental
conditions, compared to the simple (GC), peptide, can be explained by additional electrostatic interactions between the
peptide and the metal surface, alongside the covalent thiol bonding.”

Moreover, the increase of PDI in b-GNPs following centrifugation indicates significant broad size distribution, which
may lead to inconsistent biological responses, particularly in the context of intravenous administration. Larger particles
are more likely to be sequestered by the mononuclear phagocyte system, potentially reducing the systemic circulation

International Journal of Nanomedicine 2025:20 hetps: 12067



Del Gatto et al

GNP@RGD(GC),-FITC

GNP@RGD(GC),-FITC GNP@RGD(GC),-FITC

[
[\

-
=
C >
= 08 N
& 06
)
80 0.4
=
S 02
= 0
(=)
= Vehicle AB LM609

Figure 8 Representative micrographs of WM266 cells treated with GNP@RGD(GC),-FITC in the absence (A) of the presence (B) of the anti-o,B; blocking antibody. Panel
(C) shows histograms quantifying the fold change in ROl MFI, quantifying the fluorescence intensities observed in panels A and B. Statistical significance was assessed using
a pairwise Student’s t-test, with * * * indicating p<0.05 compared to control (vehicle).

time, whereas smaller particles may exhibit enhanced tissue penetration, thereby influencing both the efficacy and safety
profile of the formulation.”' Despite this heterogeneity, the mean diameter of b-GNPs remains largely unchanged in
samples measured after centrifugation, suggesting that effective steric stabilisation is provided by the peptide coating and
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strong peptide-gold interactions. This stabilisation appears to compensate for the lack of electrostatic repulsion typically
offered by citrate, which is absent due to the neutral surface charge of the b-GNPs.

Further evidence for the stability of the b-GNPs is provided by the UV-vis spectra obtained from the flocculation
assay (Figure S2). Consistent with the DLS and {-potential analyses, the SEM results (Figure 3) confirmed that partial
nanoparticle aggregation occurs due to the centrifugation process, as well as coalescence after the drying and exposure to
vacuum conditions during microscope analysis. However, these effects are not attributed to intermolecular forces among
the peptide molecules coating the b-GNPs, which remain stable.

The FTIR analysis shows clear differences between the peptide functionalised GNPs (b-GNPs) and the bare GNPs
(Figure 4). The presence of amide I, II and III bands in the spectra of the b-GNPs is characteristic of the peptide coating
and indicates a successful functionalisation of the nanoparticles. The observation of B-turns and antiparallel B-sheets,
indicated by peaks at 1670 cm™' and 1590 cm-', further confirms the secondary structure of the peptide on the surface of
the GNPs. In addition, the ordering effect observed in the appearance of the v(NH) peak at 3360 cm ™' suggests that the
peptide adopts a structured conformation upon binding to the GNP surface, probably stabilised by hydrogen bonding,
typical of B-sheet structures. The significant reduction of citrate-related peaks in the b-GNP spectra suggests that the
peptide molecules partially replace the citrate molecules initially adsorbed on the GNPs, which affects the surface
chemistry and stability of the nanoparticle. The absence of the expected S-H stretching band in the experimental data for
GNP@RGD(GC),-FITC can be attributed to the oxidation of the thiol group or to the fact that the S-H stretch has a low
intensity and is broad in a heterogeneous environment.

The calculated IR spectra for both physisorbed and chemisorbed peptides are in good agreement with the experi-
mental data, with the difference in vibrational frequencies suggesting that covalent attachment of the peptide leads to
a more rigid conformation on the GNP surface, as clearly observed for GNP@(GC),-FITC. The observed shifts to higher
frequencies for the covalently bound peptide can be attributed to the constraints imposed by the chemical bond affecting
the vibrational modes of the peptide.

The XPS analysis (Figure 5 and Table 2) provides strong evidence for the successful functionalisation of GNPs with
peptides and detailed information about the peptide attachment, the interaction between the peptides and the gold surface,
and the structural differences between the two peptides. In the N1s peak, the evidence of additional contributions from
the guanidine group and protonation of the RGD peptide emphasises the diverse nature of peptide interactions at the
nanoparticle surface. The observed 0.2 eV downward shift of the Au4f peaks for b-GNPs suggests charge transfer
interactions between the peptide and the gold core. This indicates that the peptides are not simply physisorbed but are
likely to form covalent or strong ionic bonds with the gold surface. Analysis of the S 2p peaks, with the shift in the S2
component for the GNP@RGD(GC),-FITC sample further suggests that the RGD peptide adopts a slightly different
configuration compared to the (GC), peptide, reflecting variations in the peptide’s binding environment and absorption
sites on the GNP surface.

The differential expression of a5 integrin between HeLa and WM?266 cells allowed us to assess the receptor specific
uptake of GNP@peptide conjugates. The pronounced internalisation observed in WM266 cells compared to Hela
supports the hypothesis that a,f; integrin plays a key role in mediating cellular uptake of RGD-functionalised
nanoparticles. Importantly, the reduced uptake observed with GNPs lacking the RGD motif confirms that the RGD-a,
B3 interaction is critical for efficient nanoparticle internalisation. The remaining low levels of uptake are likely to reflect
non-specific pathways that appear insufficient to compensate for the lack of receptor targeting.

Blocking experiments further supported the receptor-mediated mechanism, as pre-treatment with an anti-a,[; anti-
body significantly impaired nanoparticle uptake in WM266 cells. Although a modest residual signal of fluorescence was
detected, this is consistent with the possibility of alternative, non-receptor-mediated entry routes making a limited
contribution.

The morphological changes observed following o,fB; receptor blockade, namely cell rounding and detachment,
highlight the critical role of this integrin in maintaining melanoma cell adhesion and cytoskeletal integrity and are
consistent with the established function of o5 in mediating cell-extracellular matrix interactions that are essential for
tumour cell migration, survival and metastasis.”* For instance, increased cell detachment may reflect a loss of anchorage-
dependent survival signals, potentially triggering anoikis, a form of detachment-induced apoptosis.”® This observation
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adds a therapeutic dimension to the use of RGD-functionalised GNPs: in addition to enhancing targeted uptake, these
nanoparticles may also sensitise tumour cells to detachment-induced cell death by competitively inhibiting integrin
binding. Taken together, these findings demonstrate that GNP@RGD(GC), engages a,[3; integrins to facilitate selective
and efficient internalisation in melanoma cells, while also disrupting integrin function, a dual effect that may enhance its
utility as a complementary anti-cancer strategy. This dual functionality positions these hybrid nanoplatforms as valuable
candidates for melanoma theranostics,’* leveraging also the strong plasmonic properties of gold nanoparticles to enable
signal amplification in imaging modalities such as surface-enhanced Raman scattering and photoacoustic imaging.

Conclusion

We have developed and characterised spherical gold nanoparticles (GNPs) biofunctionalised with a multifunctional
ligand, cRGD-GCt-FITC, incorporating a cyclic a,p; integrin-binding RGD motif, a gold-binding glycine-cysteine
tetrapeptide and a fluorescein isothiocyanate (FITC) dye. The nanoparticles were synthesised by a simple spontaneous
adsorption method and a comprehensive physicochemical characterisation confirmed the successful surface modification.
Different binding behaviours between RGD-containing and RGD-free peptides were observed. While the stable mean
particle diameter after centrifugation indicates effective steric stabilisation by strong peptide anchoring (despite the loss
of electrostatic repulsion), the increased polydispersity index reflects size heterogeneity, which could affect biological
performance. Future optimisation will therefore focus on refining the size distribution of the nanoparticles through
improved synthesis or fractionation techniques to improve their consistency for biomedical use.

Biological evaluation in o,f3;-overexpressing WM266 melanoma cells revealed that RGD-functionalised GNPs
undergo receptor-mediated endocytosis, supporting their specificity for integrin-targeted delivery. Furthermore, cell
rounding and detachment following integrin blockade highlight the functional importance of a,f; in maintaining cell
adhesion and morphology, with potential implications for therapeutic disruption of tumour cell viability.

While our findings support the potential of these biomimetic nanoparticles for targeted delivery and integrin-
interfering cancer therapy, further investigation is required to evaluate their cytotoxic, anti-angiogenic or anti-
metastatic effects. Further studies are planned to assess the biocompatibility, safety profile, and therapeutic efficacy of
these nanoparticles in both malignant and non-malignant cellular models. Future work will also explore their diagnostic
potential, exploiting the plasmonic properties of gold for imaging modalities. These efforts will help to establish the dual
therapeutic and diagnostic (theranostic) capabilities of this platform in preclinical cancer models, advancing its devel-
opment towards targeted and image-guided cancer treatment.
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