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Silver nanoparticles functionalized with
a fluorescent cyclic RGD peptide: a versatile
integrin targeting platform for cells and bacteria†

P. Di Pietro,a L. Zaccaro,b D. Comegna,b A. Del Gatto,b M. Saviano,c R. Snyders,de

D. Cossement,e C. Satriano*a and Enrico Rizzarelliaf

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 (avb3) and fibronectin receptor (a5b1) 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 z-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 avb3 and a5b1

integrins, demonstrated a receptor-specific activity of the RGD peptide-functionalised AgNPs, which

make them very promising as a multifaceted platform in applications with cells and bacteria.

1 Introduction

Multifunctional nanoparticles (NPs) offer great promise for

early diagnosis and targeted therapy, which is a hot area of

nanomedicine.1 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

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

capability, for instance, due to their optical or magnetic prop-

erties, are major advantages of nanoparticles for theranostic

applications.2,3

An enormous research effort has been devoted to the search

for suitable materials to achieve targeted delivery, for example

polymers/inorganic mesoporous nanoparticles,4 hollow nano-

capsules based on polymers,5,6 liposomes,7 inorganic metals

and oxides.8

In particular, metal NPs, with their unique optoelectronic

properties9 as well as their self-therapeutics features, including

anti-angiogenic gold nanoparticles (AuNPs) and antibacterial

silver nanoparticles (AgNPs),10 attract a large interest as ideal

candidates for tumour diagnosis and therapy.3,11

Different functionalization and/or surface modication

strategies, including the surface-anchoring of protein-

mimicking peptides as bioactive moieties,12–14 can be used to

trigger the response of a solid surface at the hybrid biointerface,

thus modulating the interaction with lipid membranes,15–17

mammalian cells18–20 or bacteria.21–23

Surface-engineered nanoparticles may intrude cells by active

targeting but also by passive penetration of the plasma

membrane.24 Nanoparticles adhere to and penetrate cell
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Abstract: Noble metal nanomaterials, such as gold or silver nanoparticles, exhibit unique 

photonic, electronic, catalytic and therapeutic properties. The high versatility in their 

synthesis, especially size and shape features, as well as in the surface functionalization 

by, e.g., physisorption, direct chemisorption of thiol derivatives and covalent binding 

through bifunctional linkers or specific affinity interactions, prompted their widespread 

and rising use as multifunctional platforms for theranostic purposes. In this paper, the 

recent developments of gold and silver nanoparticles for application in biosensing, medi-

cal imaging, diagnosis and therapy is reviewed from the following five aspects: (1) the 

gold and silver nanomaterials intrinsic properties of biomedical interest; (2) the synthesis 

of noble metal nanoparticles by chemical, physical and biological/green processes; (3) 

the applications of gold and silver nanoparticles in imaging, diagnostic and therapeutic mode; (4) the surface 

functionalization processes for targeting, controlled drug loading and release, triggered pathways of cellular 

uptake and tissue distribution; and (5) nanotoxicity. The historical developments and the most recent applica-

tions have been focused on, together with suggested strategies for future more efficacious, targeted delivery. 

Keywords: Drug delivery, Imaging, Metal nanoparticle, Nanomaterial synthesis, Nanotoxicity, Plasmonics, Surface function-
alization. 

1. INTRODUCTION 

Recent advances in nanotechnology have stimulated huge 
advances in nanomedicine, where nanoparticles (NPs) are 
employed as versatile platform with a variety of biomedical 
applications, such as highly sensitive diagnostic assays [1,2] 
thermal ablation and radiotherapy [3], non-toxic carriers for 
drugs and gene delivery [4-6]. Often, the goal is to construct 
multifunctional structures that simultaneously combine the 
therapeutic capability with imaging and sensing properties, 
known as “theranostics” [7]. 

Noble metal NPs, particularly gold (AuNP) and silver 
(AgNP), have elicited a lot of interest as model theranostic 
platforms owing to their apparently low toxicity [8], ease of 
synthesis [9] and versatility in functionalization with various 
moieties [10] (including antibodies [11], peptides [12] and 
DNA/RNA [5]) to get specific cell targeting [13] or coating 
with biocompatible polymers such as polyethylene glycol 
(PEG) to prolong in vivo circulation [14]. Recent investiga-
tions are demonstrating another promising application of 
gold and silver nanomaterials as self-therapeutics [3].  

Nanomaterials exhibit completely new or improved 
properties, compared to bulk of the same chemical composi-
tion. Their extremely small size and the higher surface-to-
volume ratio with decreasing the size lead to chemical, 
physical and biological differences in their properties [15]. 
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Metal nanoparticles exhibit size and shape-dependent prop-
erties [16] that are of interest for applications ranging from 
chemical sensing [17] and biosensing [18] to catalysis [19], 
optics [20], antimicrobial activity [21], computer transistors 
and wireless electronic logic and memory schemes [22-23]. 
These particles have also many applications in the specific 
biomedical field such as for medical imaging [23], nano-
composites [24], drug delivery [25], and hyperthermia of 
tumours [26]. In particular, the unique modification of the 
metal surface reactivity by changing the surface-to-volume 
ratio makes them very attractive for application in the clini-
cal field for cancer therapy [27]. For example, the specific 
surface area is especially relevant for catalytic reactivity and 
other related properties, including the antimicrobial activity 
in silver nanoparticles: as specific surface area of NPs aug-
ments, their biological effectiveness normally rises, owing to 
the increase in surface energy [28].  

Site-specific drug delivery is a topic of considerable sig-
nificance for achieving enhanced therapeutic efficacy and 
mitigating the adverse side effects. Noble metal NPs can 
provide theranostic performances, owing to their unique 
properties for better penetration of therapeutic moieties and 
tracking within the body, a guided release and a more effi-
cient therapy (with reduced risks) in comparison to conven-
tional therapies [21]. Furthermore, AuNPs and AgNPs are 
particularly interesting due to their size and shape dependent 
optoelectronic properties [29,30]. These properties can be 
easily tuned to desirable wavelengths according to their size 
(e.g., 1 to 100 nm), shape (e.g., nanospheres, nanowires, 
nanoshells, nanorods, etc.) and composition (e.g., core/shell 
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