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Abstract
Since the recognition of disease molecular basis, it has 
become clear that the keystone moments of medical 
practice, namely early diagnosis, appropriate thera-
peutic treatment and patient follow-up, must be ap-
proached at a molecular level. These objectives will be 
in the near future more effectively achievable thanks to 
the impressive developments in nanotechnologies and 
their applications to the biomedical field, starting-up 
the nanomedicine era. The continuous advances in the 
development of biocompatible smart nanomaterials, in 
particular, will be crucial in several aspects of medicine. 
In fact, the possibility of manufacturing nanoparticle 
contrast agents that can be selectively targeted to 
specific pathological cells has extended molecular im-

aging applications to non-ionizing techniques and, at 
the same time, has made reachable the perspective of 
combining highly accurate diagnoses and personalized 
therapies in a single theranostic intervention. Main de-
veloping applications of nanosized theranostic agents 
include targeted molecular imaging, controlled drug 
release, therapeutic monitoring, guidance of radiation-
based treatments and surgical interventions. Here we 
will review the most recent findings in nanoparticles 
contrast agents and their applications in the field of 
cancer molecular imaging employing non-ionizing 
techniques and disease-specific contrast agents, with 
special focus on recent findings on those nanomaterials 
particularly promising for ultrasound molecular imaging 
and simultaneous treatment of cancer. 
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Core tip: The development of novel nanomaterials 
specifically targeting diseased cells has made possible 
their employment as nanosized contrast agents also 
for non-ionizing molecular imaging techniques namely, 
magnetic resonance, ultrasound and optical imaging. 
Among them, ultrasound imaging might represent the 
best choice because of its low cost, ease of use and 
wide availability in clinical practice. Unfortunately, their 
actual employment in molecular imaging is limited due 
to their low tissue contrast discrimination. Hence, the 
described development of novel ultrasound targeted 
contrast agent may play a crucial role for their use in 
clinical molecular imaging.
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INTRODUCTION
One of  the hottest research topic of  the last decade in 
the medical field is related to nanomedicine, a new open 
field of  modern medicine relying on advanced nanotech-
nology applied to medicine. In fact, the latest advances in 
nanotechnology and their application to the biomedical 
environment are dramatically changing the overall disease 
management process, starting from first diagnosis to the 
evaluation of  treatment effects, leading to the concept of  
personalized medicine, characterized by very early, even 
pre-symptomatic, diagnosis accompanied by highly-effec-
tive targeted therapies[1-4]. At this regard, the introduction 
of  novel nanotechnology-based techniques in medical 
imaging and drug delivery allows to define personalized 
diagnoses and therapies, employing minimally invasive 
approaches based on non-ionizing imaging techniques 
for early detection of  diseases[5]. From these recent ad-
vances arises the concept of  molecular imaging, which is 
gaining an increasingly important role in both pathology 
understanding and specific choice of  treatment[6]. Rather 
than morphological or functional characteristics, molecu-
lar imaging techniques are specifically aimed at identify-
ing the molecular causes of  disease[7], with consequent 
ability to detect molecular and cellular processes in living 
organisms and to allow an early and careful identification 
and differentiation between healthy and pathological tis-
sues. The basic aspect of  molecular imaging is the use of  
smart contrast agents able to selectively identify specific 
molecular targets or cellular processes, highlighting them 
on the corresponding images. The rationale for the de-
velopment of  these new methods is that many diseases 
have a molecular basis, whose visualization may result 
in a number of  advantages like early diagnosis, precise 
staging, real-time monitoring of  therapeutic treatment, 
and better prognostic evaluation. The quality of  the final 
result depends on two key-factors: (1) actual ability of  
contrast agents to reach their specific biological target 
and binding to it (targeting); and (2) performance of  the 
detection system in terms of  sensitivity and contrast en-
hancement.

Chemical manipulation of  drugs and other nanoma-
terials may allow a controlled modification of  some of  
their properties and bioactivity such as solubility, blood 
pool retention times, controlled release, highly specific 
site-targeted delivery. Concerning this particular aspect, 
surface functionalization with synthetic polymers and/or 
specific ligands can target nanosized carriers to specific 
cells and organs within the body after intravenous or sub-
cutaneous injection[8-16]. These approaches may thus be 
used to enhance detection sensitivity in medical imaging 
and to improve therapeutic effectiveness with concomi-
tant decrease of  side effects. In addition, some of  the 

carriers can be engineered in such a way to be activated 
by changes in the environmental pH, chemical stimuli, 
by the application of  a rapidly oscillating magnetic field 
or by the application of  an external heat source[9,17-19]. 
Furthermore, nanoparticles for specific diagnostic pur-
poses can be designed to act as multifunctional agents 
capable, for example, to simultaneously produce signals 
that are detectable by more than one imaging techniques, 
like ultrasound (US) and magnetic resonance imaging 
(MRI)[20,21].

Although different pathological conditions like ath-
erosclerotic plaques, inflammation, angiogenesis and 
thrombus formation have been identified as possible tar-
gets of  these innovative methodologies, the most promis-
ing applications of  nanomedicine are those related to the 
new approaches to cancer diagnosis and therapy at cellu-
lar and molecular level[5,22-24]. Cancer is widely considered 
to be one the main cause of  death in modern society, 
characterized by a high mortality rate often due to a late 
diagnosis available with conventional techniques. Current 
therapeutic strategies for cancer treatment, which include 
surgery, chemotherapy and radiotherapy, are largely in-
vasive and exhibit significant toxicities together with a 
variety of  side effects that worsen the quality of  life of  
patients. It is then conceivable that the specific targeting 
of  therapeutic agents (drugs or genes) to tumor tissues 
may result in a great improvement of  treatment effective-
ness and decrease of  systemic toxicity. For these reasons 
nanoparticle-mediated drug targeting has been widely ex-
plored in recent years, by incorporating anticancer agents 
into suitable nanocapsules or by attaching therapeutic 
molecules to nanoparticle surface, and it actually exhibits 
several advantages like reduced drug dosage, increased 
pharmaceutical effectiveness, minimal side effects, drug 
protection against degradation and enhanced drug stabil-
ity[10,25,26]. Anyway, one of  the aspects of  absolute novelty 
introduced by nanovector drug delivery is represented by 
the possibility of  assessing  therapy response, by directly 
monitoring the localization of  targeted nanoparticles 
through non ionizing imaging techniques. Apart from 
these advantages, however, the possible toxicity related 
to nanoparticles themselves is an aspect that requires 
attention. The assessment of  the biocompatibility of  
nanomaterials and their safety profile is in fact of  crucial 
importance not only for patients treated, which can retain 
these materials for long period of  time, but also for the 
production, management and disposal processes, which 
should be strictly regulated.

MOLECULAR IMAGING OF TUMORS
Imaging is a tool of  fundamental importance in medical 
practice in general, and in cancer research in particular. 
Despite the impressive amount of  imaging technologies 
and their applications available today, early and detailed 
cancer diagnosis is made possible only by using molecular 
imaging systems[27]. Among these, positron emission tom-
ography (PET) is currently the only diagnostic technique 
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in clinical use that provides imaging of  tumours at molec-
ular level. PET systems can in fact detect abnormal cel-
lular activity well before any anatomical change is visible 
and structural anomalies detectable by other macroscopic 
imaging techniques like ultrasound, magnetic resonance 
(MRI), X-rays or computed tomography (CT). Neverthe-
less, since the high cost and the involvement of  highly 
ionizing radiation, with consequent risks for patients, 
operators and environment, PET examinations cannot 
be routinely used for patient follow-up or for population 
screening purposes. 

However, the recent advances in the development 
of  smart nanoparticle contrast agents (NPCAs) opened 
new perspectives for diagnostic imaging techniques, al-
lowing on one hand the extension of  molecular imaging 
applications to non-ionizing techniques[28], like MRI[29], 
ultrasound[23,30] and optical imaging[31,32], and, on the other 
hand, introducing the possibility of  combining highly 
detailed diagnoses and personalized therapies in single 
theranostic interventions[5].

A short overview of  the most interesting properties 
of  novel NPCAs and a summary of  the most signifi-
cant approaches to early molecular cancer diagnosis by 
employing non-ionizing techniques in combination with 
NPCAs will be illustrated in the next subparagraphs.

NPCAS
In recent years, many efforts have been made to syn-
thesize new NPCAs suitable for cellular and molecular 
imaging through non-ionizing diagnostic techniques. To 
obtain an effective diagnostic imaging, NPCA must be 
designed to have the following basic characteristics: long 
circulating half-life, high vascular endothelium permeabil-
ity, selective binding to the cellular/molecular target of  
interest, significant contrast-to-noise ratio enhancement, 
absence of  toxicity, ease of  clinical use, and compat-
ibility with standard commercially available imaging sys-
tems[22,33].

The very crucial point is the effective interaction of  
NPCAs with their molecular targets, which is strongly 
dependent on nanoparticle size. In normal conditions, 50 
nm can be considered as the upper size threshold to cross 
the vascular endothelium and directly target extravascular 
cells, larger diameters allowing only the recognition of  
intravascular targets. However, since the consistent dif-

ference between normal and tumor vessels, effective tar-
geting of  cancer cells beyond the capillary endothelium 
can occur also with bigger NPCAs. In fact, due to the 
aberrant angiogenesis, tumor vasculature is more leaky 
than normal one and exhibits the so-called EPR (en-
hanced permeability and retention) effect, which results 
in enhanced permeability and retention of  particles that 
are smaller than the pore diameter of  tumor endothelium 
(typically between 380 and 780 nm)[34-36].

One of  the most common strategies to selectively 
target specific cellular receptors is functionalization, 
which is the conjugation of  NPCA surface with specific 
ligands. Sometimes, a polymeric coating of  particles may 
be necessary not only to improve particle stability and to 
modulate their intravascular half-life, but also to increase 
biocompatibility and to avoid immediate sequestration by 
the reticulo-endothelial system (RES).

Hitherto, the variety of  nanomaterials synthesized 
that can be used as contrast agents for molecular imaging 
is very wide. Table 1 provides a list of  different nanosized 
materials, with their chemical-physical properties, ap-
plications and the main literature-reported studies, their 
detailed description being beyond the goal of  this review. 

NON-IONIZING TECHNIQUES FOR MO-
LECULAR IMAGING
Magnetic resonance imaging 
Owing to its high resolution and elevated anatomical 
contrast, MRI is widely and successfully adopted in clini-
cal routine. However, while standard MRI protocols are 
effective in detecting global properties of  a tissue (e.g., 
relaxation times T1, T2, etc.), the low sensitivity of  these 
techniques in normal conditions hampers their direct em-
ployment for molecular imaging purposes[6].

Nevertheless, the relatively low MRI contrast might 
be enhanced by using novel nanotechnologies[22]. Indeed, 
paramagnetic nanoparticles functionalized with several 
copies of  Gd chelates were successfully exploited in both 
MRI molecular imaging and targeted therapy of  athero-
sclerotic plaques[22,41].  

Other clinical applications of  MRI molecular imaging, 
ranging from liver disease  to several type of  cancers[27], 
have also been reported by using FeO nanoparticles coat-
ed with PEG (polyethylene glycol) or other polymers[54,55]. 
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Table 1  Nanoparticles contrast agents for molecular imaging applications

Nanomaterials                       Properties                        Applications  Ref.

Liposomes Lipid spherical membranes In vivo ultrasound and MRI molecular imaging [37,38]
Emulsions Oil-in-water-type mixtures Ultrasound and MRI [39-41]
Polymers Single or multiple molecular components Molecular imaging, drug delivery [33]
Iron particles Paramagnetism, superparamagnetism MRI [42]
Gold nanoshells Infrared absorption MRI, photonics imaging, in vivo photo-thermal therapy [43-45]
Carbon nanotubes Fluorescence In vitro optical imaging [46-49]
Quantum dots Fluorescence Optical imaging [50-53]

MRI: Magnetic resonance imaging.



NPCAs show significant intrinsic advantages with respect 
to microbubbles. In fact, nanoparticles can easily reach 
extravascular targets through endothelium crossing, and 
elude RES capturing. Moreover, the variety of  specific 
surface modifications available for nanosized particles is 
particularly wide, with consequent effective targeting of  a 
wide range of  selected pathologies. In the last years most 
of  the experimental work aimed at developing novel 
NPCAs for ultrasound molecular imaging has focused 
mainly on testing few type of  nanoparticles, namely 
liposomes, perfluorocarbon nanoemulsions and nano-
bubbles[67-69].

Recent studies have demonstrated, however, that the 
use of  solid nanoparticles as NPCAs may be even more 
effective[21,70,71]. With respect to liquid nanoparticles, solid 
nanomaterials exhibit in fact higher contrast enhance-
ments, since of  their higher acoustic impedance with 
respect to surrounding tissues, and, at the same time, are 
much more stable than nanobubbles, whose circulating 
half-life is quite limited by the aforementioned gas diffu-
sion phenomena.

First experiments performed on solid nanoparticles 
as contrast agents for ultrasound imaging were carried 
out by using echographic probes working at very high 
frequencies (30-40 MHz)[72,73], whose clinical usefulness is 
closely restricted to intravascular or dermatological appli-
cations. More recent studies, instead, have demonstrated 
that silica nanospheres can be effectively detected on 
conventional echographic images acquired at diagnostic 
frequencies (7.5-10 MHz). In addition, the coating of  sili-
ca nanospheres with a shell of  smaller superparamagnetic 
nanoparticles has made possible to obtain dual-mode 
NCPAs, detectable by both ultrasound and MRI[21].

On the basis of  these and other literature findings, 
the development of  silica nanoparticles-based NPCAs 
for ultrasound molecular imaging seems to be particularly 
promising since of  their well-documented biocompat-
ibility[74-76], ease of  functionalization[75] as well as synthesis 
procedures[76], potential employment as nanovectors for 
controlled release of  drugs[77] or genes[78].

Optical and optoacoustic imaging
Since of  their high sensitivity and non-invasiveness, opti-
cal imaging techniques have recently attracted the inter-
est of  researchers working on the development of  novel 
molecular imaging protocols[6]. Optical imaging is actually 
mainly limited to cell biology and other non-clinical appli-
cations, due to the very low penetration of  visible wave-
lengths into anatomical tissues. Interestingly, the use of  
NPCAs also in optical imaging may enhance its potential 
suitability in clinical applications like molecular detection 
of  tumours. In fact, optically detectable quantum dots tar-
geting cancer cells have been effectively visualized in both 
“in vitro” and “in vivo” studies[79,80]. Gold nanoshells have 
been used for optical coherence tomography imaging in a 
mouse model of  colon cancer[81]. Detectable fluorescence 
has been observed in carbon nanotubes excited at visible 
wavelengths after uptake by breast cancer cells[82].

To further improve MRI sensitivity and image con-
trast, alternative strategies are currently under evaluation, 
based mainly on the synthesis of  superparamagnetic 
nanoparticles made of  metal alloys with specific chemical 
and physical properties (e.g., 2CoFe4O, 2MnFe4O, 2NiFe4O, 
FePt-FeO)[56, 57]. 

Other methodological approaches are aimed at syn-
thesizing multifunctional nanoparticles, detectable by high 
resolution MRI as well as by less expensive techniques 
like ultrasound or fluorescence imaging, so taking ad-
vantages of  different diagnostic techniques with a single 
contrast agent. At this regard, “in vitro” experiments with 
dual mode silica nanospheres covered by an outer shell 
of  superparamagnetic nanoparticles (in order to combine 
MRI and ultrasonography)[21] and with core-shell iron 
oxide/fluorescent silica nanoparticles (for MRI/fluores-
cence imaging applications)[58] have been successfully car-
ried out.

Ultrasound imaging
Ultrasound imaging is a cheap and widely available 
technique offering all the previously mentioned exciting 
perspectives even if  some limitations do apply, which are 
mostly related to the physical needs for wave transmis-
sion pathway: some anatomical sites remain not easily 
reachable because of  boundary bone structures like brain, 
bone marrow, pelvic organs, etc. Furthermore, some tech-
nological limitations for 3D and multi-planar imaging ac-
quisitions still remain, which make echographic examina-
tions the first level diagnostic approach and not the ideal 
candidate for in depth more accurate investigations. 

Some of  the above described limitations, however, 
can be overcome by employing ultrasound contrast 
agents, commercially available for clinical use like mi-
crobubbles, and other novel nanosized targeted contrast 
agents under research development.  

All contrast agents approved for routinely use in clini-
cal ultrasound imaging are in the form of  aqueous solu-
tions of  shell-stabilized gas-filled microbubbles[59]. Under 
an ultrasonic beam, microbubbles undergo volumetric 
oscillations with consequent emission of  detectable ul-
trasound signals that can be exploited to enhance image 
contrast.

Upon controlled structural modifications, microbub-
bles can acquire targeting specificity, becoming then suit-
able also for molecular imaging purposes[23]. Based on the 
strategy adopted[60], microbubble targeting can be passive, 
in which the intrinsic properties of  the shell promote cell 
adhesion[61,62], or active, in which the shell is functionalized 
with specific ligands toward target cells or tissues[63-66].

However, since microbubbles diameter ranges in the 
micrometer scale, they cannot cross endothelium wall, 
with consequent important limitations in their use to tar-
get extravascular cells. As a further limitation, half-lives 
of  circulating microbubbles are in the order of  just a 
few minutes, because of  both sequestrations by reticulo-
endothelial system (RES) and gas diffusion phenomena[6].

As discussed before, mainly due to their lower size 
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Optoacoustic imaging is an emerging technique that 
combines high sensitivity and elevated contrast of  optical 
imaging with spatial resolutions and penetration depths 
typical of  ultrasound-based techniques[83]. Essentially, 
when irradiated with near-infrared short laser pulses, tis-
sues emit acoustic waves (photoacoustic effect) that can 
be detected by ultrasound probes and used for imaging 
purposes[84]. As an example, the optical absorption of  
hemoglobin has allowed the optoacoustic visualization of  
breast tumor microvasculature[85]. 

Many efforts are in progress to extend the opto-
acoustic techniques to molecular imaging applications. 
Particularly promising seem to be, at this regard, noble 
metal nanoparticles which, as a consequence of  surface 
Plasmon resonance, strongly absorb laser energy with 
subsequent generation of  ultrasound signals. Although 
several plasmonic nanoparticles have been recently tested 
as potential NPCAs for optoacoustic imaging[86,87], the 
metal of  choice seems to be gold[86,88-90] because of  its 
high stability, facile chemistry, easy bioconjugation and 
very low toxicity[87,91-96]. Among the various type of  gold 
nanoparticles, the most studied for molecular optoacous-
tic imaging applications are nanorods[87,97-103], which are of  
particular interest since of  their high tendency to accu-
mulate in tumors[24] and their potential for simultaneous 
photothermal therapy[104].

LATEST DEVELOPMENTS OF NPCAs FOR 
ULTRASOUND MOLECULAR IMAGING 
Silica nanoparticles for ultrasound imaging at clinical 
diagnostic frequencies
As mentioned before, solid nanoparticles exhibit both 
higher ultrasound signal enhancement and longer stability 
as compared to liquid and gaseous particles of  the same 
size. Nevertheless, ultrasound experiments carried out so 
far on solid nanoparticles at very high frequencies (30-40 
MHz)[72,73] have limited clinical usefulness.

We have recently demonstrated that silica nano-
spheres are effective ultrasound contrast agents already 
at common diagnostic frequencies, and quantified the 
contrast enhancement observed as a function of  particle 
concentration and diameter, in a range of  clinical useful-
ness for tumor targeting purposes[70].

Diagnostic power of  silica nanospheres of  three 
different diameters (160 nm, 330 nm and 660 nm) was 
evaluated by measuring ultrasound backscatter in agarose 
phantoms containing nanoparticles at concentrations 
ranging from 1010 to 1013 part/mL. Imaging was per-
formed with a digital echograph equipped with a linear 
transducer operating at 7.5 MHz and linked to a proto-
type platform for acquisition of  unprocessed radiofre-
quency (RF) data.

Quantitative off-line analyses showed that while am-
plitude of  nanoparticle-backscattered signals did increase 
as a linear function of  particle concentration, image 
brightness did not because of  saturation effects. How-
ever, when nanoparticle diameter, instead of  concentra-
tion, was increased both backscatter amplitude and image 
brightness showed significant increments. Taking into ac-
count the previously discussed particle size characteristics 
for effective endothelial crossing and tumor targeting, the 
best combination was found to be the sample containing 
330 nm silica nanospheres at a concentration of  about 1 
to 2 × 1011 part/mL[70]. Figure 1 shows a typical picture, 
with the corresponding echographic image, of  agarose 
sample containing 330 nm silica nanoparticles at 2 × 1011 
part/mL concentration.

PEG-coating and targeting of silica nanoparticles
Among the characteristics considered basic for any 
NPCA to be suitable for clinical molecular imaging, their 
biocompatibility and effective target recognition are with-
out doubt of  major importance. In a recent paper[105] we 
have evaluated the cytotoxicity of  silica nanospheres of  
different diameters (160 nm, 240 nm and 330 nm) on 
two different tumor cell lines, namely MCF-7 cells (breast 
cancer) and HeLa cells (cervical cancer). Moreover, since 
sometimes polymeric coating of  nanoparticle surface 
may affect significantly their biocompatibility as well as 
other parameters, we have synthesized and tested both 
uncoated and Methoxy (polyethyleneoxy) propyltrime-
thoxysilane (PEG)-coated silica nanospheres. Acoustic 
behavior of  coated and uncoated particles was also in-
vestigated. The results obtained, summarized in Figure 2, 
showed that the incubation of  MCF-7 cells with increas-
ing concentration (up to 5 mg/mL) of  uncoated silica 
nanospheres over 72 h caused a remarkable cytotoxicity, 
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Figure 1  Echographic detection of silica nanoparticles. Sample 
pictures and corresponding echographic images of pure agarose gel (A) 
and 330 nm nanoparticle-containing gel (B).
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which was dependent on nanoparticle diameter, concen-
tration and incubation time, reaching percentages of  cell 
mortality close to 80%. Conversely, in the experiments 
carried out using PEG-coated silica nanospheres cell vi-
ability was only slightly affected, with percentage of  cell 
mortality lower than 30% (considered as threshold value 
of  cytotoxicity by ISO 10993-5 international guide) at 
any time and at any particle concentration and diameter. 
Comparable results were obtained when HeLa, instead 
of  MCF-7, cells were assayed.

Acoustic behavior of  these nanoparticles was char-
acterized exactly as described above and gave results in 
good agreement with those already obtained. Interest-
ingly, at the same concentrations, 240 nm nanospheres 
exhibited ultrasound backscattered signals even slightly 
stronger than 330 nm nanoparticles, this ensuring a good 
contrast enhancement together with a more effective tar-
geting potential since of  their lower diameter.

Work is in progress in our laboratory aimed at func-
tionalizing 240 nm silica nanoparticles incorporating a 
fluorescent probe for “in vitro” molecular imaging of  he-
patocellular carcinoma (HCC), with both ultrasound and 
laser-scanning confocal microscopy. HCC is the most 
common among all liver cancer cases (around 75%)[106], 
and is characterized by the particular feature to express 
on its cell surface Glypican-3 protein (GPC-3) which, 
therefore, is a good candidate for specific targeting of  
HCC cells[107]. On the basis of  recent findings by Lee 
et al[108] demonstrating that a seven amino acid peptide 
exhibit high affinity in GPC-3 recognizing and binding, 
we have synthesized GPC-3 peptide-functionalized 240 
nm fluorescent silica nanoparticles and tested them on 
HepG2 cells, a GPC-3 positive human hepatocarcinoma 
cell line. Interestingly, preliminary results show that, at 
concentration useful for ultrasound detection, GPC-3-
targeted silica nanoparticles exhibit only negligible cyto-
toxic effects and seem to effectively bind to HepG2 cell 
plasmamembrane, as revealed by confocal microscopy 
and transmission electron microscopy. These results, 

which however require be further substantiating by paral-
lel experiments on GPC-3 negative cells and, more im-
portantly, confirming also “in vivo”, indicate that 240 nm 
silica nanoparticles might be a very promising theranostic 
agents since of  their high biocompatibility, targeting ef-
fectiveness and acoustic behavior.

SILICA-BASED NANOCOMPOSITES FOR 
DUAL-MODE MOLECULAR IMAGING
As mentioned in previous paragraphs, our interest in ex-
ploring the employability of  silica nanoparticles as effec-
tive NPCAs was extended to the possibility of  designing 
novel silica-based hybrid nanocomposites for dual-mode 
molecular imaging, combining MRI and ultrasounds. 
At this regard, we have developed a simple and efficient 
synthesis protocol for multi-component nanoparticles 
having a spherical silica core (160 nm, 330 nm or 660 nm 
in diameter) coated with an outer shell of  smaller super-
paramagnetic nanoparticles, represented by either 15-nm 
FeO or 17-nm FePt-FeO nanocrystals[21,109]. 

To evaluate the potential of  these nanocomposites as 
MRI contrast agents, proton relaxivity measurements were 
performed at three radio frequency (RF) frequencies: 12.5, 
23 and 60 MHz. Both the transversal relaxivity r2 and the 
longitudinal relaxivity r1 values were calculated for the dif-
ferent silica host nanospheres covered by IO or FePt-IO 
nanoparticles. As the ratio r2/r1 was greater than 2, all the 
synthesized systems were classified as good T2-relaxing 
systems. In particular, for each employed RF frequency 
and SiNP-core diameter, the r2/r1 ratios of  FePt-IO 
coated SiNPs were higher than those of  IO coated SiNPs, 
indicating that FePt-IO-coated SiNPs are more efficient 
as MRI negative contrast agents with respect to IO coated 
SiNPs[110].

Ultrasound measurements were carried out on silica 
nanospheres dispersed in agarose gel samples, with the 
employment of  a 10-MHz incident ultrasound frequency. 
As shown in Figure 3, all the nanoparticle-containing phan-
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Figure 2  Effect of polyethylene glycol coating on silica nanoparticle biocompatibility. MCF-7 cells were incubated for 72 h in the presence of indicated concen-
trations of uncoated (A) or polyethylene glycol-coated (B) silica nanoparticles (SiNP).
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toms exhibited a clear image enhancement with respect 
to the pure agarose gel, that was almost completely trans-
parent to ultrasound. Among the three nanoparticle type 
tested, uncoated silica nanospheres provided the highest 
image brightness for each considered size, as compared to 
IO-coated silica nanospheres, whereas FePt-IO nanocrys-
tals showed image enhancements qualitatively analogous to 
those of  pure silica but with a slightly less uniform bright-
ness.

Therefore, the acoustic and magnetic characteriza-
tion of  coated SiNSs shows that FePt-IO, rather than 
IO, seems to be the best magnetic coating for realizing 
NPCAs suitable for dual mode molecular imaging through 
US and MRI techniques. 

HALLOYSITE CLAY NANOTUBES FOR 
ECHOGRAPHIC IMAGING AT CONVEN-
TIONAL DIAGNOSTIC FREQUENCIES
Nanostructured aluminosilicates are other new materials 

of  particular interest for their potential medical applica-
tions. In particular, halloysite clay is a double-layered alu-
minosilicate spontaneously forming empty tubular struc-
tures in the submicrometer range. They size 1 ± 0.5 µm 
in length, 50 to 70 nm in external diameter and around 15 
nm diameter lumen, and are capable of  entrapping a wide 
variety of  active agents in the inner lumen, followed by 
their retention and slow release[111-119]. Moreover, owing 
to their easy surface functionalization[120] as well as high 
level of  biocompatibility[121], halloysite clay nanotubes 
(HNTs) present an ideal profile for cell targeting and 
drug delivery purposes. In fact, HNTs have been recently 
demonstrated to be successful in intracellular delivery of  
antisense oligonucleotides[122]. Furthermore, Resveratrol-
loaded HNTs have been shown to effectively promote 
apoptotic cell death in MCF-7 breast cancer cell line[112]. 
It is then conceivable that therapeutic protocols involving 
HNTs may take enormous advantage from the possibil-
ity of  monitoring them through non-invasive imaging 
techniques. On the basis of  these considerations, we have 
recently explored the feasibility of  using HNTs as ultra-
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Figure 3  Morphological and echographic char-
acterization of dual mode silica nanoparticles. 
A-C: Transmission electron microscopy and (D-F) 
corresponding ultrasound images of uncoated (A, 
D), IO-coated (B, E) and FePt-IO-coated (C, F) 330 
nm silica nanoparticles; G: Image of pure agarose 
gel (negative control).
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sound contrast agents for clinical echographic imaging.
HNT at different concentrations (1.5, 3 and 5 mg/

mL) were dispersed in agarose gel and imaged through 
a commercially available echographic system, employing 
conventional ultrasonic frequencies (5.7-7 MHz) at an in-
termediate level of  power (50%) of  the signal emitted by 
clinical equipment (Figure 4A).

Acquired data were processed through a dedicated 
prototypal platform for ultrasonic signal amplitude ex-
traction. The signal enhancement ratio (SER) was calcu-
lated between different values of  HNT concentration at 
the considered echographic frequency; additionally, the 
contribution of  frequency increment (CoFI) to the image 
backscatter was also quantified (Figure 4B). The average 
contribution of  frequency increment from 5.7 to 7 MHz 
was found to be 4.86 ± 0.80 (corresponding to about 
20%), indicating that the increasing HNT concentra-
tion determined a nonlinear increment of  absolute SER. 
Hence, it might be useful to study a wider range of  HNT 
concentration in order to achieve safe and effective dose 
optimization in future clinical application. 

CONCLUSION
Recent progresses in the field of  nanotechnology applied 
to medical diagnostic imaging are overcoming most of  
the constraints offered by classical clinical approaches: 
molecular imaging without using ionizing techniques, ear-

ly diagnosis of  major social diseases, targeted tissue local 
therapies instead of  systemic approaches, etc. Echography 
and ultrasonography provided so far, in the research are-
na, one of  the most promising result by supporting very 
interesting future clinical perspectives for both diagnosis 
and therapies still presenting the above mentioned limita-
tions.

Several research applications unveiled many classes 
of  novel nanosystems as effective “theranostic” agents 
based on both organic and inorganic components. For 
ultrasound cellular applications the latter certainly offer a 
wide range of  advantages in terms of  contrast enhance-
ment, drug loading capabilities, highly effective cell tar-
geting even making possible gene therapy approaches at 
very low costs.

Nevertheless, many challenges need to be faced in or-
der to translate in clinics those research findings, mainly 
related to classical difficulties faced by all new drug de-
velopment steps prior to reach the human clinical trials 
with additional incognita for the new physical features of  
novel nano-materials and their eventual toxicity.     

Nowadays, our society is experiencing a rapid evolu-
tion in terms of  population aging, social dynamic modi-
fications accompanied by significant cost reductions in 
government spending. The real challenge for modern 
medicine is offering higher medical standards at reduced 
costs: this ideal objective is not reachable relying on actu-
al classical approaches, but that can be done only pushing 
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medical research toward the new frontiers made feasible 
by nanotheranostics and nanomedicines, whose main 
potentialities and challenges still remain unexpressed and 
unexplored.  
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