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Abstract
AIM: To experimentally investigate the acoustical be-
havior of different dual-mode nanosized contrast agents 
(NPCAs) for echographic medical imaging at low ultra-
sound (US) frequency. 

METHODS: We synthesized three different nanosized 
structures: (1) pure silica nanospheres (SiNSs); (2) 
FePt-iron oxide (FePt-IO)-coated SiNSs; and (3) IO-

coated SiNSs, employing three different diameter of 
SiNS-core (160, 330 and 660 nm). Tissue mimicking 
phantoms made of agarose gel solution containing 5 
mg of different NPCAs in 2 mL-Eppendorf tubes, were 
insonified by a commercial echographic system at 
three different low US pulse values (2.5, 3.5 and 4.5 
MHz). The raw radiofrequency signal, backscattered 
from each considered NPCA containing sample, has 
been processed in order to calculate the US average 
backscatter intensity and compare the acoustic behav-
ior of the different NPCA types. 

RESULTS: The highest US contrast was exhibited by 
pure SiNSs; FePt-IO-coated SiNSs acoustical behavior 
followed a similar trend of pure SiNSs with a slight 
difference in terms of brightness values. The acoustic 
response of the examined NPCAs resulted function 
of both SiNS diameter and US frequency. Specifically, 
higher US frequencies determined higher value of the 
backscatter for a given SiNS diameter. Frequency-
dependent enhancement was marked for pure SiNSs 
and became less remarkable for FePt-IO-coated 
SiNSs, whereas IO-coated SiNSs resulted almost 
unaffected by such frequency variations. Pure and 
FePt-IO-coated SiNSs evidenced an image backscat-
ter increasing with the diameter up to 330 nm. Con-
versely, among the types of NPCA tested, IO-coated 
SiNSs showed the lowest acoustical response for each 
synthesized diameter and employed US frequency, 
although a diameter-dependent raising trend was evi-
denced. 

CONCLUSION: The US characterization of magneti-
cally covered SiNS shows that FePt-IO, rather than 
IO, was the best magnetic coating for realizing NPCAs 
suitable for dual mode imaging of deep organs, com-
bining US and magnetic resonance imaging.
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Core tip: In this work we investigated the acoustic 
response of novel dual-mode nanoparticle contrast 
agents, detectable through both ultrasound (US) and 
magnetic resonance imaging (MRI), made of silica 
nanospheres (SiNSs) of different diameters coated with 
superparamagnetic nanoparticles [iron-oxide (IO) or 
FePt-IO nanocrystals]. Magnetically-coated SiNSs were 
insonified with US pulses in the lower diagnostic range 
(2.5-4.5 MHz), which are commonly employed for the 
imaging of deep organs, and the results were compared 
with those of pure SiNSs. The US characterization of 
these nanocomposites shows that FePt-IO, rather than 
IO, was the best magnetic coating for realizing nano-
sized contrast agents suitable for dual mode imaging of 
deep targets, combining US and MRI techniques. 

Chiriacò F, Soloperto G, Greco A, Conversano F, Ragusa A, 
Menichetti L, Casciaro S. Magnetically-coated silica nano-
spheres for dual-mode imaging at low ultrasound frequency. 
World J Radiol 2013; 5(11): 411-420  Available from: URL: http://
www.wjgnet.com/1949-8470/full/v5/i11/411.htm  DOI: http://
dx.doi.org/10.4329/wjr.v5.i11.411

INTRODUCTION
In medical practice and research, imaging is now playing 
a key role in the diagnosis and treatment of  several dis�
ease, especially cancers. To date, various imaging meth�
ods are available for the assessment of  pathophysiologi�
cal changes at the molecular level. In addition to nuclear 
imaging modalities such as positron emission tomogra�
phy and single photon emission computed tomography, 
conventional radiological modalities, such as computed 
tomography and magnetic resonance imaging (MRI), as 
well as ultrasound�� ���������������������������������      � (���������������������������������      �US) imaging have been used for mo�
lecular imaging[1,2].

Each imaging modality has certain advantages as 
well as limitations. As different imaging tools are more 
complementary than competitive, multimodal imaging 
methods will be a powerful approach to improve the 
imaging quality. For instance, ultrasound is a real-time, 
non-ionizing, inexpensive, and widely available imag�
ing modality with excellent detection depth, but it has 
poor tissue discrimination ability[3,4]. On the other hand 
MRI is a noninvasive imaging technique with exquisite 
soft tissue contrast and multi-planar imaging charac�
teristics, but with a relatively long imaging time and the 
inability to provide real-time images[5]. Therefore, the 
two imaging modalities can potentially compensate the 
weakness of  the other when integrated[6-8]. Specifically, 
the development of  a novel class of  dual-mode contrast 

agents, effectively providing the dual option of  detection 
through US and MRI, would significantly improve cur�
rently adopted strategies for clinical diagnosis. In facts, 
given the complete absence of  ionizing radiation and the 
considerable cost reduction for society, US could be used 
for initial tumor localization, and whereas a more accu�
rate high-resolution tumor segmentation were necessary, 
MRI would be employed for a second-level investigation, 
with a single contrast agent injection.

The feasibility of  US/MRI dual-modalities has been 
successfully demonstrated. Some studies indicated that 
US/MRI systems could provide benefits to better classi�
fy tissue/tumor and additionally provide complementary 
vascular information[9,10].

The US/MRI dual-mode contrast agents are mostly 
based on the existing US contrast media[1]. According 
to previous studies, microbubbles and nanobubbles for 
US imaging could encapsulate or absorb MRI contrast 
agents to achieve MRI/US dual-imaging[11-13].

The main drawback of  such contrast agents (CAs), 
as studied by several research group, is represented by 
their unstable behavior and short life time[14,15]. In order 
to overcome such limitations, engineered solid micro�
structures are under investigation pursuing their safe 
implementation as CAs for different imaging modali�
ties[16-19]. In particular, studies on magnetic and super�
paramagnetic nanoparticle contrast agents (NPCAs) for 
MRI, like ferrum-platinum (FePt) and iron-oxide (IO) 
nanocrystals, have been conducted, focusing the efforts 
on superficial functionalization of  this NPCAs for mul�
timodal molecular imaging, targeted cancer therapy and 
drug delivery[20-25]. Nanocomposite contrast agents have 
several potential advantages as their optical and magnetic 
properties can be tailored through the engineering of  
their composition, structure, size and shape[26]. In addi�
tion, the surface of  these nanocomposites can be easily 
functionalized with a wide variety of  biomolecules and 
could be adjusted for the target recognition of  specific 
tissue/organ (e.g., cancer tissues) improving in vivo detec�
tion and enhancing targeting efficiency[24-33].

Silica-based designs are popular in the literature both 
as shell coatings and as nanoparticle (NP) matrices for 
the development of  non-invasive and ionizing radiation-
free medical diagnostic techniques like ultrasonography 
and MRI[34-37]. In fact, silica offers a number of  attrac�
tive features. Firstly, silica NPCAs can be synthetized in 
order to obtain specific dimensions, superficial pattern, 
particular blood circulation times, clearance pathways, 
and multivalent binding[34]. Moreover, these NPs are ef�
fectively ‘‘transparent’’ since they do not absorb light in 
the near-infrared (NIR), visible, and ultraviolet regions 
or interfere with magnetic fields[35]. In addition, silica 
NPs are inexpensive, easy to prepare, relatively chemi�
cally inert, biocompatible, and water dispersible[34]. 

In this context, our research group demonstrated the 
suitability of  silica nanospheres (SiNSs) as NPCAs for 
ultrasound at conventional diagnostic US frequencies (7.5 
and 10 MHz)[38-41]. Moreover we recently documented 
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the potential of  novel NPCAs based on SiNSs and coat�
ed with superparamagnetic NPs made of  either IO or 
FePt-IO nanocrystal, for dual-mode imaging combining 
US and MRI imaging[38,42]. In particular, we documented 
the MRI detectability of  magnetically-coated SiNSs, to�
gether with a good US contrast enhancement obtained 
at a value of  US frequency (10 MHz) usually employed 
in clinical routine for imaging of  superficial organs[38]. 

The frequency of  ultrasound is crucial depending on 
the anatomical site being investigated. In general, high 
frequency pulses produce higher quality images but can�
not penetrate very far into the body[43]. Conversely, low-
frequency waves offer images of  lower resolution but 
allow imaging of  deeper structures, due to their lower 
degree of  attenuation. Hence, high-frequency probes, 
between 7.5 and 10 MHz, are used to scan superficial 
structures such as vessels, nerves, and tendons whereas 
low-frequency probes, up to 4.5 MHz, are useful to scan�
ning deeper structures such as the heart, abdomen and 
lungs.

The aim of  the present work is to investigate the 
acoustic response of  pure, FePt-IO- and IO-coated SiNSs, 
with three different SiNS diameters (160, 330 and 660 nm), 
to US pulses having frequencies in the lower diagnostic 
range (2.5-4.5 MHz), in order to explore the potentiality of  
this bimodal NPCAs for imaging of  deep organs.

MATERIALS AND METHODS
NPCA synthesis 
SiNSs were synthesized by a modified Stöber method[44], 
with a diameter of  160, 330, and 660 nm (mass density: 
2.2 g/cm3). The as-synthesized SiNSs were functional�

ized with aminopropyltriethoxysilane (APS) in order to 
replace the hydroxyl groups on their surface with amino 
groups for subsequent conjugation to the carboxy-func�
tionalized magnetic nanocrystals. 

Superparamagnetic IO nanocrystals (spherical; 15 
nm in diameter; mass density: 5 g/cm3) were prepared 
by a seeded-growth method as previously reported by 
Sun et al[45]. Heterodimeric FePt-IO nanocrystals, (asym�
metric hetero-structured with a FePt magnetic domain 
of  5 nm in diameter and an iron oxide domain of  12 
nm in diameter; mass density: 8.3 g/cm3), have also been 
prepared as described by Figuerola et al[46].

The as-synthesized nanocrystals were prepared in 
organic solvents and transferred into aqueous medium 
by intercalating with poly(maleic anhydride- alt -1-oc�
tadecene) and adding a triamine, which yielded water-
soluble NPs with an outer shell made of  several car�
boxylic groups[47,48]. Direct addition of  the solution with 
anhydride-coated magnetic nanocrystals to a suspension 
of  APS-functionalized silica SiNSs led to the attachment 
of  only a few nanocrystals through formation of  amide 
bonds between the amino-functionalized SiNSs and the 
anhydride-functionalized nanocrystals.

Successful conjugation between the two types of  
NPs was confirmed performing the characterization 
of  the as-synthesized nanocomposites with established 
techniques, such as dinamic light scattering, zeta-poten�
tial measurements, transmission electron microscopy and 
scanning electron microscopy (SEM). 

In Figure 1, SEM images are reported for each SiNS 
diameter and type. Details on synthesis procedures of  
NPs were provided in our earlier paper[38].

Sample preparation
The in vitro study was conducted by investigating the 
echographic signal enhancement produced by 5 mg of  
pure and composite SiNSs with three different dimen�
sions (160, 330 and 660 nm) dispersed in 1 mL of  pure 
agarose gel, employed as tissue mimicking material. 

The number of  investigated phantoms, synthesized 
in Eppendorf  tube (1 cm diameter tube for a total 2 mL 
volume), could be detailed as follows: (1) 3 of  pure SiNS 
containing samples (one per each examined SiNS diam�
eter); (2) 3 IO-coated SiNS containing samples (one per 
each examined SiNS diameter); and (3) 3 FePt-IO-coated 
SiNS containing samples (one per each examined SiNS 
diameter).

Each Eppendorf  tube was first filled with 750 μL of  
pure agarose gel on the bottom, then 1 mL of  gel con�
taining 5 mg of  a specific NPCA was added[40]. A further 
Eppendorf  tube was filled with 1.75 mL of  pure agarose 
gel and used as a control. 

Each sample was analyzed in triplicate; therefore, 
a total of  28 Eppendorf  tubes were prepared, one per 
each combination of  SiNS diameter and type of  coating. 

The size of  a magnetically coated SiNS will refer to 
the size of  the uncoated SiNS, i.e., 330 nm Si@IO indi�
cated a SiNS with a 330 nm diameter coated with IO.

SiNS type

Pure SiNS

FePt-IO-coated

IO-coated

160 330 660

SiNS diameter 
(nm)

Figure 1  Overview of typical scanning electron microscopy images for 
each prepared nanoparticle contrast agents sample. Scale bars in the first 
row of pictures are 1 mm in 160 nm SiNS diameter, 3 mm in 330 nm SiNS di-
ameter, and 5 mm in 660 nm SiNS diameter. SiNSs: silica nanospheres; Pure: 
uncoated SiNSs; FePt-IO: Ferrum platinum-iron oxide; IO: Iron oxide.
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The superficial distribution of  FePt-IO and IO nano�
crystals on a single SiNS is proportional to its diameter and 
was 90 ± 20, 140 ± 30 and 170 ± 30 NPs per 160, 330 and 
660 nm SiNS respectively, and regardless of  the specific 
magnetic coating[49]. The total number of  superparamag�
netic nanocrystals per mL Nnanocrystal/mL in the NPCA-con�
taining gel could be calculated at a given SiNS diameter 
as 

Nnanocrystal/mL = Nnanocrystal/SiNSXnm �� �×��  (NNPCAXnm)/mL   (1) 
where Nnanocrystal/SiNSXnm is the number of  nanocrystals 

adherent to a single SiNS with a given “X” diameter (X 
corresponding to 160, 330 or 660 nm), and NNPCAXnm/mL 
is the concentration of  NPCA, with a given diameter of  
the SiNS, expressed in number of  NPs per milliliter[49].

Magnetic measurements and nuclear magnetic 
resonance relaxometry
Magnetic properties were evaluated on Silica-based mag�
netic NPs in agarose gel using a quantum design supercon�
ducting quantum interference device (SQUID) MPMS-
XL7 magnetometer[38]. 

The nuclear magnetic resonance (NMR) measurements 
were performed at room temperature by using a Bruker-
MLS 200 NMR-FT spectrometer and a Tecmag-Apollo 
FT-NMR spectrometer both equipped with an electro�
magnet. The nuclear relaxation times were evaluated at 
frequencies of  12.5, 23 and 60 MHz. In order to elimi�
nate the spin-diffusion effect in a non-homogeneous 
magnetic field, we used the Carr-Purcell-Meiboon-Gill 
(CPMG) pulse sequence for T2 measurement and the 
saturation-recovery sequence for T1. 

The contrast efficiency of  the MRI contrast agents is 
provided by the relaxivities r1, 2 defined as[50]: 

ri = [(1/Ti)meas-(1/Ti)dia]/c     i = 1, 2   (2) 
where (1/Ti)meas is the value measured on the sample 

with a concentration c  of  the magnetic center (i.e., the 
iron content in IO and FePt-IO dimers), and (1/Ti)dia is 
the nuclear relaxation rate of  the diamagnetic host solu�
tion. In our case, the different SiNSs (160, 330 and 660 
nm in diameter) both covered and not-covered by mag�
netic NPs were dispersed in agarose gel.

US signal acquisition
US signals were acquired by means of  an experimental 
set-up illustrated in Figure 2. A commercial echographic 
system consisting of  a digital echograph (Megas GPX, 
Esaote Spa, Florence Italy) equipped with low frequency 
linear probe (LA532, Esaote Spa) was linked by means 
of  an optical fiber (1Gb/s) to a prototype platform for 
acquisition of  “raw” RF signal digitized at 40 MHz, 16 
bit (FEMMINA system, ELEN Spa, Florence, Italy)[51].

The US transducer was mounted on the motorized 
mechanism of  an infusion pump (KDS 100, KD Scien�
tific Inc., Holliston, MA) in order to perform automatic 
and repeatable phantom scanning. Each sample was 
located in a fixed support at the bottom of  a pure water 
tank. The US probe, partially immersed in water, was 
positioned perpendicular to the sample surface at such a 
distance that transducer focus (set to 2 cm) was located 
half-way through NP-containing gel depth. Echographic 
parameters were set to the following values: power of  
the transmitted signal = 50%, mechanical index (MI) = 
0.5, gain = 0, time gain compensation = linear (1dB/cm). 
Frequency parameter was varied in three successive steps 
from 2.5 MHz to 4.5 MHz with a frequency step of  1 
MH.

For each Eppendorf  tube, at each employed US fre�
quency, 850 frames were recorded. The frames were ac�
quired at 12 frame per second (fps) with a constant speed 
of  12.5 mm/min. Echographic image were composed by 
raw data acquired with 180 tracks �� ������������������ ×�������������������   2500 points/track.

US signal analysis
For each sample scansion, raw RF frames were off-line 
processed with Fortezza software (Elen Spa, Florence, 
Italy) to obtain time dependent RF signal amplitude. 
Each RF signal was high-pass filtered and, then, the 
absolute value was calculated in order to identify the 
ultrasound backscatter amplitude. A rectangular region 
of  interest (ROI) of  25 tracks × 360 points/tracks (9000 
total points) was set manually over the central zone of  
the echographic image, in which the algorithm could cal�
culate the average intensity value of  backscattered signal, 
without boundary effect bias. From the total 850 mean 
backscatter values only the 300 central frames were con�
sidered, in which the ROI remained enough homoge�
neously far from sample edges.

RESULTS
Preliminarily to further experimental analyses, estima�

Image display

Ultrasound 
scanner

Femmina 
platform

Linear US 
transducer 
(LA532E)

NPs 
+ 

Agarose gel
Stepped 
motor

Water

RF out

Figure 2  Scheme of the employed ultrasound acquisition system. The 
image display and the linear ultrasound transducer (indicated by the arrow in 
the figure) are electronically connected to the ultrasound scanner; the radio-
frequency signal output is transmitted to the femmina platform by means of 
optic fiber. The set up is completed by a nanoparticle (NP) containing phantom 
(indicated in figure as “NP + agarose gel”) immersed in a water tank (pointed by 
the respective arrow). US: ultrasound. 
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tions of  NPCAs number are displayed in Figure 3, in 
which could be seen how the number of  NPCAs var�
ies between 1010 and 1012 NPs/mL. The number of  
NPCA was maximum for pure silica samples and de�
creases for IO and FePt-IO coated SiNS, proportionally 
to the weight of  the two materials. 

The SQUID measurements show superparamag�
netism of  the analyzed nanoparticles, with a blocking 
temperature (TB) ranging from about 140 K to 154 K, 
presenting an arising trend with the increasing of  SiNS 
diameter[38].

To check the efficacy of  the synthesized nanocom�
posites as MRI contrast agents, proton relaxivity mea�
surements were performed at three radio frequency (RF) 
frequencies: 12.5, 23 and 60 MHZ. In Figure 4 the r1 
and r2 values measured for the different silica host nano�
spheres covered by IO (Figure 4A) or FePt-Io (Figure 
4B) nanoparticles are reported as a function of  the mea�
suring proton NMR frequency. As the ratio r2/r1 is great�
er than 2, all the synthesized systems can be classified as 
good T2-relaxing systems. In particular, for a T2 contrast 
agent, a higher r2/r1 ratio has a better contrast efficacy[52]. 
Noticeably, for each employed RF frequency and SiNS-
core diameter, the r2/r1 ratios of  FePt-IO coated SiNSs 
are higher than those of  IO coated SiNSs, indicating that 
Si@FePt-IO NPs are more efficiently as MRI negative 
contrast agents with respect to Si@IO NPs. For example 
at 23 MHz the r2/r1 ratio of  FePt-IO coated SiNSs are 
3-, 5- and 7-fold higher than those of  IO coated SiNSs 
with 160, 240 and 330 nm of  diameter, respectively. 

Sample images of  the US backscatter obtained at the 
lowest and highest employed frequency (2.5 MHz and 4.5 
MHz, respectively) using 5 mg of  pure, FePt-IO-coated 
and IO-coated SiNSs with a 660 nm SiNS core are re�
ported in Figure 5. All the NPCA-containing samples 
produced a visible image enhancement (Figure 5a, f) 
compared to the pure agarose gel, that was essentially 
transparent to ultrasound (Figure 5g).

Based on qualitative investigations, the images ob�
tained from phantoms containing pure SiNSs presented 
the strongest contrast power for each considered fre�
quency (Figure 5a, d). The images obtained from FePt-

IO-coated SiNSs containing phantoms (Figure 5b, e) 
showed a lower brightness and an image enhancement 
qualitatively analogous but less uniform than those of  
pure SiNSs. Even more markedly compared to FePt-IO-
coated SiNSs, IO-coated SiNSs showed lowered bright�
ness and less uniform image enhancement (Figure 5c, f). 

These observations were confirmed by the quantita�
tive results of  a frame-by-frame analysis of  the image 
backscatter intensity, evaluated in dB in order to appre�
ciate even the smallest differences between the result�
ing values. As shown in Figure 6, 660 nm pure SiNSs 
showed the strongest US backscatter intensity for every 
US frequency employed whereas the lowest values was 
observed for 660 nm IO coated SiNSs. Moreover, our 
results proved how the image backscatter was raising 
with increasing insonification frequency. A similar im�
age backscatter trend to that of  660 nm SiNS-based 
NPCAs has been observed for the other SiNS diam�
eters.

Pure, IO-coated and FePt-IO-coated SiNSs deter�
mined a specific image enhancement behavior as func�
tion of  different NPCA sizes (Figure 7, “zero” diameter 
was represented by the pure agarose sample) and type 
of  magnetic coating; in order to focus these two vari�
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Figure 4  Longitudinal r1 (open symbols) and transverse r2 (full symbols) 
nuclear relaxitivities of different silica nanospheres. A: silica nanospheres 
covered by IO; B: silica nanospheres covered by FePt-IO nanoparticles. IO: 
Iron oxide; FePt-IO: Ferrum platinum-iron oxide.
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ables, the frequency-depending curves obtained for each 
insonification value (2.5, 3.5, 4.5 MHz) were averaged 
and mean backscatter values were plotted. For the inves�
tigated NPCA concentration, the presence of  magnetic 
coating reduced the backscatter intensity compared to 
pure SiNSs and this reduction was more marked when 
SiNSs were coated with IO. 

The acoustic signal response obtained using pure 
SiNSs, FePt-IO-coated SiNSs and IO-coated SiNSs at 
every considered US frequency and SiNS diameter was 
detailed in Figure 8. For pure SiNSs (Figure 8a) it is 
possible to note a peak of  US backscatter in correspon�
dence of  330 nm for the highest considered frequencies 
(3.5 and 4.5 MHz) whereas at 2.5 MHz the backscatter 
peak is modestly shifted to 660 nm. A similar behavior 
was observed for the FePt-IO-coated SiNSs (Figure 8b) 
but in a lower range of  backscatter intensity values and 
a tendency to a more pronounced peak at 330 nm, de�
creasing towards SiNS diameter of  660 nm. Conversely, 
IO-coated SiNSs (Figure 8c) presented lower ranges of  
backscatter intensity values compared to the other inves�
tigated NPCAs and the value of  US frequency employed 
had little influence on their acoustic response. Moreover, 
each frequency-dependent curve of  IO-coated SiNSs 
was characterized by a raising trend for increasing SiNSs-
diameter. In facts, the highest brightness value was ob�
served at 660 nm.

DISCUSSION
Recent reports have highlighted the importance of  de�
veloping novel nanosized contrast agents for multimodal 
molecular imaging[16,18]. In the present work, we inves�

tigated the low-frequency acoustic response of  two of  
these novel NPCAs, made of  SiNSs of  different diam�
eters coated by either IO or FePt-IO nanocrystals. 

Magnetically-coated SiNSs at very low volume con�
centration (5 mg/mL) were insonified with low-frequen�
cy US pulses (range 2.5-4.5 MHz) and the results were 
compared with those of  pure SiNSs. 

Since previous publications demonstrated the effec�
tive signal enhancement at 5 mg/mL of  SiNS[38,40] with 
a high level of  biocompatibility[39], we defined the latter 
as the concentration tested, in favor of  an overall higher 
systemic tolerance and safer cytotoxicity profile. Ad�
ditionally, the explored SiNS diameter range was chosen 
taking into account that smaller particles can be hardly 

SiNS type

4.5 MHz

2.5 MHz

Agarose sample

Pure FePt-IO-coated IO-coated

A B C

D E F

G

Figure 5  Examples of ultrasound image backscatter determined by pure 
and nanocomposite (with either ferrum platinum-iron oxide or iron oxide) 
660 nm silica nanospheres at maximum and minimum used insonification 
frequency. A: pure SiNSs, 4.5 MHz; B: FePt-IO-coated SiNSs, 4.5 MHz; C: IO-
coated SiNSs, 4.5 MHz; D: pure SiNSs, 2.5 MHz; E: FePt-IO-coated SiNSs, 2.5 
MHz; F: IO-coated SiNSs, 2.5 MHz; G: pure agarose gel. SiNSs: silica nano-
spheres; Pure: uncoated SiNSs; FePt-IO: Ferrum platinum-iron oxide; IO: Iron 
oxide.

Figure 6  Average backscatter intensity for the three different types of 
nanoparticle contrast agents at 660 nm silica nanospheres diameter as a 
function of the frequency employed. Backscatter values are expressed in dB 
(values are averaged over 300 frames and error bars represent the standard 
deviations). �������SiNSs: silica nanospheres; FePt-IO: Ferrum platinum-iron oxide; 
IO: Iron oxide.

Figure 7  Mean average backscatter intensity for the three different types 
of nanoparticle contrast agents at each considered silica nanospheres 
diameter. Backscatter values are expressed in dB. 0-control point is obtained 
from pure agarose gel phantom measurements. Each curve represents the 
mean value of the acoustical response for a specific nanoparticle contrast 
agents over the entire low frequency range (2.5-4.5 MHz). SiNSs: silica nano-
spheres; Pure: uncoated SiNSs; FePt-IO: Ferrum platinum-iron oxide; IO: Iron 
oxide.
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detected with diagnostic US pulses (unless using very 
high doses) and, if  smaller than 50 nm, they can also 
distribute nonspecifically throughout the human body 
by passing through intercellular openings of  normal ves�
sel walls. On the other hand, bigger particles are rapidly 
sequestrated by the reticuloendothelial system, so be�
ing prevented from reaching the target site in a suitable 
concentration and, moreover, if  their size exceeds that 

of  tumor endothelium pores (780 nm) they will be also 
confined to the intravascular space, without the chance 
of  extravasating and reaching target cells located beyond 
vessel walls[53,54]. 

Regardless the employed US frequency and the con�
sidered NPCA diameter, pure SiNSs present the stron�
gest values in terms of  backscatter amplitude (Figure 8). 
Reasons for the overall lower measured backscatter of  
the nanocomposite systems can be associated to vari�
ous factors. Firstly, the addition of  magnetic NPs causes 
a decrease in the US backscatter intensity reducing the 
concentration values in terms of  NPCA number dis�
persed in 1 mL of  agarose gel because of  the increased 
NPCA size (Figure 3). Furthermore, adding the mag�
netic NP coating on SiNS surface alters its morphology 
in a significant and complex manner, that increases its 
roughness further affecting the related ultrasound back�
scatter pattern. The latter cause, in particular, can ex�
plain the difference in amplitude range between the two 
nanocomposite systems. In fact, despite the number of  
IO-coated SiNSs in 5 mg was larger compared to FePt-
IO-coated SiNSs (because of  the difference in the mass 
density of  each particle component), IO-coated SiNSs 
evidenced the lowest backscatter intensity values. 

The maximum brightness value for the two highest 
frequencies (3.5 and 4.5 MHZ) is reached for 330 nm 
SiNSs, wich represents also a particularly useful size for 
tumor targeting purposes. FePt-IO-coated SiNSs acous�
tical behavior followed a similar trend for every combi�
nation of  NPCA diameter and scanning US frequency, 
with slightly lower intensities and a tendency to a more 
marked peak at 330 nm. Instead, particle size-dependent 
image backscatter behavior evidenced by IO-coated 
SiNSs proved how image brightness intensity became 
significant for larger dimensions of  SiNSs (660 nm of  
diameter).

Moreover, we reported how US frequency affected 
the backscatter intensity; higher values were determined 
by higher frequency levels, for any given SiNS diameter. 
Frequency-dependent image enhancement was particu�
larly evident for pure SiNS and became progressively less 
remarkable for FePt-IO coated and IO-coated SiNSs, 
respectively. For the latter type of  NPCA the effect of  
increasing US frequency level on image backscatter is 
almost negligible. 

These observations are in agreement with other results 
we have recently published, identifying the coating of  
SiNS core with FePt-IO as the best solution to realize an 
efficient ultrasound CAs at higher frequencies[38]. More�
over, based on the relaxometry results, the FePt-IO coat�
ed SiNSs have a better contrast efficacy as MRI negative 
contrast agents with respect to IO coated SiNSs, show�
ing higher r2/r1 ratios. In conclusion, the MRI detect�
ability, together with a good US contrast enhancement 
ability (even at low diagnostic frequencies, as evidenced 
in this study), make the FePt-IO coated SINSs as a novel 
promising NPCAs suitable for dual-mode molecular im�
aging of  deep organs through US and MRI techniques. 

Figure 8  Average backscatter intensity as a function of silica nano
spheres diameter for pure silica nanospheres. A: Pure SiNS; B: FePt-IO 
coated-SiNS; C: IO-coated SiNSs, at the three investigated ultrasound frequen-
cies. Values of average backscatter intensity are expressed in dB in order to 
better emphasize lowest values. 0-control point value is obtained from pure 
agarose gel sample. SiNSs: Silica nanospheres; Pure: Uncoated SiNSs; FePt-
IO: Ferrum platinum-iron oxide; IO: Iron oxide.
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COMMENTS
Background
Multimodal molecular imaging is one of the most exciting and rapidly growing 
areas of science because of its undoubted potential for enhancing diagnostic 
outcome, especially in oncology. Each imaging technique has certain advan-
tages as well as limitation and in many clinical applications two or more imaging 
modalities are frequently needed to discern possible pathological changes in 
tissue. In fact, multimodal imaging has great benefit for diagnosis and therapy 
if the strengths of each modality can be fully appreciated, while ameliorating 
the weakness of any individual one. However, a safe and cost effective clinical 
employment of multimodal imaging entails the development of novel multimodal 
contrast agents, detectable by multiple non invasive and non-ionizing tech-
niques, such as ultrasound (US) and magnetic resonance imaging (MRI). 
Research frontiers
The US/MRI dual-mode contrast agents are mostly based on the existing US 
contrast media, such as microbubbles for US imaging encapsulating or absorb-
ing MRI contrast agents. Beyond microbubbles, nanosized contrast agents also 
attract considerable interest for dual-mode imaging as they offer several ad-
vantages due to their unique features including multifunctionality, large surface 
area, structural diversity, and long circulation time. In this study, the authors 
explored the potential novel nanosized contrast agents (NPCAs) based on silica 
nanospheres coated with superparamagnetic nanoparticle, made of iron-oxide 
(IO) or FePt-IO nanocrystal, for dual mode imaging employing US and MRI 
imaging. 
Innovations and breakthroughs
Recent reports of the authors documented the feasibility and detectability of 
magnetically-coated silica nanospheres (SiNSs) on conventional echographic 
images obtained at an US frequency (10 MHz) which is usually employed in 
clinical routine for imaging of superficial targets on the body. In this work the 
authors extendend the experimental characterization of the echographic ef-
fectiveness of magnetically-coated SiNSs to more feasible diagnostic settings, 
represented by a lower diagnostic frequencies (from 2.5 to 4.5 MHz), more suit-
able for deep organs, identifying the FePt-IO as the best magnetic coating for 
realizing NPCAs suitable for US/MRI dual mode imaging at low US frequencies.
Applications
These results open new exciting perspectives for dual mode molecular imag-
ing of deep tumors, identifying the FePt-IO coated SINSs as a novel promising 
NPCAs suitable for dual-mode US/MRI contrast imaging for the accurate and 
early detection of cancer cells located in internal organs. 
Terminology
Dual- or multi-modality molecular imaging is the synergistic combination of 
two or more imaging techniques, made possible by multimodal probes. Re-
cent advance in nanotechnology have driven the development of multimodal 
nanoparticles that combines two or more nanomaterials with different imaging 
capabilities with the potential to integrate various functionalities, simultaneously 
providing contrast for different imaging techniques.
Peer review
The authors investigated the acoustic response at low US frequencies of novel 
dual-mode NPCAs, detectable through both US and MRI imaging. Such NPCAs 
are made of SiNSs of different diameters coated with superparamagnetic 
nanoparticles ����������������������������������������������������������������         (IO or FePt-IO nanocrystals)������������������������������������      . The study proved that FePt-IO was 
the best magnetic coating for realizing NPCAs suitable for US/MRI dual mode 
imaging having a good US contrast enhancement ability together with a satisfy-
ing MRI detectability. The results are interesting and may open new exciting 
perspectives for dual mode molecular imaging of deep organs.
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