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Nowadays, thanks to the successful discoveries in the biomedical field
achieved in the last two decades, a deeper understanding about the complexity
of mechanistic aspects of different pathological processes has been obtained.
As a consequence, even the standard therapeutic protocols have undergone
a vast redesign. In fact, the awareness about the necessity to progress towards
a combined multitherapy in order to potentially increase the final healing
chances has become a reality. One of the crucial elements of this novel
approach is that large amounts of detailed information are highly needed
and in vivo imaging techniques represent one of the most powerful tools to
visualize and monitor the pathological state of the patient. To this scope,
due to their unique features, nanostructured materials have emerged as attrac-
tive elements for the development of multifunctional tools for diagnosis and
therapy. Hence, in this review, the most recent and relevant advances achieved
by applying multifunctional nanostructures in multimodal theranosis of differ-
ent diseases will be discussed. In more detail, the preparation and application of
single multifunctional nano-radiotracers based on iron oxides and enabling
PET/MRI dual imaging will be firstly detailed. After that, especially consider-
ing their highly promising clinical potential, the preparation and application of
multifunctional liposomes useful for multimodal imaging and therapy will be
reviewed. In both cases, a special focus will be set on the application of such a
multifunctional nanocarriers in cancer as well as cardiovascular diseases.

1. Introduction

Nowadays, as a consequence of the brilliant progress in biomedical technology
achieved in the past decades, it is undoubtedly clear that the heterogeneity of
the disease and patients is one of the most crucial factors impacting on the final
favourable evolution of a pathological process. In other terms, there is no panacea
and each patient needs optimized therapy based on the differences in genetic fac-
tors, physical conditions, environmental factors and the disease characteristics
(personalized medicine) [1-3]. In this novel concept, large amounts of detailed
information about the disease and patients are much needed. With this aim,
non-invasive diagnosis of patients, in vivo imaging techniques result in one of
the most powerful tools to visualize the pathological state of the body and
monitor biological evolution at the target site [4].

For clinical application, the most useful imaging modalities generally include
optical imaging, magnetic resonance imaging (MRI), computed tomography
(CT), ultrasound (US) and positron emission tomography (PET) or single
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photon emission computed tomography. Each single imaging
modality shows unique advantages along with intrinsic limit-
ations, such as insufficient sensitivity or spatial resolution. This
circumstance makes it difficult getting accurate and reliable
information at the disease site [5]. In order to improve the
final diagnostic image and to characterize and quantify biologi-
cal processes at the cellular and subcellular level in intact living
subjects, the above-cited imaging modalities require the use of
small molecules as probes (molecular imaging) [5]. For
example, gadolinium complexes or iodinated compounds are
used as contrast agents for T;-MRI or CT imaging, respectively.
However, if not properly engineered, these small molecules
generally present different limitations such as very short
blood circulation time and non-specific biodistribution,
which may cause many unwanted side effects.

In order to overcome many of these limitations, nano-
structured materials can be employed [6]. In fact, it is a
well-established reality the tremendous impact that nanotech-
nology development has had on society and especially in
medicine. By virtue of their size-dependent physical properties
and nanometre-scale dimensions, nanomaterials possess enor-
mous synthetic design potential along with the ability to
access biological features at the subcellular level. Hence, nano-
materials can be easily combined for multiple targeting,
sensing, diagnostic and therapeutic functions [7]. This higher
level of functional sophistication (not possible with small
molecules) is the major driver for the development of nanomedi-
cine, one of the fastest growing areas in nanotechnology and
poised to revolutionize healthcare and medicine through the
development of transformative new diagnostic and therapeutic
tools [8].

The result of such a rational combination of different
nanomaterials will then generate a novel multifunctional
nanocarrier showing the best characteristic of their parental
constituents and reducing their intrinsic limitations. In this
way, different imaging and therapeutic strategies may be
promoted at the same time (multimodal strategy), enhancing
the final theranostic (therapeutic + diagnostic) effect. For
example, the combination of MRI contrast agent and
fluorescent organic dye on the same targeted nanocarrier
allows detecting cancer through non-invasive MRI and the
optical guide of surgery. Or, the encapsulation of MRI con-
trast agent and anti-cancer drug in a nanostructured matrix
modified with a specific peptide or antibody on its surface
has the potential to allow for simultaneous targeted diagnosis
and chemotherapy [9].

One of the most notable consequences related to the advent
of these multifunctional nanomaterials is the possibility of
combining different imaging modalities with a unique contrast
agent. Starting from its early dawn, multimodal imaging was
revealed to be a powerful methodology able to provide more
accurate detection and analysis of disease sites [8,10,11]. For
example, the combination of PET with CT or MRI techniques
has generated a strong interest due to the highly synergistic
improvement of currently used imaging instruments for diag-
nosis. In fact, PET images provide functional information about
the disease with high sensitivity. On the other hand, CT and
MRI offer high-resolution images for anatomical information.
Therefore, a combination of these different imaging modalities
can accomplish high sensitivity and high resolution simul-
taneously and provide more detailed anatomical or biological
information about the target disease. The theoretical combi-
nations to produce multifunctional probes for multimodal
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Figure 1. Improved overall cancer survival as a result of combination therapy.
Adapted from [14].

imaging are directly related to the engineered nanomaterials
reported until now. Consequently, such combinations could
be considered unlimited [8,9,12,13]. Nevertheless, from a prac-
tical point of view, these combinations are limited in number
because they finally must provide more precise and detailed
information for clear diagnosis than the constituting individual
modality. For this reason, the rational selection of each
modality enabling the multimodal strategy is crucial. In this
sense, researchers should rationally avoid the overlapping of
advantages and compensate for the flaws of each selected strat-
egy in order to maximize the synergistic effect. This is the
reason why imaging modalities with high sensitivity (PET,
optical, etc.) are frequently combined with other imaging mod-
alities with high spatial resolution (MR, CT, etc.) [5,8,9].

Even from a therapeutic point of view, in parallel to the
growing knowledge of the complexity of each pathological
process, the awareness about the necessity to progress towards
a combined multitherapy in order to potentially increase the
final healing chances has become a reality. Combined therapy
of two or more strategies promotes synergism among each
individual constituent and targets the pathology through
distinct mechanisms of action (figure 1). Within the different
clinical applications where this rational concept has been suc-
cessfully applied (i.e. antiviral and antimicrobial therapies),
cancer therapy represents one of the clearest examples. In
fact, dating from its early successful evidences, immunother-
apy quickly became the fifth pillar of cancer treatment
together with the well-known more traditional options includ-
ing radiation, surgery, chemotherapy and targeted therapy
(figure 2a) [14]. Scientists have shown repeatedly that using
just one therapeutic modality, poor results would be achieved.
Only combination of the above-mentioned modalities will
produce a sustained and lasting response in a wider number
of patients. No pillar alone holds up the architrave to keep
the temple intact (figure 2a).

Even for the treatment of cardiovascular diseases (CVDs),
the multitherapy approach has demonstrated its high poten-
tial. In fact, in the past decade, a multiactive all-in-one pill
(polypill) composed of four drugs (aspirin, a cholesterol low-
ering statin and two blood pressure drugs (ACE inhibitor and
a diuretic) that are known to effectively treat CVD) has been
proposed as a simple, cost-effective and innovative public
health strategy to combat the CVD epidemic on a global
scale (figure 2b). Several randomized clinical trials have
consistently demonstrated the effects of polypills on cadio-
vascular risk factors [15]. Moreover, besides the clinical
potential, several other studies have shown the polypill to
be well tolerated and superior in terms of patients” adherence
to standard of care [15-17].
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Figure 2. Schematic of combined multitherapy in (a) cancer disease and (b) cardiovascular disease.

In the literature, countless examples of novel engineered
nanomaterials with biomedical potential in human health have
been published [13,17-19]. However, the vast majority of exist-
ing reviews tend to focus only on a specific application of
nanomaterials in biomedicine (one therapeutic strategy or one
imaging technique). Only some of them target the multimodal
theranostic activity of composed nanosystems in different patho-
logical processes. For this reason, in the present review, more
detailed insights concerning the most recent and relevant
achievements obtained by applying the multifunctional nano-
structures in multimodal theranosis of different diseases will
be discussed. This special focus has been carefully selected con-
sidering the highly promising results obtained to date by the
combined use of different engineered smart nanomaterials in
multimodal theranosis (synergistic effect) if compared with the
same results achieved when the same nanomaterials were used
individually (additive effect). Beside this aspect, among the
plethora of existing nanosystems described in the literature, the
focus will be set on the most promising ones in multimodal
imaging as much as in multitherapy of cancer and CVDs [20].

In more detail, as a representative example of a single multi-
functional nanoprobe promoting multimodal imaging, the
preparation and application of hybrid nano-radiotracers enabling
the PET/MRI dual imaging of different pathological processes
will be described. This particular theme was selected considering
the rapidly growing interest in clinical application of such a multi-
modal imaging strategy. The different strategies enabling the
preparation of these nanocarriers and their application in cancer
and cardiovascular imaging and therapy will be discussed.

Subsequently, as a representative example of most pro-
mising nanomaterials useful in multimodal theranosis, the
preparation and application of multifunctional liposomes
will be reviewed. Indeed, within all the studied nanomaterials,
these nanocarriers are the most used in clinical trials, showing
the most promising commercial and clinical potential [20]. For
example, in this direction, very recently a liposome-based
system has been used to delivery RNA in three human patients
with melanoma. As final result, a systemic immune response
targeting melanoma cancer cells was triggered [21].

2. Nano-radiochemistry for multimodal imaging

The novel field of nano-radiochemistry tries to conjoin the
best attributes of two branches of science that, in spite of all

their common features, have traditionally ignored each
other. The combination of the size-dependent properties of
nanomaterials and the exquisite sensitivity of nuclear tech-
niques is creating a new paradigm in molecular imaging.
These new features extend to most of the typical issues
when developing tracers for biomedical imaging like the con-
cept of multifunctionality, biodistribution, pharmacokinetics
and the administered dose.

High surface/volume ratio is a well-known characteristic
in almost all nanomaterials. This feature is particularly suit-
able for its conjugation with multiple molecules that
provide multifunctionality. Apart from enabling bimodal
imaging experiments, combination of nanomaterials with a
radioisotope allows to obtain larger ligand payload in further
bioconjugations, when compared with the common radiotra-
cers, due to the multifunctionality of nanomaterials [22,23].

As previously stated, one critical issue related to the use of
nanomaterials is their biodistribution. In fact, the biodistribution
study of the nanomaterials is sometimes complicated and is fre-
quently performed through ex vivo techniques using highly
sensitive techniques [24,25]. In such a case, radiochemistry can
clearly lend a hand to nanotechnology. By incorporating a
radioisotope within the structural framework of the nanomater-
ial, the biodistribution can be studied effortlessly with in vivo
and/or ex vivo radioactive techniques [26—-30].

On the other hand, in the case of nano-radiotracers,
nanotechnology comes to the aid of radiochemistry. From
the point of view of pharmacokinetics, radiotracers some-
times present short circulation time in blood. To this scope,
there are different strategies to improve the in vivo behaviour
of radiotracers. One of the most used solutions is the attach-
ment of PEGylated chains [31,32]. Even though PEGylated
radiotracers usually show longer circulation times, this meth-
odology needs at least one additional step, which increases
synthetic cost and time. A clever solution to increase circulation
time of the tracer is to incorporate it into a nanoplatform
with an intrinsic long circulation time in blood [33,34]. Nano-
radiochemistry also benefits from the possibility of including
specific ligands on the surface of nanoparticles in order to
direct nanoplatforms to desired sites, increasing specificity
and efficiency of radiotracers.

Furthermore, the possibility of combining not only one,
but several labels for different imaging modalities allows signal
amplification. This special feature combined with high sensitivity
of nuclear techniques and enhanced surface area presented by
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Figure 3. Magnetic resonance angiography of a mouse at increasing times after intravenous injection of fdIONP. Adapted from [42].

nanoparticles allows significant dosage reduction if compared
with the single modality acquisition strategy.

2.1. lron oxide nanoparticles for imaging

Iron oxide nanoparticles (IONPs) are the most common NP-
based contrast agent for MRI [35]. MRI offers excellent soft-
tissue contrast resolution and pathological discrimination.
On the other hand, PET, one of the most typical molecular
imaging techniques, presents poor probe anatomical localiz-
ation potential [36]. Consequently, the fusion of these two
techniques in a single measurement (PET/MRI) may help
to overcome in some applications the lack of anatomical
details offered by PET and poor sensitivity of MRI. IONPs
have for long been studied as MRI probes for T,-weighted
(dark or negative contrast) imaging. The T, (the transverse
relaxation time) based contrast from these IONPs is an intrin-
sic effect of their crystalline core and high magnetic moment.
As an effect, they finally damp the signal of the nearby water
molecules. The list of researches focusing upon this nanocar-
rier is enormous [11,13,37-41]. The interest normally lies in
the improvement of the core crystal or surface functional
structure, so as to make it as biocompatible as possible,
while modifying the surface so as to enhance the target
specificity to the maximum.

However, this marked effect on T, can be a problem for
many imaging applications. For example, it is crucial when
the signal intensity is intrinsically low due to physiological
and magnetic susceptibility characteristics of the organ/
tissue (lungs, trabecular bone, paranasal sinus, etc.) or due
to the presence of low-proton contents (necrosis, calcifica-
tions, etc.) in some pathologies. In these cases, the large
negative contrast promoted by superparamagnetic iron oxide
is not the best option. Because of that, in the last years there
has been an intense development of extremely small (2—-3 nm
core size), superparamagnetic, IONPs as T; contrast agents
[42,43]. In this case, the effect observed here is the shortening
of longitudinal relaxation time (T;). This Ty-based (bright or

positive) contrast is usually of more practical use for physicians
when compared with its T, counterpart. In one of our works,
we illustrated this possibility using a microwave assisted one-
pot synthesis of extremely small, FITC-CM dextran (4 kDa)
capped iron oxide nanoparticles (fdIONP) for T;-based MRI
contrast [42]. The particles were biocompatible, showed a
long circulatory half-life and multimodal imaging ability due
to the presence of FITC, especially for histological validation
(figure 3) [11].

2.2. Nano-radiolabelling
2.2.1. Radioisotopes

There are many different radioisotopes that may be used as
positron emitters in PET. They are usually classified according
to their half-life time or production method. In the case of the
half-life time, there are a large variety of radioisotopes cover-
ing all range spectra (table 1). Isotopes range from a very
short half-life time like O (approx. 2 min) to long half-
life time like 1241 (4.18 days). Moreover, this half-life time of
the radioisotope will determine its use in PET imaging. For
long-time elimination tracers, the use of short half-life time
radioisotopes is preferable for clinical purposes in order to
reduce the patient’s radioactivity exposure [44]. Despite this,
sometimes there is no choice and a long half-life radioisotope
has to be used, for instance, to visualize biological molecules
with long circulation time in blood. Radioisotopes are com-
monly produced in a cyclotron (particle accelerator). This
fact represents a disadvantage for radioisotopes with short
half-life time due to the necessity of having a cyclotron close
to the PET camera. Moreover, cyclotrons are expensive and
require specific facilities. Another production method is
through benchtop generators. These are portable armoured
cylinders that contain a matrix with a father radioisotope
embedded. Generators are small, usually cheap and easy to
use, which is the main advantage of this methodology [45].
However, the use of generators for PET radioisotopes is
limited to only two elements, %8Ga and *°Rb.
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Table 1. Main radioisotopes for molecular imaging.
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Because of its matched half-life for tagging many biological
processes and production method in a generator, ®*Ga is becom-
ing an extremely important radioisotope in radiochemistry
[46,47]. These generators contain a matrix with father isotope
%Ge that present a long half-life of 270 days allowing the elution
of %Ga for months, with the same generator. Half-life of %8Ga
(67.7 min) is similar to circulation time in blood of many peptides,
which makes this radioisotope very attractive for their in vivo
visualization. There are some examples of the synthesis of
%Ga-based radiotracers. For example, within the most used
radiotracers to assess somatostatin receptors, 8Ga-DOTATATE
and *®Ga-DOTATOC were introduced for their high specificity
towards different neuroendocrine tumours [48—50].

2.2.2. Radiolabelling of iron oxide nanoparticles:

nano-radiochemistry

Different strategies for the synthesis of nano-radiotracers
based on IONPs are available. The principal difference con-
cerns the localization of the radioisotope with respect to the
nanoparticle structure. In the first case, the radioisotope is
tagged within the surfactant of the nanoparticle and, there-
fore, this approach is called surface labelling. The second
option comprises doping the core of the nanoparticle with
the radioisotope and is called core labelling. Both methods
have some advantages and disadvantages that will be
summarized in the following paragraphs.

2.2.3. Surface labelling

One of the most important features of nanoparticles is
the high surface/volume ratio. This intrinsic characteristic
provides the capability of multifunctionalization in the sur-
face of the nanoparticle [51,52]. Surface labelling takes the
advantage of this specific surface for the conjugation of the
nanoparticle with the radioisotope.

2.2.3.1. Chelator strategy
A common way to produce the nano-radiotracer is to func-
tionalize the nanoparticle with a chelate ligand, in order to

form a coordination complex between the nanoparticle and
the radioisotope in a final step.

Despite its easiness, there are two different impor-
tant issues that must be taken into account with this
approach. The first one is the stability of the bond between
the nanoparticle and the chelator agent, and the second is
the stability of the coordination complex between the chelator
and the radioisotope.

Concerning the first aspect, a strong covalent bond between
the nanoparticle and the chelator is preferred so as to avoid
in vivo desorption. In PET imaging, the signal derives from
the radioisotope. If the chelator is desorbed from the surface
of the nanoparticle, the signal of the radioisotope will come
from the chelator-radioisotope coordination complex and not
from the nano-radiotracer. Therefore, the use of organic chem-
istry to obtain stable chelate-functionalized nanoparticles is
mandatory, with many different options depending on the
desired final formulation.

The second important aspect to take into account regarding
this approach is the stability of the coordination complex
between the chelator and the radioisotope. Owing to the pres-
ence of different cations in blood, transmetallation reactions
involving the nano-radiotracer can occur. To avoid this process,
the use of high affinity complex between the chelator and the
radioisotope is required. The choice of the radioisotope deter-
mines the chelator. A very common chelator in the ®®Ga
radiolabelling of IONPs is 1,4,7,10-tetraazacyclododecane-
1,4,7 10-tetraacetic acid, also known as DOTA. The use of a
chelating agent to build the nano-radiotracer presents, in a gen-
eral way, some advantages and disadvantages in comparison
with other strategies. The main advantage in the use of a
chelator on the surface of the nanoparticle is that it allows
multifunctionalization of the nano-radiotracer before the
radiolabelling step. However, this technique requires a
multiple-step synthesis and purification protocol.

To overcome the necessity of a multiple-step synthesis,
other methods have appeared, called chelator-free synthesis.

2.2.3.2. Chelator-free strategy
Chelator-free approaches are mainly based on the addition of
the radioisotope directly over the surface of the nanoparticle
without the use of a chelator. Only a few examples based on
this strategy have been reported. For example, one of them
exploits the affinity of the magnetite towards arsenic for the
synthesis of radioarsenic-labelled IONPs [53]. The mechan-
ism of the sorption of the arsenic onto IONPs is known and
it has been used in contaminated anoxic groundwaters to
reduce the toxicity [54]. Another example of this approach
is the synthesis of “’Ge radiolabelled IONPs. The incorpor-
ation of another germanium radioisotope such as **Ge onto
metal oxides is well known and it has been long used for
the fabrication of *®Ge/®®Ga generators [55,56]. In this case,
the authors took the same idea as previously described in
studies with ®®Ge, to incorporate ®°Ge directly on the
surface of the nanoparticle without the help of chelators [57].
Albeit these methods are adequate for the radiolabelling of
IONPs, there are some inherent drawbacks. Firstly, desorption
of the radioisotope could be a problem for in vivo behaviour
giving a low signal/noise ratio or toxicity problems when
using isotopes like arsenic. Moreover, the existing methods
are limited to radioisotopes without translational potential,
which is the main disadvantage of the strategy.

5009107 :9 smo4 awppiu  biobuiysigndAiaposiedorsyss H



(a)
FeCl microwave
’ 100°C/10 min
68GuCl3 >
hydrazi
dextran 6 kDa ydrazifie
(c) (@)
A — sample-1 1004
151 \ — sample-2 80 4
\ — sample-3 <
> 104 sample-4 s 60 1
i 5
g 3 401
£ 51 =
20 1
0 o . - — v 0
0.1 1 10 100 1000 10000 0 200

hydrodynamic size (nm)

400 600 800
T(°C)

Figure 4. (a) Synthesis of %*Ga core-doped IONPs; (b) image phantoms obtained at different iron concentrations by MRI (top row) and PET (bottom row);
(c) hydrodynamic size of four different samples of %*Ga core-doped IONPs; (d) thermogravimetric curve of *®Ga core-doped IONPs and (e) TEM images of the

sample. Adapted from [64].

2.2.4. (ore labelling

Core labelling methodology is the newest approach for the
production of chelator-free nano-radiotracers. This synthetic
strategy combines non-radioactive precursor materials and
a radioactive material to dope the core simultaneously with
nanoparticle formation.

Hence, under appropriate conditions the radioisotope is
entrapped inside the crystalline structure of the nanoparticle.
Consequently, the location of the radioisotope (inside the core)
ensures radiochemical stability, avoiding desorption or trans-
metallation reactions, making this approach very attractive,
particularly in combination with isotopes of short half-life
such as %®Ga. In fact, when the nanoparticle core starts to be
degraded in vivo, the radioactivity has been long decayed.

Owing to the novelty of the method, as far as we know,
there are only two examples of core-labelled IONPs described
in the literature. Both of them expect microwave technology
to be driving force of the synthesis. The reason why micro-
wave technology is important in the process, lies in the
reaction rate. Synthesis of IONPs by traditional methods
like co-precipitation or thermal decomposition of organic pre-
cursors lasts from 3 to 24 h [58,59]. Common reaction times
are unsuitable when a radioactive material is used as initial
reagent. Microwave technology uses dielectric heating and
can produce high-quality IONPs in shorter times, more adequate
for this strategy [60-62]. Moreover, microwave technology
provides synthetic methods with high reproducibility.

The first example of core-doped iron oxide nanoparticles
was described in 2012 by Wong et al. [63]. In this work, the
authors described a microwave-driven synthesis of IONPs
doped with ®*Cu. In this case, the radiolabelling yield was
modest (33%) giving a low specific activity [63].

Very recently, our group described the synthesis of
IONPs doped with a short half-life radioisotope such as
®Ga with microwave the driving force of the reaction
(figure 4a). In 15 min overall time, our protocol retrieved
®8Ga core-doped nanoparticles with very large radiolabelling
yield (93%) and specific activity (7.6 GBq/mmol Fe).

Furthermore, the particles showed large r; value, which
enables their use as T;-weighted (positive) contrast agents
for MRI. This was the first example of the combination of
IONPs for PET/(T;) MRI (figure 4b). One of the key aspects
on this approach is the reproducibility (figure 4c) and the
thick organic layer (figure 4d) that guarantees very good
colloidal stability and large number of functional groups
for further functionalization for such extremely small
nanoparticles of 2.5 nm core size (figure 4e).

2.3. Applications of iron oxide nanoparticles

as multimodal imaging probes

2.3.1. Nanotechnology for cancer

In the past two decades, there have been countless discoveries
regarding molecular bases of cancer; however, very few of
them endure the vigorous clinical trials they must undergo in
order to become useful in clinics [65]. Furthermore, there is
still an absence of implementations to directly study molecular
events in depth. For this reason, attention of oncologists and
researchers is drawn to the development of novel approaches
and techniques to improve outcomes [66,67]. Nanotechnology,
as an interdisciplinary field involving biology, chemistry,
engineering, medicine and physics, offers a wide variety of
advantages in cancer diagnosis and therapy [34,68-70]. Multi-
modal therapy, early diagnosis and image-guided surgery or
therapy are some examples of the same [66,71].

In this direction, IONPs have been widely used as MRI
contrast agents as well as an excellent platform to which
radionuclides can be incorporated, finally enabling an
engineered molecular probe for dual imaging.

For example, radiolabelled poly(aspartic acid)-coated and
PLGA-coated IONPs were used in two different studies for
PET/MRI scanner of tumour integrin «,B; expression
[72,73]. IONPs were coupled to RGD peptide and DOTA
chelator prior to labelling with ®*Cu. The probe was proved
to be tumour-specific by both PET and MRI.
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Figure 5. (a) PET/CT imaging of tumour-bearing mice 1 h post injection of ®*Ga-C-IONP showing activity in tumour. (b) Axial T,-weighted MRI of tumour area in a
murine model previous to injection (i) and 24 h post injection of *®Ga-C-IONP (ii). Adapted from [64].

Another example of IONP-based dual probes for PET/MRI
is represented by '**I-labelled IONPs. These nanoparticles
were coated with serum albumin to secure high colloidal
stability in a wide pH range and at high salt concentrations.
They were used to track lymph nodes, crucial trademarks for
cancer staging.

Likewise, Yang et al. [74] chose to monitor lymph node
uptake of ®*Ga doped IONPs for T,-weighted MR imaging
and PET. Multimodal mannose IONPs containing NOTA chela-
tor were radiolabelled with ®*Ga. I vivo imaging showed these
complexes could be specifically taken up by macrophages in
lymph nodes.

Very recently, Pellico et al. reported the practical synthesis
of chelator-free iron oxide-based nanotracers labelled with
%8Ga. In more detail, dextran-coated IONPs were core-doped
with the radioisotope by a microwave-driven protocol,
allowing an efficient and rapid synthesis [64]. These %Ga
core-doped IONPs (**Ga-C-IONP) were conjugated to RGD
and assessed in an angiogenesis murine model. In vivo exper-
iments confirm their specific accumulation in the tumour, by
both PET and MRI. Figure 5 shows how the extremely high
sensitivity of PET nicely matches the high resolution of MRIL
Plus the core doping of the nanomaterial easily enables study-
ing the biodistribution by gammacounter with sensitivity
unparalleled by any other technique.

2.3.2. Nanotechnology for cardiovascular diseases

CVD encompasses all diseases concerning the heart and cir-
culation, including atherosclerosis, coronary heart disease,
angina, heart attack, congenital heart disease and stroke
[75]. It is the leading cause of death globally and usually
stems from vascular dysfunctions. Major advances in treating
these diseases have taken place in the past few decades [76],
mainly regarding early diagnosis in which new imaging
approaches play a crucial role. Molecular imaging allows
aiming at specific molecular targets, biological processes
and certain cell types, providing a valuable insight into mol-
ecular and cellular mechanisms [77]. Nonetheless, molecular
imaging requires extremely sensitive and specific agents
which should include a signal detection compound and an
affinity ligand which directs it to the intended site. As a
result, nanoparticles have gained significant interest as

agents for cardiovascular imaging and therapy [78]. Nano-
conjugates arise as platforms for multiple entity integration,
including targeting ligands, therapeutic agents and contrast
materials. Different kinds of NPs have been used for imaging
and therapy of different CVD.

Ischaemic and infarction lesions have been monitored and
treated with several radiolabelled polymeric conjugates in
different studies. Polyethylene glycol/phosphatidyl-ethanol-
amine (PEG-PE). MIn-labelled micelles were successfully
used by Lukyanov et al. [79] to passively target infarcted
myocardium in rabbit models, taking advantage of enhanced
permeability and retention (EPR) effect. Radiolabelled lipo-
protein-composed nanoparticles (LDL and HDL) have been
used to monitor lipoprotein circulation and uptake in athero-
matous lesions [80]. Other radiolabelled NP types such as
dextran NPs, dendrimers and polymeric NPs have also
been reported as agents for atherosclerosis detection. Their
targeting at inflammatory cells has confirmed their virtue
as effective agents for intraplaque inflammation detection
and may allow targeted drug delivery and release to stabilize
plaques before they rupture and originate severe vascular
events. Examples of these are the **Cu-labelled dendrimers
used by Seo et al. to target macrophages with LyP-1 cyclic
peptide [81]. ®*Cu was also chosen by Luehmann et al. [82]
to label comb-like polymer NPs targeted towards chemokine
receptor 5 (CCR5), which has been reported to be an active
participant in late stages of atherosclerosis.

IONPs have been reportedly used in a variety of CVDs.
A multifunctional probe composed by dextran-coated cross-
linked IONPs labelled with a near-infrared fluorochrome
and ®F radionuclide for PET has been studied as a blood
pool contrast agent detectable by PET fluorescence molecular
tomography and MR imaging [83].

Radiolabelled IONPs have also been used for inflammatory
cell imaging. Dextran-coated cross-linked IONPs labelled with
%4Cu were used by Ueno et al. [84] to quantify myeloid cell infil-
tration in murine cardiac allografts. The same group previously
used '®F-labelled cross-linked IONPs to target macrophages
and monocytes in a murine model of aortic aneurysm in order
to determine its dimensional stability. Jung et al. [85] carried
out a study to assess the capability of HDL conjugates to
assess atherosclerotic lesions in murine models by multimodal
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detection. Three different HDL-coated NPs were used for this
purpose. Firstly, HDL-QD conjugates composed by Cd/Se/
CdS/ZnS core—shell-shell and coated with HDL for optical
imaging were obtained. A second probe, to be used as MRI
contrast agent, was obtained using superparamagnetic IONP
core and HDL coating (HDL-SPIO). The third probe type was
composed of HDL-SPIO radiolabelled with *°Fe, to be used in
MRI and to detect radioactivity using a gamma counter. Biodis-
tribution of these conjugates was studied using the different
detection techniques. The similarities of HDL-NP conjugates
with respect to endogenous HDL allowed quantification of
radiolabelled complexes” accumulation in atherosclerotic
plaques through MRI, X-ray fluorescence microscopy, confocal
fluorescence microscopy and light microscopy.

3. Liposomes for multimodal theranosis
3.1. General properties of liposomes

Liposomes have gained large attention in the nanomedicine
field for research and clinical applications [86,87]. They are
vesicles consisting of amphiphilic phospholipids (e.g.
phosphatidylcholine, phosphatidyl-ethanolamine, phosphati-
dylserine and phosphatidylglycerol) that form a lipid bilayer
enclosing an aqueous core. Hence, they can encapsulate both
hydrophobic and hydrophilic molecules that will be arranged
in the opportune compartment (figure 6). This is an interest-
ing advantage because biomolecules/drugs of different
nature can be encapsulated together or alone in these interest-
ing nanosystems depending on their characteristics. Other
advantages of liposomes consist of degradation prevention
of the incorporated biomolecule, reduction of drug toxicity
with improved efficacy and therapeutic effect, versatility
and biocompatibility [86,87].

Liposome surface can be functionalized to enhance the con-
trol of their pharmacokinetics and biodistribution. For example,
polyethylene glycol (PEG) can be used to increase the nano-
system lifetime in the blood or targeting molecules can be
anchored on the liposome surface promoting their directing

Table 2. Commercial liposome-based drug delivery systems.

product encapsulated
name drug approved treatment
Myocet doxorubicin metastatic breast
cancer [95]
' Doxil doxorubicin ' Kaposi's sarcofna,'ovarién
and breast cancer
[96—98]
B L|p0d0x S Kap05|s sarcoma TR
and breast cancer [99]
. Marq|bo T acutelymphoblasnc RGN
leukaemia [100]
U oo [101] R
Cfpaxal  inactivated  hepatitis A[102]
hepatitis A virus
DepoDur 'mbrphihe sufate 'bain managefnenf '[103']
Depo(yt B cytarabme S neoplast|cmen|ng|t|s i

lymphomatous

to target cells. These allow the nanosystem to recognize the
microenvironment and react in a dynamic way mimicking the
response of living organisms and permitting the drug release
at the selected place by time-controlled mechanism [88].

For all these reasons liposomes have been widely studied,
overall as drug delivery systems, as reported in several reviews
[86—94]. Moreover, they attracted the attention of pharma-
ceutical industries as demonstrated by the approval of
several liposomal drug formulations for cancer therapies or
other diseases (infections, pain, meningitis, hepatitis A, influ-
enza, etc; table 2). Besides the approved ones, other
liposome formulations are undergoing clinical trials, more of
them for cancer treatment [86]. Examples of liposome-based
formulation that are actually in trial phase III for cancer treat-
ment are represented by ThermoDox (for the release of
doxorubucin in breast cancer) [105] and Lipoplatin (for the
controlled release of cisplatin in pancreatic, breast, non-small
cell lung, head and neck cancers) [106—110].

3.2. Methods of liposome preparation
Several methods reporting the preparation of liposomes with
numerous variants have been reported [86,87]. On continu-
ation, a description of the most common used methods for
the development of these nanosystems will be briefly reviewed.
The easier and older method, described in 1965, is the
Bangham method or thin lipid film hydration method [111].
It consists of the formation of a thin film of lipids after
evaporation of organic solvents followed by freeze-drying
to ensure solvents complete elimination. This film is then
rehydrated by aqueous solvents. The molecules that must
be incorporated inside the liposome can be solubilized in
organic or aqueous medium depending on their nature. To
reduce the size of the prepared liposomes (less than or
equal to 200 nm) sonication, homogenization or extrusion
methods are used, depending on the final desired size.
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Figure 7. Schematic of multifunctionalized liposome and its application for cancer diagnosis and therapy.

An alternative method is the reverse phase evaporation
technique. Inverted micelles or water-in-oil emulsions contain-
ing the molecule of interest in the aqueous phase and lipids
composing the organic phase are initially formed [82,87]. The
slow elimination of the organic solvent leads to the formation
of liposomes. A higher internal aqueous loading with respect
to the anterior method is obtained. The excess of solvent can
be eliminated by dialysis, centrifugation or gel filtration [112].

Another method is the solvent injection technique. This is
based on the injection of phospholipids dissolved in organic
solvent (ethanol or ether) into an excess of aqueous solution
containing the drug [113,114].

Also other novel methods for the preparation of liposomes
such as double emulsion, freeze—thaw, dehydration—
rehydration or fast-extrusion have been described [87]. For
example, very recently, a technique based on the use of
supercritical carbon dioxide has been developed [115].

3.3. Multifunctional liposomes

Besides their use as drug delivery systems, recently, the
liposomes were considered in order to develop patient
personalized therapies, to learn about genetic makeup of the sub-
ject and how the specific tumour is evolving [116—118]. By this
way prevention, screening and treatment strategies should be
more effective and the side effects reduced. Thus, the resistance
problems associated with the use of a single therapeutic strategy,
causing the failure of the treatment, can be overcome [119].

For this purpose, different strategies could be adopted. Nano-
systems could be employed as theranostic agents or to induce
multiactive therapies [117]. In the first case, tumour diagnosis
and treatment can be obtained by the same formulation. With
the second approach the disease can be monitored and fought
by the synergistic effect of more than one therapy (figure 7).

Examples of multifunctionalized liposome preparation
and application to obtain a personalized cancer therapy are
reported in the following paragraphs.

3.3.1. Theranostic liposomes

MRI-guided drug delivery is a new approach to obtain a
personalized therapy combining cancer diagnosis with
therapy accompanied by monitoring of clinical response in
real time.

A theranostic liposomal system for lung cancer including
both hydrophilic (carboplatin) and hydrophobic (paclitaxel)
drugs was designed by Ren et al. [120]. The imaging ability
was assured by the presence of a T;-contrast agent (gadodia-
mide) and a fluorescent molecule (rhodamine). The surface
was functionalized with a targeting peptide (c(RGDyK))
specific for receptors overexpressed in many tumour cells.
After liposome internalization by endocytosis, its payload
was released enhancing diagnostic and therapeutic results.
Hence, the cancer cells were firstly detected by MRI and con-
focal microscopy. Owing to the architecture of the system, it
was proved that the tumour signal was enhanced in compari-
son with commercial contrast agent Omniscan® (figure 8),
and liposome biodistribution in vivo imaged via T;-weighted
MRI in real time and simultaneous chemotherapeutic
effect was shown [120].

In another work, an MRI-based theranostic liposome was
developed for the diagnosis and treatment of breast cancer
[121]. A hydrophobic chemotherapeutic drug (doxorubicin)
and a hydrophilic contrast agent (gadoteridol) were co-
encapsulated inside a liposome. This nanosystem was able to
release its content into the tumour cells. Thanks to the presence
of the contrast agent it was possible to visualize the doxorubicin
release by MRI. The therapeutic efficacy of the drug was
improved by two different techniques based on pulsed US.
More in detail, the US waves acted at the same time as stimuli
useful to trigger the drug release as well as sonoporation stimulus
enhancing tumour vascular permeability to the drug. A marked
increase of drug concentration in the cancer cells followed
by a complete tumour regression was so obtained (figure 9).

Theranostic liposomes were also developed using
Tr-weighted contrast agents such as magnetic nanoparticles
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Figure 8. MRI analysis of the tumours after treatment with the developed multifunctionalized liposome compared with Omniscan®. (a) Increase of T; relaxation
rate (R) over time. (b) R, was enhanced 11- and 36-fold, respectively, 3.7 h and 4.7 h after injection with respect the commercial formulation Omniscan®. Adapted
from [120].
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Figure 9. MRI images of (a) tumour progression; (b) US-treated mice. The images were acquired at the time of the first MRI session (day 0) and after 3, 7, 14
and 16 days. ‘Sonoporation stimulus’ (SONO) was applied during the liposome injection, while the ‘release stimulus’ (pLINFU) was applied just after sonoporation.
CTRL no LIPO refers to a group of mice that was not injected with liposomes. Adapted from [121].

(MNPs). The unique property of magnetism of these particles their utility in diagnostic/therapeutic efficacy for some can-
allows an active targeting to the desired cells by using a cers such as brain cancer. Doxorubicin and MNPs were
permanent magnetic field. Carboxymethyldextran-coated loaded into liposomes and released at target cells through

magneto liposomes were hence prepared demonstrating pH- and magnetic-dependent mechanisms [122].
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3.3.2. Multitherapeutic liposomes

3.3.2.1. Emergent cancer treatments

As previously mentioned, the synergistic effect of more than
one therapy can greatly improve the efficacy of the cancer
defeat. Beside the conventional methods such as chemother-
apy, other novel techniques have been using for the treatment
of tumours. Among these, magnetic hyperthermia, photo-
dynamic therapy (PDT) or immunotherapy have been
rapidly emerging due to their high therapeutic potential.

Hyperthermia is an emergent and particularly attractive
strategy based on heat generation by MNPs on the tumour
site presenting fewer side effects compared with chemo-
and radiotherapy and that can be used in combination with
all conventional therapeutic treatments. The mechanism of
hyperthermia relies on selective tumoural cell heating (in
the temperature range of 41-46°C) resulting in the activation
of natural intracellular and extracellular degradation mechan-
isms that finally lead to apoptosis with cancer cell death
[123,124].

PDT is another modality that in the last decades
was surprisingly developed in cancer treatment. This is a
clinically approved therapeutic modality based on photo-
oxidation of biological materials induced by photosensitizers

(PSs) (localized selectively in certain cells or tumoural tissues)
activated by a light with appropriate wavelength and in
sufficient doses upon irradiation. The activated PS transfers
its excited-state energy to surrounding oxygen, resulting in
reactive oxygen species, such as singlet oxygen or free rad-
icals, finally causing tumoural cell death with minimal
healthy tissue damage [125-127].

Recently, the interest in cancer immunotherapy that
stimulates the immune system cells to fight the disease and
pursues an opposite strategy with respect to conventional
treatments is gaining tremendous interest. This therapeutic
strategy does not affect tumoural cells directly, but it activates
patient T lymphocytes becoming able to destroy the tumour.
Immunotherapy can be obtained by different approaches:
cytokines, tumour antigen-targeted monoclonal antibodies,
immunological checkpoint inhibitors and therapeutic cancer
vaccines. Each of these treatment types has a distinct mechan-
ism of action; however, they all are designed to boost or
restore immune function in some manner [107,128—-130].

3.3.2.2. Application of liposome as multiactive systems
As clearly stated above, liposomes are very suitable
nanocarriers to be employed as multitherapeutic systems.
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For example, Pradhan et al. [131] developed thermo-
sensitive magnetic liposomes using MNPs for hyperthermia-
triggered drug release. Liposomes based on thermosensitive
PEG were prepared encapsulating IONPs and doxorubicin.
Folic acid was conjugated on the surface as targeting molecules
for their affinity with folate receptors present on cancer cells.
The nanosystems were directed to cancer cells for the presence
of a permanent magnetic field, and after internalization an
alternating magnetic field was applied to induce MNP heating
useful for MNPs and drug release as well as for magnetic
hyperthermia. Hence, hyperthermia and chemotherapy
treatments were simultaneously promoted and a synergistic
effect between the two therapies was observed [131]. Similar
thermosensitive liposomes have been prepared to combine
photothermal therapy (PTT) and PDT [132]. PTT is nowadays
attracting attention due to the possibility of controlling the
incorporation of light-activated heating nanoparticles into
tumours with consequent high heat deposition in the tumour
area at low laser intensities, minimizing the damage in the
surrounding healthy tissue [133,134].

In more detail, a photosensitizer (Ce6) was incorporated
in the lipid bilayer and copper sulfide (CuS) was encapsu-
lated into the aqueous compartment of the liposome [132].
After the targeted delivery of the photosensitizer into the
cancer cells, CuS was activated by laser irradiation inducing
PTT-mediated cell killing and at the same time degradation
of the liposome. The released Ce6 performed PDT obtaining
a synergistic effect with PTT to kill tumour cells (figure 10).

PDT was also associated with chemotherapy to obtain
more effective combinations against cancer in the clinic. For
example, a novel PEGylated liposome system, named DAFO-
DIL incorporating doxorubicin and 5-flurouracil, was
developed by Camacho et al. [135]. This nanosystem offered
superior therapeutic efficacies compared with free drug
administrations and less cytotoxicity. The synergistic effect
led to a high reduction (90%) in the tumour growth of
murine 4T1 mammary carcinoma in vivo [135]. Example of
immunotherapy combined with PDT was reported by Mir
et al. [136]. A photo-immuno-conjugate-associating liposome
incorporating the photosensitizer benzoporphyrin derivative
monoacid A and the FDA-approved Cetuximab antibody for
epidermal growth factor receptor (EGFR) was prepared. By
means of this engineered nanosytem, the inhibition of
EGFR signalling enhanced PDT-mediated ovarian cancer
cell death and the overall synergistic and preferential
phototoxicity in an ovarian cancer cell model in vitro [136].

In this line, Meraz et al. [137] prepared cationic liposomes
containing monophosphoryl lipid A (MPL) and interleukin
(IL)-12 to demonstrate that the intratumoural administration
produced a regression of breast tumour and a systemic
immune response. Cationic liposomes have inherent cytotox-
icity and the presence of MPL allows recruiting and activation
of immune cells besides the cytokine release supporting
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4. Conclusion

In this review, we discussed recent advances concerning the
preparation and application of different multifunctional nano-
carriers as molecular imaging-based theranostics. The achieved
development in nanomaterial-based combination of therapy
and multimodal imaging here reported have shown several
unique features that are untenable in traditional medicine.
Moreover, the approach of using nanomaterials for specific
targeting, molecular imaging and selective therapy has been
shown to be both general as well as versatile. This rapidly
evolving discipline demonstrates possessing potential to play
key roles in every aspect of clinical practice, including early
disease detection, diagnosis, staging, personalized treatment,
treatment monitoring and follow-up. Those synergistic
‘multiple-in-one” modalities make personalized and integrated
therapy feasible and extremely promising.

Nevertheless, in order to ensure confidence in translating
nanomaterials into clinical applications and achieve their
definitive utilization, several crucial aspects must be still
addressed. Firstly, standard synthetic protocols, measurements
and techniques which are necessary for producing and
defining a nanoparticle system and for quality control must
be unequivocally defined (nanoparticle metrology). Further-
more, nanotoxicity (size-dependent toxicity is one of the
most critical issues) and nanomaterial metabolism (the in vivo
metabolic pathway of nanomaterials) are still not fully
biologically understood.

To this scope, we consider that a much stronger involvement
of cross-disciplinary researchers (i.e. biologists, pathologists,
chemists, material scientists, physicians and engineers) will
undoubtedly address these challenges and finally grant the
definitive clinical application of nanomedicine.
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