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One of the most challenging tasks of the cancer research is the enhancement of the

amount of the chemotherapeutic agent that can reach the target site. To achieve this

goal, nanovectors capable of encapsulating the drug and releasing it following a specific

stimulus have been developed. In light of this, a key point is the necessity to monitor the

effective drug release through a safe and highly performing imaging technology such as

Magnetic Resonance Imaging (MRI). Liposomes are highly biocompatible nanovesicles

that consist of bilayered phospholipid-based membrane encompassing an aqueous

core. Almost 20 drug-loaded liposomes are currently approved for clinical use in USA

and EU countries. If a liposomal nanomedicine is loaded with an MRI agent whose

contrast is sensitive to the microenvironment and with a release kinetics similar to

the co-transported drug, the system can act as an imaging reporter of drug release.

This Perspective will offer a critical and brief overview of using MRI not only to verify

and monitor the release process but also as a valuable tool to predict the therapeutic

outcome. In particular, it will be presented representatives preclinical studies illustrating

the in vivo potential of MRI-guided drug release protocols triggered by thermal and

mechanical ultrasound-induced effects. Considering the therapeutic advantages of this

approach, the possible benefits in reducing the side effects and the good results reported

at preclinical level, there is a reasonable hope that the near future could witness the

entrance in clinical routine of MRI-guided procedures supporting ultrasound-induced

drug release protocols.
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INTRODUCTION

Despite the increased understanding of the biological mechanisms underlying tumorigenesis and
the latest developments in medical technologies, cancer is still the leading cause of death in wealthy
countries [1]. Among the available treatments, chemotherapy is a valuable option, especially when
surgery is not accessible. Chemotherapy is generally based on the systemic administration of
an anticancer drug, which normally reaches the malignant lesion only in a limited amount. In
fact, most of the injected drug is taken up by healthy tissues/organs, especially those with an
accelerated metabolism, thus causing undesirable side effects [2]. Therefore, it is of paramount
importance to search for innovative and improved therapeutic approaches capable of increasing
the drug accumulation in the tumor and reducing the drug distribution in the healthy body
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districts. One of the most common strategies to achieve this task
is to vehiculate the drug with a drug delivery system, typically
a nanocarrier [3]. The resulting nanomedicine may accumulate
in the tumor primarily by the Enhanced Permeability and
Retention (EPR) effect [4], though active trans-endocytosis has
been recently demonstrated the dominant mechanism involved
in the nanoparticles tumor uptake. [5] However, once the
nanomedicine has reached the target, the therapeutic efficiency of
the drug is strongly affected by the release of the medicine from
its carrier that, if not stimulated, occurs slowly with mechanisms
and kinetics not always fully understood yet.

Among in vivo imaging technologies, Magnetic Resonance
Imaging (MRI) represents a powerful tool to assess in real-
time, low invasiveness, and great spatio-temporal resolution the
biodistribution of a nanomedicine and the release of its payload.
Specifically, the typical strategy for imaging drug release is to co-
load the nanocarrier with the drug and an imaging probe, whose
contrast is sensitive to the microenvironment changes associated
with the release.

Due to the difficulty to make microbubbles, a widely used
platform for ultrasound (US)-induced drug release, MRI visible,
this Perspective offers a critical and brief overview of the
use of MRI as imaging technology of election for the in
vivo visualization of the release of drugs from nanoliposomes
stimulated by US. It will come out that the advantages of using
in vivo imaging technologies to support stimulated drug release
are not only limited to verify and monitor the release process,
but they may be extended to the prediction of the therapeutic
outcome (Figure 1).

Despite the extremely high number of nanocarriers studied as
drug-delivery systems, only very few entered in clinical trials and
even less reached the market. Among them, liposomes certainly
have a prominent role with the first product (AmBisome R©)
approved 30 years ago [6]. Presently, none nanocarrier designed
for imaging drug delivery/release has been tested on humans.
However, by considering the high number of preclinical studies
reported in literature, it is highly probable that the first system (if
any) that will enter in clinical trials will be based on liposomes.

Liposomes (typical diameter 80–200 nm) consist of bilayered
phospholipid-based membrane encompassing an aqueous core.
They can easily load hydrophilic therapeutics in the inner
aqueous compartment (e.g., doxorubicin hydrochloride) or
hydrophobic drug in the bilayered membrane (e.g., paclitaxel).
Their surface can expose polyethylene glycol (PEG) moieties
to improve the biocompatibility and prolong blood circulation
time (“stealth effect”). Moreover, their surface can be also
functionalized with targeting ligands that can improve the
accumulation of the transported drug at the diseased site. The
great versatility displayed by liposomes allows the (co)-loading
of a wide array of chemicals with different physico-chemical
properties including contrast agents for any kind of imaging
technologies [7].

The most adopted strategy for designing a MRI-detectable
liposome able to act as drug release reporter is the encapsulation
of a high amount (hundreds of millimolar) of a MRI-T1 agent
(e.g., a Gd(III) complex) in the core of a liposome having a low
water-permeable bilayer. These conditions make the nanocarrier

“MRI silent,” because the intraliposomal water protons fully relax
before diffusing out through the membrane. Hence, the release
of the T1 agent from the nanocarrier removes the quenching
effect operated by the membrane, shortens the T1 of the sample
and produces a signal enhancement in MRI T1-weighted images
proportional to the release of the liposomal content [8, 9]. If the
release kinetics of the T1-agent is similar to that one of the co-
transported drug, then the liposome can be considered a good
reporter of drug release.

MRI-GUIDED DRUG RELEASE TRIGGERED
BY ULTRASOUND STIMULATION

MRI-guided high-intensity focused ultrasound (MRgFUS) is an
emerging non-invasive technological platform clinically used for
therapeutic purposes. The beneficial effect is mediated by the
heating induced by FUS that can precisely kill the damaged cells
with minimal effects on healthy ones.

However, acoustic waves can also represent a trigger for
inducing the release of a drug from a nanocarrier. This event may
occur through two main mechanisms (even concomitant): one
mediated by heating and the other involving mechanical effects.

Besides the MRI scanner and the US apparatus, which can
be integrated or not in the scanner, the whole procedure is
completed by a tool for controlling the temperature (for heating-
induced release) and by administration of the stimulus-sensitive,
MRI detectable, drug delivery system.

Sonosensitive MRI Detectable Liposomes
As reported above, the main effects generated by the interaction
of USwith nanocarriers are of thermal or mechanical nature. This
differentiation is relevant, because the design of the drug delivery
nanosystem has to be tailored on the effect that mostly contribute
to the release mechanism. The following sections will offer
some representative examples of MRI-detectable nanosystems
specifically designed for imaging the drug release triggered by
US stimulation.

Thermal Effects: Thermosensitive Liposomes (TSLs)

Thermosensitive nanovectors should meet some general criteria:
the drug loading has to be very stable at temperatures lower than
the release temperature where the release should be instead sharp,
fast, and quantitative [10].

The first example of thermosensitive liposomes was published
by Yatvin and Weinstestein more than 40 years ago [11].
The membrane of these liposomes was composed by di-
palmitoyl-phosphatidyl-choline (DPPC) with a gel-to-liquid
crystalline phase transition temperature (Tm) of 41◦C. This
means that at this temperature the permeability of the bilayer
enhances significantly due to grain boundaries between gel
and liquid crystalline domains, thus allowing the release of
hydrophilic solutes encapsulated in the inner aqueous core. Since
then, many TSLs loaded with different drugs as doxorubicin
[12], cisplatin [13], methotrexate [14], and paclitaxel [15]
were developed. Among them, the most relevant example is
certainly the thermosensitive liposomal formulation transporting
doxorubicin and marketed as Thermodox R© that is currently
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FIGURE 1 | Schematic view of a theranostic protocol using MRI-detectable sonosensitive chemotherapeutic liposomes. If effective, the ultrasonic stimulus applied on

the tumor triggers the release of both drug and MRI T1 agent with consequent contrast enhancement and positive therapeutic outcome. The lacking of contrast

enhancement gives an immediate information on the ineffectiveness of the stimulus, which would result in a negative outcome, thus allowing to find a remediation

(repeat the stimulation, change therapeutic protocol, …).

under investigations in Phase III clinical trials in combination
with radiofrequency ablation, and in Phase I trials in combination
with HIFU treatment [16]. The Tm value of this formulation
is slightly lower than the traditional TSLs (39–41◦C vs. 42–
45◦C) and more compatible with hyperthermia therapeutic
protocols. The Tm values of TSLs can be modulated through
a proper selection of the bilayer components. Furthermore, it
has been demonstrated that the presence in the bilayer of small
amount of a lysolipid (e.g., monostearoylphosphatidylcholine
(MSPC) in Thermodox R©) ensures a very fast release at Tm

without compromising the stability of the nanocarrier at
physiological temperature.

The first MRI-detectable TSL was developed by Viglianti et al.
who prepared a liposomes incapsulating the drug doxorubicin
and paramagnetic Mn(II) ions as T1 agents. As the release of
the paramagnetic ions produces a T1-contrast enhancement,
the system was preclinically validated on a murine tumor
model showing the good potential of MRI to report about the
intratumor release of doxorubicin [17]. A similar approach, but
replacing Mn(II) with the clinically approved (and therefore
safer) T1 agent gadoteridol (the active principle of ProHance

R©),
was developed by De Smet et al. After having successfully
demonstrated the potential of the Gd-loaded TSL in vitro [18],
the same research team administered the Gd- and doxorubicin-
loaded TSLs injected in a rat model of gliosarcoma [19].
The results obtained nicely demonstrated the good correlation
between the MRI T1-contrast and the amount of the released
drug in the lesion, thus allowing the assessment of the efficacy
of the HIFU stimulation and the prediction of the therapeutic
outcome on a personalized basis.

The same research group also published and interesting
comparative study between TSLs loaded with Mn(II) ions or
gadoteridol [20]. It was observed that the encapsulation ofMn(II)
ions greatly enhanced the contrast response to the release, but, at
the same time, it favored the release of doxorubicin (as Mn(II)
complex) already at temperatures lower than Tm (60% at 37◦C).
Furthermore, the Mn-loaded liposomes showed a slower release
kinetics of the drug (if compared to the gadoteridol-loaded
TSLs) at the phase transition temperature. The high stability
of gadoteridol-loaded thermosensitive liposomes, coupled to the
very sharp and fast release at the target temperature, make this
formulation very suitable for in vivo translation, as it has been
further demonstrated in a study where this probe was used for
testing the performance of different and combined therapeutic
thermal treatments (hyperthermia and ablation) delivered in
conjunction with the doxorubicin-(and gadoteridol) loaded TSLs
in a rhabdomyosarcoma tumor model on rats [21].

An alternative to the MRI-detectable thermosensitive
liposome based on T1-agents was proposed by Langereis et al.
who designed a LipoCEST probe encapsulating a fluorine-rich
small compound (PF−6 ) for dual CEST/

19F MR detection [22].
At temperature values lower than Tm the dual probe can
be detected by CEST contrast only because the 19F signal is
unobservable due to the signal broadening effect exerted by the
paramagnetic shift reagent to the co-encapsulated PF−6 . When
Tm is reached, the release of the liposomal content removes
the broadening effect and, consequently, the appearance of the
19F signal indicates the occurrence of the release. At the same
time, the release nullifies the CEST contrast, and, therefore, the
combined evaluation between 19F and CEST detection may give
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an indication about the extent of the release. Though this system
was only validated in vitro and without a loaded drug, it has
the potential advantage to be compatible with MRI tools (e.g.,
PRFS) to monitor the temperature rise [23]. Another approach
to monitor local drug delivery/release by MRI was presented
by De Senneville et al. [24], who formulated thermosensitive
liposomes incapsulating iron oxide nanoparticles (the so-called
magnetoliposomes) that can potentially act as T1 or T2/T

∗
2 MRI

agents. The release triggered by FUS-induced heating led to a
big decrease in the r∗2/r1 ratio originated by the release of the
iron-based nanoparticles that reduces the efficiency of the T∗

2
relaxation mechanism and, contextually, causes a T1 shortening.
Hence, this is another case of a single agent able to monitor
either the delivery of the drug (by T2/T

∗
2 contrast) or the release

process (by r∗2/r1 ratio). The performance of this probe, without
loaded drug, was only tested in vitro by dynamic MRI.

Mechanical Effects: Sonosensitive Liposomes

Besides harnessing the thermal effect, US can also trigger drug
release by mechanic stimulation. This mechanism is facilitated
by using low intensity (≤ 5 W/cm2) US, reducing the duty cycle
of the insonation scheme, and using intermediate US frequencies
(1–3 MHz) to reduce the risk of cavitation effects. Low intensity
US can be focused or unfocused, with the former that are
utilized for stimulating drug release (generally co-administrating
microbubbles) and/or switch on the contrast in US imaging using
perfluorocarbons-based nanodroplets [25, 26]. Liposomes are
the most investigated nanocarriers using unfocused stimulation.
Moreover, it is noteworthy that TSLs can also be sensitive to US-
induced mechanical effects, though in this latter case, the release
may occur at physiological temperature, i.e., lower than Tm, and
heating is not necessary [27]. The precise mechanism through
which the liposome bilayer allows the release of the transported
cargo under the US-induced mechanical stimulation is not fully
understood yet.

However, it is likely that the release may occur through
the formation of pores in the liposome membrane as a
consequence of US-induced effects like shearing/radiation forces
or stable cavitation (though this requires the co-presence of
microbubbles) [28].

In any case, there is a general consensus that the physical
characteristics of the bilayer play a prominent role. One of
the factors involved is the packing parameter (PP) of the
bilayer components. PP is the ratio between the section area
of the hydrophobic portion over the area of the polar head
and determines the molecular shape of the phospholipid.
Conventional liposomes contain DPPC and DSPC phospholipids
that have a PP-value around 1 and display a natural tendency
to stabilize bilayers. However, other phospholipids are typically
added in the formulation, especially those conjugated with PEG
chains in virtue of their capability to make the nanoparticles
stealth toward the immune system. DSPE-PEG and DOPE-PEG
have pegylated moieties conjugated to the polar head of the
molecule, thus lowering the PP-value. The presence of PEG
chains on the liposomes surface may have contradictory effects.
Lin and Thomas showed that liposomes containing DSPE-
PEG are more prone to release their cargo under ultrasonic

stimulation [29], whereas Giustetto et al. observed an opposite
behavior [27]. However, it has been reported that liposomes
formulated with phospholipids with PP-values higher than one,
such as DSPE or DOPE, where the weight of the headgroups
is small compared to the bulky hydrocarbon chains, display an
enhanced release under US exposure due to the destabilization
effect of the membrane induced by the inverted cone shape
of the phospholipids [30]. The importance of the membrane
composition was also highlighted by Kang et al. who have
hypothesized that the release may occur through the formation
of small pores in the membrane following the US-induced switch
from the lamellar phase to the inverse hexagonal phase of the
bilayer [31]. In a different study, Schroeder et al. proposed
that the US-induced release involves the transient formation
of “pore-like defects” in the liposomes membrane that are
caused by reversible effects of the cavitation microstreaming that
characterizes non-thermal US [32].

Differently from thermal stimulation, it has been observed
that the release induced by sonomechanical stimulus is also
dependent on liposomes shape and composition of the inner
aqueous core [26].

One of the first studies illustrating the therapeutic advantages
of using a mechanical sonostimulation for triggering drug release
from liposomes has been reported in 2009 by Schroeder et al. who
observed a stop in the progression of a colon adenocarcinoma
grafted in mice after systemic administration of liposomes loaded
with cisplatin and successive (24 h later) exposure of the lesion to
low intensity US [33].

The use of in vivoMRI for guiding the release of the liposomal
cargo after a sonomechanical stimulus was first reported by
Rizzitelli et al. [34]. Using a liposome loaded with the T1 agent
gadoteridol only, the authors observed a significant enhancement
of the tumor MRI contrast following the injection of the
nanocarrier in a syngeneic breast cancer murine model and
immediate local application of the sonomechanical stimulus
(intensity 5.3 W/cm2). It was observed that the combination
of different type of US stimulus (e.g., release stimulus +

sonoporation stimulus [35]) led to a further improvement in the
therapeutic performance with a total regression of the tumor after
3 weeks of treatment (Figure 2) [36]. Finally, the MRI guidance
allowed to predict the long-term therapeutic outcome on the
basis of the imaging response of the first treatment.

CONCLUSIVE REMARKS

Most likely, Thermodox R© will be the first “smart”
nanomedicines, i.e., a nanocarrier where the drug is released
reacting to an externally applied stimulus (i.e., heating), to be
approved for clinical use.

The therapeutic advantages of this approach are
unquestionable. The opportunity to release a large fraction
of the drug specifically in the pathological district and shortly
after the injection of the nanomedicine, while keeping the
benefits in reducing the side effects of the drug due to the
encapsulation of the drug in the nanocarrier, makes this
approach extremely appealing and promising.
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FIGURE 2 | (A) series of morphological MR images acquired at different days after the administration of sonosensitive gadoteridol- and doxorubicin-loaded

MRI-detectable liposomes. The red circle indicates the tumor. The stimulation of the tumor with a combination of acoustic waves for inducing sonoporation and

triggering drug release led to an almost full regression of the lesion. Lines represent an interpolation of the data for eye-guiding purposes. (B) Time evolution of the

tumor volume, normalized to the value at day 0. It is noteworthy that the red data refer to the nanomedicine very close to the clinically approved formulation.

(C) Correlation between the MRI T1 contrast-to-noise ratio (CNR%) measured just after the first US stimulation at day 1 and the normalized tumor volume at day 16 for

three experiments. The line is an interpolation of the data for eye-guiding purposes. This plot represents the experimental counterpart of the scheme illustrated in

Figure 1. Adapted from ref. [31].

When the nanomedicine to make smart is very similar
to an already approved formulation, as in the case of
Doxil R©/Thermodox R© case, the approval is mostly conditioned
by the technology necessary for triggering drug release and the
modality of its application. In this regard, US stimulation is
highly compatible with the clinical setting, being successfully
used since a long time. Furthermore, as it has been described
above, the interaction between US and matter is so complex that
different release mechanisms based on thermal or mechanical
(or both) effects can be harnessed. Dealing with liposomal
nanocarriers, particularly interesting are the experimental
observations that the US-induced release may be dependent
on the particle size, shape, and composition of membrane
and aqueous core. All these properties may offer valuable
opportunities in the design of combination therapies with
selective US-triggered drug release.

Of course, also the properties of both the acoustic waves
and the transducer need to be optimized according to the
characteristics of the pathology (especially its spatial location) in
order to maximize the therapeutic performance of the protocol.

A crucial point in all the procedures based on the external
application of a triggering stimulus is represented by the selection
of the best timing for the stimulation. The US stimulus can
be applied immediately after the injection, and in this case the

release is defined intravascular, or it can be applied at a time in
which the liposomes are accumulated in the tumor stroma, and
in this case the release is called intratumor. Gasselhuber et al.
analyzed these different types of release using a mathematical
model that compared two thermosensitive liposomes with a
fast (intravascular) and a slow (intratumor) release kinetics,
respectively [37]. The intravascular release approach showed a
better efficiency than the intratumor one, though both of them
showed a similar therapeutic response.

Other important challenges that needs to be faced for the
clinical translation of these protocols are intrinsically related to
the US stimulation, which may suffer of poor reproducibility
(with the consequent variable drug release efficiency) and limited
application to the body regions.

Prospectively, the design of sonosensitive liposomes decorated
with targeting vectors for endothelial tumor biomarkers should
further improve the overall performance of the therapeutic
protocol owing to the increase in the number of nanocarriers in
the region exposed to the release stimulus.

It is also important to highlight that another advantage of
stimulated drug release procedures based on US stimulation is
the possibility to combine different types of acoustic waves in
order to improve the release efficiency and the diffusion of the
drug in the diseased region.
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In this scenario, the opportunity to add in vivo imaging-
detectability to the already smart nanomedicines and
aimed at monitoring the effective drug release is of
paramount importance.

Among the clinically available imaging technologies, MRI is
certainly the best choice in virtue of the peculiar ability of some
classes of MRI probes, especially the T1 agents, to generate an
imaging response that can be made sensitive to the release of a
drug from a nanocarrier.

MRI is also an excellent technique formonitoring temperature
in vivo, and this property is clinically exploited to control HIFU-
based protocols [38]. However, the fact that temperature
is not linearly correlated to the extent of drug release, and
the observation that there is no heating in the mechanical
release, make therapeutic MRI detectable liposomes a
valuable option.

However, despite the excellent results reported so far
at preclinical level, the clinical translation of image-
guided protocols for stimulated drug release therapies is
limited by the difficulty in the approval of the theranostic
nanomedicine, which is primarily due to the introduction of the
imaging agent.

Gd(III)-based complexes are the almost exclusive class of T1

MRI agents currently used on humans worldwide. However, the
last decade has witnessed a growing concern about their clinical
use due to two distinct and negative clinical signs associated
with the use of such agents: (i) the discovery of the Gd-related
pathology Nephrogenic Systemic Fibrosis (NSF) [39], and (ii)
the brain accumulation of Gd in specific regions of thalamus
(dentate nucleus and globus pallidus) found in patients who were
subjected to multiple Gd-based MRI sessions in their life [33].
Though only some of the clinically approved Gd(III) complexes
(in particular those with low thermodynamic and kinetic
stabilities) were correlated to these negative events, the loading

to a nanocarrier invariably alters the biological fate of the Gd(III)
complexes, causing a substantial elongation of their permanence

in the body and promoting their intracellular uptake. Both these
events may promote transmetalation processes that favor the
toxic accumulation of gadolinium in the body.

However, it is very important to highlight that gadoteridol,
one of the safer clinical agents and the most used T1 agent
in MRI-guided drug release preclinical protocols, was only
marginally involved in NSF and brain accumulation cases,
because of the high thermodynamic and kinetic stabilities
displayed by this macrocyclic complex.

Considering that in a stimulated drug release protocol most
of the MRI agent is released from the nanocarrier and rapidly
excreted without collateral effects, there is a reasonable hope
that the near future could witness the entrance in clinical
routine of MRI-guided procedures supporting US-induced drug
release protocols.
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