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1 PRECLINICAL NANOTHERANOSTICS

A simple bibliographic search for ‘theranostic’ AND ‘nanoparticles’ in Scopus returns almost
6,000 scientific manuscripts published over the course of 10 years, steadily growing from about 2
manuscripts per week in 2012 to 3 manuscripts per day in 2021 (Supplementary Figure 1).
Among the different imaging modalities, Magnetic Resonance and Radionuclide imaging cover
70% of all the publications, with a slight preference for the former over the latter, followed by
optical imaging and ultrasound with about 20% and 10% of the manuscripts, respectively. Multiple
manuscripts describe hybrid systems where two and more imaging modalities are integrated
together. The level of diversity increases dramatically when the therapeutic modality and
nanocarrier compositions are taken into the picture. For theranostic nanoparticles in preclinical
development, photothermal therapy (PTT), chemotherapy, and photodynamic therapy (PDT)
appear to be the most common therapeutic modalities. In terms of material composition, gold and
iron oxide dominates over silica, lipids, and polymers, mostly because of their intrinsic imaging

and therapeutic properties.
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Supplementary Figure 1. Analysis of the scientific publications related to theranostic
nanoparticles. A. Number of publications citing ‘theranostic’ AND ‘nanoparticles’ in the
Abstract, Title, and Keywords as extracted from Scopus between 2012 and 2021. The blue bars

are related to research articles, whereas the yellow bars correspond to review papers. B.



Primarily used Imaging Modalities for the research articles published in the period 2012 —2021.
Data are extracted from Scopus searching for the name of the imaging modality in the Abstract,
Title, and Keywords. C. Primarily used Therapeutic Modalities for the research articles
published in the period 2012 — 2021. Data are extracted from Scopus searching for the name of
the therapeutic modality in the Abstract, Title, and Keywords. D. Primarily cited Materials used
for realizing the nanocarriers in the research articles published in the period 2012 — 2021. Data

are extracted from Scopus searching for the material name in the Abstract, Title, and Keywords.

1.1 Magnetic Resonance Imaging and Nanomedicines

Magnetic Resonance Imaging (MRI) is an imaging technique providing high spatial resolution
without depth limitations or the use of ionizing radiation. The primary nuclei used for MRI contrast
are protons ('H), which are one of the most abundant nuclei in body tissues. Anatomical imaging
contrast in MRI is generated by the different longitudinal (71) and transverse (7>) relaxation times
of protons present in different tissues, after their excitation by an RF pulse. Whilst the soft tissue
contrast of MRI is outstanding, the signal-to-background ratio of MRI is meager due to the high
abundance of protons resulting in overall low sensitivity.! This limitation can be mitigated by use
of exogenous imaging agents to enhance T and T, contrast in tissues.> Hence, MRI-based
nanotheranostics frequently combine an exogenous contrast agent with a therapeutic payload into
a single nanocarrier, often functionalized with a targeting moiety.>> One prominent example of
encapsulated nanotheranostics reported the incorporation of gadolinium diethylenetriamine
pentaacetic acid (Gd-DTPA) for T1 MRI contrast and platinum drug molecules as a therapeutic
agent into the core of polymeric micelles.® In vivo MR imaging successfully correlated high tumor
contrast enhancement with high rates of tumor mass shrinkage. Activatable MRI nanotheranostic
particles have been engineered to release the drug after a trigger from an endogenous signal, e.g.,
changes in pH and redox environments. This allows the exploitation of the acidic tumor
microenvironment to trigger drug release from nanotheranostics with ionizable or acid-sensitive
components 7 8. A key example utilized poly(acrylic acid) (PAA)-coated iron oxide nanoparticles
conjugated with an o33 integrins, targeting the RGD peptides, and doxorubicin (DOX) using pH-
responsive poly(ethylene glycol)methyl ether (mPEG) chains, as schematically depicted in Figure
2A. At acidic pH only, the hydrolysis of the PEG polymer exposed the RGD ligand allowing

integrin-specific binding °. Treatment of U87MG tumor-bearing mice showed high tumor



accumulation and high therapeutic efficacy; with partial or complete regression of tumors due to
combined passive and active tumor targeting and pH-responsive release of doxorubicin molecules.
This is a clear example of a hybrid nanotheranostics combining doxorubicin encapsulation with
the innate MR imaging contrast enhancement of the iron oxide nanoparticles. Redox active MRI-
nanotheranostics have also been designed allowing selective therapeutic cargo release in tumors.'”
An example of this strategy used glutathione (GSH)-responsive CaO, nanoparticles loaded with
MnO> and DOX, and stealth-coated with 4T1 cancer cell membranes. Tumor cells with high levels
of GSH trigger the release of DOX for tumor therapy and release of Mn?** thus enhancing T
relaxivity '!. Additionally, the CaO» core amplifies the tumor's oxidative stress via the generation
of H>,0 and Ca?" to kill cancer cells more efficiently, leading to 4T1 tumor growth suppression in

murine models.

1.2 Magnetic Resonance Imaging and Thermal Ablation

Along with agents designed to respond to endogenous stimuli, whose efficacy could be limited by
the biological heterogeneity of the local environment !2, nanotheranostics can also be activated
using exogenously applied triggers; for example combining localized heating and MR imaging.
This is the case of superparamagnetic iron oxide (SPIO) nanoparticles. These are sufficiently small
(< 30 nm) iron oxide based particles that could be simultaneously used as potent T MR imaging
contrast agents and heat generators, upon stimulation via external alternating magnetic fields
creating local particle vibrations and thus heat generation from friction, as schematically depicted
in Figure 2B.!* Depending on the particle concentration and their physico-chemical properties,
the features of the externally applied magnetic field and of the biological tissue, SPIO can heat
tissue up to 42 — 45°C (hyperthermia) or even above 60°C (thermal ablation). In a recent example,
nanotheranostic particles were prepared using dextran-coated Fe3O4 nanoparticles conjugated with
folic acid.!* T»-weighted MRI was used to demonstrate particle deposition within the tumor.
Multiple dosing cycles with the application of an external magnetic field resulted in a significant
reduction in tumor progression. Cho and collaborators engineered clusters of 20 nm iron oxide
nanocubes to boost the transverse relaxivities and heating efficiency '°. In a more recent study, 18
nm theranostic magnetic ferrite nanoparticles have been demonstrated for dual-mode Magnetic
Resonance / Magnetic Particle imaging (MRI/MPI) and magnetic hyperthermia in 4T1 orthotopic

mouse breast cancer models 6. Also, the groups of Pellegrino and Gazeau have engineered



magnetic thermoresponsive iron oxide nanocubes to combine heat-mediated drug delivery with
magnetic hyperthermia and MR imaging !7.

As an alternative to magnetic field, thermal ablation can be also obtained through the near-infrared
(NIR) excitation of photothermal agents (PTAs). Upon light absorption, the PTA converts the light
energy into heat, inducing local hyperthermia in a process known as photothermal therapy (PTT).
Therefore, it causes tumor tissue ablation through thermal damage '8. PTAs have the ability to
generate local temperatures over 50 °C. Due to its high spatial resolution, MRI can be used to
accurately delineate the tumor site for PTT, guiding the application of the laser beam for PTT and

reducing possible damage to the healthy tissue.

1.3 Magnetic Resonance Imaging and Radiation therapy

Radiosensitizing nanoparticles are also being investigated to overcome resistance in radiotherapy,
due to tumor hypoxia and dose constraints to prevent damaging the normal tissue !°. MRI
nanotheranostics have been tested as radiosensitisers themselves or as carriers of radiosensitizing
agents. This is often achieved by integrating into the nanocarrier structure heavy metals (e.g., Au,
Bi, Gd), which exhibit high X-ray photon capture cross-section and Compton scattering effect, as
schematically shown in Figure 2C.?° One key example used hyaluronic acid-functionalized Gd»O3
nanoparticles for magnetic resonance imaging-guided radiotherapy of tumors.?! The gadolinium-
based nanoparticles were decorated with hyaluronic acid (HA) chains that provided the targeting
potential and helped boosting the longitudinal relaxivity. In HepS tumor-bearing mice, a
synergistic effect was obtained using these nanoparticles along with radiotherapy, with the MR
imaging preformed to monitor particle uptake. This is an example of innate nanotheranostics where
the Gd>O; nanoparticles function simultaneously as enhancers of the MR imaging contrast and

external beam radiation therapy.

1.4 MRI-guided HIFU triggering of nanomedicines

The High Intensity Focused Ultrasound (HIFU) therapy relies on the localized absorption of
acoustic energy and its transformation in heat with the objective of ablating the diseased cells.
While low ultrasound frequencies (< 20 kHz) can be used for imaging purposes, high frequencies
(> 20 kHz) are strong enough to induce the release of a therapeutic payload, enhance the

permeability of the cell membrane as well as tissue.?? As an example, MRI combined with HIFU



has been proposed as a curative strategy for musculoskeletal tumors, which is a very promising
application given the high acoustic absorption of bone 3.

In addition to this, MRI and HIFU can be used together with nanoparticles leading to complex
nanotheranostic systems (Figure 2D). A prominent example reports liposomes encapsulating
combretastatin A4 phosphate (CA4P), a vascular disrupting agent, and magnetic maghemite (y-
Fe;03) nanoparticles. Liposomes were formulated with lipids exhibiting a transition temperature
around 43 °C, which was readily overcome upon local HIFU stimulation thus triggering drug
release. In the same liposomes, the maghemite nanoparticles provided T2-weighted MR imaging
capability as well as the magnetic targeting of the tumor tissue.?* Administration of the CA4P-
containing liposomes along with magnetic targeting and HIFU demonstrated significant tumor
growth suppression. Additionally, as well as increasing local drug release, hyperthermia using
HIFU can also increase tumor permeability leading to increased nanotheranostic uptake. For
example, nanotheranostic liposomes containing the anticancer agent topotecan, a topoisomerase 1
inhibitor — along with lipids conjugated with Gd and a NIR dye — were used in combination with
repeated FUS treatments leading to higher tumor accumulation validated using both MRI or

NIRF.?

1.5 Radionuclide Imaging and Nanomedicines

Radionuclide imaging — positron emission tomography (PET) or single photon emission computed
tomography (SPECT) — allows quantitative imaging on the whole-body scale without depth
limitations. In particular, the sensitivity and quantitative nature of PET easily allows elucidation
of whole-body pharmacokinetics, biodistribution and target accumulation of different radiolabeled
nanomaterials, as schematically depicted in Figure 2E. ¢ This can be highly valuable for
validating new nanomedicine formulations to aid clinical translation.?” For example, PET imaging
was used to screen a library of lipoprotein-based nanoparticles, with varying sizes, shapes and
composition, as candidates for atherosclerosis treatment.?® After radiolabeling with %Zr, their in
vivo behavior was then evaluated with PET imaging allowing a quantitative comparison of their
pharmacokinetics and aortic uptake in murine models of atherosclerosis. The specific properties
of PET imaging also make it applicable to various scales, from small animals to humans — most
recently with rapid whole-body imaging scanning ?°. For example, simvastatin-loaded high-

density lipoprotein nano-immuno-therapeutics radiolabeled with ¥Zr allowed for quantitative in



vivo imaging in large animal models of atherosclerosis (porcine and rabbits) on the whole-body

scale 0.

Another key role that PET imaging may allow is the assessment of target accumulation in patients
undergoing treatment with nanomedicines, particularly for formulations whose accumulation is
predominantly driven by the enhanced permeability and retention (EPR) effect.’!-*3 By imaging
nanomedicines non-invasively within patients, they can be grouped into potential responders and
non-responders allowing treatment stratification — a concept aiming to establish personalized
nanomedicine.* To implement this, the radiolabeling of nanomedicines without substantially
affecting their physio-chemical properties is necessary.>® 3¢ Alternatively, a potentially more robust
nanotheranostic method would be to deploy a ‘companion diagnostic’3” or PET nanoreporter?,
which demonstrates similar EPR-mediated uptake. This was documented in two independent
studies using radiolabeled liposomes that could be injected both prior-to or with the nanomedicines
— allowing prediction of therapeutic response in preclinical cancer models. Each study was able to
demonstrate good correlation between the PET signal and the amount of drug deposited at the
tumor site. In particular, Reiner and colleagues have developed ¥Zr-labeled liposomes to possibly
screen cancer patients for the accumulation of the liposomal nanomedicine Doxil.*® A pegylated
liposome was labelled with Zr using the chelating agent desferrioxamine B. This resulted in 3°Zr-
liposomes with a characteristic diameter of ~ 110 nm and a surface {-potential of -26 mV versus
Doxil presenting a diameter of ~ 85 nm and a surface C-potential of -31 mV. These apparently
minor differences could be the reason for significant differences in the pharmacokinetics profiles
of the two particles. Nonetheless, a clear correlation was observed between the intratumor
deposition of doxorubicin, released from Doxil, and the radioactive signal associated with the ¥Zr
accumulation. This approach has been further elaborate for in-human applications, as detailed in

the following chapter.

1.6 Radionuclide Imaging and Radiation therapy

Along with imaging radionuclides, nanomaterials can also be labelled with therapeutic
radionuclides emitting 3~ or a-particles upon decay. In the context of nanotheranostics, particles
can be designed to integrate two different radionuclides: one to allow PET imaging of target

accumulation and one for radiotherapy (Figure 2F). Crucially, the imaging and the therapeutic



agent must exhibit very similar pharmacokinetics; hence the two radionuclides should ideally have
similar decay half-lives and coordination chemistry — a concept known as a ‘theranostic pair’ *°.
In one relevant study, polymeric nanostars were functionalized either with ¥Zr for in vivo
quantification via PET imaging or with the beta-emitting !"”’Lu for endo-radiotherapy. The
nanostar tumor accumulation was compared between ‘high EPR’ (CT26 colon cancer isografts)
and ‘low EPR’ (BxPC3 pancreatic cancer xenografts) tumor models, with significantly higher
uptake observed in the former. Subsequent therapeutic studies using !’’Lu-nanostars demonstrated
a dose-dependent decrease in tumor size and increase in cumulative survival in the ‘high EPR’
models. Indeed, this methodology could be implemented clinically using PET imaging to assess
lesion uptake of the nanotheranostic before following up with radiotherapy. This procedure can be
further simplified by removing the need for distinct chemical modifications and radiochemistry
for imaging and radiotherapy. A recent example radiolabeled ultrasmall silica nanoparticles with
the isotopic theranostic pair ¢Y/*°Y, which could be used for PET imaging (*°Y) or B~ radiotherapy
(°°Y) respectively with a single chemically identical platform #°. Imaging showed high uptake (10
% ID/g) of the 8Y-nanoparticles in 4T1 tumors with a significant increase in survival observed in

mice injected with the beta-emitting °°Y-nanoparticles.

Besides standard radiotherapy applications, a more recent nanotheranostic strategy utilizes
radionuclides to induce a photodynamic therapy (PDT) response. This method leverages the UV-
blue light Cerenkov radiation (CR) generated by radionuclide decay to interact with a
photosensitive nanomaterial triggering the emission of long-wavelength photons that produce
cytotoxic reactive oxygen species (ROS), as pictured in Figure 2G. This strategy, known as
Cerenkov radiation-induced therapy (CRIT), completely circumvents the need for external light
sources; a major drawback for standard PDT — due to the limited tissue penetration of light. In the
first major example, the systemic injection of titanium dioxide nanophotosensitisers decorated
with tumor-targeting apo-transferrin (TiO,-Tf) along with ['*F]FDG showed marked reduction in
tumor growth.*! This platform was expanded upon by directly radiolabeling the TiO,-Tf
nanophotosensitiser with 3°Zr leading to a nanotheranostic platform inherently capable of CRIT
and PET imaging.*? CRIT-based nanotheranostics of various compositions containing PDT-active

43

chlorins #* and porphyrins #* have been reported subsequently. In a notable example, the

amplification of CRIT was demonstrated by the pre-injection of a high dose of non-radioactive



PDT agent, followed by a low-dose of the radioactive CR-emitting nanocomplex. Porphyrin-PEG
nanocomplexes capable of chelating °Zr (Df-PPN) were prepared and injected into 4T 1-tumour
bearing mice, followed by the ¥Zr-Df-PPN to ‘detonate’ the PDT nanocomplex via CRIT.* This
combination resulted in significant tumor growth inhibition. Note that these are all examples of
hybrid nanotheranostics where the innate properties of the nanophotosensitizers are combined with

chelated radioactive metals.

1.7 Optical imaging and Phototherapies

Optical imaging utilizes photons emitted from bioluminescent or fluorescent probes for imaging
acquisition (Figure 2H). It is a low-cost technique providing good spatial resolution over a wide
spectrum, from visible to near-infrared (NIR) light, but it is limited by poor penetration,
autofluorescence, and scattering of photons in the visible part of the spectrum (395 — 600 nm).*%
47 Optical imaging agents can often be combined with photodynamic therapy (PDT) agents to form
optical nanotheranostics. However, these agents can still be limited by issues of depth penetration

of the local external irradiation — which inevitably damages normal tissue by overheating.*8

This limitation can be partly overcome by using persistent luminescence nanoparticles (PLNP),
which consist of three essential components: a host, an emitter, and a trap. The host is the carrier’
backbone, as physico-chemical properties can influence the emitter's spectral structure. The
emitter defines the luminescent wavelength of PLNP and is constituted by various metal ions.
Finally, the trap is the energy state that can trap electrons in the forbidden band, usually formed
by intrinsic defects or ion doping into the host. 4° Importantly, in vivo PLNP imaging of tumors
can be obtained through different excitation sources, including UV,*° LED,*! NIR laser,*> 3 X-
ray,>* and radiopharmaceutical.> In one key example of PLNP-based nanotheranostics, liposomes
co-loaded with PLNP and paclitaxel dramatically inhibited tumor growth in MCF-7 tumor-bearing
athymic mice.’ Histology results demonstrated that the absence of damage to major organs, which
was likely due to the fast hepatobiliary excretion of these particles. NIR PLNP can be reactivated
using NIR light capable of deep tissue penetration, removing the need for continuous in situ
excitation. One key example reported PDT-active NIR-emitting ultra-small PLNPs.>” Brominated
asymmetric cyanine (BAC) conjugated to PLNP allowed intersystem crossing from the lowest

excited singlet (S1) state to the lowest excited triplet (T1) state, increasing the generation of



ROS.%% In vivo imaging and PDT studies demonstrated potent HeLa tumor suppression in mice,
with the highest luminescent nanoparticle signal at 12h post injection. The therapeutic experiment
resulted in complete tumor suppression when treated with continuous or fractionated laser

exposure.

1.8 Optical imaging and Surgical therapy

A key application of nanoparticles for optical imaging is their use in fluorescence-guided surgery
(FGS) for the resection of malignant masses. Complete resection of tumors can be at times
challenging and depends on the visual localization of the tumor by the surgeon. Several studies
show that residual tumor cells are associated with an increased local reoccurrence of the tumor .
FGS utilizes molecular imaging agents to detect tumor margins with high contrast, sensitivity, and
sensitivity (Figure 2I) — whilst benefitting from low cost, safety and ease of use.’! The use of
nanoparticle-based molecular imaging agents with FGS has also been extensively explored, and
can arguably be referred to as a nanotheranostic system. A key example used NIR-imageable
lanthanide-based down-conversion nanoparticles (DCNP) modified with DNA and targeting
peptides (NIR-DCNP) allowed the precise tumor resection in mice bearing subcutaneous CaOV3
cells.®? Additionally, the NIR-DCNP were capable to identify the boundaries of large tumors as
well as small metastatic lesions. in mice bearing human ovarian adenocarcinoma peritoneal

metastases.

Upon initial cancer diagnosis, staging becomes essential for any further therapy planning. Sentinel
lymph nodes (SLN) are the first draining lymph nodes and the ones most likely to harbor cancer
cells. This has motivated the use of imaging techniques to study SLN. In this case, the contrast
agent is injected into the primary tumor and transported by the lymphatic system to the nearest
SLN. Upon being internalized by macrophages, the contrast agents stay in the SLN. This allows
for imaging and assists the SLN biopsy by helping to understand the number, location, and
distribution.®* % Small dye molecules, such as, methylene blue (MB), isosulfan blue (IB), and
patent blue (PB) have been used for SNL imaging. However, they are cleared rapidly from the

65-67

lymph nodes. This led to the development of fluorescence imaging with emissive
nanoparticles, which can achieve a higher signal-to-noise ratio, enhance the difference between

lymph nodes from blood and other tissues. Additionally, nanotheranostics have been developed
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for imaging of SLN and photothermal therapy of SLN metastasis. A key example utilized a
fluorescent CuS nanoparticle labeled with a cRGD targeting agent and the NIR Cy5.5 dye for
treating gastric cancer metastasis in SLNs.®® In vivo studies in mice bearing MKN45 tumors
showed that the nanoparticles were easily drained into SLN and capable of targeting the metastatic
tumor cells and — when combined with PTT — resulted in their significantly reduced size and
weight. However, there can be more than one draining SLN region and SLN identification can be

false negative particularly when the nodes are already metastatic. 7

1.9 Photoacoustic Imaging and Nanotheranostics

Photoacoustic imaging (PAI) uses a pulse laser to irradiate light-absorbing molecules that, in turn,
produce thermal expansion that generate pressure changes resulting in detectable ultrasonic waves
(Figure 2J). In contrast with optical imaging, PAI can reach imaging depth of a few centimeters.
Also, PAI can be used as a complementary imaging modality with other imaging techniques, such
as US and optical imaging. PAI has been used in preclinical diagnosis for tumor, inflammation
and infection monitoring, and metastatic lymph node detection 7!; using both endogenous agents
(such as oxygenated-/deoxygenated-hemoglobin’® or melanin’ or exogenous agents (such as, gold

nanostructures, carbon nanotubes, etc.) 7.

Within the context of nanotheranostics, PAI can be used to non-invasively observe drug release.
In one interesting nanotheranostic study, indocyanine-conjugated mesoporous silica nanoparticles
were loaded with a PAl-imageable, anticancer drug (mitoxantrone) in the nanoparticle core. Since
both the indocyanine and mitoxantrone were detectable at different wavelengths with PAI this
allowed a multiplexed approach to non-invasively monitor drug delivery and release behavior from
the nanoprobes”™. An interesting example of this approach utilizes M1 macrophage-derived
cellular nanovesicles (CNV) with tumor-homing and immune-reprogramming properties. CNV
were loaded with gold nanorods (GNR), gemcitabine (GEM), cytosine-phosphate-guanine
oligodeoxynucleotides, and a PD-L1 aptamer 6. The local rapid hyperthermia and triggered
release induced by NIR prevent side effects and limited the damage to healthy tissues.
Furthermore, in vivo results showed complete remission of the tumor and survival until the end of

the study for the group treated with CNV and NIR.
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1.10 Focused Ultrasound and Enhanced Delivery

Ultrasound (US) is arguably one of the safest and most versatile imaging modalities. It is low-cost,
provides excellent spatiotemporal resolution, and is widely used in the clinical setting whilst being
limited to a small field of view and depth penetration. Focused ultrasound (FUS), in which the
ultrasonic waves are focused onto a small target, allows various biological and therapeutic effects
— for example the thermo-ablation of tissues using high-intensity FUS.?% 77 Furthermore, both the
imaging and therapeutic potential of US can be expanded massively in combination with
microbubbles as well as other ultrasound responsive materials (Figure 2K). The acoustic
backscattering of microbubbles allows their use as US contrast agents and has even permitted the
resolution limit, sub-millimeter at best, of US imaging to be overcome.”® 7 As well as providing
beneficial imaging properties, the oscillation of microbubbles and other gas vesicles in the
presence of FUS (known as cavitation) can be exploited for a variety of promising therapeutic
applications. One interesting nanotheranostic study demonstrated low-frequency FUS could
convert a unique class of genetically encodable, US imageable, gas vesicles (GV) into cavitating
microbubbles, unleashing potent mechanical effects. Tumor-targeted microbes could be
engineered to be expressed the GV allowing them to produce local mechanical damage and release
drug cargo within tumors on command with FUS, whilst being non-invasively trackable using

US.%0

Micro/nano-bubbles can also be utilized to enhance drug delivery. Most notably, the stable
cavitation of microbubbles under FUS within the vasculature induces mechanical forces on the
blood-brain barrier (BBB) that transiently increase its permeability for drug delivery.®!: %2 In the
context of nanotheranostics, FUS can allow the delivery of nanoparticles across the BBB for both
imaging and therapy. Liposomes containing imaging and therapeutic agents with diameters
ranging between 55 — 200 nm have been successfully delivered across the BBB using FUS in
combination with microbubbles. 8% # In addition to increasing delivery across the BBB, US can
be used to enhance the EPR effect too, by improving extravasation of nanomedicines to tumor
sites.®> A key study demonstrated that with consecutive injection of fluorescently-tagged
liposomes and microbubbles US allowed improved delivery of nanoparticles to mouse tumors. The

liposomes were imaged with both fluorescence molecular tomography and fluorescence
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microscopy, which clearly showed increased uptake in both ‘high EPR’ and ‘low EPR’ tumor

models. 8¢

1.11 Focused ultrasound nanotheranostics

In the context of US-enhanced drug delivery, the imaging and therapy aspects are often two distinct
platforms. However, a prominent area of US-based nanotheranostics is the development of single
drug delivery platforms that are both imageable and triggerable using US. At higher ultrasound
intensities, bubbles oscillate with increasingly large amplitudes and then burst, which can disrupt
nearby cells or tissue (Figure 2L). Hence, by incorporating drugs into microbubbles and other
ultrasound responsive particles, US can be used to trigger drug release via particle bursting, as well
as increasing cellular entry of the therapeutic cargo.”® A prominent example reported cancer
immunotherapy based on US-activation of the cGAS-STING pathway. Nanocomplexes containing
2'3'-cyclic guanosine monophosphate-adenosine monophosphate (cGAMP) — capable of
activating cGAS-STING — were conjugated onto microbubbles targeting antigen-presenting cells
via anti-CD11b antibodies. Local delivery of the microbubbles coupled with FUS showed
prominent STING-dependent inhibition of tumor growth, whilst also potentiating anti-PD-1
checkpoint inhibitor immunotherapy in both localized and metastatic murine cancer models.?’
Importantly, the presence of microbubbles at the tumor site, as well as their destruction after US
sonoporation, could be observed non-invasively using contrast-mode US imaging. Aside from
microbubbles, a variety of other ultrasound-responsive micro/nanocarriers have been reported,®
which can offer potential benefits as nanotheranostics. For example, one study reported the use of
nanobubbles produced by Halobacterium NRC-1 as a platform for image-guided ultrasonic gene
delivery.? Finally, US-based nanotheranostics may also allow repeated-triggering of drug release.
One study reported an injectable nanotheranostic system for local anesthetic based on micron-
sized liposomes encapsulating tetrodotoxin, an anesthetic, and a sonosensitizer protoporphyrin IX
(PPIX) in the lipid membrane — allowing ultrasonic-triggered release of the anaesthetic.”® The
liposomes were visualized with ultrasound allowing the authors to better target the injection to be
in proximity with the sciatic nerve of rats. The nerve blocking activity was then demonstrated by
an increase in time a rat would leave its hind paw on a hotplate. Crucially, after an initial nerve
block following administration, it was shown that nerve blocking could be ‘re-activated’ two

subsequent times by ultrasound application.
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Supplementary Table 1
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nanotheranostics organized by imaging and therapeutic modality.
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