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Nanoparticles possess unique features that may be useful for disease
diagnosis and therapy. Preclinically, many different nanodiagnostics
have been explored, but only a few have made it to the market. We
here provide an overview of nanoparticle-based imaging agents cur-
rently used and evaluated in the clinic and discuss preclinical progress
and translational avenues for the use of nanoparticles for diagnostic
and theranostic applications.
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Imaging plays an important role in disease diagnosis, prediction
of prognosis, and monitoring of therapeutic responses. Imaging
modalities used in routine practice are ultrasound, radiography,
CT, PET, SPECT, MRI, and combinations of these (i.e., SPECT/
CT, PET/CT, and PET/MRI). Optical imaging and photoacoustic
imaging are also gradually finding their way into the clinic, mainly
in the setting of intraoperative imaging approaches. To improve
the distinction between pathologic and normal tissues, contrast
agents and radiolabeled probes are frequently used. In the last 2
decades, nanoparticles have received a lot of interest as imaging
probes. Some nanoparticles are intrinsically magnetically or opti-
cally imageable, whereas others can be imaged only indirectly,
after being labeled with radiotracers or dyes (/).

Nanoparticles tend to circulate for prolonged periods (compared
with small-molecule agents) and display passive accumulation at
pathologic sites such as tumors, metastases, and sites of inflamma-
tion, because of leaky vasculature and a high population of phago-
cytes (2). Furthermore, nanoparticles can be functionalized with
targeting ligands to promote engagement with and uptake by target
cells or tissues. It is because of these features that, beyond applica-
tions in imaging, nanoparticles are also extensively used for drug
delivery. The therapeutic performance of drug-loaded nanomedicines
relies on their ability to reach the pathologic site, which in the case
of tumors usually relies on the enhanced permeability and retention
(EPR) effect (3). Because EPR is a highly heterogeneous phenome-
non, companion nanodiagnostics or theranostic nanoparticles are
needed to stratify patients during translation, to ensure that only
patients presenting good tumor accumulation are included in clinical
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trials (4). At the preclinical level, imaging techniques assist in better
understanding nanoparticle behavior in vivo, providing fundamental
insights to improve drug delivery formulations.

In this perspective, we discuss the development of nanoparticles
as imaging agents, either as purely diagnostic probes for clinical
disease diagnosis and staging or as imaging allies of nanoparticle
therapeutics for improved formulation design, patient stratification,
and nanomedicine translation.

NANOPARTICLE-BASED IMAGING

Nanoparticle-Based Diagnostics in the Clinic

Despite large numbers of preclinical studies using nanoparticles
as imaging probes, only a few have moved to clinical settings (5)
(Supplemental Tables 1 and 2; supplemental materials are available at
http://jnm.snmjournals.org). This is because the particular pharmaco-
kinetic properties of nanoparticles limit their use to very specific
applications. For instance, nanoparticles tend to circulate for relatively
long periods, have a small volume of distribution, and are taken up by
phagocytes. They consequently reside and accumulate mainly in well-
perfused and macrophage-rich tissues, such as liver, spleen, and
lymph nodes. Hence, traditional diagnostic applications of nanopar-
ticles include imaging of liver lesions after intravenous administration
or localization of sentinel lymph nodes (SLNs) after local injection.
Moreover, because of their potent contrast generation properties,
nanoparticles have been used to label stem cells and track their migra-
tion to or retention in pathologic tissues. Recent clinical work has fur-
thermore explored the use of stimulus-responsive nanoparticles, which
can change their behavior or contrast generation depending on their
environment. Such approaches may gradually expand nanoparticle-
based imaging beyond traditional clinical applications.

M Te-Colloids for SLN Mapping and for Inflammation and
Bone Marrow Imaging. The first nanoparticles used in the clinic
were **™Tc-colloids for planar scintigraphy and later SPECT imag-
ing (6). They have been administered since the mid-1960s and are
based primarily on radiolabeled sulfur colloids. *™Tc-colloids are
used to identify SLNs in various tumor entities (e.g., breast cancer,
melanoma, oral cavity tumors, prostate cancer, and cervical cancer)
and to image lymphatic flow. Moreover, these colloids are also used
for radiolabeling of leukocytes to locate sites of infection and inflam-
mation and for imaging of bone marrow distribution. In the European
Union, radiolabeled albumin nanocolloids are more commonly used
than the sulfur counterparts. Although sulfur colloids have a wide
range of sizes (from 10 to 1,000 nm, with filtration removing par-
ticles larger than 200 nm), albumin nanoparticles are much smaller
(~30 nm) and have a narrower size distribution (between 6 and
80 nm), which results in faster migration through the lymphatic
system. Currently, these nanoparticles are still broadly used in daily
clinical practice (Supplemental Table 1).
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Superparamagnetic Iron Oxide Nanoparticles (SPIONs) for
MRI of Liver Tumors. In 1996, ferumoxide became the first SPION-
based imaging formulation approved by the U.S. Food and Drug
Administration (Supplemental Table 1) (6). The large magnetic
moment of SPIONS alter the transverse relaxation times (75) of water
protons, changing their signal properties in MRI. Because around
80% of intravenously injected SPIONs are cleared by Kupffer cells
in the liver, and because liver tumors generally have altered vascular-
ization and a much lower phagocytic capacity, SPIONs were initially
used for carcinoma detection and dysplastic nodule evaluation. Sub-
sequent applications outside the liver included atheroma imaging,
stem cell tracking to identify postadministration location and engraft-
ment, and dendritic cell labeling to monitor vaccine administration
and lymph node trafficking. Given the more favorable pharmacoki-
netics and excretion profiles of gadolinium-based contrast agents
(i.e., SPIONs show poor excretion and strong accumulation in the
liver and spleen), as well as their positive signal generation proper-
ties, most clinical SPION applications have been discontinued,
except for very specific applications such as MR angiography in
patients with renal failure and use as a drug in iron-deficiency anemia
(5,7). Interestingly, in recent years, the use of SPIONs has again
increased in clinical settings, for new specific niche applications.

SPIONs for Imaging Tumor-Associated Macrophages (TAMs).
TAMs are involved in tumor progression and considered to be bio-
markers for an unfavorable prognosis (8). Several new therapeutic
agents target leukocytes, diminishing macrophage infiltration in
tumors. Thus, it is important to identify tumors that present high
levels of TAMs and to monitor how they respond to treatments.
SPIONSs (ferumoxytol) have been used to image macrophages in
high-grade glioma patients (9). MRI measurements have shown a
good correlation with iron-containing TAMs at tumor sites, where
SPIONs were localized inside macrophages and not in tumor cells

or astrocytes, as confirmed by histopathology.
SPIONs for Identifying Lymphoid Tissue. In breast cancer and

melanoma, SLNs can be mapped with **™Tc-colloids and blue dyes.
The use of these agents is limited by several factors, including the
lack of strong optical signal in tissue (blue dye), artifacts originating
from shine-through phenomena (if the SLN is too close to the pri-
mary lesion), poor spatial resolution (e.g., 10 mm for lymphoscintig-
raphy with **™Tc), and the need for using radioisotopes. Hence,
SPIONSs have been clinically explored as alternative mapping probes
for SLN detection, showing diagnostic performance similar to
9mT¢-based methods (10). SPIONs have also been used to identify
lymph node metastases in prostate cancer patients via nanoparticle-
enhanced MRI. Compared with PET/CT imaging with ®Ga-PSMA-
HBED-CC, SPION-enhanced MRI was found to be superior in

identifying smaller suggestive lymph nodes (/7).
Fluorescent Silica Dots for Mapping SLNs. Ultrasmall integrin-

targeted fluorescent core-shell silica nanoparticles (also known as
Cornell dots) are being explored in the clinic to locate SLNs. Their
size of less than 8 nm allows for fast renal excretion, resulting in
whole-body clearance half-times of between 13 and 21 h. This rapid
removal from the body favors specific molecular imaging applica-
tions and minimizes safety concerns, such as long-term accumulation
in the liver. A phase I/Ila clinical study has demonstrated the feasibil-
ity and safety of Cornell dot-based SLN biopsy mapping in patients
with melanoma in the head and neck area (Fig. 1A) (/2). Moreover,
Cornell dots radiolabeled with 2*I, #Zr, or **Cu have also been
used as hybrid probes for PET and fluorescence-based imaging for
staging tumors in clinical settings (/3).

NANOPARTICLE DIAGNOSTICS AND THERANOSTICS ~ *

pH-Sensitive Fluorescent Polymeric Nanoparticles for Intra-
operative Imaging. ONM-100 is a micellar fluorescent nanoparticle
imaging agent composed of a pH-sensitive amphiphilic polymer con-
jugated to indocyanine green. The polymeric micelles irreversibly
dissociate in the acidic extracellular tumor microenvironment, and
they fluoresce as a result. In a recent clinical study, ONM-100
enabled intraoperative imaging of 4 different solid tumor types (e.g.
head and neck squamous cell carcinoma, esophageal cancer, breast
cancer, and colorectal cancer) both in vivo and ex vivo in 30 patients
(Fig. 1B) (/4). ONM-100 furthermore promoted the detection of
tumor-positive resection margins in 9 (of 9) patients. Moreover,
nanoparticle fluorescence was observed in 4 occult lesions missed
by standard-of-care surgery or pathologic analysis.

Nanoparticle-Based Surface-Enhanced Raman Spectroscopy
(SERS) for Identification of Surgical Tumor Margin Surfaces.
Lumpectomy (also known as partial mastectomy) is a standard inter-
vention for breast cancer. Unfortunately, additional surgery is
required in up to 50% of patients if pathologic analysis reveals the
presence of carcinoma in the resection margins. Intraoperative identi-
fication of residual carcinoma at the surgical margin surface holds
promise to reduce the number of reexcision surgeries. Recently, a
raman-encoded molecular imaging technique based on gold nanopar-
ticles topically applied to the excised tissue has been developed (15).
This SERS technique allows visualization of the expression of multi-
ple cell surface biomarkers at surgical margins. In a proof-of-concept
study, 57 freshly removed specimens were imaged to characterize
the expression of 4 biomarkers (i.e., human epidermal growth factor
receptor-2 [HER2], estrogen receptor, epidermal growth factor recep-
tor, and CD44), and the detection of breast carcinoma was achieved
with a sensitivity and specificity of 89% and 92%, respectively.

Promising Nanoparticle-Based Imaging Approaches at the
Preclinical Stage

While the amount of preclinical research focusing on developing
novel nanoparticles for imaging applications is vast, only very few
nanodiagnostics are heading toward clinical use. This discordance
is because research is driven mostly by materials science, in which
developing new multifunctional nanomaterials with exotic proper-
ties prevails over trying to overcome key current pitfalls of nano-
particle imaging agents. Nonetheless, it is worth highlighting
several preclinical initiatives that are trying to move toward transla-
tion. For example, some efforts have focused on already-approved
SPIONS, either minimizing some of the features that resulted in
their discontinuation as MRI contrast agents or exploiting them as
probes for new imaging modalities previously not used for diagnos-
tics. Beyond SPIONSs, nanoparticles emitting in the second near-
infrared window (NIR-II) have recently expanded the applicability
of fluorescence imaging, as their deeper tissue penetration and
higher spatial resolution potentially allow for more precise func-
tional and molecular imaging.

SPIONs for Longitudinal Relaxation Time (T;)-Based MR
Angiography. Despite initial approval in the United States and
European Union, most SPIONs were discontinued as 7, contrast
agents because of poorer pharmacokinetic properties and perfor-
mance than for the much smaller gadolinium-based contrast
agents. 7, MRI contrast agents have inherent limitations, including
dark signal (negative contrast) and the blooming effect. Hence, T
contrast agents tend to be preferred by clinicians. Expanding on a
pioneer work in which small SPIONs were used as 7 blood-pool
contrast agents, a study used extremely small SPIONs as contrast
agents for high-resolution 7, MR angiography in beagle dogs and
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FIGURE 1.

Nanoparticle-based imaging for diagnosis. (A) Real-time transcutaneous imaging of SLNs using fluorescent silica dots. (Adapted with permis-

sion of (12).) (B) Fluorescence images of different surgically removed tumor and healthy-tissue specimens after ONM-100 administration. (Adapted with per-
mission of (74).) (C) Use of ®*Cu-macrin to image tumor-associated macrophages in orthotopic mouse model of lung adenocarcinoma via PET/CT. Cyan
arrows highlight tumors with high 84Cu-macrin uptake. Arrows are used to further highlight those regions in corresponding transverse sections. (Adapted
with permission of (79).) (D) Endoscopy imaging premalignant colorectal lesions using nanoparticle-based SERS. Lesion is highlighted by the white dashed
line in white-light image. Raman signals correlated with presence of lesions (regions 1 and 3), whereas no raman signals were detected in lesion-free region
(region 2). (Adapted with permission of (22).) BC = breast cancer; EC = esophageal cancer; CRC = colorectal cancer; HNSCC = head and neck squamous

cell carcinoma.

macaques (/6). As a proof of concept, cerebral ischemia was
imaged and identified in these large animals. Regarding a potential
clinical future, SPIONs showing T} contrast may benefit current
niche applications in which conventional SPIONs are used as 75
contrast agents (e.g., SLN imaging and cell tracking), as long as
SPION clustering, which can result in signal quenching, is mini-
mized. Compared with current small-molecule gadolinium che-
lates, SPIONs have diagnostically less optimal pharmacokinetics
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(i.e., slower tissue accumulation, slower compartment exchange,
and slower excretion) and are therefore unlikely to replace them as
general MRI probes.

SPIONs for Magnetic Particle Imaging (MPI) of Perfusion.
Invented in 2001 and commercialized in 2013, MPI has emerged
as a promising imaging technique. MPI provides 3-dimensional
images of SPION distribution and has distinct advantages over
conventional MRI, such as quantitative imaging of nanoparticles

December 2022



as positive contrasts, shorter acquisition times, higher temporal
resolution, and absence of signal from tissue. Hence, MPI has
been used for real-time functional imaging, such as detecting per-
fusion deficits in ischemic brains in mice (/7). Regarding its clini-
cal future, MPI faces 2 main challenges. First, most current MPI
systems are designed for animal imaging, and efforts to upscale MPI
scanners to the appropriate size (while providing sufficient imaging
capabilities) are still ongoing and continue to be a challenge. Second,
whereas MPI may outperform SPION-based MRI, MPI is still lim-
ited by the distinct pharmacokinetic features of SPIONS (i.e., slower
accumulation in tissue of interest, slower compartment exchange,
and slower excretion than for small molecules). Moreover, many MPI
studies have focused on imaging the vascular system. Reliable (and
cheaper) techniques for imaging perfusion already exist, including CT
and ultrasound, questioning the need for a more expensive imaging
technique. Taking everything together, the future of MPI as a general
diagnostic tool is disputable, and MPI may be limited to specific appli-
cations such as hot-spot imaging of labeled stem cells (as long as the
cell properties are not disrupted).

SPIONs for Monitoring Immunotherapy. Chimeric antigen
receptor T-cell therapy is approved by the Food and Drug Adminis-
tration for the treatment of chemotherapy-resistant leukemia. How-
ever, in patients with solid tumors, chimeric antigen receptor T-cell
therapy has shown mixed results. As with nanomedicines, one chal-
lenge facing this therapy is monitoring infiltration and accumulation
of the therapeutic entities, that is, the ex vivo engineered T cells, into
the tumor region on intravenous administration, as the therapeutic
response strongly depends on this accumulation. Hence, there may
be a need to track the location of T cells noninvasively. Following
the steps of a pioneer study that monitored dendritic cell therapy
with SPIONSs in melanoma patients, a recent study demonstrated that
SPIONS could also be used to label chimeric antigen receptor T cells,
and their accumulation and distribution could be determined in osteo-
sarcoma-bearing mice by MRI and MPI (I/8). From the different
SPION applications described in this article, tracking of circulating
cells is one with decent clinical potential, as nanoparticles are more
suited than small molecule-based contrast agents for labeling and
tracking stem and immune cells.

%Cu-Labeled Macrin Nanoparticles for PET Imaging of Mac-
rophages. TAM density correlates with cancer progression and
drug response (8), especially during nano- and immunotherapy.
However, imaging the dynamic spatiotemporal distribution of
TAMs is challenging, particularly noninvasively. In this context,
64Cu-labeled macrin nanoparticles were developed to image
TAMs and their response to therapy via PET. Macrin nanopar-
ticles comprise a 20-nm polyglucose core, which prevents renal
clearance and promotes macrophage uptake (>90% of the admin-
istered dose). In a proof-of-concept study, macrin nanoparticles
were used to characterize macrophage responses to chemotherapy
and radiotherapy (Fig. 1C) (/9). Furthermore, TAM-rich tumors
identified by macrin nanoparticle-based imaging showed over a
700% higher nanomedicine accumulation than in TAM-deficient
tumors. This observation corroborates that TAM imaging is useful for
patient stratification in cancer nanomedicine. Beyond cancer, **Cu-
macrin nanoparticles have also been used to monitor macrophages
during infections in mice, rabbits, and pigs (20). Regarding their clini-
cal translation, a phase I clinical trial is currently recruiting participants
to further study **Cu-macrin nanoparticles. The aim of this study is to
evaluate the pharmacokinetics, whole-body distribution, and safety in
healthy individuals, as well as nanoparticle accumulation in disease
sites in patients with cancer, sarcoidosis, and myocardial infarction.

NANOPARTICLE DIAGNOSTICS AND THERANOSTICS ~ *

Nanoparticles with NIR-II Emission for Imaging Immune
Responses. The NIR-II ranges from 1,000 to 1,700 nm. It has
become an attractive optical region for biologic imaging, as tissues
show lower autofluorescence, absorption, and scattering, resulting
in higher spatial resolution and deeper tissue penetration. Taking
advantage of these characteristics, molecular imaging based on
NIR-II has been explored to study immunotherapy responses (21).
Down-converting nanoparticles functionalized with polymers and
antibodies allowed the imaging of programmed death ligand 1 and
CD8 in mice with colon cancer, with an impressive tumor—to—
normal-tissue signal ratio of 40. Molecular imaging revealed the
presence of cytotoxic T cells in tumors in response to immunother-
apy. Regarding translation, NIR-II fluorescence imaging holds
promise for several niche applications. However, most work done
thus far has relied on quantum dots, carbon nanotubes, and lantha-
nide-based down-converting nanoparticles, which are unlikely to
be translated because they are incompletely excreted from the
body and possess intrinsic tolerability issues. Conversely, although
organic dyes and polymeric nanoparticles loaded with NIR-II fluo-
rophores have somewhat lower quantum yields, they typically dis-
play better excretion profiles and currently are the NIR-II imaging
probes with the brightest clinical future.

Nanoparticle-Based SERS for Intraoperative Imaging. Intrao-
perative imaging of precursor lesions in live animals has been per-
formed by contrast-enhanced raman endoscopy (Fig. 1D) (22).
The nanoparticles used as SERS probes were similar to the ones
used in the clinic for the identification of surgical margin tumor
surfaces via SERS. With this technique, highly sensitive detection
of precursor lesions of gastrointestinal tract cancer in clinically rel-
evant transgenic animal models was achieved. Furthermore, real-
time raman endoscopy systems have already been used in the
clinic in humans, although not for SERS-based imaging. In this
regard, although SERS is one of the most sensitive techniques for
detection and analysis, it requires the use of gold (or silver) nano-
particles. At the moment, the future of gold nanoparticles in the
clinic is unclear (several clinical trials are ongoing), as a fraction
of the injected nanoparticles tends to remain in the liver and spleen
of patients for prolonged periods. Therefore, the clinical future of
gold nanoparticle-enhanced SERS remains uncertain.

IMAGING OF NANOPARTICLES

Patient Stratification in Cancer Nanomedicine

While nanomedicines usually display strong antitumor effects
in preclinical studies, their benefits in clinical settings tend to be
modest, primarily reducing the side effects of drugs (4). To facilitate
clinical translation, oncology practice routinely uses different strate-
gies for patient stratification, including biopsy-based companion
diagnostics (e.g., in vitro testing assays) and imaging-based compan-
ion diagnostics (e.g., nontherapeutic imageable nanoparticles). For
example, in the clinical trials resulting in the approval of trastuzumab
and pertuzumab, only patients with high expression levels of human
epidermal growth factor receptor 2 (HER2, the antigen for both anti-
bodies) were included, as they were most likely to benefit from treat-
ments. In the case of nanomedicines in the clinic, such strategies are
not routinely used to identify patients who should be included in tri-
als and treated with the formulations in question. This is stunning,
since nanomedicine performance is known to be strongly affected by
the extent of tumor accumulation (i.e., EPR effect), which is highly
variable both intra- and interindividually. This lack of stratification
may explain multiple recent failures of cancer nanomedicines in

Pallares et al. 1805



clinical trials (23). Taking these notions into account, several recent
studies have now gradually started to explore the use of companion
nanodiagnostics and nanotheranostics to visualize and quantify tumor
accumulation of nanomedicines in patients (Supplemental Tables 1
and 2).

SPIONs as Companion Nanodiagnostics. Ferumoxytol is Food
and Drug Administration—approved for the treatment of anemia in
patients with kidney disease and can be used to characterize nano-
particle tumor accumulation and EPR heterogeneity via MRI (24).
Ferumoxytol accumulation was studied in patients with different
types of malignancy. As anticipated, higher levels of ferumoxytol
accumulation in tumors correlated with a greater reduction in
lesion size on treatment with liposomal irinotecan (which is
approved for pancreatic cancer therapy). This pragmatic way of
visualizing and quantifying nanoparticle accumulation in tumors
via SPION application holds significant clinical potential for use
as a companion diagnostic in cancer nanomedicine.

Radiolabeled Nanoparticles as Nanotheranostic Agents. An
alternative to using a companion nanodiagnostic is coloading nanome-
dicines with both drugs and imaging agents. For example, a clinical
study showed that PET/CT can assess the tumor accumulation of
%4Cuy-labeled HER2-targeted liposomal doxorubicin in metastatic
breast cancer patients (25). A retrospective exploratory analysis of

patient outcome confirmed that the tumor deposition of *Cu-labeled
liposome correlated favorably with therapy outcome. This approach
has recently been expanded to other nanoparticle platforms. For
instance, the tumor accumulation of docetaxel-loaded polymeric
micelles has been studied using PET/CT in 7 patients with solid
tumors via radiolabeling of the theranostic nanomedicine formulations
with 3°Zr (Fig. 2A) (26). Looking into the future, there are several
theranostic radioisotopes, such as '7’Lu and '3'I (3~ and v emitters),
that provide both therapeutic and imaging capabilities. These isotopes
have also already been loaded into nanoformulations; however, they
have thus far been tested only in preclinical settings (27).

Gadolinium Nanoparticles as Nanotheranostic Agents. AGulX
(NH TherAguix SA) nanoparticles are ultrasmall (5 nm) polysilox-
ane-based nanoformulations that contain approximately a dozen
chelated gadolinium ions per particle and are being evaluated in
the clinic, particularly for whole-brain radiotherapy enhancement
(Supplemental Table 1). AGulX nanoparticles rely on the potent
radiosensitizing properties of gadolinium, which (like other ele-
ments with a high atomic number) has a high photoelectric absorp-
tion coefficient, delivering a high dose to the surrounding tissue
when exposed to ionizing radiation. Thus far, the results of only a
phase I completed clinical trial have been published (28), in which
single intravenous administrations of AGulX nanoparticles (doses
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FIGURE 2. Imaging of companion diagnostic nanomedicines and nanotheranostics. (A) PET/CT imaging of accumulation of 8Zr-labeled docetaxel-
loaded polymeric micelles (3%Zr-CPC634) in lung metastases at 96 h after intravenous injection. Arrows indicate tumors. (Adapted with permission of
(26).) (B) Color-coded signal-enhanced MRI of upper half of the head of patient with brain metastases resulting from non-small cell lung cancer after
intravenous injection of AGulX. (Adapted with permission of (28).) (C) Biodistribution images of fluorophore-labeled polymeric micelles obtained using
hybrid micro-CT fluorescence tomography. (Adapted with permission of (32).) T = orthotopically induced triple-negative breast cancer tumor.
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of 15-100 mg/kg of body weight) were studied in 15 patients with
4 types of brain metastases (melanoma, lung, colon, and breast).
AGuIX nanoparticles prominently accumulated in and increased
image contrast in all types of brain metastases for up to a week
after administration (Fig. 2B). At the moment, 7 open clinical tri-
als (phase I/II or II) are ongoing, in which the benefits of AGulX
as a radiosensitizer against several cancers (therapeutic perfor-
mance), as well as its ability to guide radiotherapy (theranostic
performance), are being explored. The results of these studies will
define the clinical future of AGulX nanoparticles.

Imaging of Therapeutic Nanoparticles. In addition to nanopar-
ticles specifically developed as imaging or theranostic probes, sev-
eral nanoparticles that are approved for clinical use as therapeutics
also possess intrinsic imaging properties (Supplemental Table 1).
For example, NanoTherm (MagForce AG) is a SPION-based
nanoformulation used for the treatment of localized cancers with
magnetic hyperthermia. These nanoparticles were approved in Europe
for the treatment of glioblastoma in 2011 and recently received the
green light from the Food and Drug Administration to move to a
stage IIb trial for the focal ablation of prostate cancer. SPIONs can
be imaged via MRI and MPI, allowing the study of NanoTherm
tumor accumulation, retention, or distribution if necessary. Another
type of imageable therapeutic nanoparticle is the hafnium oxide
nanoparticle (NBTXR3; Nanobiotix), which in 2019 was approved
by the European Medicines Agency as an intratumorally injected
radiosensitizer for the treatment of soft-tissue sarcoma.
NBTXR3 is also in clinical trials for the treatment of other types
of cancer (Supplemental Table 2). Hafnium is a high-atomic-number
element and (like gadolinium) has a strong photoelectric absorption
coefficient, which causes hafhium oxide nanoparticles to display both
strong radiosensitizing properties and strong CT contrast. Similarly,
gold nanoparticles, which are currently in clinical trials for nucleic
acid delivery to glioblastomas and for photothermal ablation therapy
of solid tumors (29), also show strong contrast in CT, as well as in
photoacoustic imaging. Thus, whereas these nanoformulations were
not initially designed as imaging probes, their intrinsic imaging capa-
bilities may assist in promoting their clinical expansion or translation,
via providing noninvasive and quantitative information on tumor accu-
mulation and distribution and, thereby, via promoting potential patient
stratification.

Preclinical Imaging of Nanoparticles for Improved In Vivo
Performance

When not used as tools for clinical diagnosis and decision mak-
ing, nanoparticle imaging can be performed to better understand
and refine nanoparticle behavior and performance in vivo. Efforts
in this regard include characterizing nanoparticle pharmacokinetics
and biodistribution, performing mechanistic studies on the princi-
ples of nanoparticle tumor accumulation, and monitoring local drug
release from nanoparticles on external stimuli. In the last couple of
years, new studies relying heavily on multiimaging setups have
challenged some of the long-standing paradigms in nanomedicine
and drug delivery.

Imaging Nanoparticles in Circulation and During Extravasation.
The accumulation of nanomedicines in tumors is widely believed
to be caused by passive diffusion of nanoparticles through the gaps
between endothelial cells in tumor blood vessels. This notion, which
is an essential component of the EPR effect, has been one of the driv-
ing forces for the development of nanocarriers that can maximize
convection or diffusion through interendothelial gaps. Recently, new
research has questioned the prominence of this extravasation

NANOPARTICLE DIAGNOSTICS AND THERANOSTICS ~ *

mechanism by identifying new transport processes, such as phagocyte
hijacking in the bloodstream (30). By combining transmission elec-
tron microscopy, 3-dimensional microscopy, and dynamic intravital
microscopy, it has been reported that although gaps between endothe-
lial cells occur, they are not frequent and their role in nanoparticle
tumor accumulation may thus be overestimated. Similar multiimag-
ing efforts have set out to measure nanoparticle uptake rates by
Kupffer cells in vivo, identifying a concentration threshold above
which Kupffer cells get overwhelmed and liver clearance decreases,
prolonging nanoparticle circulation and enhancing the therapeutic
effect of nanotherapies (37).

Multiscale Imaging of the Biodistribution of Nanomedicines.
Clinical-stage polymeric micelles were fluorophore-labeled to
investigate their biodistribution and target site accumulation (32).
The micelles were imaged at the whole-body, tissue, and cellular
level by multimodal and multiscale optical imaging approaches
(Fig. 2C), including 3-dimensional micro-CT fluorescence tomog-
raphy and 2-dimensional fluorescence reflectance imaging, among
others. The polymeric micelles achieved a high tumor accumula-
tion, with values twice as high as those observed in liver and
spleen. Moreover, from the observation that 66% of intratumoral
polymeric micelles were extracellularly located, the authors con-
cluded that the anticancer efficacy of polymeric micelles is likely
caused by release of the drugs in the tumor microenvironment,
providing key information for the design of nanoformulations.
Regarding the remaining 33% of intratumoral polymeric micelles,
they predominantly accumulated in phagocytes, which may pro-
vide new opportunities for nanoimmunotherapy.

Monitoring Drug Release from Nanomedicines. Nanomedicines
need to release their payload at the tumor site to achieve proper ther-
apeutic outcomes. To study drug release in vivo, different imaging
strategies have been explored. One possible approach relies on the
inherent fluorescence emission of chemotherapeutic drugs, such as
topotecan (topoisomerase I inhibitor), which is an anticancer agent
and shows strong pH-dependent fluorescence (33). Alternatively,
triggerable nanomedicine formulations can be coloaded with drugs
and imaging agents that are released at the same time as the drugs.
In such setups, gadolinium chelates have been used on multiple occa-
sions to monitor drug release from (thermo-, sono-, and pH-) respon-
sive liposomes via MRI (34), confirming that therapeutic cargo is
released at the tumor site. These efforts are valuable to optimize for-
mulation design and confirm preclinical performance and clinical
potential, but because of their unpragmatic nature and insufficient
cost efficiency and time efficiency, it is unlikely that they will be
widely implemented in the clinic.

SUMMARY AND OUTLOOK

After several decades of preclinical and clinical progress, suc-
cesses, and setbacks, nanoparticle-based imaging agents are slowly
but steadily making a mark in disease diagnosis and clinical decision
making (Supplemental Tables 1 and 2). Initial paradigms based on
smart, multimodal, or multifunctional nanomaterials that are univer-
sally useful for the detection of all sorts of diseases have shifted to
more pragmatic and realistic approaches in which nanoparticles are
used for very specific diagnostic applications. On the one hand, these
applications are strongly dictated by the pharmacokinetic properties
of the nanoparticles, as well as by their propensity to accumulate in
specific tissues and cells. On the other hand, the applicability of
nanoparticle-based imaging agents strongly depends on the
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availability of alternative diagnostic probes and protocols, or more
explicitly, the lack thereof.

Theranostic nanoparticles, which combine diagnostic and thera-
peutic features in a single formulation, can provide information about
their biodistribution and about target site accumulation, distribution,
and retention. This is a potential avenue toward patient stratification,
which is performed routinely in the development of oncologic treat-
ments but hardly ever in nanomedicine. Advances in this direction
will increasingly profit from combination with machine-learning
techniques, which can contribute to many aspects of basic, transla-
tional, and clinical nanoparticle research, such as via formulation
optimization or via pathologic and radiomic feature identification
related to nanomedicine target site accumulation and efficacy. Novel
nanoparticle formats are furthermore developed to align with advan-
ces in the engineering of novel imaging instrumentation, including
ones implemented in surgical theaters, giving rise to new diagnostic
and theranostic methods. Finally, nanoparticles are also extensively
explored for ex vivo sensing applications, such as in point-of-care
devices and in coronavirus self-tests.

Altogether, it can be concluded that nanoparticles are increas-
ingly impacting clinical imaging and diagnostic decision making
and that there is promising preclinical progress toward the devel-
opment of novel nanoparticle-based imaging protocols.
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