:' frontiers ‘ Frontiers in Bioengineering and Biotechnology

REVIEW
published: 06 July 2022
doi: 10.3389/fbioe.2022.855195

OPEN ACCESS

Edited by:

Qingxin Mu,

University of Washington,
United States

Reviewed by:

Leopoldo Sttia,

University of Milan, Italy

Jacopo Annese,

The Institute for Brain and Society,
United States

*Correspondence:
Fred C. Lam
fredlam@mit.edu
Ekkehard M. Kasper
kaspere@mcmaster.ca
Fateme Salehi
sfateme@gmail.com

TThese authors have contributed
equally to this work

Specialty section:

This article was submitted to
Nanobiotechnology,

a section of the journal
Frontiers in Bioengineering and
Biotechnology

Received: 14 January 2022
Accepted: 06 June 2022
Published: 06 July 2022

Citation:

Faiz K, Lam FC, Chen J, Kasper EM
and Salehi F (2022) The Emerging
Applications of Nanotechnology in
Neuroimaging: A

Comprehensive Review.

Front. Bioeng. Biotechnol. 10:855195.
doi: 10.3389/fbioe.2022.855195

Check for
updates

The Emerging Applications of
Nanotechnology in Neuroimaging: A
Comprehensive Review

Khunza Faiz'?, Fred C. Lam?3*', Jay Chen', Ekkehard M. Kasper®* and Fateme Salehi™*
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Neuroimaging modalities such as computer tomography and magnetic resonance imaging
have greatly improved in their ability to achieve higher spatial resolution of neurovascular
and soft tissue neuroanatomy, allowing for increased accuracy in the diagnosis of
neurological conditions. However, the use of conventional contrast agents that have
short tissue retention time and associated renal toxicities, or expensive radioisotope
tracers that are not widely available, continue to limit the sensitivity of these imaging
modalities. Nanoparticles can potentially address these shortcomings by enhancing tissue
retention and improving signal intensity in the brain and neural axis. In this review, we
discuss the use of different types of nanotechnology to improve the detection, diagnosis,
and treatment of a wide range of neurological diseases.
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INTRODUCTION

Current non-invasive modalities used in neuroimaging and diagnosis of diseases of the central
nervous system (CNS) include: computed tomography (CT), magnetic resonance imaging (MRI),
functional MRI (fMRI), functional near-infrared spectroscopy, functional photoacoustic imaging,
and molecular imaging including positron emission tomography (PET), single photon emission CT
(SPECT), and molecular MRI (George et al., 2018). While conventional CT and MRI are by far the
workhorses in neuroradiology, limitations of these techniques exist, including: the relative low
sensitivity and tissue resolution of CT, the long acquisition time required for MRI, and the high cost
of radioisotopes and low resolution of PET (George et al., 2018). Furthermore, common gadolinium-
based (Gd) contrast agents such as gadopentetate dimeglumine (Magnevist®, Bayer), administered
intravenously to allow for enhancement and better visualization of both intra- and extra-axial brain
tumors, have a short half-life in the bloodstream, low retention time in the tumor microenvironment,
and increased risk of nephrotic systemic fibrosis in patients with renal insufficiency (Bayer, 2017). To
overcome these limitations, researchers have began incorporating the use of nanotechnology to
enhance the ability of these agents to achieve longer retention time in the CNS, better spatial
resolution on imaging, and delivery of therapies to the cells of interest in the brain (Ngowi et al.,
2021).

The diverse biophysical and chemical properties of nanoparticles (NPs) are distinct advantages
for their use in CNS applications. Their small size (usually 1-100 nm in largest diameter),
modularity, diverse chemical compositions, and ability to be functionalized with surface moieties
to allow for targeting across the blood-brain barrier (BBB) to a specific cell type of interest, makes
NPs an attractive carrier for the delivery of cargo into the CNS for use in downstream biomedical
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applications (Sim and Wong, 2021). In this review, we will discuss
the emerging use of nanotechnology to assist in the imaging of
neurological conditions including: 1) Primary and secondary
brain tumors; 2) Cerebrovascular disorders; 3)
Neurodegenerative disorders; and 4) Functional neurological
disorders.

NANOTECHNOLOGY FOR THE IMAGING
OF BRAIN TUMORS

MRI with and without the use of Gd contrast allows for the
delineation of higher grade primary brains tumors such as
glioblastoma, secondary brain metastases, and extra-axial
tumors such as meningiomas, due to the nature of these
tumors to secrete vascular endothelial growth factor which
causes the formation a tortuous and leaky BBB around the
tumor which allows for the extravasation of contrast agent,
leading to visualization of the tumor mass on subsequent T1-
weighted MRI sequences (Jain et al., 2007; George et al., 2018).
However, conventional contrast-enhanced MRI sequences are
limited in being able to differentiate the phenomenon of
pseudoprogression  (caused by radiation changes to
surrounding tumor vasculature increasing leakiness and
subsequent enhancement on post-treatment MRI scans) from
true tumor progression.

To increase the spatial resolution of tumors on MRI, magnetic
NPs such as iron oxide nanoparticles (IONPs) or manganese
oxide nanoparticles (MnO NPs) have demonstrated increased
relaxivity on T1l-and T2-weighted MRI sequences (Vallabani
et al.,, 2019). Functionalization of IONPs and MnO NPs with
folate or albumin have enabled specific targeting of glioma cells in
orthotopic mouse models of glioma, enabling longer periods of
signal enhancement on MRI and could possibly aid in
differentiating  between  true  tumor  signal  versus
pseudoprogression (Chen et al., 2014; Zhou et al, 2019).
Other researchers have synthesized Gd-chelated-IONPs
functionalized with interleukin-13 (Li et al., 2015), antibodies
against the mutant epidermal growth factor receptor (EGFRVIII)
(Hadjipanayis et al., 2010), or cyclic arginine-glycine-aspartic
acid (cRGD) peptides (Booth et al, 2017), to enhance glioma
targeting for enhanced imaging in preclinical animal models of
glioma. A recent clinical trial demonstrated the ability of the
FDA-approved IONP ferumoxytol conjugated to gadolinium
contrast to define glioma pseudoprogression on MRI (Barajas
etal., 2019), while another pilot study demonstrated the ability of
feromoxytol to detect tumor-associated macrophages on
enhanced MRI (Iv et al, 2019), showing the potential for
IONP enhanced MRIs to improve cellular resolution of brain
tumors.

Current clinical trials investigating the use of IONPs for
molecular imaging of brain tumors include: 1) A phase I
safety trial of intravenous ferumoxytol for dynamic MR
imaging of recurrent high-grade gliomas patients on
chemotherapy (NCT00769093) (Institute, 2017a); 2) A phase I
study of ferumoxytol to assess early treatment response using
perfusion MRI in patients with glioblastoma (NCT00660543)

Applications of Nanotechnology in Neuroimaging

(Institute, 2017b); 3) A phase 0 safety and effectiveness
exploratory trial of ferumoxytol in assessing vascular
properties of pediatric brain tumors in a single imaging
session (NCT00978562) (Institute, 2018); 4) A phase 2 study
comparing ferumoxytol in characterizing tumor vasculature
compared to Gd-contrast MRI in 3 and 7 T MRI machines in
patients with malignant brain tumors (NCT00659126) (Institute,
2021); 5) A phase 2 study of ferumoxytol in characterizing tumor-
associated vasculature in patients with primary brain tumors or
lung or breast brain metastases using MRI (NCT00103038)
(Institute, 2017c); and 6) A phase 2 study of the safety of
ferumoxytol in causing CNS inflammation (NCT00659776)
(OHSU, 2022).

NANOTECHNOLOGY FOR THE DIAGNOSIS
OF NEURODEGENERATIVE DISORDERS

Neurodegenerative disorders encompass a wide variety of
neurological conditions, from Alzheimer’s Disease (AD),
Parkinson’s Disease (PD), Huntington’s Disease (HD), to
Multiple Sclerosis (MS) and motor neuron diseases. As a full
discussion of all these disorders goes beyond the scope of this
review, we will focus on AD and PD—the two neurodegenerative
disorders for which there have been the most prolific application
of NPs as a neuroimaging tool to aid in diagnosis and
management.

i) Alzheimer’s Disease

The two pathognomonic features of AD include extracellular
beta-amyloid (AP) plaques and neurofibrillary tangles of
hyperphosphorylated tau protein in dystrophic neurites
(Alzheimer’s Association, 2014). Current imaging modalities
for the diagnosis of AP plaques and tau tangles include
radioactive PET tracers such as fluorodeoxyglucose, ['°F]
flutemetamol, and [18F]ﬂortaucipir (Mason et al, 2010).
However, these radioisotopes are costly and not readily
available worldwide. To help overcome these limitations,
researchers have developed various IONP nanoprobes that can
detect AP plaques in the brain via a conjugated AP antibody on
MRI in transgenic AD mice (Sillerud et al., 2013; Viola et al., 2015;
Lietal, 2016). Nanotechnology-based PET has also been used in
preclinical models to detect AP plaques in vivo (Sharma et al.,
2017), demonstrating the potential for use in diagnostic imaging
of human AD patients.

ii) Parkinson’s Disease

Progressive degeneration of dopaminergic neurons in the
basal ganglia substantia nigra with abnormal deposition of a-
synuclein protein is thought to cause the bradykinesia, and
dystonia seen in PD patients (Obeso et al., 2017). Aggregates
of a-synuclein seen in other nuclei in the brain are thought to
further contribute to the non-motor symptoms seen in PD
patients such as hyposmia and dysautonomia, making a-
synuclein an attractive biomarker for tracking disease
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progression (Surmeier et al, 2017). '*’I-ioflupane labelled
dopamine SPECT can be used to monitor olfactory nerve
dysfunction and serial MRI of basal ganglia are current tools
for diagnosis and tracking of PD (Booij et al., 2001; Morbelli et al.,
2020). Novel non-invasive preclinical imaging tools to detect
fibrillary a-synuclein currently lack adequate sensitivity and
specificity. A recent study using a dLightl fluorescence sensor
to detect dopaminergic signals in the brains of transgenic PD
mice yielded promising preliminary results in being able to detect
fluorescent signals in dopaminergic neurons (Patriarchi et al.,
2018), while a dopamine-responsive nanoprobe that reacts in the
near-infrared spectrum detected dopamine signals in preclinical
models of drug abuse and PD (Feng et al., 2018), suggesting that
these experimental imaging modalities and targeted nanoprobes
could have potential applications in human diagnosis of PD.

NANOTECHNOLOGY FOR THE IMAGING
OF CEREBRAL ISCHEMIA

Acute blockage of blood vessels in the brain leads to cerebral
ischemia or stroke, which requires prompt diagnosis and
treatment to prevent permanent ischemic injury to the areas
of the brain supplied by the affected blood vessels to prevent
motor or sensory deficits (Moskowitz et al., 2010). Ischemic
stroke is the second most common cause of death worldwide
after cardiovascular disease, with approximately 87% mortality if
left untreated (Association, 2015). The ability to detect and locate
the blockage and visualize the affected region of the brain with
high sensitivity and spatial resolution can allow for accurate
diagnosis, treatment, and serial monitoring of the treatment
outcomes.

MRI and MR perfusion scans to assess cerebral blood flow are
the current gold standard non-invasive modalities for stroke
imaging (Marks, 2016). Similar to the use of NPs to augment
contrast enhancement for the detection of brain tumor
vasculature, researchers have used NPs to increase the
sensitivity and cellular resolution of areas of the brain affected
by ischemia. IONPs conjugated with RGD peptide targeting the
avp3 integrin receptors on endothelium have been used to
enhance imaging of collateral vessels that form in the
surrounding area of ischemia (Wang et al, 2018). Another
study comparing carbohydrate wrapped ferumoxytol to a Gd-
based contrast agent found that ferumoxytol was able to detect
cerebral blood volume at higher resolution at steady state than
dynamic susceptibility contrast MR perfusion imaging using Gd
(Varallyay et al, 2013). By leveraging the relative acidic
environment in the ischemic penumbra, pH-responsive IONPs
encapsulated in poly(B-amino ester)-poly(aminodoamine)-
poly(ethylene glycol) block copolymer were released and
accumulated in the ischemic region of the brain in a rat
model of cerebral ischemia, enabling detection on MRI (Gao
et al,, 2011). A safety study of IONPs in canines and macaque
monkeys demonstrated sensitive detection of ischemia on T1-
weighted MR sequences in cerebral ischemia-induced animals,
providing further preclinical evidence supporting their safety for
use in human stroke patients (Lu et al., 2017).

Applications of Nanotechnology in Neuroimaging

CT angiography (CTA) using iodinated contrast agent
provides 3-dimensional reconstructed images of large vessel
occlusion. Encapsulation of CT contrast agents may facilitate
enhanced delivery of imaging agents to the affected region of the
brain. Polyethylene glycol (PEG) wrapped or PEGylated BaHoFs
nanoprobes with an average diameter of 7 nm exhibited superior
enhancement properties compared to the clinical contrast agent
iohexol” in CTA and CT perfusion imaging of a rat model of left
middle cerebral artery occlusion (Wang et al., 2015). Gold NPs
have also been used due to their biocompatibility and ability to
incorporate targeting, therapeutic, and imaging moieties for
multimodal imaging and theranostics. Chitosan-coated gold
NPs with the ability to target fibrin were used to quantitate
the amount of thrombolysis in a cerebral thromboembolic model
of stroke in mice following treatment with intravenous tissue
plasminogen activator (tPA). Serial CT imaging detected rapid
thrombolysis following tPA treatment (Kim et al., 2017).

Ultrasonography can be used to detect and image flow through
blood vessels. Ultrasound contrast enhancers such as gas-filled
microbubbles increase the “echogenicity” of the vessels, thereby
increasing their chances to be detected using ultrasound (Sirsi
and Borden, 2009). These microbubbles are composed of
albumin, lipids, or polymers and can be filled with air,
perfluorocarbons, or nitrogen, and can be functionalized with
surface ligands for targeting (Paefgen et al, 2015).
Perfluorocarbon  emulsions conjugated with anti-fibrin
antibodies have demonstrated the ability to visualize thrombus
in a model of cerebral ischemia on ultrasound (Chen et al,
2013a).

IONPs have also been used to visualize areas of relative
signal attenuation using microwave imaging in a rabbit model
of cerebral ischemia as well as in a human volunteer (Hudson
et al,, 2019). Applying a PEG coating to the surface of IONPs
can greatly increase the circulation time of these NPs in the
bloodstream (Khandhar et al, 2017), enabling three-
dimensional angiography following a single injection of
PEGylated IONPs to allow for real-time imaging of cerebral
vasculature in mouse models to assess cerebral hemorrhage in
a mouse model of traumatic brain injury over a period of hours
(Goodwill et al., 2012; Orendorff et al., 2017). Taken together,
these emerging uses of NPs to enhance multimodal imaging
and assessment of cerebral ischemia may hopefully translate
into the clinic to improve patient outcomes. Please refer to an
excellent review on the emerging uses of nanotechnology in the
imaging of stroke by Kaviarasi and colleagues for further
information on this topic (Kaviarasi et al., 2019) and for
ease of reference for our readers, we have compiled a list of
NPs that are in human clinical trials or have been approved for
neurological disorders (Table 1).

DISCUSSION

Implementation of nanoscale materials for neuroimaging is still
in the early stages of preclinical development. Several
limitations exist that currently prevent the widespread
application of nanomaterials for use in the CNS space. The
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TABLE 1 | Nanoparticles approved or currently in clinical trials for neurological diseases. List of nanoparticles that are in human clinical trials or have been approved for the

treatment of neuro-oncologic, neurodegenerative, and cerebovascular disorders.

Neuro-oncology

Trade name Product formulation

SGT-53 (Anselmo and Mitragotri, 2016) Transferrin-functionalized liposomal

plasmid wild-type p53 DNA

DepoCyt (Zhang et al., 2008; Khanbabaie
and Jahanshahi, 2012)

DaunoXome (Zhang et al., 2008; Khanbabaie
and Jahanshahi, 2012)

Neulasta (Gabizon et al., 2006; Kumar et al.,
2013)

Cornell Dots (Anselmo and Mitragotri, 2016)

Liposomal cytarabine

Liposomal daunorubicin

factor

fluorophore
Neurodegenerative Disorders

Trade Name Product Formulation

Visudyne (Zhang et al., 2008; Khanbabaie
and Jahanshahi, 2012)

Macugen (Gabizon et al., 2006; Kumar et al.,
2013)

Partisiran (Anselmo and Mitragotri, 2016)

Liposomal verteporfin
PEGylated anti-VEGF aptimer

Liposomal transthyretin siRNA

Copaxone (Gabizon et al., 2006; Kumar et al.,

2013) and L-tyrosine

Cerebrovascular Disorders

Trade Name Product Formulation

Definity (Anselmo and Mitragotri, 2016) Perflutren lipid microspheres

presence of the intact BBB with endothelial tight junctions that
limit passage of most materials greater than 100 nm in diameter
restricts the bulkiness of nanomaterials that can be delivered
systemically into the brain (Sarin et al, 2009). The cellular
complexity of the CNS makes it difficult to target NPs to specific
cells of interest (i.e. neurons and not glia) and avoid unintended
off-target effects to different types of nearby cells. Finally, the
brain is bathed in cerebrospinal fluid (CSF), which pulses with
each heartbeat, creating a natural washout effect that actively
prevents accumulation of cargo at the desired site of delivery
(Hendricks et al, 2015). Furthermore, even with targeted
delivery  approaches wusing functionalized NPs that
preferentially recognize protein receptors on cell surfaces (ie.,
transferrin receptors on the surfaces of glioma cells), the percent
injected dose of NPs that ultimately cross the BBB via the
bloodstream is meager and would require dosing human subjects
with hundreds of milliliters of NPs intravenously to achieve a
detectable phenotypic effect (Wilhelm et al., 2016). More invasive
mechanisms of bypassing the BBB such as direct administration of
NPs into the brain using stereotactic implantable catheters or use of
convection enhanced delivery or local ultrasonic disruption of the
BBB can improve the uptake of NPs, but these tools are limited to
specialized hospital centers, require collaborative efforts from a

PEGylated granulocyte colony-stimulating

PEGylated silica NPs of'?*l-cRGDY NIR

Copolymer of L-Glutamic acid, L-alanine,

Level of clinical development and treatment applications

NCT02340156—Phase Il open label, single-arm, multicenter study of IV SGT-
53 and oral temozolomide in patients with confirmed recurrent glioblastoma or
progression.

Approved for treatment of malignant lymphomatous meningitis.

Approved for HIV-related Kaposi’'s sarcoma.
Approved for treatment of chemotherapy-associated neutropenia.

Phase 0 safety trial of imaging of melanoma and malignant brain tumors.

Level of Clinical Development and Treatment Applications

Approved for treatment of age-related mascular degeneration, pathologic
myopia, and ocular histoplasmosis.
Approved for age-related macular degeneration.

Phase I-lll study for the treatment of hereditary transthyretin-mediated
amyloidosis. Characterized by peripheral sensorimotor and autonomic
neuropathy. RNA interference that reduces production of both wild-type and
mutant transthyretin protein. Phase Il APOLLO study showed significant
improvement in polyneuropathy.

Approved for the treatment of Multiple Sclerosis.

Level of Clinical Development and Treatment Applications

Approved ultrasound contrast agent for imaging of cerebral ischemia and
transcranial brain injuries.

neurosurgical team, and are generally not recommended for use
in day-to-day neuroimaging procedures (McDannold et al., 2012;
Hendricks et al., 2015; Magill et al., 2020).

Metallic NPs are currently the most researched nanomaterials
for emerging neuroimaging technologies. Due to their
physicochemical compositions, metal oxide NPs have been
incorporated in a broad range of biomedical applications, from
imaging contrast agents to scaffolding materials for tissue
regeneration. Their small size (~50 nm) also makes them ideal
for trafficking across the BBB into the CNS space to enhance
neuroimaging modalities and deliver various types of cargo for
the treatment of neurological disorders (Stark et al., 1988; Jung
and Jacobs, 1995; Barajas et al., 2019). The iron oxide contrast
agent ferumoxytol (Feraheme®, AMAG) has seen increasing
usage in MR imaging in North America, while the IONP
formulation ferumoxtran-10 (Sinerem/Combidex) has been
gaining interest in human clinical trials in Europe
(Harisinghani et al, 2003; Heesakkers et al, 2008;
Triantafyllou et al.,, 2013; Smits et al., 2016). With decades of
longitudinal data regarding the biodistribution,
pharmacokinetics, and pharmacodynamics of IONPs, we now
have a deeper understanding of how IONPs behave in the CNS
and its associated neurotoxicities, which may limit their
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translational potential. In vitro studies have demonstrated uptake
of IONPs into neurons, glia, and astrocytes via micropinocytosis
and clathrin-mediated endocytosis with trafficking into
lysosomal compartments (Luther et al., 2013; Huerta-Garcia
et al., 2015; Pongrac et al., 2018). Exposure to silver NPs in a
BBB co-culture model led to shrinkage of mitochondria,
expansion of the endoplasmic reticulum, and vacuolation in
astrocytes with altered gene expression across 23 genes
associated with metabolic, biosynthetic, and cell death
processes (Xu et al., 2013). Astrocytes increased production of
reactive oxygen species and decreased viability when exposed to
copper oxide NPs (Bulcke et al., 2014). Interestingly, studies have
shown that the toxicity of IONPs depended on the surface
coating. Polydimethyloamine coating caused cell membrane
disruption and cell death in cultured cortical neurons, while
aminosilane coating left the cell membrane intact but affected
cellular metabolism, but dextran remained inert to cultured
neurons (Rivet et al., 2012). In vivo toxicity experiments have
demonstrated accumulation of aluminum NPs in mouse brain
endothelial cells causing neurovascular damage and increased
BBB permeability (Chen et al., 2013b), while acute exposure of
gold NPs to male Wistar rats led to catabolic and energy
metabolic suppression in the hippocampus, striatum, and
cerebral cortex but long-term exposure only resulted in
inhibition of catalase and energy metabolism in the cortex
(Ferreira et al., 2017). Taken together, these data indicate that
neurotoxicity studies need to be done in higher order organisms
such as non-human primates to better understand the
mechanisms of neurotoxicity associated with NPs that are
applied for CNS applications in humans.

We  recently emerging  applications  of
nanotechnology in the fields of neurosurgery, neuro-oncology,
and neuroradiology from the perspective of clinician-scientists
(Lam et al., 2022). One emerging area is the ability to imbue NPs
with theranostic capabilities—functionalizing NPs with the dual
ability to detect cells of interest and deliver therapeutic cargo. A
recent first-in-human trial using the EGFR antibody cetuximab
conjugated to the near-infrared (NIR) fluorescent dye IRDye800
(cetuximab-IRDye800) during neurosurgical resection of gliomas
demonstrated the specificity of the antibody-dye conjugate to
specifically attach to EGFR-expressing glioma cells in the brain,
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