Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 3 August 2022 d0i:10.20944/preprints202208.0084.v1

Nanoparticles as contrast agents for preclinical and clinical bioimaging
Deependra K. Ban'"

Affiliation:
Keck Graduate Institute, Claremont, CA, 91711, USA

Keywords: Nanomaterial, optical imaging, MRI imaging, nanoparticles

Abstract
Visualization of deep biological structures in human and animal bodies is not possible through

the naked eye due to the scattering of visible light by tissues in tolerable intensities. Different
types of imaging modalities based on electromagnetic and pressure waves have been developed
that help us image deep biological tissues with varying resolution and contrast. Some of the most
widely used modalities are X-ray imaging, ultrasound imaging, MRI imaging, fluorescence
imaging, and photoacoustic imaging. Although these techniques have significantly helped the
advancement of our understanding of deep biological tissues and functions, they often require the
use of exogenous contrast agents to improve their image quality for better investigation.
Nanoparticle-based contrast agents have captivated scientists because of multiple advantages
associated with them such as their excellent photophysical and chemical properties, ability to be
precisely delivered at the target, and superlative tunability. This article is aimed to give a brief
outlook on the recent state of art advances in the usage of nanoparticles for preclinical and clinical

bioimaging through fluorescence, photoacoustic, and MRI imaging modalities.

Introduction
At the nanoscale (i.e., size of 1 — 100 nm in at least one dimension), matter attains unique

photophysical, chemical, and biological properties, thus making possible a range of biological
applications including bioimaging, drug delivery, and therapy.*? Nanostructures that are
nanoscale in all three dimensions are known as nanoparticles.> Nanoparticles are used in multiple
imaging modalities such as fluorescence imaging, photoacoustic imaging, magnetic resonance
imaging (MRI), and radionuclide imaging. This article is targeted toward MRI imaging,

fluorescence imaging, and photoacoustic imaging.
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The use of nanoparticles as contrast agents in optical bioimaging has increased exponentially in
the last two decades because of several advantages associated with them such as ease of syntheses,
tuneability, functionalization, excellent photophysical and chemical properties, biocompatibility,
etc.* Different types of optical modalities such as optical coherence tomography, Raman imaging,
fluorescence imaging, second harmonic generation, and photoacoustic imaging have been shown
to perform bioimaging with the aid of engineered nanoparticles.*~" Engineered nanoparticles of
different types such as organic nanoparticles (e.g., carbon dots), inorganic nanoparticles (e.g.,
gold nanoparticles), and biological nanoparticles (e.g., protein nanoparticles) have found usage
in bioimaging through different optical imaging modalities owing to their unique interaction
profiles with light at different shapes, sizes, chemical composition, and environments.®1°
Although multiple research works have been published on the use of standalone nanoparticles for
bioimaging, conjugates of nanoparticles with different types of biological molecules such as
proteins, DNA, and cellular lipids have provided them with interesting photophysical and
biological properties that have been useful in diseases diagnosis and therapy with the aid of optical
interaction.!212 Increasing studies are being performed at a very fast rate on potential applications
of nanoparticles in optical bioimaging; however, they have not been adopted clinically.
Nonetheless, in preclinical imaging, nanoparticles have contributed immensely to understanding
drug delivery, disease diagnosis, and treatment, cancer-related research, biotherapeutic analysis,
etc.>* Out of several imaging modalities suitable for optical imaging, fluorescence, and
photoacoustic imaging modalities are front runners to benefit from the use of nanoparticles for

preclinical and clinical biological applications.

Currently, radionuclide imaging and MRI imaging are the only major imaging modalities where
nanoparticles have gained approval for clinical use for disease diagnoses.’® Out of these two

techniques, only MRI imaging has been briefly discussed in this article.

Fluorescence imaging

Fluorescence imaging has found usage in a wide range of preclinical and clinical applications
including disease diagnoses, imaging of physiological structures, functional neuronal imaging,
drug delivery, studying pharmacokinetics, etc.'®1° Whenever a matter or a molecule absorbs light
of a particular frequency, it goes from a ground state to an excited state and then comes back to
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the ground state either by radiative or non-radiative decay (Figure 1). The radiative decay in the
process is known as fluorescence.?® By engineering nanoparticles with different chemical
compositions, sizes, and shapes, they can be made fluorescent. Quantum dots are one of the most
widely used nanoparticles for preclinical bioimaging.?* For modern chemistry, quantum dots
syntheses, purification, and characterization has become a trivial task, which has led to the
production of quantum dots with a wide variety of photophysical properties. However, the best
performing quantum dots are made of heavy metals such as cadmium, lead, etc., which have
raised serious toxicity issues for bioimaging.?? In recent years, new types of quantum dots are
being developed from relatively safer materials such as zinc, gold, silver, etc.?2> However, for
metal-based nanoparticles there have been concerns around poor biodegradability or inefficient
clearance from the body, which may lead to chronic toxicity.?*?® Several works have been
performed to develop biocompatible/biodegradable metal-based nanoparticles, and limited but
promising success has been achieved in large animals such as monkeys.?®?” Apart from metals,
carbon-based nanoparticles such as carbon dots have shown promising results in vivo
fluorescence imaging particularly for sensing studies such as pH sensing.?2° Carbon dots are
relatively inert to the immune system and was subjected to renal clearance as reported by multiple

studies.?®

Polymeric nanoparticles doped with small molecule dyes have generated encouraging results in
preclinical imaging of tumors and other functional studies such as sensing pH.%° Given the ease
of biodegradability of polymers and small molecules, the nanoparticles made from these materials
have a greater chance than metallic or purely carbon-based nanoparticles to be approved for
clinical use. ICG is an FDA-approved dye that is utilized to image lymphatic vessels in lymph
nodes in humans, while liposomes are lipid-based nanoparticles that are clinically used to deliver
drugs.132 Although ICG has been highly useful to image lymphatic systems with high contrast,
they suffer from rapid clearance and biodegrade more readily. ICG-loaded liposomes have been
shown to overcome these problems in preclinical fluorescence imaging and are one of the most

promising candidates to be used for clinical bioimaging.333*
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Figure 1: A nanoparticle excites from a ground state to an upper excited state upon being irradiated with
light. From the upper excited state, it relaxes to the first excited state non-radiatively releasing heat, which
is detected as a photoacoustic signal. From the first excited state, it relaxes to the ground state radiatively
emitting fluorescence.

Photoacoustic imaging

The photoacoustic effect was first discovered in the 19™ century by the legendary Alexander
Graham Bell using a photophone; however, the innovations and applications in the field only took
off in the last two decades.®*%" In the photoacoustic effect, thermoelastic absorption of light
results in pressure waves that can be sensed by a transducer (Figure 1). Bioimaging is the most
widely used application of photoacoustic effect and it has gained success in both preclinical and
clinical imaging right from imaging anatomical structures, studying drugs, imaging tumors,
imaging cellular structures, imaging neuronal function, and histology.*2 One of the significant
advantages of photoacoustic imaging over fluorescence imaging is that it has a higher resolution
to depth ratio thus allowing imaging of deeper biological structures at a greater resolution.®® Given
that different biomolecules have unique chemical compositions and light absorption fingerprints,
photoacoustic imaging has been employed to image a wide range of biological structures from
DNA to lipids to proteins.364445 In preclinical and clinical imaging, blood has been used as the
primary endogenous contrast agent for photoacoustic imaging because the hemoglobin in blood
is present in a very high concentration of 1 — 2 mM.* Although endogenous contrast agents have
greatly benefited the use of photoacoustic imaging, exogenous contrast agents can significantly

enhance the contrast-to-noise ratio and enable the study of several biological events. The use of
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exogenous contrast agents.*”*® Multiple varieties of nano-agents have been developed and
utilized for photoacoustic bioimaging; however, until now, all the photoacoustic imaging of
nanomaterial-based contrast agents has been reported in preclinical studies only. Gold
nanoparticles are the most utilized contrast agent for photoacoustic imaging due to their excellent
surface plasmon resonance effect, which allows tuning of its absorption spectra from visible to
NIR-1I range.*” Gold nanoparticles of various shapes and sizes have been synthesized which
allowed imaging not only in the visible light range (450 nm — 600 nm) but also in the NIR-I (600
nm — 1000 nm) and NIR-I1 (1000 nm — 1300 nm) light range thus allowing deeper imaging of
biological tissues including the brain.**#%! Several types of multifunctional nanoparticles have
been prepared by functionalizing gold with polymers, proteins, and other metals that have been
useful for photoacoustic imaging.>>* Apart from gold other transition metal nanoparticles based
on cobalt, gadolinium, copper, molybdenum, etc. have been used to image tumors in preclinical
studies.®>>" Besides metal, small molecules such as pyropheophorbide-a embedded liposomes
have also been used to image tumors in mice using photoacoustic imaging with high contrast to

noise ratio.>®

Given that both the fluorescence and photoacoustic imaging modalities use light to excite the
sample (i.e., nanoparticle in the context of this article), any nanoparticle that receives FDA
approval for clinical bioimaging, can be used by both modalities. Both modalities have their
advantages and disadvantages and can be used independently or combined to study biological
events. For example, although photoacoustic proves a better resolution in deep tissues,
fluorescence provides higher sensitivity to molecular probes.>® Several studies have been reported
with dual imaging capabilities of both fluorescence and photoacoustic thus harnessing the

advantages of both modalities.®%-2

MRI imaging

MRI imaging is one of the most widely used techniques in clinical imaging as it offers high
contrast of soft tissue with a high resolution and excellent depth penetration.®® MRI imaging
works on the principle of longitudinal and transverse relaxations of nuclear spins of water protons
after absorbing the radiofrequency energy.®* The longitudinal relaxation (spin-lattice) time is

characterized as T1 and transverse relaxation (spin-spin) time is characterized as T2.%
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Endogenous contrast from tissue is produced due to the difference in T1 and T2 times (T1>> T2)
of body water proton density after absorbing radio frequency energy. Although MRI gives high
contrast images of soft tissues including the brain through the skull, contrast agents are often
utilized to increase the signal intensity during disease diagnoses.®® Nanoparticles work by
reducing the T1 and T2 times, which increases the signal intensity. Different types of
nanoparticles work by different mechanisms in reducing T1 and T2 relaxation times and are called
either T1 contrast agents or T2 contrast agents.

Gadolinium-based nanoparticles are the most widely used T1 contrast agents and about 10
different such contrast agents have received FDA approval for clinical use.%® Gadolinium is
paramagnetic and it helps produce highly intense signals in T1 weighted images. Free gadolinium
ions are known to be toxic and so they are chelated to large organic molecules to enable renal
clearance without causing any acute toxicity.®® Multiple varieties of gadolinium-based
nanoparticles have been developed with different functionalities such as enhanced targeting and
retention at the target site, better clearance, and higher signal.®” Apart from gadolinium, other ions
such as Mn?* and Fe3* have also been used as T1 contrast agents.®8°

Ferromagnetic or superparamagnetic iron-oxide-based nanoparticles have been used as T2 MRI
contrast agents for over three decades.” Iron(ll, 1) oxide and iron (I1l) oxide are the most widely
used T2 contrast agents because they are chemically stable and produce high signals.%>"* Since
T2-based contrast works by enhancing the negative background signals, the targeting of T2-based
nanoparticle contrast agents is significantly driven by their sizes. > One of the major drawbacks
of iron-oxide nanoparticles as T2 contrast agents is that they tend to create black holes in the
images that prevent effective evaluation. Calibration of nanoparticles is very important for them
to work with the highest efficiency. Overall, it can be concluded that nanoparticles have greatly
aided in increasing the efficiency of MRI imaging; however, there are several limitations

associated with them that hinder their significant and wide use.

Conclusion

Nanoparticles can be extremely useful to enhance the capabilities of optical and MRI bioimaging;
however, being approved for clinical use, they need to overcome all the acute/chronic toxicity

issues concerning them. Nanoparticles for optical imaging have not yet received FDA approval
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for clinical use but they have aided significantly our understanding of different physiological
processes, drug delivery, drug discovery, different types of diseases, etc. in preclinical models. In
MRI imaging, nanoparticles have been a great boon in early diagnoses of different types of
tumors. Although there have concerns around acute and chronic toxicity but with the recent
advancements in the field of nanotechnology which enables precise targeting as well as clearance,
it is only a matter of time before nanoparticles will be used regularly in clinics for biomedical

imaging.
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