Antonio Benayas

Eva Hemmer
Guosong Hong
Daniel Jaque Editors

Near Infrared-
Emitting
Nanoparticles
for Biomedical
Applications

@ Springer



Near Infrared-Emitting Nanoparticles
for Biomedical Applications



Antonio Benayas * Eva Hemmer
Guosong Hong ¢ Daniel Jaque

Editors

Near Infrared-Emitting
Nanoparticles for Biomedical
Applications

@ Springer



Editors

Antonio Benayas Eva Hemmer

Department of Physics and CICECO — Department of Chemistry

Aveiro Institute of Materials and Biomolecular Sciences
University of Aveiro University of Ottawa

Aveiro, Portugal Ottawa, ON, Canada

Guosong Hong Daniel Jaque

Department of Materials Science Physics of Materials Department
and Engineering Universidad Auténoma de Madrid
Wu Tsai Neurosciences Institute Madrid, Spain

Stanford University
Stanford, CA, USA

ISBN 978-3-030-32035-5 ISBN 978-3-030-32036-2 (eBook)
https://doi.org/10.1007/978-3-030-32036-2

© Springer Nature Switzerland AG 2020

This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of
the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation,
broadcasting, reproduction on microfilms or in any other physical way, and transmission or information
storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar methodology
now known or hereafter developed.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication
does not imply, even in the absence of a specific statement, that such names are exempt from the relevant
protective laws and regulations and therefore free for general use.

The publisher, the authors, and the editors are safe to assume that the advice and information in this book
are believed to be true and accurate at the date of publication. Neither the publisher nor the authors or
the editors give a warranty, expressed or implied, with respect to the material contained herein or for any
errors or omissions that may have been made. The publisher remains neutral with regard to jurisdictional
claims in published maps and institutional affiliations.

This Springer imprint is published by the registered company Springer Nature Switzerland AG.
The registered company address is: Gewerbestrasse 11, 6330 Cham, Switzerland


https://doi.org/10.1007/978-3-030-32036-2

Preface and Summary

All imaging methods rely on either endogenous contrast from biological tissue,
such as non-contrast X-ray computed tomography (CT) and functional mag-
netic resonance imaging (fMRI), or externally introduced contrast agents such as
contrast-enhanced CT, positron emission tomography (PET), and single-photon
emission computed tomography (SPECT). Despite their great success in clinical
imaging, major limitations of these mature imaging methods include intrinsically
limited spatial resolutions (MRI and PET), reconstruction-dependent poor temporal
resolution (CT, MRI, PET, and SPECT), adverse effects due to hazardous ionizing
radiation (CT, PET, and SPECT), and lack of both exogenous and endogenous
probes for molecular or functional imaging. In addition to all these drawbacks,
MRI, PET, SPECT, and CT are far from being cost-effective techniques. This is
a drawback in developed countries as it increases the budget of health systems, but
it is dramatic in non-developed countries where these techniques are not available.
In contrast to all these “conventional imaging techniques,” in vivo fluorescence
imaging is not limited by these aforementioned challenges, but instead offers
diffraction-limited high spatial resolution and real-time dynamics image acquisition,
as well as a wide selection of functional and molecular markers for revealing rich
information from fluorescence imaging. In addition, in its basic version, fluores-
cence imager can be considered as a cheap instrument. It is, basically, constituted
by a excitation light source (lamp or diode laser), a set of optical filters to remove
background, and a fluorescence camera for image acquisition. The experimental
simplicity of a fluorescence imager makes it economically affordable. Indeed, the
cost of fluorescence imagers (already commercially available for preclinical studies)
is orders of magnitude lower than those of imaging techniques already working
at the clinical level. This would make possible its implantation in a large number
of preclinical units with affordable costs. In addition, optical radiation used as
excitation source is nonionizing so that it is potentially innocuous. As some of the
other techniques, fluorescence imaging also requires the use of a biocompatible
probe to enhance the brightness, contrast, and resolution of the bioimaging.
Fortunately, numerous biocompatible materials (such as organic molecules and
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inorganic nanocrystals) can act as fluorescence probes so that somehow the use of
harmful probes (such as radioactive traces) is not necessary.

The simplicity and high acquisition speed of fluorescence imagers have enam-
ored the users of preclinical units. We can say that fluorescence imaging is among
the most popular imaging techniques for research units working in animal models.
The translation of fluorescence imaging into the clinics is still far from being
a reality. One of the biggest issues avoiding the transaction into the clinics of
fluorescence imaging is the limited tissue penetration depth due to scattering and
absorption of fluorescence photons in biological tissue. To address this challenge,
in the past decade this field has witnessed rapid development with a lot of interest
focused on biomedical imaging, optical biosensing, and imaging-guided therapies
in the near infrared (NIR) spectral region. The NIR spectral region, which is broadly
defined as the wavelength range from 700 nm to 3 pwm in the electromagnetic
spectrum, has been demonstrated with the following advantages for the golden
beneficial trifecta for in vivo imaging:

— Superior penetration depth.
— Greater optical contrast, that is, better-resolved images.
— Higher signal-to-noise ratio (lower autofluorescence background).

The physical mechanisms behind the above listed NIR spectral range beneficial
assets are quite intermingled, regarding their implementation in the biomedical
arena. We found lower absorption coefficient shown at those NIR wavelengths
by the biological tissues. The fact constitutes clear advantages in “two ways” for
light-related biomedical purposes, as it benefits the transmission through tissues
of both inbound (excitation) and outbound (emission) photons. Secondly, we are
considering ballistic photons here. Then, the scattering they undergo because of
interacting with optically dense matter—namely, the different kinds of biological
tissues—is considerably lower for longer wavelength light (i.e., NIR). Finally,
autofluorescence—i.e., undesired light emission from the tissue itself—is both less
excited by and produced at NIR wavelengths.

Authored by distinguished researchers from four different continents, the 13
chapters of this book cover very distinct aspects of near infrared-emitting nanopar-
ticles for biomedical applications, obviously with special emphasis on fluorescence
imaging where the near infrared nanoparticles act as contrast agents. Throughout
the rest of this introductory chapter, the editorial team offers an overview of how the
chapters relate to the topic and the thematic transitions between them.

The chapter by Marcos-Vidal/Vaquero/Ripoll drives the reader through the light—
matter interaction specifics, giving a broad insight regarding the physics of light
propagation in optically dense tissues, much needed for an opening piece within
a book of this interdisciplinary character. For all those ones not entirely familiar
with the current landscape of fluorescence imaging, this chapter perfectly frames
the physics rationale behind the current trends of shifting optical excitation and
signal of the contrast agents (nanoprobes) to the near infrared.

Here, it is worth highlighting the comprehensive and thorough explanation given
about the specifics of both absorption (accounting for the radiation that is dissipated
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without re-emission of light) and scattering (or re-emission of incident light) in
Sect. 1.1. Regarding the latter phenomenon, the authors have managed to elegantly
describe the Mie theory for non-physicist audiences, by way of authoritative
and concise definitions without excessive mathematical apparatus. Then, the core
sections on light propagation in biological tissues and properties of light in the
NIR range (broke down by different biological compounds/types of tissues) provide
the basics to understand the rationale behind the spectral range objects of special
attention as the scope of the whole book targets.

The narrative follows by the piece by del Rosal/Thomas/Mahadevan-
Jansen/Stoddart that is entirely devoted to autofluorescence. As in any other
measurement process, signal-to-noise ratio (SNR) optimization is the most
important criterion to assess the procedural and usefulness. Therefore, the optical
background generated by the intrinsic fluorescence of several different biomolecules
must be the subject of specific and careful analysis.

The chapter goes beyond the widely accepted framework of accounting for a
much generalized autofluorescence presence throughout the visible (VIS) wave-
lengths. In fact, the different sections tackle the NIR autofluorescence—more
scarcely described in the literature—reviewing the involved molecules and their
spectral emission ranges. Moreover, particular areas of interest where fluorescence
imaging has established as a battle-hardened useful technique, such as surgical
oncology, are discussed. For clarity of purpose, it must be noted that throughout
the chapter autofluorescence is openly considered not just as an inconvenience
or difficulty to bypass/eliminate for high-contrast imaging, but as a source of
advantageous and utile knowledge for in vivo detection of malignances and diseases.

Thus, we really believe that once the readership has taken and understood the
first two chapters, the rationale behind the shift towards contrast agents emitting
at NIR wavelengths, increasingly happening during the last decade, is justified in
a conceptually rigorous way. Whether approaching the matter from the research
community interested in fluorescence bioimaging or coming from other domains,
the plethora of beneficial effects of NIR light is factually set, ranging from deeper
through tissue penetration to better optical resolution.

Having started the book with two chapters providing the reader insights into the
physical characteristics of NIR light and its interaction with matter, the following
chapter shifts gears paying attention to biological and chemical facets. Seeking in
vitro and in vivo applications of nanomaterials, their surface functionalization is
indispensable. This is as it endows the nanoprobes with the necessary biocompati-
bility, colloidal stability in biological environments, or targeting capabilities.

Addressing this aspect of fundamental importance for any bioprobes, the chapter
by Hirsch offers a critical look at the currently known methods for surface
modification and functionalization of NIR-emitting nanoparticles for biomedical
applications. The author stresses the importance of carefully carried out and
well-characterized surface functionalization, especially for biomedical applications,
where the surface ligand choice has great impact on the nano-bio interaction, thus,
ultimately the performance of the bioprobes.
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General principles of surface modification are explained; advantages and disad-
vantages of various strategies are discussed. Several examples are given to illustrate
these various approaches, wherein the focus is mainly set on rare earth-doped
nanoparticles (RENPs). Thus, this chapter does not only provide insight into the
state-of-the-art surface chemistry and remaining challenges that still need to be
tackled by the research community, but also invites the reader to the first journey
discovering the manifold application potential of NIR luminescent bioprobes.

For the next thematic block within our opus, the connecting wire between the
distinct grouped chapters is the contrast between different types of NIR-emitting
nanomaterials although abundantly carefully chosen examples of applications and
preclinical developments are supplied. It opens with the work of Tan/Chen focusing
on the latest and most insightful advances of in vivo imaging, achieved by way of
rare earth-doped nanoparticles (RENPs) as fluorescence contrast agents.

Most researchers know about the RENPs through the upconverting emission (one
emitted photon of higher energy for each bunch >2 absorbed photons of lower
energy) that has produced a gamut of interesting research outcome within different
areas of knowledge, in particular the biomedical arena. Yet, this chapter also
forcefully presents downshifting RENPs, where much more efficient NIR emission
is obtained. In particular, through very illustrative examples, the authors make the
case for the time-gating imaging technique, as a playing field where RENPs can
outperform other competitors. This methodological approach relies on the long time
scale of the emission lifetime from chosen fluorophores, lasting much longer than
the short-lived autofluorescence.

Moreover, the chapter constitutes an honest account of the current limitations
and shortcomings of RENPs as well. Low light absorption that decisively affects
the emission brightness of them is the key challenge to tackle, for RENPs decisively
occupying their place at the table of the fluorescence contrast agent with credible
clinical potential.

Moving further into longer wavelengths in the NIR spectrum, the chapter of
Du/Wan/Dai summarizes the latest advances in the development of fluorophores
in the second near infrared window (NIR-II window) from 1000 to 1700 nm. With
the first demonstration of in vivo NIR-II fluorescence imaging in rodents a decade
ago, the Dai group has pioneered in the synthesis and application of a wide palette
of NIR-II fluorophores, ranging from single-walled carbon nanotubes (SWCNTSs),
quantum dots (QDs), semiconducting polymers to small organic molecules. In this
chapter, the authors have offered a timely overview including latest efforts from Dai
and coworkers towards the realization of “ideal” fluorophores for NIR-II imaging
with high fluorescence quantum yield, further red-shifted emission wavelength, and
favorable pharmacokinetics.

The past decade of in vivo NIR-II fluorescence imaging can be roughly divided
into two phases, both of which have been significantly contributed by the pioneering
research of the Dai group. In the first phase from 2009 to 2014, nanomaterials with
NIR-II fluorescence and good biocompatibility were demonstrated as promising
contrast agents with greater tissue penetration depth and crisper contrast/resolution
of imaging than their counterparts in the shorter wavelength, NIR-I window.
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One remaining challenge of materials used for imaging during this first phase
comes from the suboptimal pharmacokinetics of SWCNTs and QDs due to their
relatively large size and difficulty of biodegradation. This remaining challenge is
one of the key motivations of many recent advances reviewed in this chapter,
which provides a good summary of the second phase of NIR-II fluorescence
imaging research from 2014 to now with a focus on the emergence of many small
organic molecule-based NIR-II fluorophores such as CH1055 and IR-El. These
water-soluble NIR-II fluorescent molecules exhibit outstanding pharmacokinetics
with rapid renal clearance, opening up great opportunity for clinical translations.
Optimization of the molecular structure as well as exploitation of supramolecular
interactions has led to increased fluorescence quantum efficiency of these NIR-II
fluorophores. Besides these advances, further extension of the emission wavelengths
using rare-earth and small-bandgap III-V semiconducting nanoparticles is another
focus of this chapter.

The following two chapters discuss carbon-based NIR emitters for biomedical
applications in more detail. The chapter by Jena/Cupo/Heller sets the focus
on SWCNTs, while the subsequent work by de Medeiros/Naccache provides a
comprehensive review on various carbon-based nanomaterials, their synthesis and
application in biomedicine.

The major advantages of SWCNTs as NIR bioprobes include the intrinsic
multiplexed optical sensing ability, coupled with the novel biodistribution capability
due to the small size and aspect ratio. In light of this, multiple examples are known
to demonstrate the excellent performance of SWCNTs for NIR-based bioimaging.
Furthermore, Jena/Cupo/Heller introduce to the reader some aspects that deserve
specific attention, not only by the nanotube community but also by other researchers
working in the field of (anisotropic) bioprobes. More precisely, the need for
the development of novel characterization techniques is stressed, particularly to
accurately analyze individual nanotubes.

Hence, this chapter includes an introduction to the technique of hyperspectral
imaging that originally stems from the fields of astronomy and satellite-based
remote sensing, but that is recently attracting increasing attention by the nano-
bio community. The beauty of these techniques consists in the possibility to
simultaneously collect a large variety in spectral as well as spatial information,
whereas samples can be studied on a surface, in fixed tissues and in cells. This
allows not only to study the optical properties of individual SWCNTs, but also to
observe kinetic bioprocesses or to assess their capabilities to act as luminescent
sensors, for example, biomolecules related to a specific disease.

While the reader will find an impressive list of achievements with respect to
NIR-based biomedical applications of SWCNTs and their study by hyperspectral
imaging, the authors do not hold back remaining issues and current challenges that
have to be addressed to further advance this field and to develop the next fools for
basic research and translational biomedicine.

The chapter by De Medeiros/Naccache presents the larger realm of carbon
nanomaterials. Besides carbon nanotubes (CNTs), this chapter includes a detailed
review on carbon dots (CDs) and graphene dots (GDs). The in-depth description and
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evaluation of various synthesis techniques towards these materials will particularly
suit the reader with a strong interest for materials synthesis.

As in the case of CNTs presented by several authors, GDs and CDs have also
been reported as promising candidates for biomedical applications, including in vivo
bioimaging in the first NIR biological window. Interestingly, this chapter provides
several examples for biomedical applications beyond NIR bioimaging, namely in
sensing. Indeed, it is summarized that many biomolecules, metals, and cations
can be identified by the carbon-based nanomaterials. This holds promises towards
innovative multimodal bioprobes.

With respect to remaining challenges, while carbon-based nanomaterials (in
particular CDs and GDs) are generally considered advantageous over other materials
due to their low toxicity, the authors point out that further studies regarding the
toxicity and biodistribution are still required. Other questions remain unanswered
when it comes to the mechanisms of interaction between cells, tissues, and carbon-
based nanomaterials, and—on a more fundamental note—the mechanisms of
fluorescence, the role of the surface, and the interaction between these nanomaterials
and biomolecules. Yet, as the authors conclude their chapter (being in line with other
contributions to this book)—*“Carbon nanomaterials hold an immense potential and
a bright future that we believe will change the entire biomedical landscape and
will result in the development of novel diagnostic and imaging tools for the most
challenging problems in nanomedicine.”—we can only agree with such statement,
and we are looking forward to future developments in the domain of carbon-based
NIR probes.

As a final contribution within the second block of the book—which we can label
as the more materials-based part of it although always compatible with describing
exciting applications, the chapter by Viana/Richard/Castaing/Glais/Pellerin/Liu/
Chanéac discusses the NIR-persistent luminescent nanoparticles from a broad per-
spective. Persistent luminescence constitutes an attractive and physically peculiar
phenomenon, based on materials that are able to store optical energy and release it
gradually by photon emission.

The chapter digs into the physics behind that intriguing behavior. Furthermore,
the narrative didactically connects such knowledge with the two possible materials’
engineering routes to produce persistent luminescence materials:

— Relying on intrinsic defects, optimizing traps by compositional variation and
thermal annealing.
— Optimization of the traps by co-doping.

The case study of ZnGayO4:Cr is developed in detail regarding an outstanding
platform for NIR-persistent luminescence, analyzing the physics of its persistent
luminescence emission. Thermoluminescence, as a distinctive feature of the system
is also described, is the most commonly used technique to demystify the traps num-
ber and their depths. Application-wise, the topics of biocompatibility and long-term
in vivo imaging are covered in the final part of the chapter. Overall, the description
on this not yet well-known approach to imaging will undoubtedly enlighten the
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research community, especially those not quite familiar with lanthanide-doped
materials.

Although portraying a title carrying a materials flavor, the chapter from Ort-
gies/Martin stands alone, halfway between thematic blocks in this book. It is,
indeed, the most methodologically oriented insight of the whole compendium
work, towards autofluorescence-free imaging (or minimizing autofluorescence, as
it constitutes an undesirable background).

Strategies to filter autofluorescence from the image are explained first, establish-
ing a clear filtering domain difference among them. On the one hand, spectral filter-
ing relies on using fluorophores emitting at longer NIR wavelengths than the spectral
region where autofluorescence mostly occurs (see del Rosal/Thomas/Mahadevan-
Jansen/Stoddart chapter). On the other hand, the time-domain filtering points out
towards the time-gating techniques. Those are based on using fluorophores that
present fluorescence lifetimes orders of magnitude longer (s to ms) than the
lifetimes of the molecules causing the autofluorescence (usually in the range of ns).
The signal-to-noise ratio increases very quickly with the delay time, even if the
long-lifetime fluorophore is present at a concentration a million-fold lower than the
fluorophores causing the autofluorescence. It represents a refreshing and fascinating
example how RENPs with lower brightness in the NIR—actually “lower” when
compared with quantum dots or dyes—comes to the forefront of the stage for time-
gating, as their much longer lifetimes allow them to play a leading role, by not
requiring top-notch expensive electronics.

The second insightful block within the chapter is devoted to routes
avoiding the excitation of the molecules responsible for the autofluores-
cence, i.e., using fluorophores that do not require in-body excitation. The
discussion on those strategies, persistent luminescence, allows the reader
to benefit from the comparison between this chapter and previous one by
Viana/Richard/Castaing/Glais/Pellerin/Liu/Chanéac, about the very same topic
tackled from a broader materials’ perspective. Different alternatives are:
chemiluminescence, which is the emission of light as the result of a chemical
reaction, and bioluminescence, which involves a number of biochemical and
enzymatic reactions. As no light excitation is required for either of the two,
background signal arising from autofluorescence does not exist, and high sensitivity
and signal-to-noise ratios can be achieved.

The chapter is nicely wrapped up with a thorough comparative analysis among
the different described techniques, together with a comprehensive list of the
quantum yield values found in literature for different NIR-emitting nanoparticles
families.

With a toolbox of NIR-II fluorescent agents available to scientists, the following
two chapters by Bardhan/Belcher and Chen/Zhang/Li/Wang take an important step
further to tackle pressing biomedical challenges with the help of in vivo NIR-II
fluorescence imaging. The ultimate goal of NIR-II fluorophore-based biomedical
imaging is to develop more precise diagnostics and more efficacious therapies that
will be applied in clinical practice. These two chapters are laudable for bridging tool
development and translation-oriented applications.
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The chapter by Bardhan/Belcher offers a very comprehensive and authoritative
overview of the applications of polymer-functionalized NIR-II emitters for cancer
theranostics and treatment of bacterial infections. The authors have covered a broad
range of NIR fluorophores from organic dyes to inorganic nanoparticles with a focus
on SWCNTs and a wide variety of polymer-based functionalization strategies with
a highlight on bioinspired, bacteriophage-assisted surface coating. In addition to the
breadth of coverage, the discussion has gone into a great depth in the context of
preclinical studies and clinical trials, offering a unique perspective facilitating the
timely translation from bench to bedside.

The chapter by Chen/Zhang/Li/Wang chooses a specific type of NIR-II fluo-
rophore, silver sulfide (Ag>S) QDs, for discussion of its usefulness in the application
of in vivo stem cell tracking. As in the case of most NIR-II fluorescent materials,
successful in vivo studies and potential clinical translations of Ag>S QDs necessitate
carefully designed surface functionalization, which is discussed in conjunction with
these nanoparticles’ in vivo behavior such as pharmacokinetics, toxicology, and
molecular specificity. A few selected examples of stem cell labeling and tracking
studies are reviewed, including stem cell transplantation for liver therapy and
cutaneous regeneration.

Moving from specific materials classes back to the larger variety of NIR-emitting
bioprobes, Jin/Nomura discuss the potential of NIR emitters for their specific
application in in vivo mouse brain imaging.

Again, NIR light that matches the second biological window is demonstrated
to be the preferred excitation and emission light when seeking non-invasive
fluorescence imaging of brain. Operating in the NIR-II window, autofluorescence,
absorption, and scattering by scalp and skull can be reduced while otherwise
significantly affecting the signal-to-background ratios of the fluorescence images.

It may appear to the reader that SWCNTs are at the forefront of in vivo optical
bioimaging; Jin/Nomura also describe recent achievements based on these NIR
emitters. Yet, as we can learn from this chapter, the choice is not limited to
SWCNTs: AgrS QDs, PbS QDs, and rare earth-doped nanoparticles are discussed
as alternative NIR nanoprobes for intravital imaging in the second NIR window. In
addition, the reader will learn about the still young field of next-generation organic
dye-based NIR nanoprobes capable of emitting at wavelengths over 1000 nm.
Besides, some attention is devoted to the technical description of in vivo mouse
imaging platforms, which will become handy to those aiming for their own
experimental work and will hopefully stimulate the development of systems suitable
for humans, a challenge that remains unaddressed to date.

Besides fluorescence imaging applications in the NIR, from the first few chapters
we know that the interaction between NIR light and certain nanomaterials also
lead to strong absorption of photons and efficient local generation of heat. Most
readers are familiar with the photothermal effect and biomedical applications based
thereon of plasmonic nanoparticles comprising gold and silver. Thus, the chapter
by Marciniak/Kniec/Elzbieciak/Bednarkiewicz provides a different perspective by
focusing on non-plasmonic photothermal materials that can be activated by NIR
light, ranging from carbon nanomaterials (graphene oxide, SWCNTs, etc.), rare-
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earth nanoparticles, polymers, silicon nanoparticles, titanium oxide nanoparticles
to iron oxide nanoparticles. This—Ilast but not least—chapter provides a broad
survey of the current state-of-the-art development of non-plasmonic NIR pho-
tothermal agents and their applications from cancer ablation to neural activation.
It is noteworthy that given the natural occurrence of heat-sensitive ion channels
(such as TRPV-1) in the central nervous system, photothermal activation of these
endogenous ion channels may provide a unique pathway for modulating neural
activity and treating neurological diseases, calling for future advances in more
efficient photothermal agents in the NIR window.
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Chapter 1 )
Optical Properties of Tissues in the Near Qe
Infrared: Their Relevance for Optical
Bioimaging

Asier Marcos-Vidal, Juan José Vaquero, and Jorge Ripoll

1.1 Optical Properties of Tissues: Physical Origin
and Statistical Approach

Color: a phenomenon of light (such as red, brown, pink, or gray) or visual perception that
enables one to differentiate otherwise identical objects—Merriam-Webster dictionary.

The phenomena of color surround us during our everyday life. From a visual
point of view, color is just a component of light; however, it is associated with an
electromagnetic perturbation propagating in space and interacting in several ways
with matter. These perturbations are due to electromagnetic waves that oscillate
at different frequencies, measured in Hz, with a certain associated wavelength A,
measured in nanometers (nm). Now, color can be redefined as the response or
interpretation of the brain to each of these frequency components of light. This
description of color reveals that it is not an intrinsic property of matter itself, but a
result of its interaction with the electromagnetic radiation from the visible portion
of the spectrum.

The human visual system allows to detect a wide range of stimuli; however, as
happens with other senses, its sensitivity is restricted to a very narrow range of
wavelengths. Infrared light (IR) is a region within the spectrum located above the
red color—in terms of the wavelength—and invisible to naked eyes. This portion
of the spectrum is very wide, much more than the visible (see Fig.1.1), and is
where several phenomena in nature such as heat emission take place. However, in
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Fig. 1.1 Spectrum of visible and near infrared light with the most common imaging subwindows

biomedical imaging we are interested only in a small portion of this region, from
700 to 2000 nm, that we name the near infrared (NIR). The boundaries of the NIR
are given by the high absorption that light presents in most of the IR spectrum.

The study of the interactions that occur between light and matter allows to
understand the mechanisms of multiple phenomena that take place in nature. In fact,
some light-based diagnosis techniques exploit this knowledge to obtain meaningful
information from the body. Few of them are as simple as looking into the ear with an
otoscope, seeking red areas that would reveal irritation or infections, while others
require complex mathematical models or instrumentation to measure biomedical
parameters or even retrieve structural information from inside the body [18].

The limitations of optical imaging techniques stem from phenomena of light
propagation, so the optimal design of the optical devices relies on their compre-
hensive knowledge and understanding. In the following sections of this chapter, the
basic interactions of light and matter will be described, then the optical properties
of light in the NIR will be introduced, to finally evaluate how do they affect image
quality in terms of resolution and penetration into tissues. Given the complexity of
propagation theory, this text will not present a rigorous derivation of the equations
presented. Readers looking for a detailed mathematical approach are encouraged to
consult more specialized publications [4, 15, 20].
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1.1.1 Basic Interactions Between Light and Matter

The propagation of light through tissues is a very complex phenomenon and is still
a subject under study nowadays. The two main interactions that characterize it are
absorption and scattering. Before going in depth into their physical meaning, it is
very important to understand that energy exchanges with the medium occur within
an energetic balance, having fundamental laws that must be preserved.

The fact that light is of electromagnetic nature ties it to one of the most
elementary theorems in physics: energy conservation. Whatever happens during
propagation, energy must be preserved. This property is the starting point to derive
the equations that describe the flux of light through tissues.

The general equation of the theorem of energy conservation derived from the
Poynting’s theorem and has the expression:

ow AdP,ps
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+V.-5§=0 (1.1)

The first term describes the variation of energy density with time, the second the
absorbed power, and the third the energy exchange with the medium due to incoming
and outgoing energy.

The Poynting’s vector describes the energy flow of an electromagnetic wave as
the cross product of the electric and the magnetic fields and is directly related to
what we can actually measure with the instrumentation.

This expression must always hold in the far-field—distances of several
wavelengths—and, in the case of light, the particularization in terms of the
statistical approximation of the optical properties of the medium will lead to the
radiative transfer equation (RTE), which is the main equation for energy transport
that accounts for scattering, absorption, and emission in a statistical manner. The
detailed derivation of the RTE is out of the scope of this chapter; however, we will
try to give a general idea of the meaning behind it.

Keeping in mind the theorem of energy conservation (Eq. 1.1), we will start now
describing the main interactions that occur in tissues: absorption and scattering.

From a macroscopic point of view, absorption can be described as the energy
dissipation that is produced during the interaction of an electromagnetic wave with
matter. However, this process is rather more complex if studied from a particle point
of view.

At room temperature, by default electrons from a particle, be it an atom or a
molecule, can be found in a ground energetic state. Here we must point out that in
the ground state (see Fig. 1.2, where it is defined as singlet state Sp), its electronic
configuration is in the lowest available energy state given the conditions of the
environment. When the incident light reaches the particle, the molecule or atom
will be taken to an excited state, as long as the incident energy is enough to reach
it. This means that electrons will be promoted to higher energy orbitals. Now, the
molecule will tend to return back into the ground state by releasing the absorbed
energy. This relaxation can occur in several ways, giving different results depending
on the transition path and the excited state reached after the process.
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Fig. 1.2 Perrin—-Jablonski diagram of the de-excitation pathways of a particle

The levels and sublevels of excitation that a particle can reach depend on the
relative orientation of electron spins and the nature of the orbitals. These levels can
be of two types: singlet S, Sy and triplet T state. Singlet states mean that all spins
are paired—up/down—having a multiplicity of M = 2S5 4+ 1 = 1. A triplet state,
on the other hand, has two spins in the same state, thus reaching a multiplicity of
2541 = 3. The most common situation is that the particle reaches a singlet state. In
this case, during de-excitation, the energy can be liberated following two energetic
paths. Energy can be delivered into the system in form of heat due to vibrational
relaxation or it can be released through fluorescence emission. In the latter, the
emitted electromagnetic radiation will be of lower energy—longer wavelength—
since some energy is lost in the process.

Alternatively, during de-excitation the particle can turn into a triplet state through
intersystem crossing. Since it is a lower energy state, the particle can then easily
relax to the ground state either through internal conversion or through what we call
phosphorescence which has very long lifetimes, due to the fact that a triplet—singlet
(T1 — Sp) transition is in principle forbidden due to Hund’s rule.

It is important to point out that processes of fluorescence have lifetimes in the
order of tens to hundreds of nanoseconds. However, phosphorescence can be a much
slower process, having a delay that can go from fractions of a second up to a few
seconds, minutes, or even hours. All these processes and paths of excitation and
de-excitation are depicted in Jablonski diagrams as in Fig. 1.2.

Absorption accounts for the radiation that is dissipated without re-emission
of light. For a single particle, it can be estimated by measuring the amount of
power loss due to its interaction with an incident electromagnetic wave. The ratio
of incident energy |(S(i”c)>| [W] and absorbed power P [W/cmz] defines the
absorption cross section o, .
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o, = % (cmz) (12)

The absorption cross section of a particle represents the effective cross section
compared to its geometrical cross section in area units. This value represents only
the absorption for a single particle, while, in bioimaging, it is much more useful to
calculate the equivalent for a statistical ensemble of N particles per unit volume V/,
represented by the absorption coefficient i, :

[ta = PO, (cm*‘) (1.3)

where

N
o= v (particles / cm3) (1.4)

Absorption is the main limiting property in terms of how deep light can penetrate
in tissues, since it removes energy of the incident wavelength as light propagates
within the medium. Absorption attenuates the incident light, converting it into either
vibrations of the medium—heat—through non-radiative processes, or emission of
light of different wavelengths through radiative processes (fluorescence, phospho-
rescence, and in specific cases of shorter wavelengths of emission, upconversion).

The re-emission of the incident radiation is known as scattering and practical
cases of light propagation theory with in-vivo applications, only light re-emitted
with the same frequency is considered. In this case, the phenomenon is specifically
termed elastic scattering. In addition to the arrangement of the particles, the amount
of scattering of a medium depends also on the size, shape, and spatial distribution
of these scatterers.

In Mie theory [17], the probability for an incident wave of being scattered into
a certain direction depends on the relative size of the particle with respect to the
incident wavelength. When particles in the medium are smaller, light is scattered as
an outgoing spherical wave. This solution to the Mie theory is known as Rayleigh
scattering. When there is a slight index of refraction mismatch, such as between
cells and the surrounding extracellular medium, as the size of the particle increases
the scattered radiation deviates from that of an outgoing spherical wave, peaking in
the forward scattering direction.

The scattering cross section o quantifies the scattering efficiency of a particle.
This can be obtained by calculating the ratio between the scattered power Pj. and the
incident energy. However, given the directional dependence of scattering, it can be
also estimated as the integral of the scattering amplitude | f (§ §0) | over all angles.
The scattering amplitude accounts for the contribution of the scattered wave to a
certain direction §, given an incident direction §y. Hence, the scattering cross section
gives information about the probability of light of being scattered, no matter the
direction, and is defined as:
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The scattering coefficient pg can be estimated similarly to the absorption
coefficient for a known density of particles in the medium.

ns=po,  (om™) (1.6)

In biological tissues, cells can be considered as the main scatterers. As they are
quite transparent and their average size is usually greater than the wavelengths
used for imaging, the angular distribution of the scattered light becomes highly
anisotropic mainly due to the small index of refraction mismatch between different
tissue components. Therefore, the description of scattering in tissues must account
for this effect. The anisotropy factor g represents the average cosine of the angle
between the incident wave and the scattered. This unitless parameter takes values
from —1 to 1, being —1 fully backward scattering and 1 only forward. A particle
with perfect isotropic scattering would have a value of 0. In terms of scattering, and
neglecting absorption, this coefficient informs about how much transparent is the
medium.

The anisotropy factor is included in the model through the reduced scattering
coefficient, with the expression:

wo=-gu  (em™) (1.7)

As an example, a highly scattering medium with a scattering coefficient of
110cm™" can decrease its effective scattering through the reduced scattering
coefficient if its anisotropy is 0.9—1.10cm™"'. Usually, biological tissues have very
high scattering anisotropy, taking values that range from g = 0.8 to g = 0.9 [16].

The scattering coefficient follows a negative power law with respect to the wave-
length, thus decreasing as wavelength increases. This dependence is monotonic, due
to the small size of the particles with respect to the wavelengths considered.

The dependence of the angular distribution of scattering on the relative size
between the wavelength and the particles makes the scattering coefficient value
to follow a negative power law with respect to the wavelength, thus for tissues
decreases as wavelength increases with monotonic dependence.

It is important to remark that the statistical definition of the optical properties
in terms of their relative cross sections and particle densities is valid for biological
tissues only because the variations on the properties within the medium are assumed
to be very smooth. Also, the constant movement of cells (motility) induces a
self-averaging effect to the local light intensity. This property cancels any effect
coming from constructive or destructive interference in the case of using coherent
illumination.

Before moving into the physics of light propagation, two more important coeffi-
cients must be defined using the quantities of scattering, absorption, and anisotropy.
The transport coefficient p}, accounts for scattering and absorption together. This
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important parameter is especially relevant when modeling propagation using Beer—
Lambert’s law (in absence or negligible scattering) as will be seen in the following
sections.

=14 a= 0= +ua  (om™) (1.8)

A direct consequence of the definition of the transport coefficient is the transport
mean free path (tmfp, [.), also called transport length. This parameter is key
to determine the degree of diffusiveness of light because it represents the mean
distance that light must travel in the medium in order to become totally isotropic
in propagation and hence lose its original directionality. This term is defined as the
inverse of the transport coefficient:

1 1
lt*rz_/

= — (cm) (1.9)
Hir Wy + Ha

1.2 Light Propagation in Biological Tissues

Once the optical properties of tissues have been defined, we will try to understand
how light propagates through tissues. In turbid media, propagation is modeled by the
diffusion approximation of the diffusion equation. The derivation of this expression
is beyond the purposes of this chapter, and therefore, we will only give an overview
of the steps to reach it, explaining the purpose of each of them.

The path towards deriving the diffusion equation from radiative transfer theory
[15] begins by recovering the equation of energy conservation and rewriting it to
include the absorption and scattering coefficients that we described in the previous
section. For that, the energy must be expressed in terms of the specific intensity
I(r,8) [W/cm?sr]. This quantity represents the average flow of energy at a point
r in a certain direction 8. It is calculated through the integration of the discrete
interaction of every incident wave—Poynting’s vector—with the scatterers and
absorbers within a small volume. This is equivalent to estimating the average
Poynting’s vector within this small volume in a certain direction.

When the equation for energy conservation is expressed in terms of the specific
intensity, we obtain the RTE, which models the energy flow in a medium through the
evaluation of its intensity in a certain direction in small volumes with homogeneous
optical properties. The expression for a system where a certain amount of energy
e(r, §) [W/scm?] is introduced by a source is represented by the RTE:

19 A a R n A A A R
——I(r,8) +§-VI(,S) + u:1(r,8) — ut/ I(r,8)pG,8)dQ = e(r, §)
co Ot (47)

(1.10)
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Then, if the directional information is integrated, an equivalent expression to
the RTE will be reached (see Eq. 1.11), however this time in terms of the average
intensity U (r) and the flux J(r) for each position. Here, it is important to remember
that the average energy for every point is calculated using the average intensity
within small volumes of the medium. This time, the result of the integral over the
energy introduced into the system is the source term S, (r) [cm?].

10
agU(l‘)JrV-J(r)erU(r)—MsU(l')=So(l’) (1.11)

The terms in Eq. (1.11) represent each of these quantities:

» The first term represents the variation of the average intensity at r with time.

* The second term describes the energy flux coming and leaving the volume.

* The next term accounts for the losses due to absorption and scattering. The latter
here refers to the amount of energy that is scattered out of the volume considered
at r and hence is accounted as loses.

* The last term is also referred to scattering, but in this case is describing the energy
that is coming into the volume scattered by the areas surrounding. Therefore, this
term has a negative sign in the equation.

The RTE can model nearly any situation regarding light propagation. Before
particularizing it for diffusion, it is interesting to analyze the case in which the
contributions from scattering can be neglected. Here, the medium would have a
very small scattering coefficient, and hence the term that accounts for contributions
from adjacent volumes can be eliminated from the expression. Assuming also no
external sources and constant illumination, the equation would become:

V-J®) +mU@®=0 (1.12)

This expression represents the modified Beer—Lambert’s law for light propaga-
tion. Here, the variation of the flux of energy—which represents the fluctuation of
energy density in a volume—is only caused by attenuation of the average intensity
in terms of the transport coefficient (Fig. 1.3). The solution to this expression is
simply an exponentially decaying intensity without any spatial change in the spatial
distribution of the intensity in propagation.

The diffusion approximation aims to simplify the RTE by adding some condi-
tions and assumptions that will help to reach an analytic solution. Through these
approximations, we will obtain an expression for the average intensity U that
represents the light distribution in diffusive media. Here, we will mention the most
important ones, explaining their limitations and consequences in the solution of the
light propagation equation.

The diffusion equation is based on Fick’s law. These establish that the flux of
energy flows from high concentration regions to others with lower concentration,
creating a gradient of energy that depends on a constant termed the diffusion
coefficient, D. This parameter is usually expressed in terms of the properties of
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Fig. 1.3 Representation of
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the medium and regulates the amount of energy flow. The expression for the flux J
in terms of the gradient of the average intensity becomes:

J@,t)=—-DVU(r,1) (1.13)

Before introducing the main approximation that will help to find an expression
for the specific intensity, it is important to point out that in diffusion theory, light
intensity flowing in the medium is divided into two components [15]:

* Reduced intensity, I,;: ballistic contribution of light that still has high direction-
ality.

* Diffuse intensity 1;: corresponds to light that has already being scattered several
times and therefore has lost its initial directionality and whose flux follows Fick’s
law (see Eq. 1.13).

At the vicinity of the source, most of the contribution to the intensity will
be from the reduced component. However, after several scattering events, it will
lose completely its original direction of propagation, being its energy gradually
transferred to the diffuse intensity. At a point r in the medium, the intensity will
be a combination of these two components. Equivalently, this step has attached the
definition of the corresponding average reduced and diffuse intensities, U,; and Uy,
and fluxes J,; and J4.

In order to reach the solution of the diffusion problem, an estimation for the
diffuse intensity must be introduced (since the reduced is given by the source,
following Beer—Lambert’s law). The definition of the angular distribution of the
specific intensity is the main approximation within the diffusion approximation.
It assumes that the diffuse component of the intensity can be modeled as the
combination of the contributions of a uniform average intensity and a flux pointing
in a certain direction (see Fig. 1.4). Mathematically, it corresponds to the first-order
spherical harmonic expansion, leading to the following expression:
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Fig. 1.4 Approximation of
the diffuse intensity as a
first-order spherical
harmonic. The illustration
depicts the angular
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This approximation incorporates essential information from the distribution of
the diffuse specific intensity and allows to find an expression for the diffusion
coefficient. If the definition for the diffuse intensity is introduced into the RTE and
then again integrating over all angles to obtain the expression for the flux J; can be
found:

3 (1 + 1ta)

This expression is Fick’s law from which the diffusion coefficient can be easily
extracted:

1
D J— — 1.16
= 3( ; a) (cm) ( )

The last step to finally reach the diffusion approximation is to introduce the
expression for the diffuse flux into the equation for energy conservation (Eq. 1.11),
which yields:

190
55%&ﬁ+m%@ﬁ—wamﬂ=MW@ﬁ (1.17)

In this equation, the only contribution to the reduced intensity, the ballistic
component of light, comes from the source. It is very interesting to notice that if
constant illumination is assumed—no temporal variation—the diffusion equation
can be rewritten as a Helmholtz equation, using the relationship:

Ha
k=22 1.18
0 D (1.18)
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The expression now becomes:

s
(v2 + kg) U ) = =20 ) (1.19)

This change allows to transform it into an inhomogeneous differential equation
whose solution to a point source is:

exp (ikor)
Ur)=So——— 1.20
(r) =So 47 Dr (1.20)
The expression above represents the intensity distribution for a point source
propagating in a diffusive medium.

1.3 Properties of Light in the Near Infrared

The previous section presented a description of the physics that characterize the
propagation of light in tissues. The optical properties are not constant along the
spectrum, taking different values for scattering and absorption depending on the
chromophores, particle sizes and shapes present in the tissues, and the incident
wavelength. In this section, we aim to describe the scattering and absorption spectra
in the visible and NIR for the components of the tissues that have the greatest impact
on imaging: blood, water, and skin. The study of the behavior of light at different
wavelengths will help to understand why NIR light is so advantageous for imaging
and the considerations that must be taken when designing optical systems.

1.3.1 Blood

Blood is the main absorber in tissues due to the strong presence of hemoglobin,
which is the vehicle for oxygen transport. This chromophore constitutes up to 97%
of red blood cells composition which conform approximately 50% of the whole
blood’s volume. The other half are white cells, platelets, and mainly plasma, which
is nearly transparent due to its elevated content of water. There are some differences
between the absorption efficacy of oxygenated and deoxygenated blood, being the
first redder and therefore slightly more absorbent in the region within 600 and
700 nm. These properties enable several measurements of biomedical parameters
such as blood oxygen saturation just by playing with the intensities that pass through
a finger at different wavelengths.

In the NIR, both oxygenated and deoxygenated blood have a minimum in their
absorption curve (see Fig. 1.5), becoming nearly two orders of magnitude more
transparent than in the visible regime. Since blood is one of the main absorbers
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Fig. 1.5 Spectra of absorption and scattering of blood and water absorption. In the near infrared
blood presents reduced scattering and less absorption compared to the visible region. Note that
the absorption for oxygenated blood (HbO») in the range from 600 to 800 nm is much lower than
deoxygenated giving it its characteristic dark red color. Data interpolated from [5]

in the body, and given its strong presence in tissues, light in the NIR can penetrate
much deeper than in the visible range. Moreover, the scattering coefficient decreases
monotonically for longer wavelengths, increasing notably the transport mean free
path of light in the NIR [5].

1.3.2 Water

Since 60% of human body weight is water—on average—it must be carefully taken
into account for imaging. Its absorption spectrum reveals high transparency in the
visible wavelengths, increasing significantly in the infrared. In fact, in the NIR, it
can be up to two orders of magnitude more absorbent.

The water absorption coefficient curve has a sharp transition in the NIR, having
a peak at 1400 nm that limits the penetration depth of light for this window. This
maximum splits the II-NIR window into the a and b regions. So far, during the
design of the optimal working wavelength of an imaging system, this peak used to be
avoided, using frequencies of the spectrum below or above (see Fig. 1.6). However,
recent studies suggest that image contrast and penetration depth can be maximized
at those wavelengths of greatest water absorption [6, 26].

1.3.3 Skin

Optical imaging techniques that aim to measure deep into tissues must traverse
the skin. Its main chromophore is melanin, which is in charge of protecting the
body against ultraviolet radiation by absorbing the harmful radiation and releasing
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Fig. 1.6 Absorption spectrum of water. Attenuation increases in the near infrared. The absorption
peaks are used to determine the imaging windows. Data interpolated from Steve Jacques and Scott
Prahl’s website, http://omlc.org/spectra
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Fig. 1.7 Absorption spectrum of melanin. Data generated using Steve Jacques and Scott Prahl’s
website, http://omlc.org/spectra

it through vibrational relaxation as heat. Thus, skin absorption is very high between
300 and 400 nm (see Fig. 1.7).

The absorption coefficient of skin depends on the type and density of melanin
that predominates, which gives a specific color depending on the subject. In
general, experimental measurements of its optical properties reveal that at longer
wavelengths than 400 nm absorption decreases, having a minimum region between
the I and II-a near infrared windows. In the II-b, the increase of absorbance of water
reduces the skin’s transmittance slightly.

In terms of depth of penetration, the best region to measure through skin is
between 1000 and 1300 nm; however, as the scattering coefficient decreases for
longer wavelengths, imaging in the II-b region is still favorable [3].
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1.3.4 Tissue Autofluorescence

Tissues by default have endogenous fluorescent components, each with different
absorption and emission properties and lifetimes. In fluorescence imaging modali-
ties, the excitation light can also activate these molecules, creating an “endogenous”
background intensity in the images that decreases the signal-to-noise ratio, the
sensitivity, and the fluorescent probe specificity. This is especially critical for the
cases where the fluorophore is located deep in the tissues and nearly no excitation
illumination can reach it. In this scenario, increasing the exposure time of the sensor
will also amplify the background intensity.

Light in the NIR, especially in the II window, presents two advantages regarding
tissue autofluorescence. Firstly, the tissue autofluorescence is much lower than in
the visible and I-NIR. This is especially relevant for the II-a and b windows of the
spectrum, where the autofluorescence intensity is almost negligible [24]. Secondly,
the increased depth of penetration and reduced scattering allows the excitation of
the target fluorophore with more intensity and accuracy (due to lower scattering). In
the I-NIR window, a significant contribution to autofluorescence can still be found
in melanin, inner organs and, in the specific case of mice, in the intestines mainly
due to the presence of alfalfa [8]. This particular case may be significantly improved
by switching to an alfalfa-free diet.

1.4 Imaging in the II Near Infrared Window

As has been presented during the previous sections, imaging in the NIR has several
advantages over the visible spectrum. Given the broad range of wavelengths it
comprises, several NIR subwindows have been defined according to the optical
properties of tissues. Recently, the latest detection instruments allowed imaging in
the II-NIR window, which has the most advantageous optical properties.

In general, most of the tissues present lower absorption and scattering rates in
the II-NIR window and, in addition to the reduced autofluorescence, they contribute
to an optimal scenario for fluorescence imaging. Techniques suffering from limited
efficiency on the excitation of the fluorophore due to scattering such as light-sheet
fluorescence microscopy [19] can take advantage of NIR wavelengths to create
planes of light that allow to scan through larger samples. Moreover, fluorophores
with emissions in the II-a and II-b windows offer better possibilities in terms
of contrast and resolution at depths up to several centimeters [9, 13]. However,
the number of fluorophores effective in this range is still very limited, specially
those with tested biocompatibility [14]. Lately, some groups have started to explore
the possibilities of commercially available NIR dyes, such as the FDA-approved
indocyanine green (ICG) for imaging in the II-NIR window [7]. Finally, other
techniques such as optical projection tomography (OPT) can notably improve
their performance in terms of resolution and sample sizes using low scattering
wavelengths [1, 12, 23].



1 Optical Properties of Tissues in the Near Infrared 15

Although the optical properties in the II-NIR region seem to be ideal, there is still
much to do regarding the characterization of the propagation of light at these new
imaging windows. The reduction in scattering increases the ballistic contribution
of light (what was termed reduced intensity in Eq. 1.17), but the contribution of
diffuse light still needs to be accounted for. Indeed, some approximations need to
be revisited since the diffusion approximation on its own is not enough to properly
model light propagation in this regime.

When propagating in very low scattering media, the contribution from the
reduced intensity is higher than the expected by the diffusion equation [30]. This
is the case of NIR light, where the transport length is much greater, hence measure-
ments will be taken at distances where light has not become yet totally diffusive (or
that still maintains some of its original directionality). When the transport mean free
path increases, the transition from the ballistic to the diffusion regime takes place
within up to several centimeters inside tissue (instead of millimeters as in the case of
visible light), therefore the region with a high contribution of the reduced intensity
is higher.

Under these conditions, one of the main approximations in the diffusion equation,
the angular distribution of light based on a single angular component, might not be
adequate. There are works using higher orders of spherical harmonic expansions
to model the diffuse intensity, named the P, approximation [2]. Others try to find
the distance in terms of the transport length where the transition from ballistic
to diffusion propagation takes place [29]. The study of the propagation of NIR
light still has many unresolved issues. Currently the most common approach is to
simulate the propagation using Monte Carlo methods [28] and then try to refine the
diffusion model [10, 22, 25] or the RTE [27] to make them reproduce the results.
Further investigations are needed to appropriately characterize the propagation in
the NIR and improve the reconstruction methods.

1.5 Consequences of Near Infrared Light Propagation
in Image Quality and Resolution

The previous sections of this chapter described the basics of light propagation
in biomedical tissues. Additionally, the optical properties of tissues in the NIR
and their consequences in diffusion theory were explained. This section aims to
present from a practical point of view the consequences that the physics behind
light propagation has when imaging in turbid media such as tissues. We will discuss
the concept of resolution, how the properties of the medium affect it, and how light
diffusion reduces image resolution as we image further from the objects studied.
The solution to the diffusion equation is an exponentially decaying outgoing
spherical wave. Light emitted by an isotropic source, which could be a fluorescent
bead, would propagate as displayed in Fig.1.8. The Monte Carlo simulation
propagates light in a medium with low scattering, where diffusion is expected to
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Fig. 1.8 Monte Carlo simulations using the MCX package [11] of an isotropic source (top)
and a collimated Gaussian beam (bottom) propagating in a medium with optical properties:
ta=0.025cm™!, ! =1cem™!

hold at large distances from the source (approx. 1cm, the inverse of the transport
mean free path) only. If the source is collimated (see Fig. 1.8, bottom), as in the case
of a laser beam, the effect of diffusion is much clearer from a visual point of view.
Light has high directionality when entering the medium, but after traveling a very
short distance, it loses it completely. Soon it starts propagating as a spherical wave
centered inside the medium at a depth equivalent to one transport mean free path,
as described by the solution of the diffusion equation. Although the simulations
were performed using a relatively low scattering medium, it is easy to notice how
directionality is nearly lost after just a few mm. In the case of a high scattering
medium, this distance could have been lower than a millimeter. The quick loss
of intensity also illustrates how difficult is to reach deep tissues. Even with low
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Fig. 1.9 Illustration of the propagation of a collimated source through an infinite medium with
optical properties: y, =0.025cm™!, u’ = 1cm~!. Images generated using simulations performed
with Monte Carlo MCX package [11]

absorption, scattering would spread the light everywhere, inevitably reducing the
intensity in the direction of propagation and leading to a uniform distribution of
light in the distance (Fig. 1.9).

Light diffusion also reduces the amount of information that light carries from
the sample. To describe this effect, we need first to introduce the concept of spatial
resolution. This key parameter in the evaluation of the performance of any imaging
system quantifies its actual resolving power. Formally, it can be defined as the ability
to separate images of two neighboring object points.

In signal processing and engineering, a spatial frequency refers to the number
of cycles of a sinusoidal per unit length. In the context to imaging, it can be said
that high frequencies contain the information of fine details and sharp edges. The
connection between spatial frequencies and resolution arises from the fact that the
resolution limit of an image is the highest spatial frequency that can be resolved.
Diffusion attenuates all frequencies, but this attenuation increases exponentially for
higher spatial frequencies [21].

The response in the frequency domain in diffuse imaging can be predicted by
the transfer function. This function describes how much each spatial frequency K is
attenuated due to the effect of propagation. The convolution between an incident
field and the transfer function of the medium allows to estimate the intensity
distribution at a certain plane z. The resolution limit at a certain distance can be
obtained from the transfer function by measuring the full width half maximum
(FWHM). This parameter is obtained by measuring the width of the lobe where
the intensity falls to the half of its maximum value. Figure 1.10 shows how
the bandwidth decreases with distance while, at the same time, there is a global
attenuation of the intensity for the entire frequency spectrum. This means that there
is a quick loss of energy components in high frequency, thus acting as a low pass
filter which narrows as we propagate deeper into the medium

The main effect of low pass filtering an image is a loss of details, making it blurry.
Figure 1.11 gives an intuitive idea of these effects. After propagating a few millime-
ters, the smaller structures—high frequencies components—are nearly invisible.
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The loss of resolution affects also to the larger—low-frequency components—which
will become indistinguishable too after traveling slightly further in the medium.
Also, the general intensity of the image decreases with propagation.

The consequences of light diffusion on quality are unavoidable; however, a
reduced scattering and absorption medium can increase distance light may prop-
agate without significant loss of resolution, reducing the spectral losses in the first
millimeters and allowing a higher depth of penetration. This is the biggest advantage
of using NIR light for imaging and the main reason for the high interest shown by
the scientific community. Nowadays, the recent appearance of new NIR cameras
sensitive to Ila and IIb windows, and the development of novel fluorescent probes
in this range offer to researchers the possibility to take advantage of all the benefits
that NIR light can bring into imaging.
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Chapter 2 ®
NIR Autofluorescence: Molecular Origins e
and Emerging Clinical Applications

Blanca del Rosal, Giju Thomas, Anita Mahadevan-Jansen,
and Paul R. Stoddart

2.1 Introduction

Fluorescence imaging is a well-established technique in biomedical research,
enabling visualization of subcellular structures and molecular processes through
selective labeling with fluorescent contrast agents [1]. Although fluorescence
imaging is a mainstay of cell and tissue imaging, it has only had a minor impact
in the broader field of biomedical research, for example, in small animal models or
in the clinical field. This is a consequence of the limitations of the majority of the
fluorophores used for cellular imaging, as they require UV/visible light for optical
excitation and they emit in the visible. The large attenuation of light by tissues in
these spectral ranges makes imaging at tissue depths beyond a few hundred microns
impossible, thus preventing the application of fluorescence for minimally invasive
in vivo bioimaging. Although clearing techniques have been developed to reduce
the opacity of biological tissues to light, these are not applicable in live animals [2].
However, the attenuation of light is substantially reduced at longer wavelengths,
effectively expanding the applicability of fluorescence imaging to deep tissues in
living organisms. The negligible absorption of biological tissues in the near infrared
(NIR) spectral ranges known as biological windows (NIR-I, 650-950 nm; NIR-II,
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1000-1700 nm) and the monotonic decrease in scattering for longer wavelengths
enable imaging in vivo with micrometric spatial resolution at tissue depths up to a
few centimeters [3-5]. Compared to imaging techniques already established at the
clinical level, NIR fluorescence imaging offers two clear advantages: the low cost
and versatility of the required equipment and the possibility of imaging in real time
while avoiding major concerns from a biosafety standpoint [6]. This has generated
substantial research efforts to implement in vivo fluorescence imaging in preclinical
research and at the clinical level [7].

The development of NIR fluorescence as an in vivo imaging technique has come
hand in hand with progress in two key areas: NIR detector technology and material
synthesis techniques. The lack of cost-effective cameras capable of imaging in
NIR-II contributed to the slow development of NIR bioimaging until recently. The
systems developed for preclinical in vivo fluorescence imaging are equipped with Si
detectors, whose sensitivity falls off dramatically beyond 900 nm, rendering them
useless for NIR-II imaging. Cameras capable of imaging in the 1000-1700 nm
spectral range employ InGaAs sensors, which used to rely on liquid nitrogen cooling
to lower the thermal noise to acceptable levels. This increased their price point
and made them impractical for broader applications in bioimaging. However, the
development of newer InGaAs sensors capable of low noise imaging at higher
temperatures (about —80 °C, achievable with thermoelectric cooling) has made
affordable NIR cameras accessible to researchers working in the bioimaging field.

The lack of suitable NIR-II cameras until recently explains why no fluorophores
were designed to operate in this spectral range. As reviewed in detail by Hong et al.
in 2016, most NIR contrast agents developed for bioimaging applications, including
small-molecule dyes, NIR fluorescent proteins, and a great variety of inorganic
nanoparticles (NPs), operate in NIR-I [8]. The only NIR fluorophores (methylene
blue, MB, and indocyanine green, ICG) that have received FDA approval for
clinical application so far also absorb and emit within this spectral range. However,
research has shown that NIR-II imaging is superior to NIR-I in terms of spatial
resolution, penetration depth, and signal-to-noise ratio [9, 10]. NIR-II imaging
was demonstrated in vivo with different inorganic NPs (carbon nanostructures,
lanthanide-doped NPs, and quantum dots) well before any dyes with emission bands
in this spectral range were available. Inorganic NPs offer some advantages with
respect to organic fluorophores, including a higher photochemical stability and a
lower tendency to aggregate. The possibility of tuning the emission wavelength
and lifetime of inorganic NPs enables multiplexed imaging both in the wavelength
and time domains, thus enabling visualization of multiple structures simultaneously
[11-13]. Despite their usefulness for preclinical research, concerns due to their
possible accumulation in the organism and subsequent long-term toxicity will likely
complicate their application at the clinical level. However, the recent development
of dyes offering NIR-II contrast—which is also achievable with clinically approved,
NIR-I-emitting ICG—suggests that the applicability of NIR fluorescence imaging
will not be limited to research for much longer [14-16].

One of the major limitations of fluorescence microscopy for cell and tissue
imaging lies in the intrinsic fluorescence of some biomolecules present in
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biological tissues. This can reduce the signal-to-noise ratio of the resulting
images and complicate or even prevent the identification of extrinsic fluorophores
[17]. Autofluorescence is the major source of background noise in fluorescence
microscopy images and is hard to avoid due to the large variety of biomolecules
that contribute to the overall autofluorescence signal [18]. This results in broad
autofluorescence spectra (typically spanning several hundreds of nanometers) which
vary greatly between tissues and complicate the design of a general solution for
autofluorescence-free imaging. Current techniques for improving the signal-to-
noise ratio with no image processing are impractical, as they need to be tailored to
each specific application, requiring an optimized filter set for a given fluorophore
and/or treatment of the sample to eliminate a certain source of autofluorescence [19,
20]. Image processing techniques based on background subtraction are therefore
the commonplace approach for maximizing the signal-to-noise ratio in fluorescence
images in the visible [21, 22].

As occurs in the visible, autofluorescence constitutes the major source of
background noise for NIR imaging in vivo. However, NIR autofluorescence is by
no means as well studied as it is in the visible: despite many authors observing
an intense autofluorescence in small animal imaging experiments, its molecular
origins are often unclear. The spectroscopic properties of some known NIR intrinsic
fluorophores are still not fully characterized, particularly in NIR-II. While much
attention is dedicated to reducing autofluorescence background “noise,” the tissue
dependence of autofluorescence can convey useful diagnostic information about the
tissue status [23]. This chapter addresses both of these aspects of the autofluores-
cence phenomenon.

In the following sections, we will deal with the major contributors to aut-
ofluorescence of biological tissues in the NIR and discuss why they constitute
an issue when performing in vivo fluorescence imaging (Sect. 2.2). Despite NIR
autofluorescence constituting the main source of background noise when imaging
external contrast agents, it also provides valuable information about the molecular
components present in a tissue, which will be described in Sect. 2.3. As will be
discussed in Sect. 2.4, this has enabled the design of diagnostic strategies based on
NIR autofluorescence, which are attracting increasing attention on account of their
non-invasiveness and ease of implementation.

2.2 NIR Autofluorescence as a Problem

There is relatively little available information about NIR autofluorescence, largely
because of the same lack of contrast agents and imaging systems that prevented
significant progress with in vivo NIR imaging until recently. Early reports on NIR
small animal imaging observed a substantial decrease in autofluorescence for NIR
excitation and emission wavelengths when compared to different ranges within the
visible, as shown in Fig. 2.1a [24]. This reduced autofluorescence complements
the improved penetration of NIR light into tissues to enable low noise in vivo
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Fig. 2.1 In vivo autofluorescence. (a) Fluorescence images obtained in different spectral ranges
in the visible and NIR-I for a mouse with its abdominal organs exposed. The excitation power
density was set to 2 mW/cm? in all cases. Adapted with permission [24]. Copyright 2003, Elsevier.
(b) Fluorescence images obtained under 808 nm excitation for a mouse with its abdominal organs
exposed. Adapted with permission [32]. Copyright 2015, Elsevier

fluorescence imaging at increased tissue depths compared to visible wavelengths.
Despite these images leading to the idea that the biological windows are intrinsically
autofluorescence-free, that is overly optimistic: the irradiation power density used to
obtain the images in Fig. 2.1a was only 2 mW/cm?. This is two orders of magnitude
lower than the typical irradiation power densities used in NIR small animal imaging,
which usually approach the maximum permissible exposure thresholds. In the NIR,
these thresholds depend on the wavelength (the longer the wavelength, the higher the
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tolerable exposure) and lie between 0.2 and 1 W/cm? for wavelengths in the 700—
1050 nm range [25]. Under these higher intensity irradiations, NIR autofluorescence
can still be a problem, preventing accurate isolation of the emission generated
by NIR contrast agents for in vivo experiments. As shown in the NIR images in
Fig. 2.1b, autofluorescence is present even in NIR-II [26]. It does, however, decrease
for longer wavelengths, becoming negligible in the 1500-1700 nm spectral range
(often labeled as NIR-IIb or NIR-III). As a reduced signal-to-noise ratio due to
the presence of autofluorescence can lead to misinterpretation of biodistribution
studies of NIR fluorophores and limit the potential clinical applicability of NIR flu-
orescence imaging [27], developing strategies for minimizing the autofluorescence
background has been a priority in the NIR bioimaging research field [28-33].

The complexity of biological tissues and the intrinsic challenges associated with
in vivo imaging at large penetration depths complicate the extraction of information
about autofluorescence in living organisms [34]. The overall autofluorescence signal
registered by the imaging system will be composed of the contributions of several
endogenous fluorophores located at different tissue depths. The spectral shape
and intensity of this signal will depend on the type and concentration of these
fluorophores, but the interaction between the light (both the excitation light and the
emitted autofluorescence) and the tissues cannot be neglected either. Thus, the depth
at which the endogenous fluorophores are located and the optical properties of the
tissues the light has to penetrate through will influence the overall autofluorescence
emission. This indicates that the in vivo autofluorescence background will vary
greatly depending on the targeted tissue and the experimental conditions. Moreover,
individual variations in tissue thickness, fluorophore concentration and distribution
grant that no two in vivo imaging experiments display identical autofluorescence
profiles, as has been experimentally observed [35-38].

Despite its variability and complexity, strategies that take advantage of the
common features of endogenous fluorophores have enabled autofluorescence-free
in vivo imaging. These approaches rely on NIR contrast agents whose fluorescence
emission is significantly different from autofluorescence, spectrally or temporally,
and experimental setups capable of filtering out the autofluorescence background
[28]. However, the need to eliminate the autofluorescence background to achieve
high contrast in vivo images and the possibility of doing so by choosing an adequate
experimental approach has to date resulted in very few reports dealing with the
causes of NIR autofluorescence at the molecular level, as we will detail in the
following section.

2.3 NIR Autofluorescence Sources

Whereas many molecules in cells and tissues display fluorescence in the UV/visible
range, only a few intrinsic fluorophores emitting in the NIR under NIR excitation
have been identified. The spectroscopy of visible-emitting intrinsic fluorophores
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has been thoroughly characterized, thanks to the widespread use of fluorescence
microscopy in biomedical research. This has enabled the development of imaging
strategies to minimize the background noise and autofluorescence-based methods
for diagnostic and analytical applications [39—41].

2.3.1 Autofluorescence in the Visible

Multiple endogenous fluorophores contribute to the intrinsic fluorescence of cells
and tissues in the visible range. As most of them do not constitute a source
of background noise in NIR imaging, we will not give a detailed description
of their properties, which can be found in several previous works [17, 42, 43].
In animal cells, flavins and pyridine nucleotides are two major contributors to
visible autofluorescence, displaying emission bands close to 500 nm upon UV
excitation. The autofluorescence of these molecules, heavily involved in cellular
energy metabolism, depends on their oxidation state and binding to other molecules,
so that tissue metabolic status can be evaluated by monitoring their emission [44,
45]. Other fluorescent compounds in animal cells include aromatic amino acids
(tryptophan, tyrosine, and phenylalanine) and lipopigments, which are by-products
of lipid oxidation. The former emit at around 400 nm under UV excitation, while
lipopigments are optimally excited at 340-390 nm and present their emission
peak close to 600 nm [46]. Accumulation of lipopigments in the cytoplasm is
linked not only to aging, but also to multiple pathologies (retinal degeneration or
atherosclerosis, for instance), so detection of these components via fluorescence
can be used for diagnostic applications [47-49]. The extracellular matrix contributes
to visible autofluorescence even more so than intracellular components due to the
relatively high quantum yield of collagen and elastin. The fluorescence of these
structural proteins displays multiple excitations and emission peaks spanning the
visible range and seems to be associated with crosslink formation, which makes it
relevant for disease diagnostics [50].

Fluorescence of all these biological components arises from transitions between
singlet states, thus presenting characteristic short decay times (in the nanosecond
range) [51]. The emission lifetimes of intrinsic fluorophores has been characterized
in detail due to the development of fluorescence lifetime microscopy as a powerful
tool capable of monitoring biochemical processes in living cells [52].

2.3.2 In Vivo Autofluorescence in the NIR: Plant Sources

Plant tissues present autofluorescence in a broad spectral range due to emission
from a diverse group of phytochemicals, including flavonoids, lignin, carotenes,
anthocyanins, and chlorophyll [53]. Among them, chlorophyll is the most widely
studied fluorescent compound, as its visible/NIR-I fluorescence allows non-invasive



2 NIR Autofluorescence: Molecular Origins and Emerging Clinical Applications 27

assessment of photosynthesis in living plants [54, 55]. Green plants present two
variants of this chromophore, chlorophyll a and chlorophyll b, which present similar
excitation bands in the blue and far-red, and emission bands that extend from
the far-red into NIR-I. However, due to non-radiative energy transfer processes
from chlorophyll & to chlorophyll a, the latter is the main contributor to plant
fluorescence [56]. Chlorophyll a presents excitation maxima at 485 nm and 655 nm,
while its emission band is centered at 682 nm and displays a shoulder peak at
740 nm that extends well into NIR-I as shown in Fig. 2.2a [57]. As it originates
from allowed transitions between excited singlet states and the ground state (see
the inset in Fig. 2.2a), the fluorescence of chlorophyll has a very fast time decay
(in the order of nanoseconds) [58, 59]. Chlorophyll also presents longer lifetime
(in the milliseconds range) phosphorescence bands that peak at around 950 nm
and arise from spin-forbidden transitions from energy triplet states to the singlet
ground state [60]. The extremely low quantum yield of these transitions (10*—10°
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Fig. 2.2 Chlorophyll photoluminescence (a) Chlorophyll a fluorescence (left) and phospho-
rescence (right) spectra obtained at low temperature (77 K) upon excitation at 660 nm. The
phosphorescence intensity, as labeled on the right axis, is expressed with respect to the normalized
fluorescence intensity indicated in the left axis. The inset represents a simplified chlorophyll
energy level diagram. The dashed lines correspond to non-radiative internal energy conversion
processes. Adapted with permission [61]. Copyright 2014, American Chemical Society. (b) In
vivo NIR emission of mice fed a conventional or an alfalfa-free diet for 4 weeks prior to image
acquisition. Reproduced with permission [62]. Copyright 2007, Springer Nature. (¢) Fluorescence
of conventional, alfalfa-free, and purified food pellets in the green, far-red, and NIR-I. Data
extracted from reference 35. (d) Fluorescence of conventional food pellets in different spectral
ranges under 808 nm excitation. Reproduced with permission [63]
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times lower than that of fluorescence) makes the contribution of phosphorescence
to the overall chlorophyll emission minimal: the red tail of the fluorescence band
is up to 100 times more intense than phosphorescence [61]. Therefore, chlorophyll
fluorescence—and not phosphorescence—is most likely the origin of any detectable
chlorophyll NIR emission.

Plant autofluorescence might initially seem irrelevant when dealing with animal
imaging. However, the presence of fluorescent vegetable components in laboratory
rodent diets is one of the major causes of NIR autofluorescence in small animal
imaging experiments. This has been known since the 1980s, when Weagle et al.
identified chlorophyll as the main culprit of the autofluorescence background they
observed when studying the biosynthesis and clearance of porphyrins in nude
mice after administration of a porphyrin precursor [64]. The stomach mucosa,
analyzed ex vivo, the undigested contents of the stomach, and the food pellets
the mice had been fed all presented the same spectral features (a band centered
at 674 nm) as the in vivo autofluorescence background. An ethanol extraction of the
food pellets pinpointed the cause of the autofluorescence to the alfalfa contained
in the food and, more specifically, to the degradation products of chlorophyll
a (pheophytin @ and pheophorbide a). The close similarity of the spectroscopic
features of these chlorophyll by-products made it impossible to determine whether
it was one or both of them causing the autofluorescence background. Further
experiments corroborated this association between in vivo autofluorescence and
the cereal components of rodent chow [65] and eventually led to the development
and subsequent commercialization of “fluorescence-free” products, which do not
include chlorophyll-containing unrefined vegetable products in their formulation
[66]. Mice given alfalfa-free dietary formulations present a lowered digestive tract
NIR-I autofluorescence upon NIR-I excitation (see Fig. 2.2b), as first demonstrated
by Troy et al. in 2004 and confirmed by other authors [62, 67]. Subsequent studies
comparing in vivo NIR-I autofluorescence in mice fed conventional, alfalfa-free, or
purified diets (composed of casein, cornstarch, sugar, oil, vitamins, and minerals)
concluded that the latter produced the least intense background, as shown in
Fig. 2.2¢ [68]. However, no dietary intervention achieved a complete elimination of
autofluorescence in the digestive tract, suggesting the contribution of components
other than chlorophyll to food autofluorescence, although no specific fluorophores
have been identified. Technical notes of commercial preclinical imaging systems
emphasize the need to use alfalfa-free or purified diets, which come at a higher
cost than conventional variants, to avoid substantial interference of chlorophyll
fluorescence when imaging in NIR-I [69, 70].

Chlorophyll fluorescence has not been systematically characterized in NIR-II,
although food-related autofluorescence is still an issue for small animal imaging
in this spectral range [27, 30]. Conventional rodent food pellets contribute a non-
negligible fluorescence emission for wavelengths up to 1200 nm, as shown in
Fig. 2.2d. To the best of our knowledge, no research so far has addressed the
effects of alfalfa-free or purified diets on in vivo autofluorescence in NIR-II, as the
development of contrast agents emitting beyond 1200 nm allows this background to
be avoided without applying specific dietary strategies.
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2.3.3 In Vivo Skin Autofluorescence in the NIR

Besides food-related autofluorescence, skin pigmentation is the major source of
background noise for in vivo NIR imaging. The first studies on skin autofluores-
cence, carried out in the 1990s, focused on ultraviolet and visible wavelengths. In
these spectral ranges, aromatic amino acids (tyrosine and tryptophan) and structural
proteins (collagen) are responsible for the intrinsic fluorescence of skin [71-73]. The
extremely weak emission of melanins at these wavelengths, on the other hand, led
some authors to mistakenly consider them non-fluorescent pigments [72, 74-76].

Several chemically distinct variants of melanins are present in living organisms.
The most abundant are eumelanin (black pigment responsible for dark pigmenta-
tion) and pheomelanin (yellow-brown pigment present, for instance, in light skin).
Melanins display atypical absorption spectra for an organic chromophore: their
characteristic broadband, featureless, absorbance curves are similar to those of
semiconductors (see Fig. 2.3a) [77]. Both eumelanin and pheomelanin display a
monotonic decrease in the absorbance for increasing wavelengths, although the
former shows a higher absorbance [78]. The fluorescence of eumelanin (which has
been characterized in greater detail than pheomelanin) also presents some atypical
features, including a dependence of the emission peak and bandwidth on the exci-
tation wavelength [79]. In the visible range, increasing the excitation wavelength
results in a redshift and a broadening of the emission band of eumelanin while also
reducing the emission intensity. The radiative quantum yield of eumelanin, which
is well below 1%, also depends on the excitation wavelength, as demonstrated in
the 250-500 nm spectral range [80]. All of these studies indicate that there is a
large molecular heterogeneity in eumelanin, meaning there is not a single eumelanin
chromophore but many chemically distinct species [81].

Melanin spectroscopy has not been systematically studied in the spectral ranges
of interest for in vivo imaging, despite the evidence that pigmentation-related
autofluorescence contributes to background noise even in NIR-II. NIR melanin
fluorescence was first studied in detail for wavelengths within the first biological
window (NIR-I) by Huang et al. [82]. With excitation at 785 nm, they observed that
the NIR-I emission of both synthetic and natural melanins (as shown in Fig. 2.3b)
increased for longer wavelengths, with two discrete peaks at 880 and 895 nm
previously identified as Raman scattering [83]. The autofluorescence spectra of
black skin appendages from different species (human hair, feline fur, and chicken
feathers) all presented very similar characteristics and differed from their white
counterparts. The emission spectra of white skin appendages, characterized by
a lower content of eumelanins, decreased for increasing wavelengths [82]. The
spectroscopy of melanins in NIR-II is completely unexplored so far. However,
pigmentation-dependent autofluorescence can contribute significant background
noise to in vivo small animal imaging experiments in this wavelength range unless
they are carried out in nude mice, as shown in Fig. 2.3c. This figure shows the
NIR autofluorescence in two wavelength ranges (900—1700 nm, corresponding to
the full detection range of an InGaAs camera, and 1200-1700 nm) for five strains of
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Fig. 2.3 NIR melanin autofluorescence. (a) UV/visible/NIR absorption spectra of a eumelanin
thin film. Adapted with permission [79]. Copyright 2005, Elsevier. (b) In vitro NIR-I emission
spectrum obtained for a sample of Sepia Officinalis melanin under 785 nm excitation. Adapted
with permission [82]. Copyright 2014, SPIE. (c¢) In vivo NIR fluorescence images obtained for
mice strains with different skin pigmentations under 808 nm laser light excitation (0.2 W/cm?).
Fluorescence images are shown for two spectral ranges (900-1700 nm and 1200-1700 nm),
highlighting the reduction in fluorescence for longer wavelengths. Adapted with permission [84].
Copyright 2015, Wiley-VCH

mice with distinct pigmentation. The intense autofluorescence background present
for mice with darker pigmentation decreases if the detection range is restricted to
longer wavelengths, as skin autofluorescence decreases sharply between 900 and
1200 nm.

This reduction in melanin emission intensity with increasing wavelengths (which
also occurs in food-related autofluorescence) enables imaging with minimal back-
ground noise by selecting contrast agents that emit well into the NIR-II range.
Alternatively, techniques where long-lifetime fluorophores are coupled with time-
gated imaging systems have also enabled autofluorescence-free imaging in the
broader detection range (900-1700 nm) [30].
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2.3.4 Other Sources of In Vivo NIR Autofluorescence

Food components, particularly chlorophyll, and skin pigmentation, as described
in the previous subsections, are responsible for most of the autofluorescence
background observed in NIR fluorescence imaging of small animals. However, NIR
autofluorescence observed both in vivo and ex vivo in different organs, including
the kidneys, spleen, and liver, cannot be attributed to either source [84]. The authors
have considered that this emission arises from the emission tail of some visible-
emitting fluorophores, particularly ceroids, lipofuscins, and endogenous porphyrins
[8, 40]. Furthermore, it has been hypothesized that inflammation in tissue could lead
to oxidative stress resulting in cross-linking and dimerization in proteins [85], which
in turn could also generate endogenous NIR fluorophores. However, no studies so
far have focused on finding the molecular causes or characterizing the spectroscopic
features of this NIR emission.

2.4 NIR Autofluorescence as a Solution: Applications

NIR autofluorescence in tissues can cause interference during label-free image
acquisition or while imaging with an exogenously administered NIR contrast
agent. However, NIR autofluorescence can provide valuable information about the
molecular components present in a tissue. As a result, tissue NIR autofluorescence is
being explored for a range of biomedical applications, including surgical guidance
and diagnostics for cancer, monitoring ophthalmic diseases, intraoperative identifi-
cation of parathyroid glands, or tracking atherosclerotic plaques in coronary artery
diseases.

2.4.1 Surgical Guidance and Diagnostics in Cancer

Over the past few decades, it has been well documented that fluorescence spec-
troscopy and/or imaging can be a valuable tool in the field of clinical and surgical
oncology [17, 40, 86, 87]. The popularity of fluorescence spectroscopy/imaging
stems from its ability to perform simple, non-invasive, real-time assessment of the
tissues in a cost-effective manner. The majority of the fluorescence-based research
for oncological applications has relied on emission from endogenous fluorophores,
where excitation wavelengths typically range from 250 to 550 nm [88]. However,
the limited penetration depth of these wavelengths in tissues has proven to be
a major deterrent for oncological applications, as fluorescence can be measured
only from superficial tissue layers. While NIR-excitable contrast agents have been
explored for deep tissue imaging, the feasibility of that approach depends on the
pharmacokinetics and cost of the exogenous contrast agent.
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While NIR autofluorescence has been attributed to several fluorophores, as
discussed in Sect. 2.2, the diagnostic potential of NIR autofluorescence was
only discovered relatively recently. Zhang et al. serendipitously observed that
the background signal during Raman measurement—NIR autofluorescence—was
notably different for a normal human breast tissue as compared to a cancerous one
[89]. That reported finding was subsequently investigated by Demos et al., who
observed that the NIR autofluorescence intensity over the 700—1000 nm spectral
range was distinctive for cancerous and non-cancerous regions across several organs
and tissues, including breast, liver, kidneys, pancreas, prostate, and bladder [88, 90].

Since then, researchers have tried to exploit the potential of NIR autofluorescence
for oncological applications in various organs. While evaluating the scope of NIR
autofluorescence for differentiating breast cancer from adjacent tissues, Demos et
al. observed that cancerous breast tissue exhibited a 1.3 to 2.6 times stronger NIR
autofluorescence than normal fatty or fibrous tissue when the tissues were excited
at 532 or 633 nm [91]. Fournier et al. tested whether this NIR optical property
could be utilized for discriminating between benign and malignant breast tumors
in a rat model [92]. The results indicated that the tumor-to-normal (T/N) ratio of
NIR autofluorescence intensity diverged the most between benign and malignant
tumors at 670 nm excitation with emission being collected at 800 nm. By assigning a
threshold with T/N ratio > 1 as malignant and T/N ratio < 1 as benign, this technique
was able to differentiate between the two classes of tumors with 76% sensitivity and
75% specificity.

Due to melanin being a potent NIR fluorophore, the feasibility of using NIR
autofluorescence for skin cancer diagnostics has been examined, particularly for
pigmented skin lesions. Studies have shown that melanomas tend to have higher
NIR autofluorescence than healthy skin and basal cell carcinomas (non-pigmented)
[93-96]. Diagnostic accuracies as high as 97.3% were reported when NIR autoflu-
orescence was combined with other modalities such as Raman spectroscopy and/or
visible fluorescence spectroscopy [97]. In contrast to breast and skin cancers, studies
have reported lower NIR intensity in tumors in the kidneys and urinary bladder, as
compared to the normal tissue regions. In the study by Demos et al., the cancerous
areas appeared darker than the adjacent normal tissue in NIR autofluorescence
images acquired in the 700-1000 nm spectral region [98]. Similarly, Lieber et al.
observed that at 785 nm excitation, normal kidney tissues generated an emission
peak at 830 nm, while Wilm’s tumor specimens had a reduced intensity at 830 nm
and the emission peak shifted below 810 nm [99]. These findings were consistent
with the works of Jacobson et al., who additionally observed that while urinary
bladder tumors typically had lower NIR autofluorescence than the normal regions,
advanced tumors with signs of necrosis could exhibit elevated NIR autofluorescence
relative to its surroundings [100].

A similar trend of reduced NIR autofluorescence intensity in diseased/cancerous
tissues (see Fig. 2.4a) has been noted from gastrointestinal malignancies in the colon
and stomach, as well as in rare tumors such as soft tissue sarcomas [101-104]. These
findings, however, are in contrast with organs like liver and pancreas as reported
earlier by Demos et al. [88]. These differences may stem from (i) variability of
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Fig. 2.4 NIR autofluorescence applied to cancer diagnostics and surgical guidance. (a) In vivo
mean NIR autofluorescence spectra of normal colon, hyperplastic, and adenomatous polyps. The
shaded areas in the NIR autofluorescence spectra represent the respective standard errors. Adapted
with permission [103]. Copyright 2011, Elsevier. (b) Visible color image of a soft tissue sarcoma
tumor margin ex vivo. (¢) Corresponding NIR autofluorescence image of the soft tissue sarcoma
tumor margin overlaid on a white light image. Note the presence of higher NIR autofluorescence
in the skeletal muscle margin as compared to the soft tissue sarcoma. (Fig. 2.4b and ¢ courtesy of
Dr. John Q. Nguyen, PhD—Massachusetts General Hospital, Boston, USA)

endogenous fluorophores across organs, (ii) changes in scattering and absorption
properties of the organs owing to compositional differences, (iii) variation in the
cancer subtypes that were studied, and (iv) choice of the excitation wavelength and
the corresponding wavelength range of the emission signal.

2.4.2 Monitoring Ophthalmological Diseases

To track specific ophthalmologic diseases, the clinician typically examines the
fundus of the eye with an ophthalmoscope using white light. The ocular fun-
dus, which is comprised of the retina, optic disc, macula, fovea, and posterior
pole, contains several fluorophores such as lipofuscin, melanin, collagen, elastin,
and luteal pigments (lutein and zeaxanthin) [105, 106]. Therefore, visualizing
autofluorescence of the ocular fundus has emerged as a valuable technique for
monitoring ophthalmological diseases on the basis of naturally or pathologically
occurring fluorophores. Traditional fundus autofluorescence imaging is performed
using scanning laser ophthalmoscopy (SLO) collecting the 500-800 nm emission
obtained under blue light excitation (wavelength = 488 nm) [107]. This generates
a fluorescence image based on the spatial distribution of lipofuscin and other
fluorophores in the fundus [106].

The presence of NIR autofluorescence in the eye appears to have been unknown
until Piccolino et al. observed “pre-injection fluorescence” in the fundus as seen in
Fig. 2.5, with an absorption peak at 805 nm and an emission peak at 835 nm, prior
to indocyanine green (ICG) angiography [108]. The authors hypothesized that this
NIR autofluorescence in the fundus could be due to a combination of hemoglobin
degradation by-products (porphyrins), lipofuscin deposits, and/or melanin. This
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Fig. 2.5 NIR autofluorescence observed in the retina. (a) A disciform macular lesion with large
subretinal hemorrhage observed with white light. (b) NIR autofluorescence observed in the grayish
portion of the hemorrhage prior to injection with ICG. Background NIR fluorescence was still
present for the lesion during (c) the early phase and (d) the middle phase of the ICG photograph,
as indicated by the arrows. Adapted with permission [108]. Copyright 1995, Elsevier

was further investigated by Keilhauer et al., whose results indicated that the NIR
autofluorescence could be arising primarily from ocular melanin in the retinal
pigment epithelium (RPE) layer and, to some degree, from pigments in the choroid
and iris, while Weinberger et al. postulated that the phenomenon was indeed “true”
NIR autofluorescence—possibly originating from melanin and/or lipofuscin [109,
110]. The source of fundus NIR autofluorescence was eventually traced down to
melanosomes in the RPE layers with no significant contribution from lipofuscin
when investigated in mice retina by Gibbs et al. [111]

In the original study by Piccolino, NIR autofluorescence was observed in only
40.8% of the examined patients and was found to correlate with old subretinal hem-
orrhages (see Fig. 2.5b), lipofuscin-like deposits, pigmented choroidal neovascular
membranes, and serous retinal detachments (older by several months to years) [108].
This prompted several researchers to tap into the potential of NIR autofluorescence
as an optical biomarker for evaluating ophthalmologic diseases. Various studies have
now explored the feasibility of using NIR autofluorescence to track early disease
or degeneration in the RPE layer across a spectrum of ophthalmologic diseases.
These include central serous chorioretinopathy, age-related macular degenera-
tion, idiopathic choroidal neovascularization, Stargardt disease (juvenile macu-
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lar degeneration), chloroquine retinopathy, Bietti’s crystalline dystrophy, Vogt—
Koyanagi—Harada disease, Best’s disease, retinitis pigmentosa, choroidal nevi, optic
nerve pit maculopathy, pseudoxanthoma elasticum, and congenital achromatopsia
[107, 112-119].

As described earlier, while ocular melanin is mainly responsible for NIR aut-
ofluorescence in the fundus (> 800 nm), lipofuscin is the predominant fluorophore
involved in traditional autofluorescence of the fundus (500-800 nm). Therefore, the
observed pattern and distribution of NIR autofluorescence may not match with that
visualized during traditional fundus autofluorescence imaging [118]. Moreover, the
NIR autofluorescence signal from the fundus is generally weak and about 60—100
times less intense than the traditional fundus autofluorescence signal [107]. Since
both forms of autofluorescence imaging provide different, but valuable information
regarding the stage/progression of retinal disease, NIR autofluorescence imaging
can be utilized as a complementary technique alongside traditional autofluorescence
imaging during fundus examination. Combining both imaging modalities can be
beneficial for clinicians and researchers in terms of understanding and monitoring
degenerative changes that occur in ophthalmic diseases.

2.4.3 Intra-Operative Parathyroid Gland Identification

Parathyroid glands are small organs that are pivotal for calcium regulation in our
body and tend to be located in close proximity to the thyroid gland. Identifying
parathyroid glands during neck surgeries can be a major challenge, as their size is
comparable to a lentil or grain of rice, and they are often misidentified as a piece
of fat, lymph node, or a thyroid nodule. Subsequently a healthy parathyroid gland
could accidentally be excised or damaged during a thyroid surgery (thyroidectomy),
leading to undesired side effects associated with hypocalcemia (low blood calcium)
[120]. In contrast, failing to identify and remove diseased parathyroid glands
as in primary hyperparathyroidism can lead to persistent hypercalcemia despite
the surgery [121]. Although conventional imaging modalities such as ultrasound,
sestamibi scans, and computed tomography (CT) can help to visualize parathyroid
glands preoperatively with varying success [122, 123], this may still not correlate
with what surgeons observe intraoperatively. In addition, these techniques can only
detect diseased parathyroid glands while failing to localize normal/healthy ones.
Therefore, most surgeons still rely on visual assessment for identifying parathyroid
glands during neck surgery, which leads to varied accuracy depending on surgical
experience [121, 124].

Thus the biomedical imaging community has focused on developing non-
invasive optical modalities to intraoperatively differentiate parathyroid glands from
adjacent neck structures. Methods such as optical coherence tomography [125-127],
diffuse reflectance spectroscopy [128], and imaging with contrast agents [129-
131] have met with limited success. However, investigating the use of Raman
spectroscopy for detecting parathyroid glands, Paras et al. observed a distinctive
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phenomenon where the raw Raman signal acquired from canine, swine, and in
vitro human parathyroid tissue saturated the detector, whereas the signal for fat,
lymph node, and thyroid tissues did not [132]. Consequently, it was realized that
parathyroid glands exhibit stronger NIR autofluorescence than other neck tissues
and this phenomenon can be exploited for in vivo identification of both normal and
diseased parathyroid glands in real time without requiring any exogenous contrast
agents [133, 134]. When investigated over a larger sample set of 137 patients, this
technique was consistently reliable in identifying parathyroid glands and achieved
97% accuracy [135].

Subsequent work has shown that NIR imaging localizes parathyroid autofluo-
rescence with 100% accuracy over the entire surgical field of view [137, 138].
Several research groups have therefore investigated the feasibility of surgeons
using commercial NIR imaging cameras intraoperatively to visualize and identify
parathyroid glands in relation to adjacent neck structures on a remote display
monitor (see Fig. 2.6) [136, 139-148]. Although these studies achieved high
accuracy in parathyroid identification, NIR imaging disrupts the surgical work-flow
due to the sensitivity of NIR detectors to ambient lights, which cannot be kept on
during NIR imaging. In line with this limitation, Thomas et al. recently evaluated
a clinical prototype called the “PTeye” for real-time parathyroid identification
using NIR autofluorescence, where the device was made user-friendly for easy
interpretation by surgeons and could also work in the presence of ambient room
lights [149].

Fig. 2.6 NIR autofluorescence observed in the parathyroid gland (PG). Intraoperative NIR
imaging and the corresponding white light view of the PG of the same patient. URPG—upper
right parathyroid gland, ULPG—upper left parathyroid gland, LRPG—Ilower right parathyroid
gland, LLPG—Ilower left parathyroid gland. Arrowhead marks the parathyroid gland, arrow points
to a suture [136]. Copyright 2016, Springer Nature
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2.4.4 Imaging Atherosclerotic Plaque in Coronary Artery
Disease

Coronary artery disease (CAD) currently remains the frontrunner for patient
mortality in the USA and could become the leading cause of death worldwide
by 2020 [150]. CAD tends to develop when the coronary arteries that perfuse the
heart become diseased and develop blockages, predominantly due to a combination
of inflammatory processes and atherosclerotic plaque deposits. To develop better
treatment strategies and improve outcomes in CAD patients researchers are now
focused on non-invasively tracking the progression of CAD by characterizing the
causative agent—atherosclerotic plaques—in vivo with various imaging modalities.

Among several imaging techniques, intravascular ultrasound and optical coher-
ence tomography (OCT) have been used to characterize the structure of atheroscle-
rotic plaques in blood vessels, achieving an axial resolution as small as 10 pm in
the case of OCT [151, 152]. However, these imaging modalities cannot monitor
compositional changes in atherosclerotic plaques, such as the presence of necrosis
or the amount of lipid content, whereas these factors are vital for understanding
the ongoing pathogenesis that underlies CAD. As a result, NIR fluorescence
spectroscopy based on ICG or other contrast agents was explored as a single optical
modality or in combination with OCT for characterizing plaque composition [153—
155].

However, in a subsequent report by Gardecki et al., it was found that necrotic
cores in atherosclerotic plaque emitted strong NIR autofluorescence when per-
forming Raman spectral acquisitions on human aortic atherosclerotic plaques ex
vivo [157]. Based on this unexpected finding, the same group investigated the
potential for NIR autofluorescence spectroscopy to differentiate between necrotic
and non-necrotic plaques, as the former are considered a higher risk factor [158].
For this study, ex vivo aortic plaques were first excited at 633 nm using a fiber-
based system and NIR autofluorescence was collected in the 680-900 nm range.
The results indicated that necrotic plaques have a significantly higher mean NIR
autofluorescence signal than the non-necrotic lesions. In addition, a multimodal
system with a fully functional catheter measuring 0.87 mm was designed in the same
study for acquiring combined OCT-NIR autofluorescence images from cadaveric
specimens of human coronary arteries. The scope for this multimodal approach
was further investigated across coronary arteries of 12 patients in vivo, with strong
NIR autofluorescence being detected from plaques that had morphological features
associated with high risk, i.e., lipid-containing plaques, plaque erosion/rupture, and
thrombus rupture (see Fig. 2.7) [156]. As validation of these results, another study of
high-risk atherosclerotic plaques has reported the presence of NIR autofluorescence
for early identification and therapeutic intervention in patients with high-risk
plaques [159].
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Fig. 2.7 NIR autofluorescence visualized in vivo across a diseased coronary artery in combination
with OCT. (a) Coronary angiogram of the left anterior descending coronary artery (LAD). (b) Two-
dimensional NIR autofluorescence map showing a focal region of elevated emission in the ostial
LAD. (c—e) OCT-NIR autofluorescence cross sections from sites in (b) with elevated NIR autoflu-
orescence, revealing subclinical fibrous cap rupture of a thin-cap fibroatheroma. Magnification of
a cholesterol crystal (arrow) below the cap, colocalized with high NIR autofluorescence (f) and
magnified views of the rupture site (g, h). In (g), the rupture site (arrowhead) is covered by a small
white luminal thrombus (arrow), and the arrow in (h) points to the site of the thin-cap rupture,
demonstrating colocalized and very high focal NIR autofluorescence signal. (i) Three-dimensional
cutaway rendering showing that the highest NIR autofluorescence spot appears focally within a
large lipid pool (arrow), and the remaining portion of the vessel shows diffuse disease that was
negative for NIR autofluorescence. Scale bars on OCT images and magnifications are equal to
1 mm and 0.5 mm, respectively; scale bar in (B) is equal to 5 mm. () Indicates a guidewire shadow.
ps = pullback segment of catheter; L = lipid; R = rupture site; 7 = thrombus; TCFA = thin-cap
fibroatheroma. Adapted with permission [156]. Copyright 2016, Elsevier
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2.5 Conclusion and Future Perspectives

The development of NIR contrast agents and technological advances in NIR
instrumentation, particularly the increased availability of detectors in the NIR-II
spectral range (1000-1700 nm), has expanded the applicability of fluorescence
imaging to deep tissues in small animal models. This is a consequence of biological
tissues being relatively transparent to NIR radiation, as only a few biomolecules
absorb light in this spectral range, and scattering decreases at longer wavelengths.
The NIR emission of these molecules is responsible for the autofluorescence
background observed in NIR fluorescence images in vivo. Research on NIR imaging
in vivo has focused on developing experimental strategies for minimizing this
background by taking advantage of the spectroscopic features of autofluorescence,
such as the fast time decay and decreasing intensity at longer wavelengths. Less
attention has been paid to identifying the sources of autofluorescence: in the case
of small animal imaging, the only fluorophores that have been systematically
studied are chlorophyll (present in small animals through their diet) and melanin.
However, other endogenous pigments, such as lipofuscins and porphyrins, display
NIR emission under NIR excitation and thus contribute to in vivo autofluorescence.
An improved understanding of the broader family of endogenous NIR fluorophores
may help to manage the associated background noise in imaging applications.
Although autofluorescence is frequently regarded as a nuisance that needs to
be eliminated for high contrast bioimaging, in some cases it provides useful
information that can be applied for tissue diagnostics in vivo. NIR autofluorescence
can help to identify cancerous masses, diagnose retinal pathologies, or discriminate
between stable and unstable atherosclerotic plaques. This can be achieved in a truly
minimally invasive manner, as relying on NIR autofluorescence removes the need
for exogenous contrast agents and maximizes the imaging penetration depth. To
take advantage of the full potential of NIR autofluorescence in this respect, it is
again essential to gain a better understanding of the endogenous NIR fluorophores
in tissue. This, in turn, is likely to support fundamental research in biochemistry and
promote further expansion of NIR autofluorescence into clinical applications.
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Surface Modification of Near ez
Infrared-Emitting Nanoparticles for

Biomedical Applications

Thomas Hirsch

3.1 Introduction

Near infrared-emitting nanoparticles (NIR-NPs), excitable in a biologically silent
wavelength regime are highly attractive for biomedical applications for several
reasons: (a) photoexcitation in the near infrared (NIR) region does not trigger
the luminescence of biological matter, which minimizes background fluorescence
to almost zero; (b) higher penetration depth of the excitation light is enabled;
(c) emitted light in the infrared (IR) can also penetrate tissues without showing
any phototoxicity. For these reasons, NIR-emitting probes are needed, which are
chemically stable and display low cytotoxicity. These outstanding features are
found, for instance, in lanthanide-doped nanoparticles (Ln-NPs) [1, 2, 3]. These
kinds of nanomaterials will come along with other benefits like narrow emission
bands, large Stokes-shift, or upconversion ability [4]. Furthermore, they can be
excited by cheap, low-power continuous wave lasers, and these probes do not
suffer from blinking or photobleaching. The typical excitation wavelengths used
for upconversion (800 or 980 nm) are within the so-called first optical window.
Lanthanide-doped nanoparticles are known for low cytotoxicity [5], enabling them
for various applications including photodynamic therapy [6, 7], drug delivery
[8, 9, 10], bioimaging [11, 12, 13], nanothermometry [14], sensing [15, 16] of
parameters such as pH values [17] or oxygen [18], and in immunoassays [19].
Most examples in bioimaging report on the upconversion (anti-Stokes emission)
properties of lanthanide-doped nanoparticles, mainly attributed to the fact that the
visual range of the spectrum is easy to analyze and well covered by instruments.
This is also the reason why many examples for the surface chemistry presented in
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this chapter deal with applications based on the anti-Stokes emission. Nevertheless,
all of these materials will also show classical emission at lower energies compared
to the excitation wavelength. Therefore all of the surface modification strategies
presented in upconversion nanoparticles are also valid upon bioimaging in the NIR
range. Many efforts have been made in the last years to design and synthesize
Ln-NPs of controlled size, shape, and composition. Bottom-up strategies such as
co-precipitation, thermal decomposition, and solvothermal syntheses turned out to
result in small and monodisperse nanoparticles but yet possessing bright upconver-
sion luminescence [20]. The main focus on research deals with understanding of the
complex photophysics and improving the intrinsically low quantum yields [21, 22].
A well-designed core—shell architecture even allows the synthesis of upconversion
nanoparticles with quantum yields close to that of the bulk material [23]. The
chemical stability of the most efficient fluoride host materials like NaYF, especially
in low particle concentrations or under flow-conditions, seems to be critical. A rapid
dissolution of such particles in aqueous systems has been reported [24, 25, 26]. To
fully exploit lanthanide-doped nanoparticles in biological applications, the surface
functionalization remains a crucial step: (1) the surface ligands need to provide
colloidal stability under physiological conditions; (2) the luminescence properties
should not be negatively affected in terms of surface quenching; (3) chemical
stability to overcome dissolution effects should be provided; and (4) functionalities
for targeting or receptors for diagnosis or drugs for delivery should be introduced.
Especially for bioimaging applications, the choice of the surface ligand is crucial
as it determines the nanoparticle behavior in biological systems, e.g., in terms of
their surface charge, layer tightness, or hydrophilicity [27]. Colloidal stability under
physiological conditions is very important for in vitro and especially for in vivo
applications of nanoparticles. Usually a zeta potential of around +30 mV is known
to warrant colloidal stability due to electrostatic repulsion. But charged surfaces
(positive > negative) have a higher binding affinity to biomolecules resulting in
a biomolecular corona [28]. Here, it is preferable that no biomolecular corona is
formed around the nanoparticle. Otherwise, surface functionalities will be buried
by the proteins and transport and targeting will be hindered. The most common
procedure for the preparation of stealth surfaces is the functionalization with
polymeric ethylene glycol (PEGylation) since it provides stabilization due to steric
repulsion and a low attachment of biomolecules [29]. However, PEGylation yields
particles aggregating at high salt concentrations and having huge hydrodynamic
diameter making renal clearance impossible [30]. A more recent approach is
the formation of zwitterionic and highly hydrophilic surfaces with amphiphilic
molecules [31]. These particles are known to be highly biocompatible and have
a long blood circulation time, but the synthesis of neutral and zwitterionic surfaces
with colloidal stability is still challenging [32].
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3.2 Strategies for Surface Modification

The main intention in surface modification is dedicated to the transfer of hydropho-
bic NPs, as obtained from most bottom-up synthesis protocols, into hydrophilic
particles, dispersible in aqueous systems [33]. The most common strategies are: (1)
chemical modification of the surface ligand; (2) attaching polymers or amphiphilic
molecules as additional bi- or multilayer coating; (3) growing of a silica coating to
use the standard surface chemistry as established for many other particle systems;
and (4) exchange of the hydrophobic ligand by a hydrophilic one (Fig. 3.1). All
these strategies are summarized in detail in a review by Muhr et al. [34].

The first method, the direct chemical modification of oleate or oleylamine, the
most common capping present at the particle surface right after the synthesis, by
oxidation of the -C=C- bond can be achieved by agents like the Lemieux—von
Rudloff reagent [35], ozone [36], or 3-chloroperoxybenzoic acid [37]. Water-
dispersibility will be provided by the resulting carboxylic groups. This method is
less common as these reactions are not very easy to handle, e.g., for the use of
ozone, a generator is needed. Often there is also a lack of information on the exact
stoichiometry of surface ligands and oxidizing agents. Additionally, the oxidizing
agents need to be soluble in the organic media. With the number of ligands getting
oxidized the stability of the particles in the solvent gets minimized. This makes it
difficult to end up with a full oxidation of all ligands originally present at the surface.

Other techniques, not replacing the original surface capping, overcome some
of these drawbacks. The formation of a bilayer at the particle surface makes use

Fig. 3.1 Different strategies inorganic shell
for surface modification of
NIR-NPs to achieve
dispersibility in water
comprising the attachment of
additional layers in terms of
inorganic shells or polymer
coatings, the direct
modification of the native
ligand by ligand oxidation or
the ligand exchange, which
can be either a complete
replacement of the ligand
prior attachment of a new
surface capping or a two-step
ligand exchange via
stabilizing agents

ligand ligand
exchange oxidation
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of the van der Waals interaction between the hydrophobic part of an amphiphilic
molecule. This interaction is weak and little is known on the stability of such
layers under biological circumstances. It is known that in biological membranes
the lipids can either be exchanged, or other lipophilic molecules can be inserted
into the membrane. Such possibilities need to be taken into account when applying
particles with this type of surface modification in biological systems. On the other
hand, amphiphilic molecules are available in large variations offering a toolbox for
tuning surface properties in terms of different charges or different binding groups
for further functionalization. With alternating charges, it is also possible to assemble
a layer-by-layer coating, which is attractive when the particle surface needs to
be shielded. In general, such a strategy to use a hydrophobic barrier by bi- or
multilayer is straightforward when the inorganic host material of the particle needs
to be prevented from the access of water molecules in order to avoid its dissolution,
or to minimize non-radiative deactivation of the luminescence by quenching due
to —OH vibrations. Particles with amphiphilic molecules at the surface generally
display good colloidal stability in aqueous solution. By the use of phospholipids
functionalities such as biotin, folate, or maleimide can be introduced enabling easy
coupling of bioreceptors or drugs for theranostic applications. Biocompatibility can
be enhanced by the use of phospholipids consisting of poly(ethylene glycol) (PEG)
units [38, 39]. Surface modifications by phospholipids with functionalized head
groups and PEG spacers are easy to apply, but time consuming in synthesis and
therefore costly if commercially available. A straightforward example is shown by
the group of Prasad. They designed bilayer coated particles with PEG-phospholipids
with outstanding stability in vitro at 37 °C for 24 h and only 25% loss of particle
integrity when dispersed in cell growth medium containing 10% fetal bovine serum
(Fig. 3.2) [40].

A cheaper version of amphiphiles are detergents such as Tween 80,
cetyltrimethylammonium, dodecyltrimethylammonium, dodecyl sulfate, and the
tert-octylphenyl ether of poly(ethylene glycol) which render nanoparticles water
dispersible [41], but often lead to lower biocompatibility. The critical part when
using amphiphilic molecules for surface modification is the right choice of their
concentration to prevent the formation of either empty micelles or such including
more than one nanoparticle. Extrusion steps can help in sizing of the micelles, but
an optimization is necessary for every type and size of particles as simple up- or
downscaling will not be successful. Another possibility is not to use amphiphilic
molecules but amphiphilic polymers, e.g., poly(maleic anhydride-alt-1-octadecene)
[42, 43]. The advantage is given by the presence of multiple alkyl chains per
molecule and weak chelating effects stabilizing the surface coating against ligand
detachment. Particles coated with poly(maleic anhydride-alt-1-octadecene) display
good temporal stability over a wide pH range from 3 to 13, which can be further
increased by crosslinking within the layer by a reaction of the anhydride groups
with bis(hexamethylene)triamine [44].

Quite popular is the growth of additional shells consisting of oxides or noble
metals on Ln-NPs. These techniques take advantage of the availability of already
established protocols for further surface functionalization, which can be easily
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Fig. 3.2 Scheme of porphyrin-phospholipid-coated upconversion nanoparticles (PoP-UCNPs)
for hexamodal imaging (a). Size distribution obtained from light scattering (b) and electron
micrographs (c¢) of PoP-UCNPs. Image reprinted from Ref. [40] with permission Copyright ©
2015, John Wiley and Sons

adapted, such as silane chemistry for silica shells or thiol chemistry on gold shells
[45, 46]. Other reasons to go for this strategy are the introduction of additional
features like catalytic effects by TiO, shells [47], plasmonic modulation of the
luminescence properties by gold or silver shells [48], the encapsulation of dyes,
drugs, or other molecules in mesoporous silica shells [49]. Silica shells are created
by surfactant-assisted growth of silica precursors. The Stober method or the reverse
microemulsion method allows the coating of both, hydrophilic and hydrophobic
nanoparticles [50]. Silica coatings are characterized by good dispersibility in water
and low cytotoxicity [51]. To end up in uniform particle size distributions with a
defined thickness of the silica shell can be very tricky due to a lot of parameters,
which play a crucial role during the synthesis, e.g., there is a strong dependency on
the concentration ratio of the silica precursor and the surfactant, which is needed in
the first step [52, 53]. On the other hand, it is possible to obtain particles with an
extremely thin silica shell in the range of 1 to 2 nm thickness, which is beneficial
for application utilizing a distance dependent energy transfer from or to the particle
by any surface bound molecule [54]. The zeta potential of particles encapsulated by
a silica shell is usually slightly negative at neutral pH, which leads to aggregation
or precipitation within several hours [55, 56]. If stability over a longer time scale is
needed, it is recommended to immediately silanize the surface with surface ligands
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providing additional charged groups in solvents at the desired pH value [57]. The
poor temporal stability in aqueous solutions of silica modified particles can also
become an obstacle during purification steps. Often it gets extremely difficult or
almost impossible to disperse such particles after a centrifugation step or to form a
clear solution due to the presence of larger agglomerates. A direct functionalization
minimizes the tendency for agglomeration by applying modified silanizing agents
directly after the coating of Ln-NPs with SiO, without any purification step in
between. Even more elegant is to use functional organosilanes already during
the polymerization process forming the silica shell. For both methods, most
commonly used are organosilanes such as aminopropyl-trimethoxysilanes [58],
aminopropyl-triethoxysilanes [59], N-[3-(trimethoxysilyl)-propyl]-ethylenediamine
[60], or carboxyethylsilanetriol [37]. Silica shells are also of interest for designing
composite materials with multimodality. The incorporation of a NIR dye into a silica
shell grown on upconversion nanoparticles enabled a probe suitable for NIR imaging
and photothermal therapy (Fig. 3.3) [61].

A similar concept can be used for drug delivery, e.g., as demonstrated by
the entrapment of doxorubicin into mesoporous silica shells of upconversion
nanoparticles [8]. This concept can easily be adapted to other nanoparticles.

An extremely versatile method for surface modification of NIR-NPs is the
replacement of the hydrophobic surface capping by a new hydrophilic ligand. Here,
two principles are known, the one which displaces one ligand by another in one
step and the other removing the ligand before adding a new capping agent in a
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Fig. 3.3 (a) Synthetic scheme and (b-d) Transmission electron microscopy images (b, upcon-
verting nanoparticles (UCNPs); ¢, UCNP@SiO; core/shell nanoparticles; d, UCNP@SiO,/Dye
nano-composites) of NIR excitable lanthanide-doped nanoparticles modified with a silica shell
made from tetraethyl orthosilicate (TEOS) with an incorporated carbocyanine dye (CyTE-777)
used for photothermal treatment. Figure reproduced from Ref. [61]
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two-step process. The first method requires that the new surface ligand coordinates
more efficiently to the particle than the ligand, which should be replaced. Second,
for a phase transfer into hydrophilic media the new ligand needs also to be
more polar in comparison to the original surface capping. To find such ligands
is the most difficult part as the protocol for the replacement is quite simple.
Typically, oleate-capped nanoparticles are stirred in the presence of an excess
of the new ligand for several hours up to several days, at moderate temperature
[62]. The more time is needed, the higher is the risk that the particles tend to
agglomerate during the ligand replacement. Therefore, no general protocol can
be given but an individual optimization of particle to ligand to solvent ratio as
well as stirring time and temperature is needed. This can become quite time-
consuming as a full characterization of the surface coverage in terms of composition
as well as surface loading always is challenging demanding several complementary
techniques. Heterobifunctional ligands consisting of poly(ethylene glycol) with a
thiol function on one side and an amino or carboxylic group at the opposite end
offer further coupling of biomolecules to the nanoparticles. The poly(ethylene
glycol) is described as an oxophilic polydentate ligand binding to lanthanide ions
at the particle surface [63]. Zhang et al. have reported a ligand exchange with 2-
bromo-2-methylpropionic acid and a polymerization of this surface modification
with oligo(ethylene glycol) methacrylate to end up with particles colloidal stable
in phosphate buffer [64]. This is outstanding as phosphate is known for a strong
coordination to the nanoparticles consisting of lanthanides, which can lead to a
ligand exchange with time, accompanied by a loss of colloidal stability. Even surface
coatings of mixed chemical compositions can be realized by ligand exchange
methods as shown by the construction of multimodal nanoparticles with capabilities
for multimodal bioimaging in terms of luminescence, magnetic resonance (MR),
and radioactivity. The authors describe a simultaneous ion and ligand exchange
for lanthanide-based NIR-NPs. At the particle surface, lanthanide ions have been
exchanged by Gd3* enabling MR and fluoride ions have been exchanged by the
radio nuclide '8F~. For targeting of cancers, the surface capping oleylamine was
exchanged for a mixture of folic acid, oleic acid, and aminocaproic acid [65].
These particles preferably bind to the folate receptor protein, which is commonly
expressed at the surface of many human cancer cells.

In contrast to the simultaneous ligand exchange, the two-step ligand exchange
generates an intermediate particle system that can be either ligand-free or stabilized
by ions such as the BF4~ [66]. This has several advantages as it enables a better
control for the stripping of the native ligand as well as for the attachment of the
new ligand. Additionally, nanoparticles with BF4~ modification can be stored in a
solvent like DMF for months without any tendency for agglomeration. This strategy
of a two-step ligand exchange by the use of nitrosyl tetrafluoroborate (NOBF4)
was introduced by the group of Murray [66] and can be used for many kinds of
inorganic nanoparticles coated by ligands such as oleate or oleylamine. The ligand
gets stripped off in a first step and will be replaced by BF4 ions. The role of the
nitrosyl ion is not fully understood so far. A mechanism is discussed, where it forms
HNO; in the presence of traces of water, which will initiate the stripping of the
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ligands off the particle surface [66]. This idea is underpinned by the fact that other
tetrafluoroborates such as the so-called Meerwein salt (Et3OBF,) are much less
effective or do even not work at all. The BF, -stabilized particles can be easily
purified by centrifugation without tending to agglomerate and this stabilizing ligand
can be replaced by almost any ligand with an affinity to the particle surface. It is
reported that NIR-NPs, capped with O-phospho-L-threonine, PEG-phosphate, or
alendronate ligands, will provide a long-term colloidal stability at close to neutral
surface charge at physiological pH [67]. Furthermore, particles with such surface
modifications show great resistance to protein corona formation, when dispersed in
serum. A protein corona changes on the one hand the identity of the nanoparticle,
meaning that targeting ligands are not freely available, and on the other hand, it
induces a fast clearance by the reticuloendothelial system and thus a reduced blood
circulation time [32] (Fig. 3.4).

Capobianco et al. made use of hydrochloric acid to strip off the hydrophobic
ligands in order to generate ligand-free particles which are already water dis-
persible [68]. This fast and simple method is very useful in biofunctionalization
as demonstrated with a functionalization by heparin for bioimaging and cellular
targeting [69]. However only little information is known in the colloidal stability
of the ligand-free particles in aqueous solutions. It is expected that the particles
will minimize their surface energy by agglomeration without any capping agents;
therefore, it is expected that those particles cannot be stored for long time.
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Fig. 3.4 Scheme of a two-step ligand exchange via NOBF; to obtain colloidal stable lanthanide-
doped nanoparticles. The ligands O-phospho-L-threonine (OPLT), PEG-phosphate, or alendronate
successfully prevent the formation of a protein corona. Reproduced from Ref. [67] with permission
from The Royal Society of Chemistry
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3.3 Conclusion and Challenges in Surface Modification

In summary, a great arsenal of different strategies has been established to engineer
the particles surface enabling colloidal stability and functionalities in terms of
targeting, drug delivery or to improve the luminescence properties by either
plasmonic enhancement or efficient blocking of non-radiative deactivation by
solvent molecules. Nevertheless, one might ask the question why there is only one
inorganic NIR probe, the Cornell Dots™, approved by the FDA so far [70]? Also
surprising is the fact that nanoprobes in general fail when it comes to targeting.
A literature survey from the past 10 years on tumor targeting with nanoparticles
revealed that only 0.7% in median are found to be delivered to a tumor [71].
Toxicity, biodistribution, retention time, clearance, and physiological and chemical
interactions are the key parameters and all of them are directly linked to the
surface properties. To bring NIR-NPs to practical medical applications a lot of
attention needs to be paid to these parameters, starting by establishing reproducible
protocols for surface characterization on a nanoscale validated by an excellent
surface characterization. Many reports suffer from details on surface coverage of
the ligands or do not report on colloidal properties in physiological media [72].
A phase transfer from organic to aqueous solutions can not only be achieved
when the particle is completely covered by a new ligand. Yet, incomplete surface
coverage will be prone to access of salts and proteins present in complex biological
media and can lead to a fast degradation of the engineered surface chemistry
under such circumstances. Therefore, main challenges include a better control of
a homogeneous surface coating and more reproducible methods for surface loading
and/or modification. Despite these challenges, NIR-NPs are considered to represent
very promising materials for biomedical applications as evidenced by the rapid
growth of outstanding articles covering this field of research.
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Chapter 4 ®)
Rare Earth-Doped Nanoparticles for Qe
Advanced In Vivo Near Infrared Imaging

Meiling Tan and Guanying Chen

4.1 Introduction

Fluorescence-based optical imaging has drawn increasing attention, as it enables
high-contrast in vitro imaging at microscopic resolution and in vivo imaging at
micrometer-scale resolution [1, 2]. For small animal imaging, light penetration
depth and signal-to-noise ratio are two critical aspects that significantly affect
imaging results. Light penetration depth is determined by the scattering and
absorption of biological tissues at the wavelength of light, while signal-to-noise
ratio is often dictated by background fluorescence (i.e., tissue autofluorescence)
from endogenous fluorophores (hemoglobin, melanin, lipids, etc.) [3—6]. For probes
with emission in the visible range (400-700 nm), light penetration depth is typically
limited to be ~ 1 mm due to the relatively strong absorption and scattering of
visible photons [7, 8]. This reason also impairs the quality of acquired photographic
images, resulting in low resolution and a decrease of signal-to-noise ratio. When
shifting both the excitation and emission wavelengths to the first near infrared
biological window (700-950 nm, NIR-I) [9-11], light penetration depth (also,
imaging depth) can be increased to several millimeters, along with an improved
imaging quality. Importantly, many works demonstrated that imaging quality could
be largely further increased when using probes with emission band in the second
near infrared window (1000-1700 nm, NIR-II). This is because light absorption
and, in particular, light scattering from biological tissues are substantially reduced
in NIR-II region compared to that in NIR-I window [7, 12, 13] (Fig. 4.1). Light

M. Tan - G. Chen (<)

MIIT Key Laboratory of Critical Materials Technology for New Energy Conversion and Storage,
School of Chemistry and Chemical Engineering and Key Laboratory of Micro-systems and
Micro-structures, Ministry of Education, Harbin Institute of Technology, Harbin, People’s
Republic of China

e-mail: chenguanying @hit.edu.cn

© Springer Nature Switzerland AG 2020 63
A. Benayas et al. (eds.), Near Infrared-Emitting Nanoparticles for Biomedical
Applications, https://doi.org/10.1007/978-3-030-32036-2_4


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-32036-2_4&domain=pdf
mailto:chenguanying@hit.edu.cn
https://doi.org/10.1007/978-3-030-32036-2_4

64 M. Tan and G. Chen

= Brain
L Vis NIR NIRII g
I

Transmittance (%)

i

400 600 800 1000 1200 1400 1600
Wavelength (nm)

Tissue

Fig. 4.1 (a) Schematic illustration of light penetration depth in tissue in the visible, NIR-I, and
NIR-II windows. (b) The transmission of light at different wavelengths through a nude mouse skin,
bone, and brain. Courtesy by Tymish Y. Ohulchanskyy at Shenzhen University

scattering in tissue can be scaled as ~ A™%, where o« = 0.22-1.68 depends on
biological tissues [14]. As a result, light with longer wavelengths is less scattered,
thus resulting in better imaging depth and quality. Recently, a series of organic and
inorganic materials have been proposed and applied for NIR-II in vivo imaging, such
as single-walled carbon nanotubes (CNs), small molecules, quantum dots (QDs),
and rare earth-doped nanoparticles (RENPs) [3, 15-18].

RENPs are an inorganic guest-host system with at least one dimension of
less than 100 nm, where rare-earth ions are diluted as a guest in the host lattice
of a dielectric material with appropriate phonon spectrum. Typically, chemically
stable host material with low phonon cut-off energy, e.g., sodium yttrium fluoride
(NaYF4, 350 cm™!) is a favorable rare-earth luminescence, because it minimizes
non-radiative multiphonon-assisted deactivations at intermediate and emitting states
[19]. Indeed, RENPs, among reported optical nanoprobes, hold promise for NIR
bioimaging, because they can pliably convert NIR excitation light to emissions with
either shorter wavelength (upconversion luminescence, UCL) or longer wavelength
(downshifting luminescence, DCL). Compared with reported probes (QDs, organic
dyes, and carbon nanotubes), RENPs have superior optical performance, such as
sharp emission band, large anti-Stokes or Stokes shift, long lifetime, low biological
toxicity, and low background autofluorescence [19, 20]. These merits make them
attractive to be used as contrast agents to discern between delicate biological struc-
tures for disease diagnosis and intraoperative imaging-guided surgery. Typically,
ytterbium (YB3t) or neodymium (Nd3t) ions are doped in RENPs and used as
sensitizers to absorb excitation light photons, thus allowing the excitation to be
performed at either 980 nm (corresponding to the 2F7/» — 2Fs» transition of Yb3*
ions) or 800 nm (corresponding to the *Ig;» — *Fs/, transition of Nd>* ions), where
low-cost, high-power diode lasers are commercially available. Importantly, both
wavelengths are located in NIR-I window, rendering optical imaging in deep tissues
and at high resolution [8, 21-25].
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Tissue autofluorescence remains substantial in the NIR range (in particular,
700-1000 nm, but decreased at longer wavelengths) even with NIR light excita-
tion, blurring the obtained bioimaging images [26]. Luckily, RENPs often have
long luminescence lifetime, making themselves attractive for the removal of
autofluorescence background through time-gated imaging (TGI) technique. TGI is
an established stroboscopic technique, which eliminates the autofluorescence by
exploiting the long lifetime of emissions from optical probes (~ |Ls to ms) against
the short lifetime (~ ns) of tissue autofluorescence. An appropriate time delay
(longer than the lifetime of autofluorescence) between the excitation and detection
allows a straightforward exclusion of the autofluorescence background, rendering
high-contrast NIR in vivo imaging. Furthermore, the lifetime of RENPs with a given
luminescence wavelength can be precisely engineered to produce a set of lifetime-
encoded luminescent NPs. This provides new numerous possibilities for multiplexed
lifetime imaging in the NIR range.

In this chapter, we present the use of two types of NIR-emitting RENPs for
steady-state in vivo imaging: (1) upconversion nanoparticles (UCNPs) and (2)
downshifting nanoparticles (DCNPs). We also describe the principle of TGI and the
use of RENPs for high-contrast TGI optical imaging in NIR-II window. Moreover,
multiplexed optical imaging using NIR-emitting RENPs with tunable lifetimes is
further discussed.

4.2 NIR Emissions from RENPs

4.2.1 NIR Upconversion Luminescence

Upconversion refers to an anti-Stokes process in which two or more low energy
photons are absorbed, and then combined to produce a higher energy photon. The
typical upconversion process with NIR emission is from the Yb3+-Tm3* pair, which
is excited at 980 nm and emits at 800 nm in NIR-I window. Yb3* ion absorbs
the 980 nm excitation, and then transfers its energy to a neighboring Tm>* ion,
promoting it to the 3Hs state. After a non-radiative relaxation to the >F, state, the
Tm>* ion at this state is further excited to the *F, 3 state, followed by phonon-
assisted relaxations to the 3Hs state, where the emission of 800 nm is produced
by a radiative decay to the ground state (Fig. 4.2a). Despite the existence of other
emission bands in the visible and ultraviolet range, in most cases, the emission of
800 nm dominates the whole UCL spectrum, especially in Yb>T-enriched UCNPs.
Indeed, it has been revealed that an elevation of Yb>T ions doping concentration in
fluoride nanocrystals usually results in higher UCL intensity at 800 nm [27, 28].
Beyond that, Er’* ions can be used as sensitizers to absorb excitation energy
at 1532 nm and then transfer their energy to activators, such as Yb3+, H03+,
Tm**, Nd** ions, to produce UCL in NIR-II window (Fig. 4.2b). The absorption
of excitation photons promotes Er’T ions from the ground state to the 3113, state,
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Fig. 4.2 Schematic illustration of simplified energy levels and energy transfer routes for NIR
upconversion from (a) Yb3+/Tm>* ion pair under 980 nm excitation, and (b) Er**/X3*+(X = Yb,
Ho, Tm) ion pair under 1532 nm excitation, and for (¢) NIR downshifting luminescence from
Nd3*, Yb**, and other activators (Er3t, Ho>t, Tm3*, Pr3T) under 800 nm excitation

which can be further excited to the I/ state via either absorption of another
excitation photon or energy transfer from another Er3t ion at the 313 state.
At the *Io; state, Er’T ion can transfer its energy to surrounding activators to
produce activator-defined NIR-II UCL. For example, an efficient NIR emission
at 1180 nm from Ho’t was observed from NaErF;:Ho@NaYF, core/shell NPs
under the excitation of 1532 nm [29]. This Er**-sensitized Ho>* UCL emissions
are suitable for NIR-II UCL imaging, as both excitation and emission wavelengths
are located in the NIR-IT windows. Note that this Er>*-based sensitizing process can
be modulated to enhance UCL through codoping with different types of rare-earth
ions or modification of nanostructure [30].
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4.2.2 NIR Downshifting Luminescence

In most circumstances, RENPs emit downshifting luminescence (DCL) at longer
wavelengths, whereby the emission intensity depends linearly on the excitation
power density. The existence of abundant energy levels of rare-earth ions in the NIR
range provides many ways to realize both excitation and emission wavelengths in
the NIR biological windows (Fig. 4.2b). Nd>*-based RENPs are promising towards
this regard, as Nd>* ions have large absorption cross section at around 800 nm
and can act as sensitizers to sensitize activators to produce tunable DCL. Generally,
Nd3*-sensitized RENPs can be divided into three types: (1) single Nd3*-doped
NPs. After promoting Nd3* from the ground state to the *Fs) state by 800 nm
excitation, the Nd3t jon can relax to the *F3, state, whereby the emissions of
860 nm, 1050 nm, and 1360 nm are generated, being assigned to the *F3» — *Igy,
4F3p — *I1152, and *F3, — *I13» transitions, respectively. (2) Nd>T/Yb3*-codoped
RENPs. The harvested energy by the “Fs» state of Nd3t ions under 800 nm
excitation can be transferred to Yb>* ions at an efficiency over 70%, thus generating
the 1000 nm DCL from Yb>* ions (the 2F7;, — 2Fs transition). For Nd3* /Yb3+
codoped system, the excitation wavelength is in NIR-I window, while the emission
wavelength is in NIR-IT window. (3) Nd*>*/Yb>** and X3t (X = Er, Ho, Tm, or Pr)
doped RENPs. This type of NIR DCL can be achieved following the energy transfer
route of Nd** — Yb*>T — X3+, Nd** ions act as energy donor, while Yb>* ions
are used as energy bridge, exacting the energy from Nd>* ions, and then transferring
to the activator ion (Er’*, Ho>*, Tm3*, or Pr3T) to produce activator-defined DCL.

For the Nd** — Yb’T — X3* system, the efficiency of DCL mainly depends
on three parts: (1) the energy transfer efficiency between Nd*>* and Yb3*, (2) the
energy transfer efficiency from Yb3* ions to the X3* activator; (3) the non-radiative
and upconverting losses at the emitting states of the X>T activator. The reported
DCL efficiency for different activators is ranked as Er’t > Ho’t > Tm3*+ > P+,
The system with Tm>* or Pr3T activators is less efficient, owing to the involvement
of upconversion process for Tm3* emitting state, and the existence of dense energy
levels for Pr3™ that promotes non-radiative relaxations from the emitting state [3, 31,
32]. For the third type of RENPs, it should be noted that there exist efficient energy
back-transfer processes from the X>* activators to the Iy manifolds of Nd3*, thus
resulting in luminescence quenching. To minimize this back energy transfer, the
doping concentration of Nd>T ions should be as less as 1%. However, the low
concentration strongly limits the absorption at 800 nm, and thus the brightness
of RENPs. To solve this problem, a spatial isolation of Nd** and X3* activator
using a core/shell or core/shell/shell structure is usually needed, which entails high
Nd3*doping content to 20 or 100%, thus increasing DCL intensity by orders of
magnitude [29-31].
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4.3 1In Vivo NIR Imaging Using RENPs

4.3.1 Bioimaging Using NIR UCL

As mentioned before, Yb3+/Tm3+—coped UCNPs with emission at 800 nm and
excitation at 980 nm are promising for high-contrast small animal imaging, as both
excitation and emission wavelengths are located in the NIR biological windows in
which light attenuation and scattering are significantly reduced. Moreover, tissue
autofluorescence is absent in the emission detection range, as autofluorescence
is supposed to have a longer wavelength than the excitation at 980 nm, if any.
Towards this regard, high-contrast in vivo bioimaging was firstly reported in
2008 using NIR;;-NIR oy NaYF4:20%Yb>™/1%Tm>" UCNPs [33]. This NIRjy-to-
NIR,y; upconversion process entails an observation of UCL in the liver of Balb-c
mice after 2 hours intravenous injection with upconverting RENPs. The signal-to-
background (SBR) ratio was determined to be about 10. This parameter, however,
strongly depends on the efficiency of imaging contrast agents. A later report demon-
strates an exceptionally high SBR ratio using core/shell (a-NaYbF4:Tm3*)/CaF,
UCNPs with a quantum yield as high as 0.6 &= 0.1% under imaging condition laser
irradiation (0.3 W/cm?) (Fig. 4.3a) [27]. The high Yb3t ion content in this particle
also increases the absorption at excitation of 980 nm and shortens the distance
between Yb>* and Tm>* ions, thus favoring the emission brightness of Tm>* ions
at 800 nm. After intravenous injection of these water-soluble core/shell NPs for
2 hours, the whole-body imaging of a mouse can clearly show the shape of liver
without excision, presenting a SBR ratio as high as 310. Interesting, the UCL from
the Yb>*-enriched core/shell NPs is able to be detected through a 3.2 cm biological
tissue (pork tissue), with high contrast against the background (Fig. 4.3b, c).

Another example for UCL imaging in NIR-II window is to use Er’*-sensitized
UCNPs (i.e., NaErF4:Ho’t @ NaYF, core/shell nanocrystals) with both excitation
and emission wavelengths located in NIR-II region [29]. In the described core/shell
NPs, Er’t ions perform as both sensitizer and activator ions, which absorb the
1530 nm excitation photon and then sensitize the neighboring Er** ions to produce
the 980 nm emission, while the Ho>T ions function as another type of emitters to
generate UCL at 1180 nm, after accepting the energy transferred from adjacent Er3*
ions (Fig. 4.3d). Based on the ratio metric UCL (lg9gp/17180) of the Er3*-sensitized
UCNPs, H>O, sensitive microneedle patch was prepared to allow dynamic inflam-
mation sensing in vivo. As can be seen in Figs. 4.3e-h, the luminescence images of
microneedle array were clear under the skin tissue, and the signal from single needle
(200 x 200 pm) could be distinguished (Fig. 4.3e-h).
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Fig. 4.3 (a) A schematic illustration of UCL from core/shell (a-NaYbF4:Tm3T)/CaF, NPs under
980 nm excitation; (b) Whole-animal imaging of a BALB/c mouse injected with hyaluronic
acid (HA)-coated (a-NaYbF4:Tm3*)/CaF, core/shell nanoparticles; (¢) Merged UCL/bright-field
image of a cuvette containing the HA-coated core/shell UCNPs covered with a 3.25 cm thick
pork tissue (Reproduced from Chen et al. 2012) [27]; (d) A schematic illustration of UCL from
NaErF,:Ho?T @NaYF, core/shell NPs structure under 1532 nm excitation; (e) Photographic image
of a mouse with microneedle-patch-injected UCNPs; UCL images of the microneedle-patch-
treated mouse at (f) 980 nm, (g) 1180 nm, and (h) ratio metric (I9gp/I1;80) channels taken at
different time points after lipopolysaccharide-induced inflammation. Reproduced from Zhang et al.
2018 [29]

4.3.2 Bioimaging Using NIR-II Downshifting Luminescence

Recent results have shown that in vivo imaging with fluorophores emitting in the
NIR-II window has significantly improved the signal-to-noise ratio, probes tissue
at centimeter range of depth, and achieves micrometer-scale resolution at depths of
millimeters. This associates with the low tissue autofluorescence, reduced photon
scattering, and high penetration depth [14, 17]. Naczynski et al. synthesized a
set of NaYF4:Yb>t/Ln3t(Ln = Er, Ho, Tm, Pr) @NaYFE, core/shell NPs with
tunable emissions in NIR-II region under 980 nm excitation [3]. They demon-
strated that these NPs were capable of resolving anatomical structures including
organs, and blood vessels using video-rate imaging at micrometer resolution and
millimeter depths (Fig. 4.4a, b). They also evaluated the disease tracking potential
of NIR-II imaging by injecting RENPs into the nude mice model with developed
melanoma xenografts (Fig. 4.4c). NPs emitting at two different NIR-II wavelengths
(1532 nm from Er’*-doped NPs and 1150 nm from Ho’*-doped NPs) were
separately injected into the same mouse with xenografted melanomas. Attaching
corresponding separated optical filters to the camera, different wavelengths images
were clearly observed with no crosstalk between these NPs (Fig. 4.4d). Importantly,
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Fig. 4.4 Real-time, video-rate biodistribution imaging of intravenously injected REs captured
in hairless mice using the imaging system prototype from both ventral (a) and left lateral (b)
aspects. Nude mice bearing melanoma xenografts were intravenously injected with REs and
imaged near surrounding tumor regions before dissection (c¢) from the ventral aspect. Proof-of-
concept multiplexed SWIR imaging performed from the dorsal aspect in mouse xenografts (d)
after Er- and Ho-doped rare-earth probes were separately injected into tumor sites on either flank
of the animal. Representative images (n Y4 3) are shown in all instances [3]. All imaging results
were acquired using a prototype imaging systems consisting of a room temperature-cooled InGaAs
camera operating at a typical exposure time of 50 ms, adjustable filter mounts, a collimated laser
at 980 nm with an output power density of 0.14 Wcm?, and a neoprene rubber imaging surface.
Reproduced from Naczynski et al. 2013
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these NIR-II-emitting NPs were able to be used for small cancer lesion detection
and monitoring, showing superior unprecedented results.

However, there exists a potential harmful problem associated with the excitation
wavelength (980 nm) of this work. It is known that, water molecules, which are
abundant in the body, have large absorption efficient at 980 nm. As a result,
overexposure of biological species to this excitation light could cause overheating
of tissues, resulting in significant cell death and tissue damage. So it is of necessity
to shift the excitation wavelength to more biocompatible excitation wavelengths
without producing local heating effect. The overheating effect induced by 980 nm
excitation could be largely mitigated using 808 nm laser excitation because the
absorption coefficient of water at ~808 nm is small around 0.02 cm~!, about 24
times lower than the value of 0.482 cm~! at ~980 nm. The Nd3* ions possess a
high absorption cross section (~1.2 x 107!? ¢cm?) at 808 nm which is one order
of magnitude higher than that of Yb3* ions (~ 1.8 x 1072° cm?). Moreover, it
was shown that Nd3* ions can transfer the absorbed energy to ytterbium (Yb3*) at
high efficiencies (more than 70%), providing possibilities to produce Nd3*-based
NIR-II-emitting NPs with 808 nm excitation.

Indeed, Nd3*-based downshifting NPs have been proposed in vivo imaging in the
NIR-II region. The early Nd*>*-based NPs for bioimaging are purely Nd3*+-doped
NPs with excitation band centered at 800 nm and emission band centered at 860 nm,
1060 nm, 1340 nm, originating from different transitions from the excited level
4F3, to different *Ij levels (consult Fig. 4.2). Core/shell NaGdF4:3%Nd @NaGdFy4
NPs were reported to exhibit efficient NIR-to-NIR downshifting luminescence for
bioimaging [34]. The thick NaGdF4 shell (~ 2.5 nm) isolates the core nanoparticle
from the surrounding quenchers, thus endowing NPs with absolute quantum yield
as high as 40% in hexane and 20% for ligand-stripped ones in aqueous form. A
high-contrast NIR luminescent image at 860 nm was obtained in a nude mouse
with subcutaneous injection under regular lamp light excitation at 740 nm (Fig. 4.5
a, b, ¢). Note that the 740 nm light corresponds to the transition from the ground
41,1312 state to the *Fy), state, instead of to the *Fs;, state for 800 nm excitation.
Later, LaF3:Nd>* NIR-emitting NPs with excitation at 800 nm for bioimaging were
reported by Jaque’s group [35]. The emission band at 1050 nm from LaF3:Nd>*
is the most intense peak, which lies in the NIR-II window. Therefore, the use
of 1050 nm emission allows a high-contrast in vivo imaging with imaging depth
as large as 1 cm. Recently, Nd>T-enriched LiLuF4:10%Nd@LiLuF; NPs were
reported for bioimaging [36]. In addition to the high Nd** doping concentration
that allows for efficient excitation light harvesting, the absolute quantum yield of
these NPs was quantified to be as high as 32% without obvious luminescence
concentration quenching. Because of efficient NIR-II emission at 1050 nm, the
signal-to-noise ratio of the resulted image was quantified to be about 25.1, and
the long-time biodistribution of these NPs could be allowed under ultralow power-
density excitation (10 mW cm™2) at 732 nm. In fact, various kinds of Nd3*+-doped
NPs such as GdF3:Nd*+, KY3Fo:Nd**t, and SrF,:Nd>* NPs have been synthesized
and applied for NIR bioimaging [37, 38], but most commonly under excitation at
808 nm.
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Fig. 4.5 In vivo whole-body image of a nude mouse subcutaneously injected with ligand-
stripped (NaGdF4:3% Nd3*)/NaGdF,4 nanocrystals: (a) bright-field image, (b) DCL image,
and (c) superimposed image of a and b. The inset in Fig. 4.4b is the spectra of NIR
DCL signal taken from the injection site, contrasted with a background signal taken from
non-injected area (Reproduced from Chen et al. 2012) [34]. (d) Comparison of the NIR-II
signals from NaGdF4@Na(Gd,Yb)F4:Er@NaYF,:Yb @ NaNdF4;:Yb NPs (Er 1525 nm) and
NaGdF4:Nd/NaGdF4(Nd 1060 nm) in the stomach of a nude mice with different NC concentra-
tions. Reproduced from Wang et al. 2015 [11]

Besides the direct use of NIR-II emission from single Nd>*-doped NPs for in
vivo imaging, Nd>*-sensitized NPs with emissions in NIR-II region have also been
proposed. For example, NaYF;:Nd>*/Yb’>* @CaF, core/shell NPs were applied
for steady-state bioimaging of mouse, which showed superior NIR emission at
1000 nm from Yb3>* ions sensitized by Nd>* ions [39]. It is well known that
in traditional Nd**-doped NPs, the concentration of Nd> ions is limited to less
than 5% to avoid the luminescence concentration quenching effect [37, 40]. This
prevents efficient harvesting of excitation light, and thus the NPs’ brightness. In
this system, an introduction of Yb3* ions enables efficient transfer of harvested
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photonic energy from Nd3* to Yb>T activators, before deactivation of Nd>* ions
at excited states via luminescence concentration quenching. As a result, the optimal
Nd3* ion concentration can reach as high as 60%, presenting an optimized formula
of NaYF,:7%Yb3>t 60%Nd3>+ @CaF, that produces intense Yb3+ NIR luminesce.
These NPs were converted into aqueous form after stripping off the oleic acid
ligand, which was coordinated to the surface during the synthesis period. After
intravenously injecting ligand-stripped NPs into a mouse, the high spatial resolution
imaging of blood vessel (~0.19 mm) was achieved with weak autofluorescence,
clearly demonstrating that these NPs can be used as NIR optical contrast agents.
Nd**, Yb?* and activators (Er3t, Ho’t, Tm3*, Pr3*) tri-doped NPs are also
emerging for in vivo imaging in NIR-II window. In these RENPs, typically, a
core/shell or core/shell/shell structure is vital to be used to entail an efficient
emission of activators, because the structure not only can prevent unwanted energy
transfer processes or interactions, but also can suppress surface quenching effect.
Zhang’s group reported the use of NaGdF4 @Na(Gd,Yb)F4:Er’t @NaYF,:Yb>*
@NaNdF,:Yb>T core/multishell NPs for bioimaging with emission at 1532 nm
and excitation at 800 nm [11]. In this system, Nd>* ions doped in the third shell
absorbs 800 nm excitation light, and then transfers to Yb3" ions in the second shell,
which act as energy bridge to migrate the energy further to the Yb* ions in the first
shell, and finally to the Er3* ions in the same first shell to produce the 1532 nm
emission. Note that an inert NaGdFs NPs were employed as the starting core,
instead of the direct use of Na(Gd,Yb)F4:Er3+ NPs, for seed-mediated epitaxial
growth, because variation of Yb3t/Er3* dopant ratio can change the final size of
the core/multishell NPs. After coating with phospholipids, these water-soluble core
multishells showed good biocompatibility and low toxicity. Moreover, these NPs are
able to be detected in tissues at depth of up to 18 mm with a low detection threshold
concentration (5 nM for the stomach of nude mice and 100 nM for the stomach
of SD rats). Moreover, NIR-II DCL from NaGdF; @Na(Gd,Yb)F4:Er@NaYF4:Yb
@NaNdF4:Yb NPs (Er 1525 nm) showed higher intensity than that from reported
NaGdF4:Nd/NaGdF4(Nd 1060 nm) NPs in the stomach of a nude mice under
800 nm excitation (Fig. 4.5d). However, one has to bear in mind that the brightness
of both types of NPs is different; as a result, such comparison cannot draw a
conclusion that imaging at 1532 nm is better than at 1064 nm. More careful
comparisons are needed to be further investigated. In addition, recently, ICG-
sensitized NaYF4:Yb3*/X3+ @NaYbF, @NaYF,:Nd*" (X = null, Er, Ho, Tm, or
Pr) core/shell/shell NPs with a set of narrow-band emissions in NIR-II window were
synthesized [41]. The ICG dye on the surface of NPs allows to strongly absorb
800 nm excitation, as it has absorption cross section about 1000-10,000 times higher
than that of rare-earth ions. Subsequently, the ICG dyes can transfer the harvested
photon energy to Nd>* ions in the second shell, then to Yb3* ions in the first shell,
and then to Yb3* ions in the core, and finally to the activators X3+ (X = null, Er, Ho,
Tm) also in the core. The ICG sensitization not only improves the NIR-II emission
intensity by fourfold, but also expands the excitation to a broad spectral range (700-
860 nm), which facilitates their use in bioapplications. The NIR-II emission from
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ICG-sensitized Er>*-doped core/shell/shell nanocrystals allows clear observation
of a sharp image through 9 mm thick chicken breast tissue, and emission signal
detection through 22 mm thick tissue, yielding a better imaging profile than from
typically used Yb3+/Tm3*+ codoped upconverting nanocrystals imaged in the NIR
I region (700-950 nm). All in all, recent results indicate that Nd3+-based NIR-II-
emitting nanocrystals are suitable for high-contrast optical imaging in deep tissues.

4.4 Time-Gated Luminescence Imaging

The properties of a light wave can be assessed in various aspects, such as wave-
length, polarization, intensity, and lifetime [42]. Each parameter could be used as a
dimension to interrogate the properties of a given material. Luminescence lifetime
is an average time that an excited luminescence material stays in its excited state,
which usually is independent of the concentration of the probe and the excitation
power density. Additionally, the lifetime of luminescence probes can be altered and
distinguished by their different energy transfer rates to surrounding environment.
Hence, optical probes with different lifetimes can be applied for time-resolved
luminescence imaging to eliminate the nuisance of autofluorescence and to probe
local environment change. Rare earth-doped NPs typically have long fluorescence
lifetimes (in the order of 10~4 to 1073 s), which lend themselves for time-gated
optical imaging [43].

4.4.1 Principle of Time-Gated Imaging

Common luminescence imaging uses steady-state emission at a certain wavelength
from imaging contrast agents. However, steady-state imaging is often accompanied
by substantial tissue autofluorescence, thus significantly decreasing the signal
to noise of acquired images. Time-gated luminescence technique is an effective
approach to solve this problem, which exploits the long lifetime of emissions
from optical probes (~ s to ms) against the short lifetime (~ ns) of tissue
autofluorescence. In a typical time-gated imaging experiment, a pulsed laser is
usually used to excite the long lifetime probes. After the stoppage of pulse laser,
a delay time (1-200 ps) is introduced to a camera before taking fluorescence
images. This time delay is tailored to ensure complete removal of autofluores-
cence by postponing camera acquisition with a time longer than the lifetime of
autofluorescence (several nanoseconds) (Fig. 4.6). Thus, only the long lifetime
signal is able to fall into collection window, while the unwanted autofluorescence
is ruled out completely. Therefore, the imaging contrast (or the signal-to-noise
ratio) can be largely increased, especially for luminescence probes with inefficient
emissions. Note that the signal-to-noise ratio depends on the delay time for camera
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Fig. 4.6 A schematic depiction of the general principle of time-gated imaging technique. Periodic
excitation is often provided from high repetition pulsed lasers or chopper-regulated light. Image
acquisition is synchronized with the excitation but triggered at a certain delay time after the end of
each laser pulse. The delay is usually long enough to allow a complete decay of autofluorescence

acquisition; if the delay time is too short, the autofluorescence cannot be removed
completely; on the opposite, if the delay time is too long, it will lead to a
collection of fewer luminescence photons. An appropriate time delay should be
adopted to maximize the collected luminescence photons from probes, but minimize
the ones from tissue autofluorescence. Reported pulse excitation sources include
chopped continuous-wave (cw) Hg lamp light or laser light (He-Cd laser, argon-
ion laser), or pulsed xenon flash lamp, switched ultraviolet (UV) light-emitting
diode (LED), and NIR diode lasers [44]. The selection of pulse laser depends on
the absorption of fluorescence probe. For example, to excite Th>T-doped complex
with emissions at 540 nm, an ultraviolet light-emitting diode (UV LED) emitting
at 300-340 nm is often employed, overlapping with the absorption of the complex
[45]. To enable high efficiency detection, the laser pulse length should be as short as
possible, while the period be long enough to allow the probe luminescence to decay
completely. Alongside pulsed lasers, a rotating mechanical optical chopper can also
be used with continuous-wave light to discriminate long-lived luminescence against
rapidly decaying autofluorescence (time resolution typically on microseconds). The
time resolution can be modified by changing the number of blades that impact
the rotating speed. Charge-couple device (CCD) is the mostly widely device to
convert the photon signals into digital images, which has a time response on
nanoseconds. Therefore, the minimal time resolution for a time-gated system is
usually determined by the decay edge of optically chopped light or pulsed laser
sources.
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4.4.2 Time-Gated Imaging in NIR-1I Window

Time-gated imaging has long been investigated in the visible range, while its
extension to NIR-II window was recently reported by Jaque’s group in 2016, who
demonstrated that micro-sized NaGdF4:Nd3* particles can be successful for time-
gated imaging under pulsed diode laser excitation at 808 nm [46]. Despite NIR
excitation, tissue autofluorescence remains substantial, overlapping with 1060 nm
emission band in NIR-II window. The lifetime of 1060 nm luminescence was
determined to be about 90 4+ 7 s, much longer than that of autofluorescence
(several nanoseconds). Indeed, it was found that an introduction of 1 ws delay time
between the excitation and camera can completely remove autofluorescence from
both mice diet and skin pigmentation (Fig. 4.7). Moreover, using this time-gated
technique, a clear tracing of the biodistribution of subcutaneously injected or orally
administered NPs was made possible; no interference from autofluorescence exists.
This work opens up a new avenue for high-contrast, deep-penetrating, and high-
resolution in vivo imaging in NIR-II window.
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Fig. 4.7 In vivo fluorescence images collected for a C57BL/6 mouse subcutaneously injected with
100 L of a dispersion of NaGdF;:Nd>t NPs (10 mg mL~!) using zero and 1 s delay times
between the camera and the end of excitation pulse. The bottom figure provides the emission
intensity profiles taken along the dashed green lines in the infrared images above. Reproduced
from del Rosal et al. 2016 [43]
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4.4.3 Multiplexing Imaging with Tunable Lifetimes

Optical multiplexing imaging provides a rapid way to simultaneously detect several
analytes or targets in sensing and bioimaging applications [47—49]. Usually, probes
with distinct, non-overlapping emission bands are tagged with different antibodies,
thus allowing cancer diagnosis through real-time observation of multiple targeted
biological entities. Though carbon nanotubes, organic dyes, and semiconductor
quantum dots have been proposed towards this regard, but their emission bands
are either usually too broad to provide adequate number of detection channel or
in the visible range that is not suitable for in vivo multiplexing. Besides emission
wavelength or color, it is also possible to use other optical characteristics, such as
lifetime, to distinguish different probes. Due to the nature of intra f-f transition
of rare-earth luminescence, a major benefit of RENPs lifetime imaging is that
it is independent of NPs concentration, which can be calibrated absolutely, in
opposite to intensity measurements that are subject to imaging depth and tissue
scattering properties. Recently, Jaque’s and Chen’s groups demonstrated that
simple dopant engineering can lead to rare earth-doped NPs with tunable (0.1-
1.5 ms) and medium-independent luminescence lifetimes. The combination of these
lifetime-tunable NPs and time-gated technique enables to obtain multiplexed in
vivo images for complex biodistribution of RENPs studies [50]. Specifically, the
NaYF4:Yb,Nd@CaF, core/shell NPs were synthesized, which emit at 980 nm (from
Yb3* ions) under 808 nm excitation. A change of Nd3*-doped concentration affects
the energy transfer efficiency between the Yb’T and Nd** ions, thus tailoring
the lifetime of emission. A mouse was administrated with two lifetime types of
NaYF4:Yb,Nd@CaF, core/shell NPs via oral or intravenous administration. The
intensity-based in vivo image cannot discern the biodistribution of the two lifetime
RENPs. However, in the lifetime-based image, longer lifetime NPs (intravenously
administrated) can be seen to be accumulated at liver, which is consistent with the
results reported in the literature. And the shorter lifetime NPs were shown to be
accumulated at the stomach, which is consistent with the fact that these NPs are
orally administrated. After excision of the mouse, the lifetime curves obtained at
stomach and liver of mouse are indeed the same as that from the injected RENPs
(Fig. 4.8). This work provided an example to design diagnostic tools for in vivo
multiplexing imaging in time domain.

4.5 Conclusions

In this chapter, we describe the use of upconverting and downshifting RENPs
for in vivo NIR imaging, including their advantages of emission in NIR-I and
NIR-II windows for biological imaging and the use of time-gated technique for
autofluorescence-free imaging and multiplexed lifetime imaging. Although RENPs
for in vivo NIR imaging have attained exciting outcomes, there are still some
challenges which need to be solved for practical applications:
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Fig. 4.8 In vivo multiplexed lifetime imaging: (a) Intensity-based infrared image of a mouse
after oral and intravenous injection of NaYg9_x Ybg NdxF4@CaF, NPs with an Nd3* content
of x = 0.3 and 0.2, respectively. (b) Lifetime-based image of same mouse as in (a). The different
location of the two types of NPs is evidenced. (¢) Fluorescence decay curves obtained at two
different locations corresponding to NaYF,:Yb,Nd@CaF, core/shell NPs administrated orally and
intravenously. Symbols are experimental data and solid lines are best exponential fits. Reproduced
from Ortgies et al. 2018 [50]

1. The emission brightness remains a concern for RENPs, especially upconverting
NPs. The reported luminescence quantum yield for downshifting NPs can reach
~ 30%, but less than 1% for upconverting NPs under imaging-related low-power
excitation density (~ 0.1 W/cm?). As such, various ways are suggested to be
taken to enhance the emission brightness of RENPs, such as the use of core/shell
structure for higher quantum yield and organic dye sensitization for enhanced
light absorption.

2. For in vivo imaging, the original hydrophobic groups on RENPs should be
taken place by a hydrophilic one to make them water dispersible. Aqueous
dispersion NPs typically are reported to have more than two-folds decrease of
emission intensity, since high phonon vibrations from the surface ligands or water
molecules can substantially quench RE luminescence. For example, the hydroxyl
group was demonstrated to efficiently quench the transition 2Fsp — 2Fsp
of Yb3t ions and 4113/2 — 4115/2 of Er*t ions [51-53]. Thus, new suitable
phase transfer or surface modification strategies are appealing to be developed
without sacrificing emission intensity. Meanwhile, a high stability of water-
soluble RENPs should also be achieved at the same time, which will benefit their
circulation in the body.

3. Reported NIR small animal imaging results are non-targeted; targeted imaging or
imaging-guided therapy of diseases is a natural next step, especially considering
high-contrast and high-resolution images achieved so far.

4. Time-gated multiplexed imaging in NIR-II window is emerging as a new
direction for in vivo biosensing, but based on single emission wavelength.
Combination of different emission bands and tunable emission lifetimes can
expand the number of detection channels. We envision that further development
of NIR imaging with RENPs will eventually provide a set of useful tools for
clinical diagnosis and therapy.
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Chapter 5 ®
Recent Advances in Development Qe
of NIR-II Fluorescent Agents

Haotian Du, Hao Wan, and Hongjie Dai

In vivo imaging is an emerging and promising technique to profile the internal
status of biological systems, sparking much attention [1-4]. Among the various
in vivo imaging modalities, fluorescence imaging, which is based on fluorescent
dyes for visualization of biological processes or structures in living organisms,
provides benefits of real-time image acquisition with high spatial resolution via
non-radioactive optical systems [5, 6]. However, the imaging depth and spatial
resolution for in vivo fluorescence imaging have been limited mainly due to pho-
ton scattering, absorption, and interference from autofluorescence of endogenous
biological tissues. The past decade has witnessed rapid development of novel in
vivo fluorescence imaging methods. Specifically, a newly developed fluorescence
imaging approach that extends imaging wavelengths to the second near infrared
window (NIR-IT window, 1000—1700 nm) has received much interest. Compared to
the visible (400-700 nm) and traditional near infrared window (NIR-I window, 700-
900 nm), fluorescence imaging in the NIR-II window presents significant advances
of improved penetration depth and higher spatial resolution, owing to reduced
photon scattering, minimized tissue absorption, and negligible autofluorescence
from endogenous molecules [7]. Defined as the “biological tissue transparency”
window [8], fluorescence imaging in the NIR-II window opens up a wide range
of opportunities from better understanding the underlying mechanisms of many
physiological processes to opening unique potentials for clinical translation [9].
Since the first report of in vivo NIR-II fluorescence imaging [10], it has
been constantly demonstrated that the quality of NIR-II imaging highly relies on
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the rational design and optimization of fluorophores [11]. In particular, an ideal
fluorophore suitable for in vivo NIR-II imaging should have high fluorescence
quantum Yyield, red-shifted emission wavelength, and favorable pharmacokinetics.
In this chapter, we discuss recent advances in the development of NIR-II fluorescent
agents with remarkable improvements made on the aforementioned properties.

5.1 NIR-II Fluorophores with High Fluorescence Quantum
Yields

Developing new fluorophores with high quantum yields (QYs) benefits NIR-II
fluorescence imaging with greater tissue penetration, higher clarity, and faster
dynamics by improving the signal-to-noise ratio (SNR) of imaging [12, 13].
Additionally, owing to a higher QY, the required dose of fluorophores can be
reduced to achieve the same level of fluorescence intensity, thus mitigating potential
toxicity concerns related to in vivo administration of the fluorophores. There has
been research towards improving the QY of a broad range of NIR-II fluorophores,
including small organic molecule dyes [14-16], inorganic quantum dots (QDs)
[17-19], and rare-earth nanoparticles (RENPs) [20-22]. These latest developments
have demonstrated significantly higher QYs in aqueous solution than single-walled
carbon nanotubes (SWCNTSs), which are the first NIR-II fluorescent agent used
for in vivo imaging with a fluorescence QY of merely ~0.4% [10, 23] (measured
against the reference of IR-26 with QY of ~0.5%, and same hereafter).

Compared with inorganic nanomaterials, small organic molecules benefit from
more favorable pharmacokinetics and mitigated toxicity, thereby offering unique
potentials for clinical translation of in vivo NIR-II fluorescence imaging. To date, a
handful of organic NIR-II fluorophores has been developed for various applications.
The construction of a large conjugated structure in organic molecules has been the
major strategy to reduce the energy bandgap of the fluorophores and thus extend
their emission wavelengths into the NIR-II window [24, 25]. More specifically,
the donor—accepter—donor (D-A-D) architecture, in which strong electron-donating
groups are built around strong electron acceptors through m-bridging moieties,
creates a low bandgap between HOMO (highest occupied molecular orbital) and
LUMO (lowest unoccupied molecular orbital), shifting the fluorescence emission
into the NIR-II window [16, 26, 27]. However, large conjugated planar backbones
tend to have strong intermolecular interactions with surrounding molecules, for
which excited states of fluorophores could be easily attacked and quenched [16,
28]. The bright fluorescence from organic fluorophores is usually quenched to
most extent after being transferred into an aqueous environment, resulting from the
attack of water molecules and self-aggregation caused by hydrophobic interaction
[29]. Therefore, building a hydrophobic environment around the acceptor where the
LUMO of the conjugated molecule is mainly distributed would efficiently reduce
non-radiative energy transfer and minimize the quenching effect, thus leading to a
high QY in aqueous environment. In the following paragraphs, we discuss different
strategies that have been applied so far to realize this goal.
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The first strategy is the optimization of the molecular structure of the NIR-II
fluorophore. The introduction of shielding units and engineering of the molecular
structure of donor units have been demonstrated as efficient ways to protect
fluorophores from quenching. The molecular backbone based on the structure
of shielding unit—donor—acceptor—donor—shielding unit (S-D-A-D-S) was firstly
introduced in the NIR-II fluorophore IR-FE [14]. The backbone adopted benzo-
bisthiadiazole (BBTD) derivatives as the acceptor (A), 3,4-ethylenedioxy thiophene
(EDOT) as the donor (D), and dialkyl fluorene as the shielding unit (S). Alkyl
chains on fluorene stretch out of the plane of the conjugated backbone to shield
the backbone from aggregation. Furthermore, polyethylene glycol (PEG) chains
were conjugated to the hydrophobic backbone through click chemistry to impart the
fluorophore with good water solubility and superior biocompatibility. With all these
rational designs, a molecular fluorophore IR-FEP suitable for in vivo fluorescence
imaging with a high QY of ~2.0% was obtained, much higher than the first reported
organic fluorophore (CH1055-PEG) for NIR-II imaging (QY ~0.30%). On the other
hand, engineering of the formulation of the donor moiety can further increase the
QY of NIR-II fluorophores [15]. As an example, the NIR-II fluorophore IR-FTAP
adopts two different types of donors, with octyl thiophene as the first donor and
thiophene as the second donor, demonstrating a higher QY of ~5.3% in aqueous
solution along with red-shifted emission wavelength. Specifically, thiophene was
introduced as the second donor to further extend the conjugated structure, contribut-
ing to a red-shifted emission. Bulky and hydrophobic alkyl side chains on the first
donor afforded larger distortion of conjugated backbone and less interaction with
water molecules, thus maintaining the high QY of fluorophores upon water transfer.
Benefiting from the bright NIR-II fluorophores, real-time fluorescence imaging of
hind limb mouse blood vessels has been achieved with high spatial resolution and
fast temporal dynamics for tracking the blood flow in the vessels.

Besides rational design of the molecular structure of NIR-II fluorophores, another
strategy for minimizing non-radiative process and reducing the quenching effect is
to encapsulate the fluorophore in an amphiphilic matrix. The hydrophobic part of the
amphiphilic matrix creates a hydrophobic environment for the organic fluorophore
molecules, repelling water molecules from fluorophore molecules to maintain the
QY. Meanwhile, the hydrophilic chains on the amphiphilic matrix ensure the
solubility of encapsulated fluorophores in aqueous solution and their biocompat-
ibility. As a typical example, CH-4T with four sulfonic acid groups showed an
unprecedented serum boosted QY when forming supramolecular assemblies with
plasma proteins (Fig. 5.1a) [30]. The small molecular fluorophore produced ~50
fold brightness enhancement in fetal bovine serum (FBS) compared to that in
water (Fig. 5.1b). Moreover, the QY can be further boosted by simply heating
the mixture of fluorophore and FBS to 70 °C, termed CH-4T/FBS-HT (Fig. 5.1c).
The significant enhancement of QY could be attributed to the hydrophobic pocket
formed by protein molecules in serum which confines the conformation of the
fluorophore molecules, and prevents the fluorophores from forming w—m stacked
aggregates [31]. Through this way, less excited energy was dissipated through
internal conversion via free rotating parts, thus resulting in a higher QY. By
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Fig. 5.1 High QY NIR-II imaging agents with supramolecular interaction. (a) Chemical structure
of CH-4 T. (b) NIR-II fluorescence images of CH-4T in deionized water, FBS, and phosphate-
buffered saline (PBS) at equal absorbance of OD 0.1 (Ex: 808 nm, Em: >1100 nm). (c) Plots
summarizing fluorescence brightness after 10 min heating of CH-4T in FBS. (d) CH-4T/FBS-
HT ultrafast imaging (50 fps) of integrated ROI region on the hind limb femoral artery. Color-
bar range from low to high fluorescence intensity. (e) Scheme of p-FE synthesis and chemical
structure of FE and PS-g-PEG. (f) Absorption and emission spectra (Ex: 808 nm) of p-FE in the
PBS buffer. (g) Wide-field NIR-II epifluorescence imaging of the brain in a mouse injected with
p-FE (Ex: 808 nm, Em: >1200 nm, 5 ms exposure time). Scale bar represents 6 mm. (h) 3D
reconstruction of vasculatures in mouse brain obtained by NIR-II confocal imaging: a small-area
scan (left side, 200 pm x 200 pm x 200 wm, X X y X z, step size: 1 wm along x, y, and z
directions, galvo mirror scanning, scanning speed: 2 s/frame) and a large-area scan (right side,
400 pm x 400 pm x 400 pm, X X y X z, step size: 2 pm along x and y directions, 2.7 wm along
z direction, stage scanning, scanning speed 450 s/frame) are shown [30, 32]

further optimization of the molar ratio of protein to fluorophore in the complex,
the QY of protein—fluorophore complex can be enhanced to as high as ~11%.
With this exceptionally bright complex, ultrafast NIR-II fluorescence imaging at
a high speed of 50 frames per second (fps) was successfully realized to monitor the
hemodynamics in real time (Fig. 5.1d). In addition, the bright protein—fluorophore
complex successfully resolved individual cardiac cycles by measuring the NIR-II
fluorescence intensity in the femoral artery. Furthermore, compared with clinically
approved fluorophore indocyanine green (ICG) with fluorescence emission in
the NIR-I window, lymph node imaging in the NIR-II window based on the
protein—fluorophore complex demonstrated significantly improved imaging depth
and resolution, clearly resolving the targets even at a depth of ~5 to 8 mm. Recently,
an organic NIR-II fluorophore with an unprecedented QY of ~16.5% was achieved
(Fig. 5.1e and f) [32]. Through encapsulation of the organic NIR-II dye (named
“FE”) into the hydrophobic interior of an amphiphilic polymer, poly (styrene-
co-chloromethyl styrene)-graft-poly(ethylene glycol) (PS-g-PEG), a bright and
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biocompatible nanofluorophore (named “p-FE”) was successfully generated. The
bright NIR-II emission in the >1100 nm spectrum from p-FE affords non-invasive
in vivo imaging in real time, successfully tracking blood flow in mouse brain vessels
(Fig. 5.1g). Excitingly, p-FE enables one-photon based, three-dimensional (3D)
confocal imaging of cerebral vasculatures in fixed mouse brain tissue with a layer-
by-layer imaging depth up to ~1.3 mm and sub-10 pm high spatial resolution,
offering unprecedented insights for potential future applications of NIR-II imaging
(Fig. 5.1h).

Inorganic nanoparticles-based NIR-II fluorophores, such as QDs and RENPs,
have attracted much attention recently due to their excellent performance in
fluorescence imaging. The high QY, superior photostability, and tunable narrow
emission of these nanofluorophores make them ideal candidates for next-generation
functional biomedical imaging with deep tissue penetration, high spatial resolution,
fast temporal dynamics, and color multiplexity. However, despite the high brightness
of these nanoparticles as synthesized in the organic solvents, their fluorescence
is usually significantly quenched after transferring to water, severely hindering
their in vivo imaging applications. Hydroxyl group (OH-) has been identified to
be a main contributor for quenching these inorganic nanofluorophores because of
its fundamental stretching vibration, which could lead to non-radioactive energy
dissipation [33-36]. Building a shell around inorganic nanofluorophores to form
a core—shell structure is a universal strategy to retain the brightness of nanofluo-
rophores after phase transfer. The outer inert shell with a higher bandgap (energy
difference between top of valence band and bottom of conduction band) would
tightly wrap the emitting core and prevent it from interacting with water molecules.
Besides water-induced quenching, another major factor leading to the quenching of
inorganic nanofluorophores is the surfactant with high vibrational energy coating
on the surface of nanoparticles [37]. To this end, surface coating and modification
can circumvent the quenching effect by inserting hydrophobic alkyl chains between
surfactant chains and prevent the surfactant chains from rotating freely.

Rare-earth nanoparticles (RENPs) adopt lanthanide (III) ions as its emitting
center, whose fluorescence can be from either upconversion (UC) or down con-
version (DC) emission, which differ by the direction of Stokes shift. DC-RENPs
with normal Stokes shift and longer emission wavelength than excitation are
considered desirable NIR-II imaging agents due to the sharp emission bands with
many available emission wavelengths [21, 22]. An undoped hexagonal NaYF, layer
with low phonon energy is commonly adopted to increase the distance between
lanthanide ions and surface quenchers, thereby preventing the emitting core from
interacting with water molecules to alleviate the quenching effect [38]. As a general
rule, a thicker inert shell is usually required for DC particles than UC ones to achieve
high QY based on experimental results (Fig. 5.2d) [20, 39]. By varying the thickness
of the inert NaYF, shell of a NIR-II fluorescent nanocrystal comprising Er/Ce
co-doped NaYbFy, the QY of the RENP was optimized to 2.73% in an aqueous
solution, representing the highest among all down conversion RENPs reported to
date [20]. Taking advantage of the bright emission at ~1550 nm in the NIR-IIb
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Fig. 5.2 DC RENP NIR-IIb imaging agent. (a) Schematic of a NaYbF4:Er,Ce@NaYF, core—shell
nanoparticle. (b) Simplified energy-level diagrams depicting the energy transfer between Yb3+,
Er3*, and Ce3t jons. (¢) UC and DC luminescence spectra of the E--RENPs with 0 and 2% Ce3+
doping. (d) Quenching rate of UC and DC emission as a function of shell thickness (from 3.2
to 8.1 nm). (e) NIR-IIb fluorescence image of a mouse brain showing the perfusion of RENPs
into various cerebral vessels. (Ex: 980 nm, Em: >1500 nm, 20 ms exposure time). Blood-flow
velocities are indicated for different vessels. (f) Cerebral vascular image in the NIR-IIb region
with corresponding principal components showing arterial (red) and venous (blue) vessels [20]

window (1500-1700 nm), fast non-invasive imaging of mouse cerebral vasculatures
was achieved with a short exposure time of 20 ms using the core/shell RENPs (Fig.
5.2e and f).

Besides the RENPs, QDs constitute another major class of inorganic nanoflu-
orophores. Among QDs, lead sulfide (PbS) QDs is one of the most promising
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imaging agents owing to its bright and tunable emission, which spans the entire
NIR-II window (Fig. 5.3a) [17, 40—-43]. However, the desirable optical properties of
PbS QDs are subject to oxidation reactions on the surface defects, hindering their
biological applications where oxygen is abundant. As an effective method to address
this challenge, a shell layer of cadmium sulfide (CdS) was coated on the PbS core
as a protection and passivation layer to both reduce surface defects and prevent
degradations [44—46], thus retaining the high fluorescence QY of the PbS core after
phase transfer to aqueous environment. Significantly, it has been demonstrated that
CdS-coated PbS QDs (core/shell QDs or CSQDs) resulted in approximately 6—7 x
brighter fluorescence than that of bare PbS QDs in aqueous solution with greater
photostability (Fig. 5.3b and c¢) [17]. The bright CSQDs allowed for fast, real-time
imaging of blood flows with exposure time down to ~2 to 5 ms at an unprecedented
frame rate of 60 fps, representing the fastest NIR-II imaging reported so far (Fig.
5.3d). Meanwhile, using the CSQDs as a bright fluorescence contrast agent in the
NIR-IIb window, non-invasive in vivo confocal imaging clearly resolved 7.9 pm
tumor vessels even at the depth of ~1.2 mm, successfully profiling the vasculature
in a 3D fashion (Fig. 5.3e—g) (Table 5.1).

5.2 NIR-II Fluorophores with Long Emission Wavelengths

As mentioned above, an ideal window for fluorescence imaging calls for reduced
scattering, minimum absorption, and negligible tissue autofluorescence. Imaging
in the long end of NIR-II window (i.e., the NIR-IIb window within the range of
1500 to 1700 nm) offers a balance of photon scattering and water absorption. As
the photon scattering scales as A%, where X\ is the photon wavelength and « varies
within 0.2-4 for different tissues, the scattering curve declines for all tissues as
wavelength increases [52]. Photon scattering would cause the emitted fluorescence
photons to deviate from original paths, not only attenuating the fluorescence signal
from signal sources but also increasing the background noise. Imaging at longer
wavelengths in the NIR-IIb window can overcome above problems by reducing
the photon scattering and suppressing autofluorescence, affording higher resolution
and facilitating deep tissue imaging [53, 54]. Nonetheless, there is a caveat to the
statement that longer imaging wavelengths lead to better imaging performance:
Water molecules start to have strong absorption peaks at increasing wavelengths.
As shown in the spectra of water absorption and biological tissue extinction,
the ~1600 nm region is located in a local minimum of the absorption/extinction
spectra between two water absorption peaks at 1450 nm and > 1800 nm, which
are attributed to the vibrational overtone and combination of —OH stretching and
bending modes (Fig. 5.4a) [54]. Besides, photon extinction by skin and muscle is
also relatively low in this wavelength range. As a result, imaging around ~1600 nm
presents a minimum influence of water absorption and tissue extinction to minimize
attenuation of fluorescence signal caused by water molecules in the aqueous
biological environment.
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Fig. 5.3 Core-shell PbS/CdS QDs with high QY. (a) Schematic design of PbS/CdS CSQDs. (b)
Photostability of PEGylated PbS QDs and PbS/CdS CSQDs in PBS under continuous 808-nm laser
exposure for 2 h. (¢) Long-term fluorescence stability of PEGylated PbS QDs and PbS/CdS CSQDs
stored in PBS at 4 °C over the course of 4 weeks. (d) Real-time wide-field hind limb imaging in
NIR-IIb window (Ex: 808 nm, Em: >1500 nm, 5 ms exposure time). t = 0 is defined as the time
point when NIR-IIb signal started to show up in the femoral vein. (e and f) Confocal images of
mouse hind limb vessels at a depth of ~270 wm after intravenous injection of PEGylated CSQDs,
where a larger field of view of 2000 x 2000 pm (scale bar, 500 um) and a smaller field of view
of 300 pm x 300 pwm (scale bar, 50 wm) are shown in (e) and (f), respectively. (g) Cross-sectional
fluorescence intensity profile of the hind limb vessel marked in f with a FWHM of ~7.9 pm and a
signal-to-background ratio of 6.3 [17]

To date, different NIR-IIb fluorophores with long emission wavelengths have
been developed for in vivo imaging, including semiconducting single-walled carbon
nanotubes [54], rare-earth down conversion nanocrystals [20], indium arsenide
(InAs) quantum dots [50], PbS quantum dots [17, 43], etc. More fluorophores with
high brightness that maximizes the efficiency of photon emission in this important
spectral window are still being developed.
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Fig. 5.4 Semiconducting LV SWCNT and InAs QDs emitting in NIR-IIb window. (a) Optical
absorption spectrum of water and extinction spectra of mouse skin and muscle. (b) Fluorescence
emission spectra of HiPCO and semiconducting LV SWCNTs under an 808 nm excitation. (c)
Fluorescence imaging of mouse cerebral vasculature by LV SWCNTSs without craniotomy in the
NIR-I, NIR-II, and NIR-IIb windows. (d) Schematic structure of InAs/CdSe/CdS CSS QDs with
surface modification. (e) Fluorescence imaging of mouse brain vasculature through intact skin and
skull using a mixture of CSS QDs. The four images were collected using four different bandpass
filters (50 nm spectral width) centered at 950, 1100, 1300, and 1600 nm, respectively [50, 54]

Successful in vivo fluorescence imaging in the NIR-IIb window was firstly
demonstrated by applying semiconducting SWCNTSs produced by laser vaporization
(LV) [54]. The LV SWCNTs showed higher brightness in NIR-IIb window due
to the smaller bandgaps and larger diameters than high-pressure CO conversion
(HiPCO) SWCNTs (Fig. 5.4b). Brain imaging through scalp in NIR-I, NIR-II, and
NIR-IIb windows reveals the highest signal-to-background ratio (SBR) achieved in
the NIR-IIb window with longest wavelengths (Fig. 5.4c). In vivo vascular imaging
with spatial resolution up to approximately 4 pum at ~3 mm depth, as well as single-
vessel-resolved blood-flow speed mapping for multiple hind limb arterial vessels,
was explored in the NIR-IIb window by using LV SWCNTs.

With size-tunable emission, broad absorption spectra, and relatively high QYs,
QDs emerge as a promising fluorophore in the long end of the NIR window for better
imaging quality with improved spatiotemporal resolution, increased penetration
depths, and unprecedented sensitivity. InAs core—shell-shell (CSS) nanocrystals
were demonstrated for non-invasive fluorescence imaging of mouse brain vascula-
ture (Fig. 5.4d) [50]. Emission wavelength of the InAs CSS QDs relies on the size,
which is dependent on the injection rate of the precursors during the synthesis. By
systematic optimization of size distribution, different InAs CSS QDs with emission
wavelengths spanning the entire sensitivity range of the InGaAs cameras (900-
1600 nm) were obtained. For paralleled comparison, CSS QDs emitting at 950,
1110, 1300, and 1600 nm under 808 nm excitation were intravenously injected
for vascular imaging of mouse brain, among which longer emission wavelength
enhanced the imaging spatial resolution by significantly improving the SBR (Fig.
5.4e). Lead sulfide (PbS) QDs with strong and tunable emission have also been
regarded as a promising candidate for biomedical imaging owing to narrow bandgap
and large Bohr’s radii. The size-dependent emission wavelength of PbS QDs affords
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bright fluorescence in the NIR-IIb window for better imaging quality. With CdS
shell protecting the PbS core from photochemical degradation as discussed above,
PbS/CdS CSQDs showed an emission peak at 1650 nm under 808 nm excitation
with superior photostability [17].

RENPs are capable of emitting fluorescence in the NIR-IIb window with large
Stokes shift by its down conversion luminescence. Progress has been made by
synthesizing different core—shell structured RENP fluorophores to achieve high
spatial resolution and deep penetration for in vivo imaging in the NIR-II window.
Among all the lanthanide elements that are used to construct RENPs, Erdt is
the most widely used emitting center that generates luminescence in the NIR-IIb
window with a central emission wavelength at ~1500 nm, which results from
electron transition from *Ij35 to *Iisp energy levels with low energy photons
released. Through experimental design, rare-earth nanofluorophores consisting of a
NaYF, Yb:Ln doped core (Ln: Er, Ho, Tm, or Pr) surrounded by an undoped shell of
NaYF, were synthesized and their emitting properties were systematically studied
[55]. The emitting center and doped core elements can be manipulated to fine tune
the emission wavelength. Er-doped nanofluorophore revealing emission at 1525 nm
shows highest fluorescence intensity compared with other doped nanofluorophores.
The nanofluorophore was successfully applied for real-time and multispectral
disease-targeted imaging. More recently, a core—shell-shell structured RENP with
Er3* as the emitting center was also synthesized. Compared with early reported Nd-
doped nanoparticles emitting at 1060 nm, Er-doped nanoparticles showed deeper
penetration depth and higher SBR with improved imaging quality [22]. As described
in above section, by introducing Er/Ce co-doped NaYbF4 nanocrystal core with an
inert NaYFy shell, a brighter DC-RENP was obtained (Fig. 5.2a) [20]. Ce-doping
was believed to weaken the two-photon absorption process after energy transfer
from absorption center Yb3* to emitting center Er’*. The energy spacing between
4Fs;, and *Fqpn provides a small mismatch with the spacing between 1,12 and
1132 of Bt to accelerate non-radiative relaxation from the Er3t 41;1 to *I13p2
level (Fig. 5.2b). As a result, the UC process was suppressed, and down conversion
emission was boosted by approximately nine fold (Fig. 5.2c¢), making the Er/Ce
co-doped NaYbF4 nanoparticles a desirable NIR-IIb imaging agent.

5.3 Favorable Pharmacokinetics and Biocompatibility

A main concern of the existing NIR-II imaging fluorophores is related to their unfa-
vorable pharmacokinetics and biocompatibility, hindering in vivo applications and
in particular potential clinical translations [7]. To mitigate this concern, chemical
components, chemical stability, and morphological features of nanofluorophores
should be systematically evaluated and optimized to afford better pharmacokinetics
and biocompatibility before in vivo applications. Systemically administered fluo-
rescent agents are excreted via two major pathways: renal and biliary excretion
pathways. Molecules with size smaller than the renal filtration cutoff of ~40 kDa,
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which corresponds to a hydrodynamic diameter of ~5 nm, could be rapidly excreted
by urine [56]. In contrast, fluorophores with sizes exceeding the renal cutoff are
trapped within the reticuloendothelial system (RES, e.g., liver and spleen) and then
excreted slowly through feces. Blood circulation half-life is an important metric to
evaluate the excretion ability of systemically administered agents. Renal excretable
fluorophores accompanied with a shorter blood circulation half-life are generally
considered more biocompatible while longer circulating agents raised more safety
concerns as the chance of getting trapped by the RES system increases as they
circulate inside the body. Despite potential safety concerns, when it comes to
functional in vivo imaging, fluorophores with prolonged blood half-life often result
in higher accumulation in targeted regions such as cancerous tissue with precise
localization. For example, particles with longer blood half-life exhibit higher tumor-
to-normal tissue ratio owing to the enhanced permeability and retention (EPR) effect
[57]. A high tumor-to-background signal ratio of intraoperative imaging facilitates
precise imaging-guided tumor removal, beneficial for potential clinical translation
of NIR-II imaging.

A number of studies have been conducted to alleviate safety concerns of NIR-II
fluorophores and facilitate FDA approval to pave the way for clinical translation of
NIR-II imaging. For NIR-II nanofluorophores, surface modification is a common
approach to increase the biocompatibility. To this end, amphiphilic polymers are
usually designed and applied to stabilize and solubilize nanofluorophores, which
are often synthesized in organic solvents with hydrophobic surface [58, 59].
As a representative example, PbS/CdS CSQDs were surface-functionalized with
oleylamine-branched polyacrylic acid (OPA) as an efficient coating layer. The van
der Waals interaction between the hydrophobic polymer tails and alkyl chains on
QD surface provides strong binding between the surface capping molecules and the
QDs, while the subsequent PEGylation on the hydrophilic moiety endows the QDs
fully dispersed in the aqueous environment. As a result, PEGylation extended the
blood circulation half-life time as long as ~7 h, with a high tumor-to-normal tissue
ratio up to ~32 achieved through EPR effect. The majority (~76%) of administered
CSQDs were excreted through feces, whereas only 7% remained in seven major
organs (liver, spleen, heart, lung, kidneys, stomach, gut) after injection, significantly
reducing the potential toxicity [17]. For Er-doped RENPs, poly(maleic anhydride-
alt-1-octadecene) (PMH) comprising an alkyl chain and an anhydride group was
adopted to stabilize the nanoparticles. The anhydride groups can be hydrolyzed in
alkaline environment for further PEGylation to improve the biocompatibility of the
RENPs. After PEGylation and injection into mice, Er-doped RENPs were observed
to mostly accumulate in the liver and spleen over a period of 48 h post-injection and
slowly excreted via feces [20].

Recently, different surface functionalization strategies were employed for InAs-
based core—shell (CS) and core—shell-shell (CSS) QDs for various applications [18].
Specifically, phospholipid micelles impart the QDs with long blood circulation by
preventing them from phagocytosis by macrophages. QDs incorporated into lipopro-
teins enabled non-invasive imaging and direct quantification of organ metabolism
processes in real time. Large composite particles with sufficient brightness allowed
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for mapping three-dimensional blood flow in local tissue microenvironment by
single particle tracking with intravital microscopy. The phospholipid coating mimics
the lipid bilayer of cell membrane, thus preventing the QDs from being recognized
by the immune system as foreign bodies and promoting QDs stability with mitigated
adverse effect in vivo.

Inspired by the clinically approved NIR-I fluorophore ICG, developing NIR-II
contrast agents with favorable excretion pharmacokinetics would facilitate FDA
approval and clinical translation of NIR-II imaging. The first NIR-II fluorophore
with pharmacokinetic profiles comparable to FDA-approved fluorophores is CH-
1055-PEG (Fig. 5.5a) [16, 60]. PEGylation endows the fluorophore with good
solubility and stability in the physiological environment. Owing to the highly
conjugated 1 backbone, CH-1055-PEG exhibited a peak fluorescence emission
at ~1055 nm. The small size (molecular weight of ~8.9 kDa, much smaller
than the size cutoff for renal excretion, ~40 kDa) and excellent stability in the
physiological environment make the CH-1055-PEG rapidly excreted through urine,
with ~90% excretion through the renal system at 24 h post-injection (p.i.) (Fig.
5.5d). Molecular imaging of tumor cells was accomplished by conjugating CH1055
to a monoclonal antibody targeting epidermal-growth factor receptor (mAb EGFR).
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Fig. 5.5 Renal excretable NIR-II fluorophores. Chemical structures of (a) CH1055-PEG, (b) IR-
El, and (c) IR-BGP6. (d) Selected time points from video-rate NIR-II imaging of a mouse in
the supine position after an intravenous injection of CH1055-PEG (Ex: 808 nm, Em: >1200 nm,
100 ms exposure time). High signal in bladder indicates renal excretion. (e) Collections of urine of
mice injected with IR-BGP6 and their corresponding fluorescence images at different time points
after injection. (f) High-resolution urethral imaging by CP-IRT (Ex: 808 nm, Em: >1200 nm,
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Moreover, by conjugating CH1055 to a follicle-stimulating hormone (FSH), in
vivo live imaging of FSH receptors in gonads and bones in the NIR-II window
was realized [60]. In the following work, a NIR-II fluorophore (IR-E1) with
higher QY was demonstrated to possess fast renal excretion behavior, of which
~83% can be excreted within 24 h p.i. (Fig. 5.5b) [28]. Non-invasive NIR-II
fluorescence imaging using IR-E1 enabled observation of cerebral hypoperfusion
and neurovascular changes following traumatic brain injury (TBI) in mice. Recently,
a NIR-II fluorophore named IR-BGP6 with an even higher QY of ~1.5%, fast renal
excretion, and low tissue accumulation (~91% excreted in urine within the first
10 h p.i.) was reported (Fig. 5.5¢, e) [61]. Molecular imaging of immune checkpoint
was explored after covalent conjugation of IR-BGP6 to the programmed cell death
ligand-1 monoclonal antibody (PD-L1 mAb).

Probes specific to cancer biomarkers are of growing interest for early diagnosis
of cancer and targeted therapy. Antibody-conjugated NIR-II fluorophore complexes
exhibit high binding affinity and selectivity towards tumor tissues, and thus are
widely used for molecular imaging of tumor. However, the large size of antibody
(~150 kDa) hampers the excretion of the fluorophore conjugate from the body,
imposing potential toxicity in the long term. Compared to antibodies, peptides
are much smaller in size and can also exhibit high and specific affinity towards
corresponding biomarkers [63, 64], making them promising alternatives of anti-
bodies for making fluorophore conjugates that target specific biomarkers. To this
end, a molecular imaging agent comprising a CD133 targeting peptide CP and
NIR-II fluorophore IRT was successfully developed recently [65]. The molecular
imaging agent efficiently pinpointed the tumor and was excreted rapidly via the renal
pathway, demonstrating the great potential for clinical translations. Furthermore,
with this agent, non-invasive imaging of urethra of mice was successfully realized
for the first time (Fig. 5.5%).

5.4 Outlook

Owing to the salient advantages for in vivo imaging as described above, more and
more NIR-II fluorophores are being developed. With the development of chemical
engineering and material science, the structure, components, and characteristics
of NIR-II fluorophores can be precisely manipulated to fulfill the requirements
towards various applications. In sum, NIR-II agents with high QYSs, long emission
wavelengths, and favorable pharmacokinetics are preferred for in vivo imaging to
afford superior imaging quality, the ability of monitoring the dynamic physiological
process, and good biocompatibility. Despite significant progress during the last
decade, there are still many potential future directions in the field of NIR-II
imaging.
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1. Design and synthesis of NIR-II molecular fluorophores with high extinction
coefficients.

Although QY is a key factor affecting the brightness of NIR-II fluorophores,
when comparing the exact brightness of fluorophores, adsorption and extinction
coefficients should also be taken into consideration. All small-molecule NIR-II fluo-
rophores developed so far suffer from low extinction coefficients, which are usually
one to two orders of magnitude smaller than those of conventional fluorophores with
emission in the visible and NIR-I windows, thus significantly limiting the brightness
of available NIR-II fluorophores. One possible approach to address this challenge
is to introduce highly “absorbing” moiety with a high extinction coefficient, e.g.,
cyanine, into the molecular structure of NIR-II fluorophores without blue shift of
emission wavelength. Simulation can be used to assist the molecular design of NIR-
II fluorophores with high extinction coefficient.

2. Design and synthesis of renal-excreted NIR-II fluorophores with high brightness.
The pharmacokinetic behavior of fluorophores is always a major factor for con-
sideration when it comes to clinical applications. The trade-off between favorable
pharmacokinetics and brightness of NIR-II fluorescence emission has been a
long-standing challenge for clinical translation of NIR-II imaging. Specifically,
a few renal-excreted NIR-II fluorophores were successfully developed with sub-
optimal fluorescence QYs (Table 5.2), resulting in limited imaging performance.
Appropriate surface modification and encapsulation of bright small-molecule and
nanoparticle fluorophores appear to be a straightforward method to maintain the
stability and brightness of these fluorophores while ensuring their sizes below
the cutoff of renal excretion.

3. Design and synthesis of NIR-II fluorophores compatible with NIR-II confocal
imaging. Unlike two-dimensional (2D) wide-field imaging, confocal imaging
collects signal from a small probed volume at the focus while rejecting all

Table 5.2 Summary of renal excretable NIR-II fluorophores

Peak emission | Size (MW

Fluorophore wavelength /diameter) Application Ref

CH-1055-PEG | 1055 nm 8.9 kDa Lymphatic vasculature and sentinel | [16]
lymphatic mapping, targeted tumor
imaging with anti-EGFR affibody
conjugation

IR-El 1071 nm 4.5 kDa Non-invasive brain imaging for [28]

3.6 nm cerebrovascular injury in TBI

mouse model

IR-BGP6 1047 nm 3.5nm PD-L1 molecular imaging after [61]
conjugation with antibody

CP-IRT 1047 nm 5 nm Molecular tumor imaging targeting | [65]
a tumor stem cell biomarker
CD133

SXH 1100 nm <5.5 nm Tumor imaging [66]
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out-of-focus signals, allowing for 3D imaging by raster-scanning the laser
focal point in x—y—z directions. Therefore, 3D confocal imaging provides more
structural information than 2D wide-field imaging for better understanding the
spatial distribution of labeled structures and molecules of interest. However, a
prerequisite for confocal imaging is the use of bright fluorophores in order to
collect enough fluorescence photons at increased tissue depth within the safety
limit of laser power density and reasonable scanning speed. For this reason, it
was not until recently that 3D NIR-II imaging has been implemented under the
confocal imaging mode. However, constrained by the brightness of fluorophores
and detection efficiency of imaging instrumentations, the capability of deep 3D
confocal imaging in the NIR-II window has not been fully exploited. To this end,
besides the design of brighter NIR-II fluorophores as discussed above, future
directions should also be focused on the optimization of the confocal setup and
image acquisition, achieving new horizons of 3D volumetric NIR-II imaging
in deep tissue of live organisms in synergy with the newly developed bright
fluorophores.
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Chapter 6 ®
Near Infrared Spectral Imaging oo
of Carbon Nanotubes for Biomedicine

Prakrit V. Jena, Christian Cupo, and Daniel A. Heller

6.1 Introduction

Photoluminescent single-walled carbon nanotubes (SWCNTSs) exhibit unique opti-
cal and structural properties that have motivated their development for applications
including imaging and sensing, photothermal therapy, and drug delivery [1]. As opti-
cal probes for biosensing and imaging [2], the essential promise is a palette of >20
completely photostable fluorophores that function in the tissue-transparent [3, 4]
near infrared (NIR) region of the spectrum [5]. Compared to other fluorescent probes
[6, 7], SWCNTs are intrinsically multiplexed and capable of sensing/responding to
their immediate environment. Building on over a decade of productive research [8]
which has resulted in applications in live cells, plants, and small animals [9], recent
developments (Fig. 6.1) have dramatically accelerated the process of engineering
carbon nanotube optical reporters for biomedical applications [10].

In this chapter, we first introduce the fundamental structural and optical proper-
ties of single-walled carbon nanotubes (Sect. 6.2). We then identify the benefits
resulting from the intrinsic NIR bandgap photoluminescence coupled with the
unique linear nanomaterial structure (Sect. 6.3). Next (Sect. 6.4), we highlight
the available instrumentation platforms that can be used to measure SWCNT
photoluminescence in biological systems. We assess the utility of hyperspectral
imaging (Sect. 6.5) to characterize photoluminescent carbon nanotubes with single-
nanotube resolution. In the subsequent Sect. 6.6, spectral imaging in live cells is

P. V. Jena - C. Cupo
Memorial Sloan Kettering Cancer Center, New York, NY, USA

D. A. Heller (><)
Memorial Sloan Kettering Cancer Center, New York, NY, USA

Weill Cornell Medicine, New York, NY, USA
e-mail: hellerd @mskcc.org

© Springer Nature Switzerland AG 2020 103
A. Benayas et al. (eds.), Near Infrared-Emitting Nanoparticles for Biomedical
Applications, https://doi.org/10.1007/978-3-030-32036-2_6


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-32036-2_6&domain=pdf
mailto:hellerd@mskcc.org
https://doi.org/10.1007/978-3-030-32036-2_6

104 P. V. Jena et al.

Band-gap Separation  Imaging  NIR SWONT Optical resonances  Separation Imaging SWCNTs  Increase O Imaging

flucrescence from  of SWENTs  single  imagingin cells arise from excitons by density inaliveanimal  duetooxygen  SWCNTsina
individual SWCNTs by diameter  SWCNTs differentiation exclusion live mammal
Structure-assigned | Catalog of Imaging single Multimodal | Chirality separation | Doping modified
optical spectra in,mi optical | Single chirality | NIR optical Enhanced molecule reactions | sensing in viaDNA NIR band-gap
trangitions | separation SENSONS O in air on a SWCNT live cells recagnition
| N m m ) w . P =
3 § 8 Sl ] §J’ 8 8 3 §l g sl ] §l 8 §l g ;l
]| ] ] L ] A = A ] ] " & A ] L] L ]
| | \

0-0,00-0-0-0
aOa®a@a@a@®a®an@a®a®a®n®as®n®a®nda |
+

\ VA Y
ot | (] [ [ b o o s o B (3 3 8 s o K
2 2B 2B L g B 2 |2 = B ER= 2 B
E I z |7 s |= EE EE E [ = | = E

NIR small-animal | Single-chirality| Absorption Improved NIR Through-skull | Incerporated Optical

o107

[

9

Imaging Emission
hyperspectral | live cell cross section | optical properties| hyperspectral | NIR imaging sp’ defect determination | of impasity enhancement
imaging sensor wia variance via endohedral | microscopy invive states increase | of nanotube | induced exciton| via reducing
spectroscopy | filling Lo length quenching agents
Ultrashart Infrared Molecularty Rapid ac f I vive imaging Bi Improved optical  Large scale
SWCNTwith  communication  tunable photoluminescence and surgical  ali '] EL 3 ies of empty
bright NIR wing plant quanturm excitation plot guidance two-phase v, water-filled by gel
emission nanobionics defects systems SWCNTs chromatography

Abbreviations:
single-walled carbon nanatube (SWCNT), near infra-red (NIR), quantum yield (Q¥],

Fig. 6.1 A timeline highlighting the achievements across various aspects of carbon nanotube
research, including developments in material processing, chemical functionalization, analytical
methods, near infrared imaging, and engineered biomedical applications. Figure adapted with
permission [10]

explored with an in-depth focus on the example of a sensor for lipid measurements
in live cells. Following this, we assess spectral imaging for ex vivo and in vivo
applications (Sect. 6.7). We end the chapter (Sect. 6.8) by identifying the challenges
and potential ahead. For the sake of clarity, we shall use the term nanotube or
SWCNTs interchangeably to refer to single-walled carbon nanotubes.

6.2 Optophysical Properties of Single-Walled Carbon
Nanotubes

Single-walled carbon nanotubes are one-dimensional nanocarbons formed purely
of sp?-hybridized carbon atoms [11], and can be visualized as open-ended hollow
cylinders formed by rolling a rectangular sheet of graphene (Fig. 6.2a). The angle
at which sheet is rolled can be defined in terms of unit (chiral) vectors along the
natural axis [12], and these (n, m) chiral indices [13] uniquely label each possible
nanotube structure and describe their physical and optical properties (Fig. 6.2b). In
addition, SWCNT structures exist as enantiomers of the form (n,m) and (m,n).
Carbon nanotubes are synthesized via a number of methods [16], and the
resulting material is a combination of nanotube chiralities, metallic catalysts, and
carbonaceous impurities. Efforts to synthesize single-nanotube chiralities are in
progress [17], and have achieved the growth of short single-chirality nanotubes
adhered to the reaction surface [18, 19]. As-produced SWCNTs are hydrophobic
and exist as a dry soot. A variety of dispersion techniques have been developed
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Fig. 6.2 Fundamental physical and optical properties of single-walled carbon nanotubes. (a)
Graphical representation of a carbon nanotube, as a rolled sheet of graphene (hand-rendered,
provided by Joseph Cohen). (b) The angle of rolling along the natural axes a; and ap determines
the chirality (n,m) of the specific nanotube, and determines whether the chirality is metallic (gray)
or semiconducting (pink). (¢) The 1-D density of states of semiconducting nanotubes results in
intrinsic near infrared bandgap photoluminescence, typically with Ep, absorption resulting in Ej;
emission. (d) Absorption spectrum of isolated single-chirality nanotube samples, color-coded to
the chirality map in panel B (reproduced with permission) [14]. (e) A 2D photoluminescence
excitation—emission (PLE) plot of sodium deoxycholate-SWCNT in water is plotted as the
square-root of intensity to visually amplify lower intensity regions, with emissive semiconducting
nanotubes identified by their excitation and emission maxima [15]
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to solubilize SWCNTs in organic solvents, or to impart water solubility via
appropriate covalent and non-covalent functionalization [20]. Out of all the possible
nanotube structures (Fig. 6.2b), theoretical calculations of the bandgap predicted
approximately 1/3rd to be metallic (0 meV bandgap) and 2/3rd to be semiconducting
(> 500 meV bandgap) [13] and experimental results have validated these predictions
[21, 22].

6.2.1 Intrinsic Bandgap Photoluminescence

As a quasi-one-dimensional material, the density of states of semiconducting nan-
otubes is distinguished by sharp peaks known as van Hove singularities [23]. These
optical resonances arise from excitons [24], and the resulting exciton dynamics
following the absorption of a photon result in individual semiconducting nanotubes
exhibiting bandgap fluorescence [25] in the NIR wavelength range [26]. As evident
from the density of states schematic (Fig. 6.2c), photoexcitation at any of the
absorption transitions (Ej; or Epy) can result in the emission of a NIR photon via
the E; exciton-hole recombination pathway. The specific excitation and emission
peaks for all semiconducting nanotube chiralities have been calculated [27] and are
closely matched by experimental values [28].

6.2.2 Isolation of Single-Nanotube Chiralities

Separation techniques to isolate individual carbon nanotube chiralities [29] have
achieved success in providing highly pure preparations of SWCNTs [30]. These
include density ultracentrifugation [31], chromatography [32, 33], and aqueous
two-phase extraction methods [34, 35]. Single-stranded DNA (ssDNA) emerged
as a multifunctional and biocompatible polymer that enables nanotube separation
following non-covalent functionalization, initially using chromatographic meth-
ods [36] and now via various aqueous two-phase extraction methodologies with
purities above 95% [14, 37]. Furthermore, specific enantiomers of over 20 (n,m)
species functionalized with ssDNA have been separated (Fig. 6.2d) [14]. Recently,
surfactant-encapsulated presorted SWCNTs were re-wrapped to produce DNA-
encapsulated SWCNTs at high yields [38]. As these various methods are further
refined, the goal is the ability to independently control the functionalization on the
SWCNT and to select a purified species/chirality.
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6.2.3 Inherent Multiplicity of Nanotube Structures

Empirical functions mapping the inherent multiplicity of single-walled carbon nan-
otubes have been used to tabulate the optical transition values for over 100 nanotube
chiralities [28], though in practice, the number of distinct chiralities physically
present in a given sample depends on both the starting material and the solubilization
method used. Optically characterizing photoluminescent carbon nanotube species
is best achieved via a two-dimensional photoluminescence excitation—emission
plot (PLE) as shown in Fig. 6.2e [15], where each isolated intensity maximum
corresponds to a nanotube chirality. For the specific sodium deoxycholate (SDC)-
suspended SWCNT sample shown, ~ 15 emitters in a ~ 500 nm emission range are
distinctly visible. The broad excitation window (indicated by the elongated vertical
lines emerging from each excitation—emission center) allows for off-resonance
excitation of SWCNTs. Although different nanotube synthesis methods produce
different population distributions, a large number of different species are present
in most commercially available nanotube preparations.

6.2.4 Biocompatibility

The biocompatibility of SWCNTs has been the subject of intense studies [39-
41], with conclusions indicating that the biosafety profile depends crucially on
the specifications of the nanomaterial. The type of nanotube (single/double/multi-
walled), the length distribution of the sample [42], the method and extent of
functionalization (non-covalent vs covalent, chemical or polymer-based) [43], the
purification steps performed, the stability of the final complex [44], the method
of facilitating biological interactions [45, 46], the local concentration of the
nanotube [47], and naturally the total cellular nanomaterial load [48] all alter the
biocompatibility of the nanotube [49]. Optimized protocols for specific applications
have led to nanotube constructs which were safely used in cells [50], plants, and
animals [51, 52]. However, there are no broad guidelines that generally define a
safety profile for carbon nanotube constructs.

We believe a practical disadvantage of SWCNTSs arises from the large phase
space covered by the nanotube molecular identity, i.e., multi-walled vs single-
walled, short vs long, covalently or non-covalently functionalized, degree of
biocompatibility, etc. are all referred to as “carbon nanotubes.” To the general
research community, any results pertaining to one subset of carbon nanotubes are
assumed to apply to the rest of the nanotube family. Standardizing the sensor to a
well-defined molecular entity is not an optical issue per se, but can hinder the rate
of SWCNT adoption for preclinical and clinical applications.
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6.3 Photoluminescent SWCNTSs as Imaging
and Sensing Agents

The intrinsic bandgap near infrared photoluminescence confers an unusual com-
bination of advantageous properties to carbon nanotubes. The one-dimensional
structure is intrinsically sensitive to its environment, as each carbon atom is on the
surface and directly interacts with the surrounding environment.

6.3.1 Structural Properties of Linear SWCNTs

The semi-rigid linear shape of the single-walled carbon nanotube results in diffu-
sional and rotational movement that is distinct from the typical spherical nanopar-
ticle. For example, when introduced to three-dimensional tumor spheroids, carbon
nanotubes display anomalously fast diffusion within the spheroid when compared to
spherical particles of comparable dimensions [53]. This anisotropic dimensionality
(>100 nm on one axis, ~ 1 nm on another) has been exploited to investigate
the permeability of multicellular tumor spheroids [54] and to map the nanoscale
organization within the extracellular space of a live mouse brain [55]. Similarly,
multiple efforts to use the nanotube as a scaffold for drug delivery are also being
developed, with unexpected pharmacological behavior observed in vitro [56] and
in vivo [57, 58]. In addition, gene delivery applications in plants were recently
demonstrated using nanotubes as delivery agents [59, 60].

6.3.2 Advantageous Optical Properties

For the purpose of biological applications, it is helpful to compare the photolu-
minescent properties of carbon nanotubes with their organic fluorophore analogs
[61]. One immediate drawback we must note is the relatively low quantum yield of
SWCNTs (ranging from 0.01% to 10%) [62, 63]. Fortuitously, multiple independent
optical properties can be leveraged to compensate for the low brightness of SWCNT
emission. As each SWCNT can be excited at multiple absorption peaks (E»> and
E11) [64, 65] but emits only at the Ej; peak, the functional Stokes shift can be
several hundred nanometers (Fig. 6.3a). This is convenient when designing optical
platforms, as leaked excitation light does not spectrally overlap or interfere with the
detection window.

Second, SWCNTs do not structurally degrade under standard conditions and
thus maintain their intrinsic photoluminescence capabilities. Nanotube sensors
embedded in a gel in vivo maintained their ability to photoluminescence over
300 days (Fig. 6.3b) [66]. While biofouling and other biological changes likely
occurred on the nanotube surface, the graphitic structure remained undamaged
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Fig. 6.3 Advantageous optical properties of SWCNTs. (a) A large effective Stokes shift following
Ep; excitation to achieve E| emission, shown for the (6,5) chirality. (b) The intrinsic photolumi-
nescence capability of SWCNTS is stable in biological systems over extended periods of time [66].
(¢) Under high laser intensity, a nanotube solution does not photobleach [67]. (d) Emission from
an isolated surface-adsorbed SWCNT is photostable under 6 kW/cm? of laser excitation [15]. (e)
The emission intensity scales linearly with the absorbed photon count [65]. (f) Emission from a
specific nanotube chirality can be molecularly tuned to a specific desired wavelength [68]. (g) The
narrow emission linewidth of an SWCNT allows for over 17 chiralities to be directly imaged in a
500 nm window [15]

and preserved its sensing capability. Direct solution measurements that continually
illuminate bulk samples in solution indicate that under high excitation power,
nanotube photoluminescence emission remains stable while organic fluorophores
photobleach (Fig. 6.3c) [67]. In a single-nanotube study, individual SWCNTs
exposed to 6 kW/cm? laser excitation maintained steady photoluminescence emis-
sion (Fig. 6.3d) [15]. In comparison to the 20-50 mW lasers used for visible
fluorescence studies using organic fluorophores, >1 W lasers are routinely used for
nanotube imaging.

Third, the excited state lifetime of an exciton is very short (on the order of
picoseconds, compared to nanoseconds for organic fluorophores) [26]. This results
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in nanotube emission scaling linearly with laser intensity for direct excitation,
upconversion [64], and off-resonance excitation (Fig. 6.3e) [65]. Combined, the
short lifetime and photostability allow for the use of high-power laser excitation
to compensate for the relative low quantum yield.

Further expanding the range of emitters is the recent advancement of introducing
molecular defects [69] as organic color centers to tune the nanotube emission
[70]. As seen in Fig. 6.3f, the emission peak of the (6,5) nanotube can be
translated over 100 nm [68]. Additionally, when compared to other fluorophores,
the SWCNT emission linewidth is narrow. As a result, 17 nanotube chiralities
were simultaneously imaged in a 500 nm emission window, following excitation
at a single wavelength (Fig. 6.3g) [15]. Without requiring spectral deconvolution
techniques, methods exploiting this property could enable quantitative imaging in
biological systems with unprecedented multiplicity.

6.3.3 Photoluminescence Modulation by Environment

A fundamental property of single-walled carbon nanotubes is the dependence
of photoluminescence emission on the surrounding environment [2]. As each
constituent carbon atom is on the nanotube surface and exposed to the environment,
SWCNT emission is intrinsically sensitive to any perturbations on the nanotube
surface [71]. This contrasts with solid nanoparticles where only a fraction of the
constituent matter is on the nanoparticle surface. The current framework for signal
transduction is based on an analyte—nanotube interaction either inducing (a) a
change in the dielectric environment of the nanotube [72, 73], resulting in a change
in emission wavelength (solvatochromism) [74, 75], (b) a charge transfer, which,
depending on the relative redox potentials, can increase or decrease the intensity of
emission, or (¢) a combination of both dielectric and redox effects.

An early observation was that the emission spectrum can vary with the function-
alization used to solubilize the nanotube, in addition to the solvent environment.
Subsequent studies indicated that the SWCNT emission could be modulated by the
interaction with various analytes, the contents of the inner nanotube volume, and
other relevant characteristics of the environment. The first set of sensors worked
in the solution phase [76] and were extended to surface-adsorbed single molecule
applications [77-79]. In recent years, SWCNT optical sensors of small molecules,
proteins, nucleic acids, lipids, and other classes of biomolecules that function in
live cells, plants [80], and animals have been developed. Robust theoretical and
experimental frameworks have been employed to develop sensors, using a variety
of approaches including high-throughput screening [81] and thermodynamic models
of surface interactions [82].
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6.3.4 Multimodal Functionalization of the Nanotube Structure

The carbon nanotube structure can be functionalized to either modulate optical
properties, or impart analyte sensing capabilities, or both. These functionalizations
can be applied to three distinct regions of the carbon nanotube structure, i.e., the
inner volume, the outer surface, and the two ends (Fig. 6.4a), and can be reversible
and non-covalent or irreversible chemical modifications.

The internal volume of the nanotube can be filled or empty [83], and introducing
different molecules (Fig. 6.4b) [84] within the endohedral volume [85] can enhance
the photoluminescence quantum yield [86]. The general aim of these modifications
is to improve and homogenize the optical properties of a population of SWCNT.
Novel optical properties can be introduced via the generation of a new emission
peak by stochastically placing chemically induced molecular defects (functioning
as organic color centers) along the nanotube surface (Fig. 6.4c) [69], with the type
and concentration of the defect determining the amplitude and wavelength of the
defect emission peak [70].

For developing carbon nanotube optical reporters, the general approach is to
create an interface on the nanotube surface that couples analyte detection with
optical signal transduction. This interface can be a bifunctional polymer in a specific
conformation on the nanotube surface, which both detects the analyte and modulates
the nanotube optical response (Fig. 6.4d) [82]. Alternately, the polymer can have
a distinct region for interacting with the analyte via, for example, hybridization
(Fig. 6.4e) to a target nucleic acid [87]. In another application, the surface coverage
of a stable nanotube-adsorbed polymer exposed the nanotube surface as an attractive

A

End functionalization

Environment detection zone

Internal
volume

Fig. 6.4 Advantageous structural properties of SWCNTs. (a) Multiple independent molecular
recognition elements can be engineered at various sites on the extended linear structure of the
SWCNT. (b) Selectively controlling the internal volume can constrain the detection capabilities of
the nanotube in changing the baseline intensity and emission wavelength [84]. (¢) New emission
peaks can be introduced via organic color centers [70]. (d) A highly specific polymer adsorbed
to the nanotube surface can modulate the corona [82]. Perturbations of the environment due to,
for example, (e) DNA hybridization [87] or (f) lipid binding along the nanotube length result in
a change in the nanotube emission intensity or wavelength [88]. (g) The sensing moiety could be
specifically located on the nanotube ends [89]
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binding site for hydrophobic lipids (Fig. 6.4f) [88]. Specific chemical reactions to
the nanotube ends [89] provide two additional binding sites that can be used in
parallel (Fig. 6.4g).

6.3.5 Comparison to Other NIR Agents

Due to the optical advantages of bioimaging in the NIR window [90] of tissue-
transparency [4], multiple classes of nanomaterials are being developed for biomed-
ical applications [6, 91]. Concomitantly, organic fluorophores [92-94] and fluores-
cent proteins [95] have been engineered to emit at increasingly longer wavelengths,
existing dyes are being tested for NIR-imaging applications [96] and new techniques
for conjugating fluorophores to antibodies under development [97]. Depending
on the applications, NIR agents including short-wave quantum dots and modified
small-molecule dyes [98, 99] can have clear advantages and disadvantages [100].
In contrast to many of these imaging agents, the linear dimension of the SWCNT is
potentially larger than the target of interest (though ultrashort SWCNTs are being
developed) [101]. The major advantage of SWCNTSs is the intrinsic multiplexed
optical sensing ability, coupled with the novel biodistribution capability due to the
small size and aspect ratio. Issues including potential toxicity (2.4) and nanomaterial
non-uniformity (4.1) are discussed in other sections.

6.4 Instrumentation for Near Infrared
Spectroscopy-Resolved Imaging

The extension of fluorescence-based optical imaging from the visible to the
NIR wavelength range has accelerated with the availability of germanium and
indium-gallium-arsenide (InGaAs) detectors, inexpensive NIR lasers and LEDs, and
NIR-optimized optical components. These developments uniformly benefit the field
of NIR imaging and general-purpose instruments are becoming readily available.
In contrast to other spherical nanomaterials, SWCNTSs have novel properties that
require new imaging and analysis techniques.

6.4.1 New Imaging Tools

Three major challenges especially motivate the need for spectrally resolved imaging
of single-walled carbon nanotubes. Firstly, the carbon nanotube aspect ratio of
~100-1000:1 is highly unusual and deviates significantly from the prototypical
spherical material on which most analytical methods are based [11, 91]. For
example, routine analytical techniques such as dynamic light scattering (DLS)
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and zeta potential measurements base their results on the assumption that the
source material is spherical [102]. In practice, only a limited number of techniques
(including absorption, photoluminescence, and Raman spectroscopy [103, 104]) can
be used to characterize the optical properties of an SWCNT sample.

Secondly, the physical characteristics—especially the length distribution—of
an SWCNT sample is quite broad [105]. The majority of research applications
use SWCNTs solubilized via sonication, which further complexifies the length
distribution of the functionalized SWCNT material [106]. Though chromatographic
methods to sort SWCNT samples exist, these are rarely used due to the loss of
a significant fraction of the material [107]. As many of the optical properties
[108] depend on parameters of the individual nanotube, including its length [109,
110], quality, defect density, how empty the inner volume is, and whether the
ends are open or capped, analysis of an SWCNT sample requires characterizing
each property of the heterogeneous nanomaterial as a distribution of linear rods
[111,112].

Thirdly, the chirality of the SWCNT is a highly critical parameter [113] that
governs both optical (bandgap, excitation, and emission maximum) and physic-
ochemical properties (such as stability of the functionalized nanomaterial [114],
interactions with biomolecules, analyte sensing capability [115]). Resolving the
property of interest as a function of chirality is highly advantageous and critical
for fully understanding the engineered nanomaterial, for both fundamental research
and biomedical applications.

In response to these challenges, researchers have developed novel analytical
techniques to accurately interpret data acquired from linear SWCNTs. A majority
of these techniques investigate properties of individual nanotubes to accurately
characterize the distribution of parameters [116], including absorption cross sections
[116-118], and mass-to-molarity conversion [119]. Optical techniques [103, 120]
have the advantage of enabling measurements in solution [121], in vitro and in vivo.
In the next section, we present the major optical imaging modalities that maximize
both the data acquired and the range of biological systems where these techniques
are used.

6.4.2 NIR Imaging of SWCNTs in Biological Systems

Imaging platforms developed for using SWCNT-based optical probes in complex
biological systems have generally been motivated by the goal of observing either
the intensity or the emission spectrum of specific nanotube chiralities. As carbon
nanotubes exhibit solvatochromic (i.e., wavelength shifting) properties based on the
local environment, spectral variations confer potentially useful information. Optical
sensors based on this property have multiple technical advantages. For instance, as
wavelength shift is an intensive quantity, it is independent of the concentration of
the optical sensor. Additionally, using full spectra instead of intensity enables more
sensitive signal separation from the background noise.



114 P. V. Jena et al.

Multiple approaches to isolate the detected signal to a specific nanotube chirality
have been successful. The ideal method would be performing the experiment
with a single-chirality sample, as this would remove the actual source of any
contaminating signal. A spectroscopic approach to optical gating used specific
excitation wavelengths and limited observation to narrow optical windows which
enabled the spectra of 12 nanotube chiralities to be acquired from live cells
(Fig. 6.5a) [122]. In an innovative approach to imaging solvatochromic sensors
in live cells, the emission intensity from a specific nanotube chirality was split
at the peak wavelength using a dichroic mirror to obtain an intensity ratio that
reflected the underlying wavelength shift (Fig. 6.5b) [123]. The one drawback to this
split-emission imaging platform is the requirement of purchasing individual optical
components for each chirality of interest. A probe-based portable spectroscopy
instrument (Fig. 6.5¢) was developed for acquiring data from SWCNTs known to
localize at a specific organ within a mouse [124]. The advantage of a probe is the
versatility of applications, where aiming the probe at SWCNT results in excitation
and emission being detected from that specific region.
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Fig. 6.5 Optical platforms for detecting solvatochromic changes in the nanotube emission
in complex biological systems (a) High-magnification photoluminescence excitation—emission
spectroscopy of nanotubes on a live cell [122]. (b) Separating the emission intensity above and
below a specific wavelength to effectively detect an emission shift as a ratio of intensities [123].
(¢) Acquisition of nanotube spectra from a live mouse using a fiber-optic probe system. Image
kindly provided by LipidSense, Inc
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6.5 Global NIR Hyperspectral Imaging

Spectral imaging is a family of optical techniques that combine spectroscopy with
imaging [125]. Hyperspectral microscopy is a form of spectral imaging in which
wavelength information is acquired for each pixel in a microscope field-of-view.
Conceptually, hyperspectral data can be obtained either by sequentially acquiring
the spectra from each pixel or row of pixels or by sequentially collecting the
entire image at each wavelength band. Global hyperspectral imaging [126], a high-
resolution optical technique used in astronomy and satellite-based remote sensing
(Fig. 6.6a), was recently developed into a near infrared microscopy platform [15].
The core technology is a continuously tunable filter based on volume Bragg gratings
(VBG) which is rotated with respect to the incoming full-spectrum image (Fig. 6.6b)
to optically isolate each wavelength. The end result, referred to as a “hyperspectral
cube,” is a stack of monochromatic images corresponding to each wavelength
band in the initial image (Fig. 6.6c). As a microscopy platform, hyperspectral
imaging can be used for observing SWCNTSs on a surface, in fixed tissues and in
cells (Fig. 6.6d). Additionally, the VBG-based hyperspectral platform was recently
applied for spectral imaging of carbon nanotube emission in a live mouse (Fig. 6.6e).
Situated in the optical path between the emission and the detector, the VBG
has also been integrated into existing NIR-imaging systems by multiple research
groups.

6.5.1 Hyperspectral Imaging of SWCNTs in Biological Systems

The major advantage of NIR hyperspectral microscopy is the ability to collect
an entire set of spectral parameters from material with single pixel resolution in
complex biological systems, including live cells and small animals. In a model
system of surfactant-encapsulated SWCNT adsorbed on a glass surface, hyper-
spectral data of an individual nanotube provides the photoluminescence intensity,
center wavelength, and full-width at half-maximum for each pixel (Fig. 6.6d).
Nanometrological measurements of spectral variations within a single nanotube,
including direct observation of the emission spectrum from different regions of
the same nanotube, on multiple nanotubes simultaneously, are relatively facile
(Fig. 6.6¢e).

The set of single-wavelength images provided by hyperspectral imaging funda-
mentally requires a greater number of photons, and thus takes longer to experi-
mentally acquire [15]. Additionally, approximately 50% of the emitted signal is
reduced by the VBG. As each data cube is a stack of images in wavelength space,
several images should be acquired in order to produce a single-wavelength image.
If the sample is moving significantly during the data acquisition process, then
wavelength artifacts can result if the speed of sample movement is significant
compared to the rate at which the hyperspectral cube is acquired. Practically, this
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Fig. 6.6 Overview of hyperspectral microscopy with implementation (a) An experimentally
acquired intensity image is fundamentally composed of photons at different wavelengths, and can
be considered a set of images at each wavelength. (b) A volume Bragg grating (VBG) is an optical
device that separates incident polychromatic light into its monochromatic components. (¢) The
result is a stack of monochromatic images corresponding to a single discrete wavelength, called
the hyperspectral cube, and is a projection of the full-spectrum intensity image into wavelength
space. (d) Individual SWCNTs on a glass surface observed at 150x magnification using a
hyperspectral microscope, with single pixel intensity, wavelength, and full-width at half-maximum
(FWHM) resolution, and (e) spectrum of the labeled pixels from (d). Optical platforms for global
hyperspectral imaging: (f) Hyperspectral microscope schematic for imaging a sample compatible
with a conventional inverted or upright fluorescence microscope. (g) A preclinical hyperspectral
imager optimized for multiple band imaging of small animals in the NIR. Images in panels a, b, c,
f, and g kindly provided by “Photon etc.”

problem can be resolved by imaging at lower magnifications, which limits the range
of pixels a nanotube can traverse. For highly optimized applications which focus on
the wavelength-shift of a specific chirality of interest, hyperspectral imaging will
generally be most efficient in terms of signal and acquisition time.
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6.5.2 Applications for Characterizing Individual Carbon
Nanotubes

The photoluminescence emission from an unsorted sample of SWCNTs consists of
emission from multiple wavelength bands, corresponding to the emission spectrum
from each individual carbon nanotube. In a model system of DNA-functionalized
SWCNTs adsorbed on a glass surface, hyperspectral data of an individual nanotube
provides the photoluminescence intensity, center wavelength, and full-width at half-
maximum for each pixel present (Fig. 6.7a). Nanometrological measurements of
spectral variations within a single nanotube, including direct observation of the
emission spectrum from different regions of the same nanotube, are easy to perform
(Fig. 6.7b).
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Fig. 6.7 Hyperspectral microscopy of individual SWCNTS on a surface. (a) Individual SWCNTs
on a glass surface, observed at 150 x magnification using a hyperspectral microscope, with single
pixel intensity, wavelength, and full-width at half-maximum (FWHM) resolution, and (b) spectrum
of the labeled pixels from (a). (¢) Near infrared broadband intensity image of SWCNTs in a field-
of-view [15]. (d) False-colored image where each SWCNT in (c) is mapped to a specific chirality
(e) Wavelength and intensity distribution of single nanotubes of the specific (6,5) chirality. (f) The
chirality distribution of the emissive nanotube population in the starting sample [15]
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Single-nanotube analyses of all SWCNTs in a field of view allow the ensemble
properties to be accurately characterized. As shown in the broadband intensity
image of an SWCNT population adsorbed on a surface (Fig. 6.7c), the emission
spectra acquired from each nanotube can be assigned a specific chirality (Fig. 6.7d).
In this specific application, a k-means algorithm was used to assign each nanotube
to one of 17 possible chiralities. Notably, k-means requires accurate knowledge
of the wavelength range allotted to each chirality of interest—in novel chemical
environments, the algorithm could be less accurate. Furthermore, the wavelength
and intensity distribution (Fig. 6.7¢) can be obtained for each chirality present in the
starting sample (Fig. 6.7f). In the subsequent section, we present how such precise
measurements can also be performed in significantly complex biological systems.

6.6 Spectral Imaging in Live Cells

Over the past 10 years, multiple applications of SWCNTSs as imaging and sensing
agents have been developed for use in live cells [9]. The ability to directly observe
individual nanotubes over extended time scales has proven to be an advantage over
other fluorescent probes. Though organic fluorophores perform well as imaging
agents in cells, in order to function as sensors, they generally need to be coupled
to a signal-transduction mechanism. A key advantage of nanotubes is their ability
to play the dual role of analyte detection and signal transduction. This property has
been exploited to develop carbon nanotube optical reporters for chemotherapeutic
drugs [127], riboflavin [82], lysosomal lipids [88], and cell-surface potential [122],
amongst others.

6.6.1 Applications in Live Cells

Generalized spectral imaging, i.e., the ability to acquire the spectra emitted by
each emissive nanotube at each spatial location, provides two independent forms
of information. Combined, the information obtained leads to: (a) knowledge of the
spatial location of the nanotube which may allow the photoluminescence emission
to report on some property of the immediate environment. For example, the shift
in emission wavelength of a solvatochromic sensor for riboflavin, measured as
an intensity ratio above and below a certain wavelength value, changes as the
sensor interacts with the target analyte [82]. In this application, the riboflavin
concentration gradient across a live cell was visually mapped as a function
of time (Fig. 6.8a). A more in-depth example, focusing on lipid accumulation
specifically within the endolysosomes, is discussed in Sect. 6.6.2. (b) Definitive
knowledge of the environment-dependent spectra enables the spatial location of the
nanotube to be determined. In the application shown (Fig. 6.8b), the nanotube was
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Fig. 6.8 Applications of NIR spectral imaging of carbon nanotubes in live cells. (a) Time course of
intensity-ratio images of a riboflavin SWCNT sensor in cells, following the addition of riboflavin,
where the ratio of intensity above and below a specific wavelength is used to image the shift of one
nanotube chirality [82]. (b) Emission wavelength of a nanotube sensor that differs in the nucleus
and the cytoplasm (figures adapted for use with permission) [128]. (c) False color image showing
the emission of several nanotube chiralities in live mammalian cells, in addition to spectra from
individual regions-of-interest [15]

engineered so that its emission would be at longer wavelengths in the highly charged
nucleus [128]. By observing the emission of the sensor in live cells, the nanotube
environment could definitely be determined as being nuclear or not, via the spectra
alone.

The major advantage of hyperspectral imaging is the potential for scaling these
capabilities to over a dozen optical sensors, by acquiring the spectra from every
chirality present in each pixel. In the demonstration presented in Fig. 6.8c, a
multi-chirality sample of surfactant-encapsulated SWCNTSs was imaged within a
mammalian cell using hyperspectral microscopy [15]. From the spectra, parameters
of individual nanotubes such as center wavelength, FWHM, and intensity, in
addition to population-level parameters, including the chirality distribution and
relative fluorescence modulation, can be analyzed in live cells.
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6.6.2 Spectral Imaging of a Sensor for Endolysosomal Lipids

We focus here on the use of hyperspectral imaging for a specific application,
the development and application of a carbon nanotube optical reporter for lipids
[88]. In this work, solution-phase spectroscopy was used to initially screen single-
chirality: DNA-sequence combinations, followed by hyperspectral microscopy of
single nanotubes adsorbed on a surface for in-depth characterization of the eventual
hit. To experimentally observe the solvatochromic sensor in live cells, hyperspectral
microscopy was leveraged to characterize the emission wavelength at different
resolutions including within single pixels, across individual organelles within one
cell, across different cells, and as a function of pharmacological perturbations, time
and other biological factors.

The sensor was empirically validated in live cells by visually comparing and
then quantifying the hyperspectral images. As shown in Fig. 6.9a, the overlays
of peak center wavelength from each emissive pixel over a transmitted light
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Fig. 6.9 Hyperspectral imaging of an endolysosomal lipid sensor in live cells. (a) Emission
wavelength maps in live cells from control RAW macrophages, and cells treated with U18666A
and Lalistat 3a2, which inhibit proteins involved with lysosomal lipid processing. Scale bar is
50 pm. (b) Time course of hyperspectral images from RAW macrophages following the addition of
acetylated LDL and U18666A, with the single-cell kinetics of sensor emission. Scale bar is 50 pm.
(c) High-resolution map of the lipid sensor in bone marrow-derived macrophages, focusing on two
typical cells that are used to derive the normalized Simpson’s index (nSI). Scale bar is 10 pm
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image of the cells are blue-shifted in cells treated with U18666A and Lalistat,
two drugs that induce lipid accumulation by blocking the function of specific
lysosomal proteins required for lipid processing. These images are quantitative, as
histograms describing this equilibrium lysosomal lipid content distribution can be
directly compared across various conditions. To dynamically observe the kinetics
of lipid accumulation, the mean emission wavelength of each cell was tracked as
a function of time (Fig. 6.9b). Live cells are mobile, and the extent of movement
depends on various factors including the type of cell, temperature, and nutrient
environment of the cell. The movement of cells containing nanotubes during the
data acquisition window can result in inaccurate boundary detection of each cell, a
change in the number of pixels a cell covered, and defocusing errors due to the three-
dimensional shape of the cells. These experimental artifacts compromise emission
intensity measurements, whereas the emission wavelength obtained by fitting the
data remains accurate.

High-resolution lipid maps were analyzed to quantify the endolysosomal lipids
within individual cells. In the 100x magnification images (Fig. 6.9c), regions of
different colors are visible within the same cell. For each cell (identified via the
transmitted light image), tabulated reporter emission values for each pixel within
the cell were used to calculate (1) the mean emission value for the cell, and (2)
the normalized Simpson’s index (nSI)—a metric modified from ecology, where it
is used to describe the species diversity in an ecosystem. In this application, nSI
reflected the degree of “color” variation within a cell, i.e., intracellular heterogene-
ity. Interestingly, a scatter plot of mean reporter value vs. the nSI for each cell
helped identify cells in the top-left quadrant, where cells were both “blue-shifted”
and showed high nSI. These cells with mostly lipid-filled lysosomes still contained
lysosomes that remained relatively lipid-free. Identifying novel population subsets
by this phenotype highlights the advantage of measuring wavelength in addition to
intensity, and decouples local sensor concentration from the sensor readout.

6.7 Spectral Imaging in Vivo

Biomedical research in small animals, though technically more challenging and
requiring significantly more resources than investigations in cells, is far more
informative and predictive of human biology. From our perspective, a small animal
presents three major challenges: (1) The ability of light to travel through tissue
is severely limited, and this reduces both excitation power at the emitter and
detection efficiency of the emitted signal; (2) As an animal has intrinsic movement
(cardiac and respiratory motion) and complex interaction between various tissues
with different wavelengths of light, accurately separating the signal from the noise is
complex; (3) The number of fluorophores available, optical components, detectors,
etc. are typically optimized for the visible wavelength range. Though NIR light is
theoretically better suited for facile non-invasive small-animal imaging than visible
light, only recently have multiple research fields focused on exploiting this imaging
modality.
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6.7.1 Technical Challenges to NIR In Vivo Imaging

NIR imaging of the available NIR optical emitters, including small molecules [92]
and fluorescent proteins [93], nanoparticles including quantum dots, nanodiamonds,
metal clusters, and SWCNTs, is generally performed using intensity alone. Back-
ground subtraction is performed on an image by thresholding all pixels above a
certain intensity value. While the detected intensity value naturally depends on
the concentration of SWCNTSs, as noted in Sect. 6.4.1, multiple intrinsic factors
affect the absolute emission intensity of an SWCNT. Depending on how close the
excitation wavelength is to being on-resonance, the detected emission intensity from
different SWCNT chiralities present in an unsorted sample can vary significantly.

We believe hyperspectral imaging in live animals significantly enhances the
ability to discern emission from background noise. Experimentally, we observe
that each source of background signal—for example, scattered light resulting
from the excitation laser interacting with the skin of a mouse, or residual NIR
autofluorescence in the liver—results in an emission profile. While the amplitude
of this emission varies from animal-to-animal and tissue-to-tissue, the characteristic
shape remains constant. This allows sophisticated background subtraction and
signal processing algorithms that use the functional form of the background signal.
A similar computational approach to spectral triangulation has been developed to
localize SWCNT emitters in 3D [129, 130].

6.7.2 Spectral Imaging in Complex Biological Systems

In this section, we highlight applications of hyperspectral imaging of SWCNTs in
fixed tissues and live animals, using the instrumentation introduced in Sect. 6.5.
The first report established the capability of multiplexed imaging of SWCNTs in
fixed tissues, before extending hyperspectral imaging to live zebrafish and live mice.
Surfactant-functionalized nanotubes were subcutaneously injected under the skin
of a hairless SK1 mouse, before the animal was sacrificed, and the excised tissue
processed into slices. Using hyperspectral microscopy, NIR photoluminescence was
observed from SWCNTs (Fig. 6.10a) and 8 chiralities could be identified in intact
murine tissue by their characteristic emission peaks (Fig. 6.10b). Additionally, the
presence of single peaks confirmed the nanotubes as being individually dispersed
in vivo, and the lack of multiple peaks indicated that the SWCNTSs were not being
sequestered in a specific location, or aggregating within the mouse. Next, SWCNTs
introduced to 3-day-old zebrafish embryos via cardinal vein injection were imaged
after 30 minutes. Localized within the zebrafish vessel wall (Fig. 6.10c), individual
SWCNT chiralities were identified by their emission spectra (Fig. 6.10d) and
significantly, no nanotube aggregates (characterized by multiple emission peaks
from one ROI) were observed in vivo.
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Fig. 6.10 Spectral imaging applications in vivo and ex vivo. (a) Multiplexed imaging of SWCNTs
in fixed murine tissue, with NIR photoluminescence in green (scale bar is 50 pwm) and the nuclei
stained with DAPI in blue (scale bar is 50 wm). (b) Hyperspectral image with individual SWCNT
false-colored and overlaid over tissue, along with the individual emission spectrum. (¢) Emissive
nanotubes localized in a live zebrafish tail fin (Scale bar is 200 pwm) are colocalized with dextran
(green, scale bar is 20 wm). (d) Hyperspectral image of distinct SWCNT chiralities within the
zebrafish tail fin. (e) Photoluminescence emission intensity from a DNA-nanotube optical reporter
overlaid over a live mouse. (f) Hyperspectral images false-colored by the emission peak of the lipid
reporter, following the injection of oxidized-LDL, and the corresponding emission spectrum

6.7.3 Spectral Imaging of the Lipid Sensor in Live Animals

We focus on the development of a nanosensor for non-invasive optical detection
of lipids accumulating in the lysosomes of the liver macrophages in a live mouse.
As first introduced in Sect. 6.6.2, hyperspectral imaging was used to determine the
localization of the sensor and test its functioning in live cells. In a live mouse,
the injected nanosensor was imaged with the hyperspectral small-animal imager,
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and found to localize specifically in the liver (Fig. 6.10e). The functionality was
tested by observing the sensor wavelength following the injection of an analyte
(oxidized LDL, a modified lipoprotein which accumulates in liver macrophages).
Comparing the hyperspectral image indicated the sensor emission to have blue-
shifted in response to lipid accumulation (Fig. 6.10f). Notably, the clear spectra
obtained is a result of accurate baseline subtraction, where the background is
modeled as a function in wavelength space, based on data acquired from multiple
control animals.

6.8 Conclusion

We believe this is an exciting period for NIR imaging and sensing. As the field
continues to mature, the transition of nanomaterials with exciting optical proper-
ties to well-understood and thoroughly characterized engineered biomedical tools
provides a new set of challenges and opportunities. The use of carbon nanotubes
for biomedical imaging and sensing applications has been built upon the progress
made in nanotube processing and separation, the understanding of techniques to
modulate their chemical and photophysical properties, and the development of new
imaging and spectroscopic instrumentation. As with any novel nanomaterial, several
challenges need to be simultaneously addressed for SWCNTSs to reach their full
potential.

6.8.1 The Challenges of Molecular Identity, Standardization,
and Biocompatibility

Although promising due to their optical properties and recent advancements, the
application of carbon nanotubes in biology and medicine still faces significant
challenges. The relatively broad class of materials that are referred to as nanotubes
but differ significantly in their material specifications (from synthesis to processing
to functionalization) coupled with the dependence of both optical properties and
biological interactions on these material specifications are challenging to synthesize
into a cohesive framework for understanding SWCNTSs. In particular, the bio-
compatibility of SWCNTs has been hard to define, with the complex interactions
between the various engineered nanomaterials and biological test systems resulting
in diverging findings from toxicity studies.

The starting material for producing single-walled carbon nanotubes, especially
for bioimaging applications, is generally a carbon nanotube powder (Fig. 6.11a),
obtained via a number of different production methods [131-133]. These mate-
rials differ in their starting SWCNT content, carbonaceous content, and metallic
impurities, and therefore need to be processed differently in order to obtain a
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Fig. 6.11 Stages in the application of SWCNTSs for biomedicine. (a) The starting nanomaterial
is a dry soot. (b) Functionalization methods produce an aqueous SWCNT solution (image kindly
provided by Daniel Tylawsky). (c) Isolated individual SWCNT chiralities in solution. (d) Tech-
niques and procedures to enable nanotube interactions with live cells to be observed, quantified,
and reported. (e) Preclinical research in small animals following the standards developed for
translational biomedical research. (f) For carbon nanotubes to deliver on their potential for
biomedicine, each of the preceding steps must be successfully executed with the clear goal of
generating a robust and reliable development path leading to the first-in-human application of
carbon nanotube spectral imaging

comparable end product. For biological applications, the end product is generally
a water-soluble engineered nanomaterial with functionalization optimized for the
particular application (Fig. 6.11b). Although new methods to synthesize nanotubes
of a specific chirality are under development, separation techniques are currently
the primary source of single-chirality nanotube preparations. A number of scalable
techniques have emerged for isolating single-nanotube species (Fig. 6.11c), with
some methods favoring yield and scalability while others optimize for sample purity.
The resulting materials from these techniques have non-covalent functionalizations
which can be easily exchanged to facilitate downstream applications. The specific
processing path applied to each nanomaterial construct must be carefully defined
and characterized, before exploring nanotube interactions with biological systems.
The interface of nanotechnology and biology is complex, and requires a new
framework for experimental characterization and reporting [51]. Using a set of best
practices, proposed for example, in the MIRIBEL (Minimum Information Reporting
in the Bio-Nano Experimental Literature) framework, the experimental tools specifi-
cally developed for nanotube research would improve our understanding of nano-bio
interactions. In live cells (Fig. 6.11d), labeling SWCNTs with visible fluorophores
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will allow a large set of fluorescence imaging techniques (for example, localization
in 3D, quantitative colocalization, or optically detecting dim or metallic nanotubes)
routinely used in cell biology to supplement nanotube-specific analytical methods.
In small animals (Fig. 6.11e), as the number of analytical techniques capable of in
vivo and ex vivo characterization of SWCNTs is limited, the NIR-emission from
photoluminescent nanotubes must be leveraged for understanding their adsorption,
distribution, metabolism, and excretion (ADME). The initial findings from optical
imaging can help guide subsequent studies using pharmacokinetic techniques. The
in vivo compatible instruments introduced in Sects. 6.4 and 6.5 will be vital for this
objective.

One consequence of the broad nanomaterial identity and lack of standardized
analysis techniques is the unclear status of SWCNT biocompatibility. Results from
experiments using multi-walled or single-walled carbon nanotubes, with different
sizes and functionalizations, are often conflated. Similarly, the specific method of
measuring SWCNT concentration can provide significantly different conclusions
on the nanotube safety profile. A naive question of the form, “are nanotubes safe,”
cannot be answered. Instead, each version of the engineered nanomaterial needs
to be carefully characterized and results reported in a standardized method that
facilitates direct quantitative comparison with previous findings. Our suggestions
above are guided by the overarching goal of employing carbon nanotube optical
reporters for a broad range of basic research and biomedical applications in humans.
Necessarily, the level of rigor required for the latter is significantly higher than
expected for laboratory research.

6.8.2 Crossroad for Nanotubes: Tool for Basic Research
and Translational Biomedicine

To maximize their utility as optical sensing agents, we propose the need of a library
of well-characterized carbon nanotube complexes, with defined opto-physical prop-
erties and modular options for subsequent chemical functionalizations. For a
researcher, designing a carbon nanotube optical reporter for a specific application
would require answering the following questions: how can the analyte recognition
element be conjugated to the nanotube, how can the nanotube be targeted to the
organ, cell, or organelle of interest, and which nanotube (chirality, processing,
functionalization) will maximize selectivity and sensitivity in the relevant chemical
environment? Whether to report on fundamental biological processes, to accelerate
drug-discovery efforts, as tools for non-invasive optical imaging of small animals
in preclinical research, or potentially in humans, there are multiple unmet needs in
the biomedicine pathway that could successfully be addressed using single-walled
carbon nanotubes.
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Chapter 7 ®
Near Infrared-Emitting Carbon Qe
Nanomaterials for Biomedical

Applications

Tayline V. de Medeiros and Rafik Naccache

7.1 Near Infrared-Emitting Carbon Nanomaterials

Carbon is one of the most abundant and versatile elements on earth, being found as
diverse allotropes in nature. In each of its allotropic forms, carbon presents different
types of chemical bonds, hybridization, and structural conformation. Therefore,
unique physical and chemical properties such as mechanical strength, biocompati-
bility, electrical and thermal conductivity are observed. Carbon nanomaterials (CNs)
combine the inherent properties of carbonaceous materials with the exceptional
optical phenomena observed only in nanoscale, giving rise to a singular class of
materials [1, 2].

The optical properties of the CNs are directly related to its size, shape, and
structure. Electronic transitions can be observed from UV-Vis to near infrared
region (NIR), due to the predominant sp? hybridization of carbon and the presence
of n-bonds in these materials. The variation in size and the introduction of defects
on the structure, such as sp>-hybridized regions, create new electronic states that
leads to photoluminescence (PL) phenomena. Some CNs emit in the blue or green
region, others in the red-NIR region. NIR-emitting materials are especially suitable
for biomedical applications due to their deep tissue penetration, reduced light
scattering, and minimal autofluorescence typically associated with fluorescence
from the background or the surrounding environment [3-5].

Among the wide variety of known NIR-emitting CNs, carbon nanotubes (CNTs),
graphene dots (GDs), and carbon dots (CDs) have gained particular attention in the
past decade (Fig. 7.1).
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(a) Carbon Nanotubes  (b) Graphene Dots (c) Carbon Dots

Fig. 7.1 CNs schematic representation, showing the structure of carbon nanotubes (a), graphene
dots (b), and carbon dots (¢) [6]. Image adapted from reference [6]. Copyright (2017) Royal Society
of Chemistry reproduced with permission

Fig. 7.2 Carbon nanotubes (a)
schematic representation,
SWNTs (a) and MWNTs (b)
[8]. Adapted from reference
[8]. Copyright (2013) RSC
publishing reproduced with
permission

7.2 Carbon Nanomaterials

7.2.1 Carbon Nanotubes

Carbon nanotubes (CNTs) are essentially comprised of sp>-hybridized carbon atom
bonds, forming six membered rings in a cylindrical structure. According to the
number of layers on the structure, CNTs can be classified as single-wall nanotubes
(SWNTs) (Fig. 7.2a), when only one layer is present, or multiwall nanotubes
(MWNTs) (Fig. 7.2b), when more than one layer is observed. Despite presenting
a similar composition, the change in the number of layers on the nanotube structure
is strictly related to the synthetic procedures and the properties of the material
obtained [7].

Unlike the MWNTs, the synthesis of SWNTs requires a metallic catalyst, which
typically leads to a poor purity and requires extensive purification processes.
MWNTs present emission between the visible and the near infrared region (NIR),
while SWNTs present a characteristic broad emission band in the NIR and show
resistance to photobleaching [9]. Moreover, the characterization of SWNTs is
usually more facile in comparison to its MWCNT counterpart. Lastly, SWNTs
are considered to be more suitable for biological applications due to their reduced
accumulation in biological systems when compared to MWNTs [7, 10].
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The presence of the strong sp? bonds between the carbon atoms on the CNTs
structure gives rise to an impressive tensile strength and elasticity for these
materials. The aromatic structure and the electronic delocalization on CNTs also
confer to their metallic or semiconducting properties, varying accordingly to the
rolling up direction and diameter [11, 12]. Furthermore, CNTs present large
surface area, electron delocalization, and excellent chemical stability enabling drug
conjugation. However, biomedical applications require a complete purification,
which is necessary to remove all metals and other carbon particles [13].

Optically, unlike the solid state, aqueous CNTs exhibit intense fluorescence,
which is directly related to the nanotube diameter, chirality, and dielectric constant.
In general, SWNTs with semiconductor characteristics exhibit fluorescence, while
the metallic ones do not; metallic structure-induced quenching, just as in MWNTs,
leads to low or no fluorescence from these materials [14]. The presence of
NIR photoluminescence in semiconducting SWNTSs is especially interesting for
biomedical applications. Therefore, these materials can be used as imaging and
sensing agents [6, 14].

7.2.2 Carbon Dots

Carbon dots (CDs) are quasi-spherical amorphous nanomaterials, with sizes below
10 nm in diameter, formed basically by sp>-hybridized carbon with the coexistence
of some sp>-hybridized regions (Fig. 7.3). CDs are composed of carbon, hydrogen,
nitrogen, and oxygen, and can be obtained from different precursors including
organic molecules [15], such as citric acid [16, 17], to natural products and wastes
[18], namely coffee grounds [19] and paper ashes [20]. This composition is directly
related to precursors and synthetic route used. Functional groups such as carboxylic
and amine moieties are normally present on the surface of these materials, imparting
excellent water dispersibility. Studies reported to date have shown that CDs present

Fig. 7.3 Carbon dots
schematic structure [26].
Adapted from reference [26].
Copyright (2017) Elsevier
reproduced with permission MaIN
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low chemical toxicity and good biocompatibility rendering them attractive for
biological applications [21-25].

Regarding their optical properties, CDs present excitation-dependent photolumi-
nescence. Therefore, with the increase of the wavelength, the emission will red-shift,
being tunable from the UV range to the NIR [27, 28]. The fluorescence mechanisms
remain unclear and still demand further investigation to elucidate the origins of their
optical properties; however, the main processes apparently involved are related to
quantum confinement effects, the presence of defects, as well as functional groups
on the surface of the dot. For molecules smaller than the Bohr radius such as CDs,
the bandgap energy can sometimes decrease with an increase of the particle size,
thereby leading to a red-shift in their fluorescence (Fig. 7.4) [29-32].

The presence of both sp?- and sp3-hybridized carbon and other defects, as the
oxygenated functional groups present on the surface of the CDs contribute to its
multicolor excitation. These defects, created mostly by the oxidation of the surface,
act as traps for the excitons, introducing surface states that give rise to surface-state-
related fluorescence. The increase of the oxidation level of the surface increases the
number of surface states, leading to a red-shift in the fluorescence (PL) spectra (Fig.
7.4b). The same effect is observed when different functional groups are present on
the CDs’ surface [29, 33-35].

In order to have a wavelength-independent emission and increase the quantum
yield, it is possible to passivate the CDs’ surface. The passivating agents, typically
amino groups [36] and polymers [37], create a cap on the surface reducing the
number of defects and the level of oxidation of the surface. Thereby, non-radiative
multiple fluorescence pathways become unfavored, and the fluorescence becomes
wavelength-independent [38, 39].

(a) 195 nm (b) Increasing degree of surface oxidation
LUMO === = =
I-J\M-h\ AAs=hy hv  ~ JAAA=hy
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Fig. 7.4 Wavelength-dependent mechanisms of luminescence for CDs. Tunable luminescence
according to the size (a) and surface oxidation level (b) [30, 33]. Adapted from references [30]
and [33]. Copyright (2017) Wiley Online Library and (2016) ACS publications reproduced with
permission
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7.2.3 Graphene Dots

Graphene dots (GDs) are essentially composed of sp?-hybridized carbon atoms,
forming graphene nanostructures with a lateral dimension smaller than 100 nm and
a thickness less than 10 layers [40-42]. Unlike CDs, GDs are crystalline, due to their
regularly repeating structure containing minimal defects. The presence of functional
groups on the surface, as the oxygenated group moieties on the edges of the layers,
imparts excellent water solubility. Furthermore, the presence of these oxygenated
functional groups gives rise to edge effects that play an important role in the optical
properties of GDs [43, 44].

GDs present absorption in the UV region and emission ranging from the blue
to NIR regions of the spectrum. Like CDs, the emission mechanisms for GDs
remain unclear. However, as the edge effects and the quantum confinement are
the most accepted, the photoluminescence mechanisms for the GDs are described
as size/edge-dependent [45-47]. The graphene core, with the presence of the
conjugated mm bonds, is responsible for the intrinsic PL emission. Due to the small
size of GDs, quantum confinement effects are observed and the emission is size-
dependent (Fig. 7.5a) [48, 49].

The presence of oxygenated functional groups on GDs creates the surface states
(as observed for CDs) that tune the emission accordingly to the level of the oxidation
and the localization of the functional groups (Fig. 7.5b). Mahasin et al. showed that
the presence of -COOH and —OH groups causes a red-shift in their PL emission.
However, this effect is more drastic when the oxygenated groups are on the basal
plane, instead of the edges of the GDs, because of the disruption of the conjugation
of the 1 bonds [44, 49].

The quantum yield and the PL intensity of GDs can be improved by modification
of the edges by non-trapping sites, as well as introduction of electron-rich groups
on the surface to improve the m conjugation and passivation of the surface to avoid
non-radiative pathways [50].
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Fig. 7.5 Effects of quantum size confinement (a) and presence of edge-oxygenated groups (b) on
the PL mechanisms of GQDs [49]. Adapted from reference [49]. Copyright (2014) Royal Society
of Chemistry reproduced with permission
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7.3 Synthesis of Carbon Nanomaterials

Several methods have already been reported for the synthesis of CNs. According
to the synthesis strategy, they can be classified as top-down or bottom-up. In top-
down methods, the CNs are formed by breaking down carbonaceous materials to
achieve a desired nanomaterial. Such methods include arc-discharge, laser ablation,
and chemical-assisted cleavage. This approach proves useful in maintaining similar
physico-chemical properties to the parent structure, but usually leads to a wide
particle size distribution and can be of high cost. In contrast, in bottom-up method-
ologies, CNs are formed by assembling precursors through synthesis approaches
such as chemical vapor deposition (CVD) [51], pyrolysis [52], microwave [53-55],
and solvothermal [56] assisted reactions. These methods provide greater control
over the CN’s properties; however, it often leads to competing side products and
impurities due to the complexity of the reaction mechanism(s). Moreover, in some
instances, the use of metallic catalysts requires additional purification steps [57, 58].

7.3.1 Top-Down Synthesis of Nanomaterials

7.3.1.1 Using Arc-Discharge and Laser Ablation for the Synthesis
of Carbon Nanomaterials

The electric-arc-discharge is the oldest method for the synthesis of CNs [59]. The
process occurs inside a chamber supplied with inert gas (Fig. 7.6). Electric current
is produced upon application of a voltage between two electrodes. This electric

Gas Inlet Glass window Gas Outlet

— s~ "
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Fig. 7.6 Arc-discharge setup for CNs production [62]. From reference [62]. Copyright (2014)
Elsevier reproduced with permission



7 Near Infrared-Emitting Carbon Nanomaterials for Biomedical Applications 139

current leads to resistive heating and the achievement of high temperatures (2000—
3000 °C) allowing the conversion of the gases inside the chamber into plasma. These
temperatures are also responsible for the vaporization of carbon sources that convert
into ions due to the thermal flux of the plasma and aggregates to form viscous carbon
clusters [60, 61].

In contact with the cathode (that possesses lower temperatures than the anode),
the carbon clusters suffer a phase change, turning into liquid carbon. This tem-
perature gradient and the quenching effects of the atmosphere solidifiers promote
crystallization of the liquid carbon, forming structures that grow on the cathode [62,
63]. Like the arc-discharge, laser ablation uses heat (in this case, from the pulsed
laser) to vaporize the carbon source. The carbon nanomaterials grow on the cooler
part of the reactor (Fig. 7.7).

Synthesis of Carbon Nanotubes by Arc-Discharge, Laser Ablation, and Optical
Properties

CNTs were initially synthesized via top-down methods using high temperatures, as
laser ablation [65] and arc-discharge [62]. As mentioned above, only the SWNTs
present emission in the NIR region of the electromagnetic spectrum. Therefore, the
synthetic routes presented here will focus on the obtention of SWNTs.

Regardless of the synthetic procedure, CNTs are always formed with impurities
including amorphous carbon, fullerenes, metals (from the metallic catalysts), among
others. The types and quantities of impurities present are directly related to the
synthesis [7, 64, 66, 67]. Table 7.1 summarizes the general properties of the arc-
discharge and laser ablation synthetic routes for obtention of CNTs and their
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Fig. 7.7 Laser ablation setup for CNs production [64]. Adapted from reference [64]. Copyright
(1995) Elsevier reproduced with permission
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Table 7.1 Comparison between CNTs top-down synthetic routes: arc-discharge and laser ablation

[68]
Arc-discharge Laser ablation

Description Evaporation of carbon source due to | Evaporation of carbon source due to
the arc-discharge; deposition of the pulsed laser; deposition of CNTs
CNTs on electrode on receiver

Temperature > 3000 °C > 3000 °C

Pressure 50-7600 Torr, generally under 200-750 Torr, generally under
vacuum vacuum

Advantages Good quality nanotubes SWNTs with good quality

Disadvantages | High temperatures required, High temperatures required,
production of high quantities of expensive apparatus

impurities, poor size control

Adapted from reference [67]

Table 7.2 Effect of different growth parameters on CNT synthesis using arc-discharge and laser
ablation [62, 75]
Parameter Effect on size of nanotube

Temperature | Increase in temperature leads to more crystalline structures and smaller
diameters. The temperature required to form SWNTs is higher than to MWNTSs

Atmosphere | Diameters of SWNTSs change as the inert gas is varied; the use of hydrogen
combined with noble gas leads to a greater purity and higher control of
diameter size

Pressure SWNT diameter is independent of pressure in pure He environment

Catalyst Smaller diameters and higher purity are achieved when Ni and Co (for laser
ablation) and Ni and Fe-based (for arc-discharge) catalysts are used

respective outcomes [68]. Generally, the laser ablation approach forms SWNTs
with narrow size distribution, higher yields and purity when compared to the arc-
discharge method [69].

Despite the many attempts to propose the mechanism of CNT formation by arc-
discharge and laser ablation, the exact growth mechanism still remains unclear [66—
70]. However, growth conditions as temperature, pressure, and catalyst are strictly
related to the structure of the formed CNTs. Table 7.2 summarizes how the variation
of the growth parameters affects the CNT size.

Arc-discharge and laser ablation methodologies produce CNTs with higher
quality and yield than other known synthetic routes. However, both present dis-
advantages due to the presence of high amount of side products and impurities, the
need for expensive equipment, and high temperatures required for synthesis [7, 64].

SWNTs possess strong absorbances in the NIR region. The semiconductor
SWNTs have direct electronic transitions, with bandgap of the order of 1 eV, pre-
senting PL in the NIR region (800-2000 nm) [76]. The absorption and fluorescence
energies of SWNTs are associated with the nanotube diameter and chirality, due
to the strong effect of Coulomb interactions [77]. The PL mechanism is related
to generation and recombination of excitons where the SWCNT is photoexcited,
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Table 7.3 Comparison between CDs top-down synthetic routes: arc-discharge and laser ablation
[21, 34, 88, 89]

Arc-discharge Laser ablation
Description Phase change of carbon material Phase change of carbon material
assisted by arc-discharge assisted by laser source
Size control Poor High
Size distribution Small Small
Advantages Small particles size Control of morphology and size
Disadvantages Requires purification, low yield Low quantum yield, high costs

creating the electron—hole pairs in the form of excitons that are annihilated when the
photons’ emissions occur [78]. The presence of defects on the surface of the tube
generates non-radiative relaxation pathways, leading to quenching [79]. However,
chemical modifications of the nanotube surface can modulate the optical properties
by creating surface states. The controlled insertion of defects including covalent
doping [80], introduction of functional groups [79], as well as sp>-hybridized carbon
in the sp2 lattice [81] can lead to a red-shift of the emission.

The arc-discharge method generates CNTs with good quality, but a mixture of
MWCNT and SWCNT is formed with higher contents of impurities. In contrast,
the laser ablation method produces SWNTs with good quality and narrow size
distribution. Thereby, the PL properties of the CNTs produced by laser ablation
are typically more substantial.

Synthesis of Carbon Dots by Arc-Discharge, Laser Ablation, and Optical
Properties

Xu et al. reported the accidental discovery of the CD structures during the purifi-
cation of SWNTs obtained from arc-discharge [82]. Since then, many approaches
have been developed to synthesize CDs including laser ablation [37, 83], oxidation
[84, 85], ultrasonic treatment [86], thermal decomposition [87], solvothermal [28],
and microwave [53] assisted reactions. Table 7.3 summarizes the general properties
of the arc-discharge and laser ablation synthetic routes for obtention of CDs and
their respective outcomes.

The main challenge associated with CD production is the aggregation of the
particles during the carbonization process, as well as achieving good uniformity and
control of the size and surface properties. CDs can be synthesized by arc-discharge
using the same procedure to obtain SWNTs [82]. However, as a side product, the
yield obtained during arc-discharge synthesis of CDs is low, requiring extensive
purification [90]. For this reason, arc-discharge was not established as a major top-
down methodology to synthesize CDs.

Laser ablation has been widely used as synthetic route to produce CDs, mostly
due to its high control of morphology and size. In this method, the CDs are formed
by the laser ablation of solid carbon targets, such as graphite, or dispersions of the
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Fig. 7.8 Laser ablation setup for CDs production using liquid targets [94]. Adapted from reference
[94]. Copyright (2018) Elsevier reproduced with permission

carbon source(s). The use of liquid targets (Fig. 7.8) allows the application of laser
ablation for the suspension of microparticles or powders that would otherwise be
inefficient using conventional procedures [91-93].

The heat generated by the laser source promotes the formation of bubbles inside
the liquid that due to the space confinement expands to a maximum radius. When
the laser pulse is switched off, the bubbles start to shrink due to the external pressure
of the surrounding liquid, creating a region with a lower temperature in which the
nucleation phenomenon occurs. Due to the formation of bubbles with different sizes,
the CDs are formed with large size distribution [89, 93]. The choice of the dispersion
media is extremely important as the solvent must be capable of stabilizing the CDs
and also be physico-chemically stable during the synthesis. The laser intensity is
also an important parameter. Reyes et al. reported that the use of a short-wavelength
UV laser leads to a formation of CD structures, while a longer wavelength laser
results in the formation of agglomerates. Therefore, it is possible to modulate the
size of the obtained CDs according to the laser wavelength used [92, 96].

In general, CDs synthesized by arc-discharge methods present reduced size
and considerable amount of oxygen resulting in a multicolor PL emission with
extremely low quantum yield [97] in contrast to CDs obtained by laser ablation
of graphite targets in inert atmosphere, which are non-fluorescent. However, with
surface passivation or functionalization a bright blue-to-red emission may be
observed and quantum yields in the range of 20% have already been reported [36,
90, 92]. Passivation and surface functionalization can be used to control the size
aiming to produce bigger molecules as well as tune the PL emission up to the NIR
region [99, 100].
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Synthesis of Graphene Dots by Laser Ablation and Optical Properties

Top-down approaches to synthesize GDs are based on the defected-mediated
cleavage of bulk graphene structures as graphene sheets, graphene oxide (GO),
carbon nanotubes, among others [101]. In these methods, the oxygen moieties act
as reactive sites, allowing the fragmentation of the bulk structures into smaller
structures. Russo et al. reported the obtention of GDs using the laser ablation of
GO. The density of defects on the structure appears to be directly related to the
ablation time [102]. The mechanisms of formation of GDs remain unclear; however,
some studies have been carried out in this field to address this topic. Lin et al.
proposed that the reaction starts with the photochemical desorption of the oxygen
groups, followed by reduction of these groups by the hydrogen formed during water
dissociation. With continuous laser irradiation, high local pressure and temperatures
are generated, leading to straining in the bonds that fragment to form the GDs [103].

Laser ablation is an environmentally sustainable approach, with high repro-
ducibility. However, the synthesized nanomaterials present a low quantum yield.
For this reason, top-down approaches as chemical ablation and electrochemical
exfoliation have attracted some focus [104]. The chemical oxidation approach
consists in treating the bulk graphene structures with an oxidative reagent, as strong
acids [105] or oxidants [106]. This method produces GDs with higher levels of
oxidation, imparting them with interesting PL properties, including NIR emission.
However, the synthesized molecules can present different levels of oxidation, and
the removal of the oxidant agent requires extensive purification process [104].

7.3.2 Bottom-Up Synthesis of Carbon Nanomaterials
7.3.2.1 Carbon Vapor Deposition Reactions

Bottom-up methodologies recently gained attention as it requires lower tempera-
tures and provides stricter control over the CNTs shape, size, density, orientation,
and purity.

Chemical vapor deposition is the reaction on vapor phase that leads to a
deposition of a solid in a heated surface. In the case of CNs, the CVD process
occurs with the decomposition of hydrocarbon precursors into carbon and hydrogen
catalyzed by transition metals, namely nickel, cobalt, and iron. The volatile product
is then deposited on a substrate [51, 107]. CVD reactions occur inside a quartz
reactor placed in a tubular furnace (Fig. 7.9). The catalyst is placed at the beginning
of the tube called preheating zone, where the decomposition will occur and CNs
will be formed in the reaction zone. An inert atmosphere (e.g., argon) must be used
before the start of the reaction to ensure that the system is free of oxygen. A carrier
gas, such as Hp_is also required to carry the vapors through the tube [64, 108].
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Synthesis of Carbon Nanotubes by Chemical Vapor Deposition (CVD)

The synthesis and several modifications of this system have been reported in the
literature including the use of fixed [109, 110] or fluidized beds [111, 112], floating
catalysts [113], or combination of these methods [114, 115]. It is possible to modify
the reactor design to tailor the properties of the desired product. Some studies
regarding the synthesis of carbon dots [116] and graphene dots [117, 118] by CVD
methods were already reported. However, due to the complexity of parameters
present in these procedures and the difficulty to control the size, physical and optical
properties of the synthesized materials, the CVD methodology is not among the
most widely used methods for obtaining these materials. For this reason, these
methods will not be shown here.

Nonetheless, for CNTs the CVD method presents many advantages and is among
the most used. CNTs, through CVD, can be carried out using different carbon
sources as methane, carbon monoxide, benzene, and ethanol, among others. In
general, the formation of SWNTs or MWNTs is governed by the size of the catalyst
and the temperature of the reaction. Small metallic catalyst particles (5-25 nm)
and lower temperatures (300-600 °C) produce SWNTs, while large particles (25—
100 nm) and high temperatures (600—1000 °C) produce MWNTs [110, 119].

While high yields and good chirality control can be obtained for CNTs produced
by CVD, the particles present more defects than the ones synthesized by arc-
discharge and laser ablation. As discussed before, the PL properties of CNTs are
directly related to the chirality, diameter, and the presence of defects. Therefore,
the PL emission in the NIR region of the nanomaterials synthesized by CVD
can be tuned accordingly to the synthetic parameters. Besides that, the smaller
graphitization level present on these materials due to the defects creates the defect-
induced emission states [79].

7.3.2.2 Solvothermal and Microwave Assisted Reactions

Microwave assisted reactions occur through the interaction of the materials with
electromagnetic radiation. This interaction is determined by the material properties
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as the kinetic energy from the rotation of molecules is converted into heat. The
major advantage in using microwave methods is related to the fast heating rates
that decrease the reaction times [120, 121], while the main disadvantage is related
to limitation of solvents that can be used, due to their ability to effectively absorb
microwave radiation, as well as pressure buildup inside the vessel usually limited
to 300 psi. Solvothermal methods consist of using a reactor that can achieve
moderately high temperatures (~ 250 °C) and elevated pressures (200-3000 psi) to
obtain the desired products. In this case, solvents with low boiling points can be used
without major limitations and large-scale reactions can be performed. However, a
uniform heating must occur to obtain good results and to avoid large particle size
distributions.

Both approaches can be used as top-down and bottom-up methods. Bulk
structures can be converted to NPs, as in the synthesis of GDs; carbon precursors
can also be used to produce nanomaterials, as in the case of CNTs and CDs. Many
studies were already reported regarding the synthesis of these NPs using microwave
and solvothermal assisted reactions. However, for CNTs this approach does not
present advantages when compared to well-established ones, as CVD.

Synthesis of Carbon Dots by Microwave and Solvothermal Assisted Reactions

Microwave irradiation of carbon precursors has been recently investigated as a
synthetic route to obtain CDs. This method presents several advantages, namely
low cost, short time reactions, and small size distributions. However, due to the
pressure limitations, only small volumes and certain solvents can be used. The
photoluminescence properties of the CDs synthesized by microwave reactions are
directly related to the precursor used, as well as the solvent. The presence of
heteroatoms (e.g., N and S) and the physico-chemical characteristics of the surface,
as mentioned above, play a major role in dictating the optical properties and the
fluorescence mechanisms [15, 122, 123]. Solvothermal assisted reactions to produce
CDs consist of a single-step that uses high temperatures and pressures leading to
decomposition of the carbon source and consequent formation of the dot’s structure.
This method requires a simple apparatus and as the pressure is not a limiting factor,
high conversion efficiency is typically observed. However, the inhomogeneous
heating can lead to a large size distribution. When compared to microwave assisted
reactions, the solvothermal synthesis presents longer reaction times usually on the
order of 4-24 h [28, 34]. Table 7.4 presents a comparison between the microwave
and solvothermal assisted reactions and its outcomes.

The CDs synthesized by both methods can present NIR emission, in the 650—
800 nm range (according to the precursors used, and as a consequence, the surface
functionalization or passivation). Pan et al. reported NIR emissive CDs produced
by thermal decomposition of glutathione in formamide assisted by microwave. The
presence of functional groups (C=0, C=N, and C=S) on the surface of the CDs
generated surface molecular states, tuning the emission to the NIR range (650—
780 nm) [124].
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Table 7.4 Comparison between CDs bottom-up synthetic routes: solvothermal and microwave
assisted reactions [21, 34, 88]

Microwave assisted reaction Solvothermal assisted reaction

Description Microwave assisted decomposition of a Decomposition of carbon
carbon precursor dispersed in a solvent precursor under high pressure

and temperature

Size control Poor Poor

Size Small Small

distribution

Advantages Short reaction times, uniform heating High quantum efficiency, low
distribution cost

Disadvantages | Pressure limitations reduce the possibilities | Inhomogeneous heating, long
of solvents and volumes used reaction times

Lan et al. obtained NIR CDs by solvothermal treatment of polythiophene and
diphenyl diselenide. These CDs presented many nitrogen-containing groups, with
emission centered at 710 nm related to surface states [99]. Li et al. investigated how
the presence of functional groups on the surface of CDs could tune the emission
to NIR. The CDs synthesized in this work were functionalized by polymers and
molecules rich in sulfoxide and carbonyl moieties, leading to discrete energy levels
that were responsible for the NIR emission [125].

Synthesis of Graphene Dots by Microwave and Solvothermal Assisted
Reactions

Microwave assisted reactions have proved to be fast and efficient to synthesize
GDs. The thermal cutting of bulk carbonaceous structures as graphene, GO, and
SWNTs into GDs can be performed using different reaction media. The resultant
product presents higher yields and smaller size distribution when compared to
other methodologies. Another advantage related to this method is the simultaneous
cleavage and reduction of the bulk structures without the need of using reductant
agents [126, 127].

Solvothermal GDs synthesis have been vastly studied. As on the microwave
procedure, different reaction media can be used, namely water, oxidizing acidic and
basic solutions. The increase in the temperature leads to smaller size nanomaterials.
Tetsuka et al. reported the synthesis of amino-functionalized GDs, with specific
edges and tunable PL showing that it is possible to control the surface and func-
tionalization accordingly to the reaction conditions and precursors. The presence of
the -NH> on the edges of the aromatic layers changes the delocalization of electrons
on the structure; the interaction of the delocalized 1 orbitals and the molecular
orbital on the -NH; group leads to a decrease on the bandgap. The more amino
groups present, the more the PL emission is tuned [128].
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As previously discussed, the PL is directly related to the size, edges, and level
of functionalization of the surface. Most of GDs synthesized by microwave and
solvothermal assisted reactions present blue to green emission, and a QY in the
range of 15-30% [126]. However, surface modification and passivation can tune the
emission of the previously synthesized GDs to the NIR, up to 900 nm, as already
demonstrated in previous reports [129, 130].

7.4 Biomedical Applications

Many particles have been studied for biomedical applications, from metal clusters to
proteins, these materials present fluorescent emission imparting them with suitable
properties as biomedical probes. Figure 7.10 presents the emission range for the
most common molecules applied on biomedical applications [3].

Organic dyes and fluorescent proteins figure as the most studied bioprobes,
mostly due to their lower cost and vast availability. Metal clusters and CNs also
present emission in the NIR range, being promising as bioimaging and biosensors
probes.

Due to the NIR optical properties of the CNs, these materials are especially
suitable for in vivo applications where the use of NIR presents many advantages.
Many reports have been published regarding the use of CNs for bioimaging,
as drug carriers, biosensors, among others [6, 131, 132]. However, aspects as
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Organic dye:
Nanodiamonds
Dendrimer:
Fluorescent proteins
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Carbon dof
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Fig. 7.10 Fluorescence emission range for selected materials studied on biomedical applications
[3]. Adapted from reference [3]. Copyright (2017) Wiley Online Library, reproduced with
permission
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Table 7.5 Comparison between optical and toxicity properties presented on biomedical probes

Quantum | Molar absorption Toxicity and

Material yield coefficient Photostability | biocompatibility

Metal clusters 2-65% 10*-10° Medium Presents in general low

[133] toxicity and good
biocompatibility

Organic dyes 5-25% 10*-10° Low Very low to high

[134] according to the dye

Nanodiamonds 80-99% 100 Very high Presents in general low

[135] toxicity and good
biocompatibility

Dendrimers [136] | 55-80% 104 Low Poor biocompatibility

Fluorescent 22-90% | 10* Medium Presents in general low

proteins [137] toxicity and good
biocompatibility

Graphene dots 0.5-30% | 10° High Available studies

[105] suggest low toxicity and
good biocompatibility

Carbon dots [3] 2-80% 10*-10° High Available studies

suggest low toxicity and
good biocompatibility

Carbon nanotubes | 1-7% 107 High Moderated toxicity

[76] related to the precursors
and metals used in
synthesis

toxicity, photostability, and biocompatibility must be considered. Table 7.5 presents
a comparison between these properties of several molecules and CNs.

The quantum yield is an important aspect when studying photoluminescent
materials, as is related to the photon emission efficiency. It is possible to observe
that some particles, such as fluorescent proteins, present high quantum yield unlike
others, namely CNTs. Nevertheless, their applicability as probes is related to the
fluorescent brightness that is essential to produce a good contrast on the microscopy
image. This brightness is dictated by not only the quantum yield but also the molar
absorption coefficient.

Some properties such as biocompatibility and toxicity must also be taken into
consideration when materials are applied as bioprobes. According to the available
reports, CNs present good biocompatibility and low toxicity, unlike some organic
dyes.

Most of the molecules present some drawbacks such as the solvent-dependent PL
presented by organic dyes, due to the solvatochromism effect; low photostability
of the dendrimers; high costs of nanodiamonds. For these reasons, CNs have
gained much attention as nanoprobes. The sections below present some of the most
outstanding biomedical applications of NIR-emitting SWNTs, CDs, and GDs.
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7.4.1 NIR Bioimaging

Fluorescence bioimaging is an important resource in diagnostic medicine. This tool
uses NIR excitation wavelengths to glean information regarding the state of cells and
biological tissues with the main advantage being the use of non-hazardous radiation
for imaging. SWNTs, CDs, and GDs are promising candidates for NIR bioimaging
probes due to their fluorescent properties.

SWNTs present high chemical and photostability, low toxicity, absence of
photobleaching and quenching effects [6]. Weisman et al. were the first to report
cell imaging through fluorescence of SWNTs (Fig. 7.11); they prepared nanotubes
that were ingested by microphage cells, and subsequently imaged using NIR
fluorescence microscopy without presenting toxic effects [138]. This work was a
landmark on the interaction between nanomaterials and cells.

Subsequently, many studies regarding the use of SWNTs for bioimaging were
performed [77]. Liang et al. reported the use of SWCTs for imaging and photother-
mal treatment of primary tumors and cancer cells in a mice brain. This method
presented many advantages such as deep penetration depths (>2.0 mm) and high
resolution all the while not being as invasive as a craniotomy. The obtained images
also allowed the obtention of the dynamic cardiovascular activity of the mice, which
was especially promising to follow biological process for molecular in situ analysis
[139].

Walsher et al. performed an anatomical imaging of mice using SWNTs coated
with PEGylated phospholipid (DSPE-mPEG) with increased biocompatibility. The
sample containing the SWNTs was administered intravenously, and the pathway

Fig. 7.11 Fluorescence
image of a macrophage-like l

cell incubated with SWNTs 45,00 50.00 1350
[138]. Adapted from
reference [138]. Copyright

(2004) ACS publications
reproduced with permission
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Fig. 7.12 Video-rating imaging of SWNTs coated with DSPE-mPEG inside a live mouse. On
A and E frames (3.5 s after the injection) the lungs are dominant, showing the flow of oxygen-poor
blood rich in SWNTs to the lungs. B and F frames (after 5.2 s) show the flow of the SWNTs through
the highly vascularized kidney. C and G frames show that the liver becomes apparent after 17.3 s,
whereas D and H frames show that the spleen becomes apparent after 69 s [140]. Adapted from
reference [140]. Copyright (2011) Proceedings of the National Academy of Sciences reproduced
with permission

through the body was followed by video image monitoring of the NIR emission
(Fig. 7.12) [140].

After the injection (3.5 s), the poorly oxygenated blood containing the SWNTs
flows to the lungs to be oxygenated before being redistributed to the body (Fig.
7.12, frames A and E). The next organ reached by the SWNTSs are the kidneys (Fig.
7.12, frames B and F), followed by the liver (Fig. 7.12, frames C and G), and finally
the spleen (Fig. 7.12, frames D and H). Further studies showed no accumulation
or retention of the SWNTSs in organs and tissues, providing an efficient dynamic
contrast imaging method [140].

Kataura et al. reported the imaging of brown fat in mice through fluores-
cence of SWNTs. Structural modifications of the CNTs with a polymer (2-
methacryloyloxyethyl phosphorylcholine-co-n-butyl methacrylate; PMB) allowed
the targeting of endothelial cells, as the polymer has similar surface properties of
plasma membranes and serum lipoproteins. Imaging using SWNTs-PMB allowed
for the successful identification of the density of the tissues in which it accumulates,
and as a consequence, the heat production capacity of each tissue [141].

Many studies regarding the use of CDs and GDs for bioimaging have been
reported. These materials have been used for in vitro and in vivo analysis, presenting
low toxicity and good biocompatibility [142]. Tao et al. reported the in vivo
bioimaging of mice using CDs obtained from CNTs and graphene. Different images
were obtained by varying the excitation wavelength included in the NIR. The
biodistribution of the CDs was also studied over time, and no signs of toxicity
were observed [25]. Pan et al. performed a two-photon fluorescence imaging of
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Fig. 7.13 Two-photon fluorescence of human breast cancer cells using CDs obtained from
glutathione and formamide; (a—c) images obtained under excitation of 850 nm; (d—e) obtained
under excitation of 488 nm; (d) image obtained in the range of 550-750 nm; (e) image obtained
in the range of 493-540 nm; (f) overlay image of (d) and (e) [124]. Adapted from reference [124].
Copyright (2016) Royal Society of Chemistry reproduced with permission

human breast cancer cells, using CDs obtained by the thermal decomposition
of glutathione in formamide (Fig. 7.13). The material presented an excitation-
independent mechanism; however, the pH directly affected the PL of the CDs. The
presence of amino-functionalization on the surface of the CDs also imparted them
with the capability for conjugation with drugs, acting as drug carriers [124].

Nurunnabi et al. used GDs obtained from the exfoliation process of carbon fibers
to perform whole-body NIR bioimaging of organs and tissues of mice (Fig. 7.14).
The fluorescence signal appeared more intense in the liver and kidneys, indicating
a larger accumulation in these organs. However, the biotoxicity tests revealed no
significant toxicity from the GDs [143].

Zu et al. reported the use of GDs, synthesized by the solvothermal reduction
of GO, as probes for bioimaging of osteosarcoma cancer cells (MG-63 cells). The
nanoprobes showed a lower cytotoxicity and the addition of 400 ng of GDs to the
culture media (10* cells) did not significantly affect the cell activity (Fig. 7.15a).
Confocal fluorescence microscopy was performed in order to analyze the uptake of
the GDs by cells and for bioimaging. The observed green area in Fig. 7.15c¢ indicates
the translocation of the GDs inside the cell’s membrane under 405 nm excitation.
The excitation-dependent emission of the GDs can be observed in Fig. 7.15d, under
488 nm, the emission turns yellow [144].
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Fig. 7.14 NIR bioimaging of whole-body mice using GDs obtained from the exfoliation of carbon
fibers. (a) Side and (b) front-view images of the mice. It is possible to see a decrease of fluorescence
intensity over time of injection of the GDs. (¢) Biodistribution and accumulation of GDs in the
organs [143]. From reference [143]. Copyright (2013) Royal Society of Chemistry reproduced
with permission

7.4.2 Biosensors

SWNTs, CDs, and GDs have also been investigated as biosensors. The conjugation
with biomolecules (as DNA and proteins), cations, and metals results in the quench-
ing of the fluorescence of the system. Kim et al. reported the use of a conjugated
system containing SWNTs and luciferin enzymes that present a bioluminescent
selective response to ATP. When ATP reacts with the enzyme in the presence of
Mg2+, NIR fluorescence of the SWNT is quenched (Fig. 7.16) [145].

The complex formed by the nanoprobe and the ATP presented a very strong
fluorescence, distinct from the NIR SWNTs. The system was also very selective,
being inert to molecules such as ADP, AMP, CTP, and GTP.

Li et al. proposed GD nanoprobes for glucose sensing in aqueous media. The
synthesized GDs presented a cationic substituent on the surface boronic acid-
substituted bipyridinium salt (BBV) with the pristine units acting as a fluorescing



7 Near Infrared-Emitting Carbon Nanomaterials for Biomedical Applications 153

‘

Cell viability (%)

T

20 50 100 200 400
_-\mm.ml of GQDs added (pg)

d)
60 um 60 um

Fig. 7.15 Effect of the cell viability after injection of GDs on MG-63 cells (a). Washed cells on
bright field (b), and under excitation of 405 nm (c) and 488 nm (d) [144]. From reference [144].
Copyright (2011) Royal Society of Chemistry reproduced with permission

system, while the BBV acted as a quencher and a glucose receptor simultaneously.
The interaction of the GDs and the BBV forms a complex with quenched fluo-
rescence that is recovered when the glucose molecule was added to the system.
This was attributed to the formation of tetrahedral anionic glucoboronate esters
(Fig. 7.17) [146].

Many biosensors geared towards the detection of nucleic acids, proteins, and
cations were already successfully reported for these materials. It was observed that
the surface functionalization of the CNs has a major impact on the interaction with
the target molecule [6].

7.5 Challenges and Perspectives

Carbon nanomaterials have been extensively studied due to their inherent physical
and chemical attributes. They present many versatile properties including good
stability, biocompatibility, and mechanical strength. However, their unique fluo-
rescence properties have gained attention due to the possibility of integration in
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Fig. 7.16 Illustrative scheme of the biosensing application of SWNTs-luciferase nanoprobe for
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Fig. 7.17 GDs modified with BBV used as a nanoprobe for glucose sensing mechanism [146].
From reference [146]. Copyright (2013) Royal Society of Chemistry reproduced with permission
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biomedical applications. SWNTs, CDs, and GDs present NIR emission that is
especially suitable due to its deeper tissue penetration and reduced background
scattering.

Many studies have been reported regarding the synthesis and the applications of
these materials, and they showed to be extremely promising. They can be used in
bioimaging, providing a non-invasive means to characterize cells and tissues, and
to also investigate biological process in situ. The NIR-emitting materials can also
be applied as nanoprobes for sensing purposes. Indeed, many biomolecules, metals,
and cations can be identified and complexed by the CNs. Many other applications
including drug delivery and photo-thermometry have also been studied, presenting
promising results [147].

However, further studies regarding the toxicity and bioaccumulation are still
required. The mechanisms of interaction between cells, tissues, and CNs are not
clear yet. It is already known that some nanomaterials can cause toxic effects
such as inflammation, oxidative stress, and genotoxicity [148]. These processes
are extremely important and an intimate understanding will result in fundamental
knowledge that will further our understanding of the materials, their interactions,
and how materials design can reconcile them.

Perhaps on a more fundamental note, the mechanisms of fluorescence, the role
of the surface, and the interaction between the NPs and biomolecules remain a hotly
debated topic. It is already known that the presence of functional groups on the
surface of the nanomaterials can tune the emission. Nonetheless, it is crucial to
further our understanding of how it occurs and the mechanisms of tunability.

Carbon nanomaterials hold an immense potential and a bright future that we
believe will change the entire biomedical landscape and will result in the develop-
ment of novel diagnostic and imaging tools for the most challenging problems in
nanomedicine.
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Chapter 8 ®)
NIR-Persistent Luminescence Qe
Nanoparticles for Bioimaging, Principle

and Perspectives

Bruno Viana, Cyrille Richard, Victor Castaing, Estelle Glais,
Morgane Pellerin, Jianhua Liu, and Corinne Chanéac

8.1 Introduction

Since the discovery of SrAl,O4:Eu*t,Dy3* long-persistent luminescence (PersL)
by Matsuzawa et al. more than 20 years ago [1], many persistent phosphors have
been developed and studied. In the past decade, visible persistent phosphors based
on sulfides, aluminates, gallates, and silicates hosts doped with various active ions
have been developed [2, 3]. Several compounds with sufficiently strong and long-
lasting (>10 h) persistent luminescence properties in the green and blue ranges
have already been commercialized and widely used in various applications, such
as security and emergency route signs, dials, and displays. More recently, persistent
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phosphors in the deep red emission range at nanometric scale have been proposed
for in vivo bioimaging [4-9]. Optical imaging is highly complementary to other
imaging methods, such as X-rays or magnetic resonance imaging, in particular due
to its potential for data acquisition at high speeds. It allows the visualization of
dynamic biological processes, events related to physiology, and disease progression
[10]. For that purpose, luminescent probes enable the study of biological processes
in great details [11]. Among these probes, semiconductor quantum dots (QDs)
exhibiting fluorescence optical properties have emerged as a class of nanoparticles
for bioimaging and diagnostics. The possibility to detect and diagnose cancer or
other human diseases at earlier stages than with current imaging methods caused
a drastic increase of interest in nano-imaging technology. A non-invasive very
cheap imaging technique, which is comfortable, portable, highly sensitive, and that
allows real-time imaging is still to be developed. The field of biomedical optics has
matured rapidly during the last 10 years, and is expected to continue its maturation
in the next years. It provides a rapid, immediate (real-time dynamics), and cheap
method for diagnosis. However, in spite of these great advantages, biomedical
optics is limited because photons are scattered and absorbed by the tissues and
this limits the spatial resolution. The penetration depth of photons inside a tissue
depends strongly on the type of tissue [12], but most importantly, it depends on
the wavelength ()\) of the photons used. Scattering drastically decreases when A
increases in the so-called tissue transparency window [13] (see in Fig. 8.1 that
mainly the red and near infrared photons can go through living tissues). In vivo
imaging of exogenous fluorescent probes that target diseased tissues has also
shown promising results in clinical settings, such as the early detection of breast
cancer, the outlining of tumor margins during surgery and endoscopic diagnosis
of cancer micrometastasis. However, the method is limited by tissue attenuation
(scattering and absorption of the excitation or the emission light) and by tissue
autofluorescence [14]. To minimize tissue attenuation effects, researchers have been
concentrated on deep red and near infrared (NIR) fluorophores that are excited and
emit in the spectral window between wavelengths of 650-950 nm. However, tissue
autofluorescence still produces a substantial background signal in this spectral range
that severely limits the quality of images, especially when very low concentrations
of the fluorescent probe accumulate at the target site and there is recent works to
move toward NIR/SWIR ranges [15-18].

Persistent luminescence phosphors are materials able to store optical energy and
release it gradually by photon emission. This particular property is linked to the
presence of trapping levels located in the forbidden gap of the material (see Fig. 8.1)
[2, 19, 20]. Optical excitation of these materials leads to photoluminescence (PL) but
can also induce charge trapping [21]. The trapped charges (electrons, holes) can then
slowly be released following thermal stimulation, leading to their recombination at
emitting centers followed by light emission for a long time (typically from minutes
to hours [1, 22, 23]) after stopping the irradiation. For persistent luminescence,
the trap depth, that is the energetic difference between the trap and the conduction
band, should be smaller than 1 eV to enable charging and discharging at the body
temperature [2].
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persistent luminescence
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Fig. 8.1 Top: Schematic of the energy levels and traps involved in the persistent luminescence
mechanisms (Reprinted with permission from ref. [5]). Bottom: Partial transparency of living
tissues in deep red range (see light through the young girl’s left hand and Fig. 8.11c), extracted
from Saint Joseph charpentier, G. de La Tour, 1643, Musée du Louvre, Paris, France

It appeared that metal transition cations such as Mn>t or Cr3*, or rare-earth
elements are good dopants for in vivo optical bioimaging based on persistent
luminescence in the deep red/NIR range [4, 24], but other compounds listed below
have recently demonstrated a lot of interest. Please notice that 7ZnGay0,4:Cr3+
(ZGO) is one of the most interesting long-lasting phosphor in the gallate family.
It shows deep red emission centered at 696 nm originating from the °E to *A,
transition of Cr37 ions [25]. A focus on this compound and its main characteristics
are presented in the following parts of the chapter.



166 B. Viana et al.

Persistent luminescence phenomenon, whereby luminescent materials keep emit-
ting light after the excitation stopped, has intrigued people since several centuries.
As this property occurs in inorganic materials when the excitation has been stopped,
this is sometimes compared to the bioluminescence mechanism observed in some
animals (such as fireflies and jellyfishes). Other fluorescent probes in the NIR
range also reported in this book are the semiconductor quantum dots (QDs) or
upconversion nanoparticles (UCNPs).

8.2 Main Characteristics of the Persistent
Luminescence Materials

Long-persistent luminescence is controlled by the slow liberation of trapped charge
carriers at body temperature by a simple thermal de-excitation process. The lumi-
nescence can last for several minutes to hours after removal of the excitation source
(typically several minutes of ultraviolet light) [1, 69]. In persistent luminescence
materials, energy can be stored by traps/defects that are charged under irradiation.
Emergency signage that can be used in case of electricity failure is one of the main
applications of these persistent phosphors, but others applications were proposed
such as watch dials, when radioactive elements were fully forbidden more than 20
years ago, decorative objects and toys and more recently for bioimaging as described
in this chapter.

For the materials concerned with the persistent luminescence properties, there is
in the literature plenty of compounds tested with various successes. Rare-earth and
transition metal cations have been widely used as dopant for persistent luminescence
materials in last years. More than 200 combinations of host materials and activator
ions have been depicted. The reader could see reviews and book chapters on the
topic [2, 3]. For bioimaging and in vivo application, as seen in Table 8.1, the past
5 years have witnessed several major advances to establish deep red/near infrared-
emitting persistent luminescence nanomaterials as a novel approach for real time
used in vivo in small animal.

The main requirements that the materials must fulfill for this application are the
following: (1) compounds prepared as nanoparticles (PLNPs with size <100 nm)
and even ultrasmall nanoparticles (<10 nm), (2) intensive emission extending
in the deep red toward the near infrared range in the first or second windows
corresponding to the tissue transparency [16], (3) efficient functionalization, (4)
colloidal or chemical stability, and (5) persistent emission over hours. These points
are the reasons why applications using deep red emitting persistent phosphors for
bio-applications were barely investigated in the first step of the development of
the persistent phosphors and the investigation started in 2007 after our pioneer
paper [29]. Several materials were further developed for imaging applications (see
Table 8.1 and review papers such as [70]). Notice that at first all the researches
were focused in the BW1 range (high transmission range of the living tissue, see
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also Figs. 8.1 and 8.11) where the Si detector also reaches its maximal sensitivity.
More recently researchers extend the range to the second and third biological
windows (BW) even if the results are still very preliminary in that 1000-1350 nm
spectral range (BW2) [15-18] and above 1500 nm (BW3) as presented in the
following parts of the chapter. In the development of the new phosphors with
long-persistent luminescence for bio-applications, one should keep in mind that
various synthesis strategies are used for small-size preparation of PLNPs with good
crystallinity but also with the optimum of defects at the origin of the persistent
luminescence. Hydrothermal, solvothermal, sol-gel, and coprecipitation methods
have been widely used. In addition, effective surface functionalization strategies
along with the biocompatibility issues required attention to make them useful for in
vivo bioimaging.

8.3 Persistent Luminescence Mechanisms

The physics behind the phenomenon is however not that simple and intensive
researches have been carried out during the last past years. For the trapping pro-
cesses, which is the primary and very important step in the persistent luminescence
mechanism, two kinds of strategies are envisioned:

(1) Intrinsic defects and optimization of the traps by composition variation and
thermal annealing. Intrinsic defects have been well identified in lots of mate-
rials [19, 71]. In garnet hosts, antisite defects for instance are very likely,
they shorten some Y-O bonds and create shallow electron traps close to
the conduction band. Antisite defects in the vicinity of Cr>* ions have been
proposed to be involved in the persistent luminescence mechanism of the zinc-
gallate spinel host [25, 72]. One should also notice that thermal annealing under
reducing atmosphere is often used to create or enhance intrinsic traps such as
oxygen vacancies, which correspond to electron traps that can be responsible
for the persistent luminescence [73].

(2) Traps optimization by co-doping. Co-doping is the second strategy that has been
intensively tested to enhance the persistent luminescence. Co-doping with one
or two lanthanides cations is most of the time used to enhance the property. For
instance, Dy3T was used as electrons trap in the first mix enstatite/diopside
silicate for the proof of concept of the in vivo bioimaging application with
PLNPs [29]. Moreover it appeared that Pr3* was indeed better when only the
diopside bandgap was considered [33]. The variation of traps depth strongly
depends on the host/dopant couple and corresponds to a so-called bandgap
engineering as introduced in previous works [74, 75], with the prediction of
the energy level diagram [76, 77]. Such bandgap engineering was proposed
in various hosts used for persistent luminescence but was also tested with
success in others photonic applications such as scintillation and lighting. It
is then currently possible to vary the position of the conduction band and
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the traps depth by varying the composition playing with cationic and anionic
substitutions, or a careful choice of the doping cation for an optimal couple
composition/dopant.

To go in deeper understanding, knowledge of the energy formation of defects,
defects stability, and defects energy position are required, through band structure
and defects calculations [78]. The persistent luminescence mechanism has been
characterized by lots of different spectroscopies including optical (absorption, emis-
sion, excitation, decay profiles), electron paramagnetic resonance (EPR) [79], and
X-ray spectroscopies [80] to give insights to the mechanism, thermoluminescence
[33], and photoconductivity [81, 82] to estimate the traps depth [19, 83]. In the
case of electron traps and hole traps [84, 85], the stored charges can be released by
various processes as expressed in the following parts such as thermal [86], optical
[87], or other physical stimulations [88], resulting in stimulated emissions from the
active recombination centers.

8.4 Focus on One Developed Materials ZnGa;04:Cr
Nanoparticles for Persistent Luminescence Applications
in the BW1 Range

If metal transition-doped ZnGa;O4 nanoparticles can be obtained by different
techniques, our activity recently focused on the hydrothermal synthesis assisted
by microwave heating in order to obtain ultrasmall nanoparticles with persistent
luminescence properties. To avoid sintering and keep the nanometric size during
the following thermal treatment, the nanoparticles are embedded in a silica layer
using a sol-gel chemistry way. A mixture of TEOS:EtOH 1:4 is added to a basic
solution of nanoparticles. Using such a method, nanoparticles can be doped by
various transition metal cations and even rare-earth cations for persistent emission
in the near infrared. Focused on the BW1 where the sensitivity of the Si detector is
maximum, we choose the trivalent Cr3t for deep red/NIR emission. The obtained
ZnGay04:Cr3t Bi*t @Si0, nanoparticles are then calcined in air during 2 h at
1000 °C to improve crystallinity. The nanoparticles are monodispersed with a sub-
10 nm size [89].

To better characterize the persistent luminescence properties of the ZnGayO4:Cr3+
nanocrystals, we also recently proposed with colleagues from Orleans, France to
prepare these nanocrystals embedded in a glass phase in the so-called ZGO nano
glass-ceramics. The TEM pictures of both the nano-objects are presented in Fig. 8.2.
The nanoparticles embedded in glassy matrix present an average diameter about
16 nm, while after hydrothermal synthesis assisted by microwave, nanoparticles
smaller than 10 nm in diameter can be obtained (see Fig. 8.2). The nanoparticles
are spherical and well dispersed. In both cases, after crystallization at 900 °C and
thermal treatment at 1000 °C, respectively, the obtained nano-objects are well
crystallized in the pure ordered spinel phase and present persistent luminescence
properties. NPs can be further extracted from these glass-ceramics.
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Fig. 8.2 TEM pictures of (a) ZnGay04:Cr3t (ZGO) nanoparticles embedded in glass matrix
(crystallization temperature = 900 °C), (b) ZGO nanoparticles after hydrothermal synthesis
assisted by microwave heating, (¢) associated distribution diagram of the ZGO nanoparticles after
hydrothermal synthesis assisted by microwave heating without coating, adapted from [89, 90]

Cr’*-doped ZGO nanoparticles photoluminescence and persistent luminescence
spectra are presented in Fig. 8.3-a. Several contributions of the chromium emission
are well identified: the R line corresponding to the zero phonon line, Stokes and
anti-Stokes phonon side bands (S-PSB and AS-PSB, respectively). The N2 line
is attributed to the Cr’* emission in antisite defect vicinity [25]. The persistent
luminescent emission spectrum is mostly dominated by the N2 line, indicating
that these cations, spatially closed to electron traps are partly responsible of the
persistent luminescence phenomenon (see following parts). Figure 8.3-b shows
the persistent luminescence decay after 2 min of UV irradiation of ZGO:Cr3*
nanoparticles. Even with these ultrasmall nanoparticles, it is possible to detect the
signal more than 2 hours after switching off the UV lamp.

As experimentally determined as well as calculated [92, 93], in such nanomate-
rials, antisites defects around the Cr>* cations are needed to get persistent lumines-
cence properties. Nuclear magnetic resonance (NMR) and EPR spectroscopies can
give some insights on the local disorder of the structure, especially on the Ga’*
and Cr’* site symmetry in the crystals, respectively, while thermoluminescence
gives insights on the persistent luminescence capability [90]. In the particular case
of ZnGayO4:Cr3t and derivatives, EPR is a technique of choice to learn about
Cr3t environments. Indeed, there is a splitting of the *A, chromium level into
two degenerated states (one mg = & 3/2 and one mg = % '2) due to the crystal
field distortion and the spin—orbit coupling. An application of a magnetic field can
raise the degeneracy of these levels. Depending on the Cr>* vicinity, the splitting of
these levels may be different leading to various EPR signals. Several EPR studies
have been performed on 7ZnGar,04:Cr3Tt, resulting in a better understanding of the
local material structure and the possibility to distinguish several Cr>* environments
using simulations. First, the simulations on powder phosphors have shown that five
different Cr3+surroundings may exist in 7ZnGayO4:Cr3t material [92]. The results
also strengthened the assumption about the role of antisite defects on persistent
luminescence properties. Indeed, it has been demonstrated that the charge trapping
in ZnGayO4:Cr3* may be related to two antisite defects in the Cr>* neighborhood
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(Cr-y, Cr-3, Cr-¢). We recently demonstrated that simulations using these five
kinds of Cr?t also perfectly fit our nanocrystals [90] (see Fig. 8.4). An important
EPR result in this system is the possible quantification of chromium environment.
This quantification enables to estimate the dependence on synthesis parameters.
For instance, in the case of glass-ceramics, one can notice a global increase of
undistorted Cr>* environment when Teryst increases revealing a better symmetry
around Cr** in agreement with the improvement of crystalline quality (Table 8.2).
Thermoluminescence (TL) or thermally stimulated luminescence (TSL) is the
most common technique used to demystify the traps number and their depths.
This is a required characterization technique prior to persistent luminescence
NPs development. At first, in the thermoluminescence experiments, traps must be
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Fig. 8.4 Top: Thermoluminescence glow curves with different sizes and shapes. Bottom: Simu-
lation and experimental EPR spectra for the ZGO:Cr. Adapted from [90]

filled by optical (from X-rays to NIR photons) or others stimulations. Notice that
mechanoluminescence [94] is also recently an important field of investigation. As
mentioned above, in a second step, thermal energy or other excitation processes
can release these traps. During the TL experiments, the sample is linearly heated,



174 B. Viana et al.

Table 8.2 EPR parameters and Cr>* surrounding. Adapted from [90]

Cr, Crg Cr,+Crs+Cr, )
ZGO-GC 900 °C 54% 59.9% 245% 10.2 %
ZG0O-GC 1000 °C 18.2% 524% 21.5% 79%
l iﬁr—l Cr clusters
Cr non-distorted Cr close to 2 antisites

Cr close to 1 antisite

from 10 K to 600 K in our facility. When the thermal energy brought by the heater
is sufficient, i.e., in the order of the energy difference between a recombination
center and the traps, charges start to be detrapped. After being released, charges can
either be trapped again in the same or other traps in the vicinity or recombine on
the emitting centers. In this latest process, thermoluminescence occurs and can be
recorded. The result of the experiment, as presented in Fig. 8.4, shows luminescent
intensity as a function of the temperature. The number and position of the glow
curve peaks give insights on the trap depths and distributions. Regarding the glow
curve shape, several equations can correlate the trap depth to the peak temperature
[95]. In case of broader bands, which appears to be often the case for PLNPs, a
simple estimation can be made using [96]:

where E is the trap depth and T, is the temperature of the peak maximum. For the
persistent luminescence properties, the release should occur at room temperature,
and in case of in vivo applications it has to be close to the living tissues temperature.
This means that materials should present thermoluminescence peaks centered at
ca. 310 K to be suitable for this application. Another option is to design materials
with several trap depths, traps corresponding to room temperature and deeper traps
that cannot be thermally emptied at room temperature. In that case, a possible in
vivo reactivation of the persistent luminescence via trap redistribution using optical
stimulation (using for instance NIR light [97]) can be envisioned.

The thermoluminescence results for ZnGa,O4:Cr3t are displayed in Fig. 8.4
for several particle sizes and various shapes. The bulk material shows a relatively
sharp thermoluminescence peak, labeled as the main peak, centered at 318 K,
making it suitable for in vivo imaging based on persistent luminescence. It also
shows two shallow traps, weaker in intensity around 145 and 200 K. Going from
bulk material elaborated via solid-state method to nanoparticles elaborated by
hydrothermal synthesis assisted by microwave heating, the thermoluminescence
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glow curve becomes quite different. Indeed, the corresponding profile presents a
broad signal that seems to be composed of two major contributions, one around
210 K and one around 300 K.

The first one can be related to the shallow traps whereas the second can be related
to the previous main peak. As the surface over volume ratio increases when the size
is reduced, surface defects may have a major contribution in case of nanoparticles.
With that in mind, it has been assumed that the shallow traps can be related
to surface defects. The thermoluminescence glow curve of ZnGayO4:Cr3t glass-
ceramics elaborated at 900 °C, reported in the same figure (see Fig. 8.4), presents
a broad main peak centered at ca. 310 K. Two shallow traps can be observed at
lower temperatures. In the glass-ceramics samples, the surface over volume ratio is
very high because of the nanoscale of the crystals. Still, the surface defects quantity
may be very low comparing to nanoparticles elaborated via microwave assisted
hydrothermal method as the nanocrystals are in that case embedded in a glassy
matrix. Thermoluminescence is therefore a good tool to investigate the local order
and thus the crystal quality.

8.5 Biocompatibility

To be used in vivo, the nanoprobes should have the lowest toxicity. The main
matrices presented above (see Table 8.1) are either NPs incorporated into silica (it
can also be mesoporous silica as seen below) or oxide-based NPs. Biocompatibility
was investigated by several groups (see for instance [98]). No pathological abnor-
mality could be observed in both gross and microscopic histological examinations
of various tissues including heart, liver, spleen, lung, and kidney up to 1 month
after vein injection into mice, suggesting that the mesoporous silica PLNPs had not
caused significant tissue toxicity and inflammation.

It was confirmed that neither gross nor histopathological abnormalities could
be observed in the major organs [99]. Furthermore, at a high vein-injection dose
of 50 mg kg~! per day, the acute toxicity of PLNPs at longer times was almost
negligible compared to the blank control according to the monitoring of the body-
weight change, the visible and/or palpable dermal infection, the presence of ascites,
the grooming or the impaired mobility. At an extremely high dose of 1200 mg kg~!,
no mouse survived after intraperitoneal or intravenous injection of MCM-41-type or
SBA-15-type mesoporous silica nanoparticles (MSNs); however, the subcutaneous
injection did not cause death at an equally high administration dose and doses of
up to 200 mg kg~!, which was high enough for drug loading and delivery owing to
their high drug loading capacities, both by intraperitoneal and intravenous injection
[100].

Concerning persistent luminescence nanoparticles themselves, two articles have
been recently published concerning biocompatibility and toxicity assays in vivo
on the ZGO:Cr PLPNs. The first one was reported in 2017 by Ramirez-Garcia
et al. In this study, mice were injected with a single intravenous administration of
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either hydroxylated or PEGylated persistent luminescence nanoparticles at different
concentrations, from 1 to 8 mg per mice and a set of standard tests were carried out
1 day, 1 month and even 6 months after the administration [39]. High concentrations
of hydroxylated nanoparticles generate structural alterations at histology level,
endoplasmic reticulum damage and oxidative stress in liver, as well as rising
in white blood cells counts. A mechanism involving the endoplasmic reticulum
damage could be responsible for the observed injuries in case of ZGO-OH. On
the contrary, no toxicological effects related to PEGylated nanoprobes treatment
were noted during the in vivo experiments, denoting the protective effect of PEG
functionalization and thereby, their potential as biocompatible in vivo diagnostic
probes. In 2018, Zhang and coworkers [101] reported a 60 days in vivo study of
ZGO derivatives (Znj 1Ga; g Sno_104:Cr3+) compound. In this work, healthy Balb/c
mice were intravenously injected with ZGO derivative at a dose of 10 mg/kg. ZGO
pre-irradiated with a 254 nm UV lamp was also set as one of the factors to evaluate
the possible effect of NIR-persistent luminescence of ZGO in vivo. No signs of
apparent weakness, spontaneous animal death, and significant body weight gain or
loss were observed within 60 days. It was found that all of the parameters were in the
normal reference range. In the hematological analysis, various serum biochemical
parameters were measured with particular attention paid to liver and kidney
function. Indicators of kidney function, including creatinine and urea nitrogen,
were also within normal ranges and were similar to these of control mice. These
results show no obvious injury to the liver and kidney with ZGO exposure in mice,
even at long exposure times. Based on long-term in vivo biodistribution studies,
the major organs from mice were sliced for hematoxylin and eosin staining and
histological examination to determine whether or not ZGO exposure caused tissue
damage, inflammation, or lesions. The structures of the organs hardly exhibited any
difference from the control group. No apparent histopathological abnormalities or
lesions were found in any of the experimental groups. All of these data suggested
that no significant toxicity was induced by ZGO injection, even up to 60 days.

8.6 Excitation Capabilities and Long-Term In Vivo Imaging

Though intended for diagnosis applications in living animals, persistent lumines-
cence nanoparticles suffer from severe limitations. First, as the release of photons
is thermally activated, long-time accumulations of the signal (from seconds to
minutes) are required during recording and materials with intensive persistent
luminescence on one side and low noise detector on the other side should be used.
The second point concerns the excitation mechanisms of the PLNPs but recent
improvements have been made as described in this part of the chapter. Indeed
the first generation of PLNPs has to be excited ex vivo by UV light prior to
systemic administration preventing long-term imaging in living animal. Depending
on the nanoparticles characteristics, slow accumulation of stealth nanocarriers
within malignant stroma by the enhanced permeability and retention effect usually
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requires from 2 to 24 h [102]. This was far too long in relation to the emission from
persistent luminescence nanoparticles, which hardly exceeds 1 h in vivo.

To overcome this major restriction, developments of new materials and of new
modalities have been undertaken. First, efforts to optimized compositions and
enhanced optical characteristics have been made. In that sense, compounds based on
gallate and gallo-germanate spinels have attracted large attention, due to their bright
deep persistent luminescence when doped with trivalent chromium (Cr3t) after UV
excitation in comparison with the previously used silicate nanoprobes. Then one
strategy is to play with the tunable wavelengths in the biological window. Various
emission ranges are indicated in the NIR in three main ranges: BW1: deep red and
<1000 nm; BW2: 1000-1500 nm, and BW3: >1500 nm. Furthermore one important
point is to excite the persistent luminescence material at the lowest energy in the
biological window (BW1 or BW2) and if possible, long time after the injection. The
new modality has been proposed in different ways as seen in Fig. 8.5.

Figure 8.5 summarizes the various approaches that can be followed for long-
term in vivo imaging with persistent luminescent nanoparticles. A suspension of
PLNPs in a biological buffer can be pre-activated ex situ, then injected into the
animal and placed under a photon-counting system to detect the emitted persistent
luminescence signal (see step 1, Fig. 8.5). PLNPs can be activated or reactivated in
situ (after the injection) through animal tissues (step 2, Fig. 8.5). This breakthrough
for in vivo optical imaging allows the most simple and convenient recovery of the
persistent luminescence signal, whenever required. The efficiency is lower than for
the persistent luminescence under UV excitation (step 1) but is indeed sufficient
to be detected and to localize the probe in vivo. Furthermore, for some inorganic
persistent luminescent NPs, when deeper traps are observed in the thermolumines-
cence spectra such as in garnet and spinels hosts, deep red persistent emission can
be stimulated by near infrared light, as the traps can be depopulated by low-energy
light stimulation in the so-called photostimulated persistent luminescence (PSPL)
[87, 103]. The photostimulation capability of several materials is widely reported
[104—106] and researchers have focused their attention on the Cr’*-doped samples.
The photostimulation technique has been used over the years for UV dosimetry, as
well as for dating geological and archeological materials [107]. One can adjust the
depth of the traps responsible for the persistent luminescence and therefore control
carefully the composition. In that case, the release of the traps and thus the emission
could be started at the convenience of the user using a red/near infrared LED for
instance, which will be in the best transparency range. The first preliminary carried
out tests have shown the originality and feasibility of this new modality [97]. The
excitation energy for charge detrapping may vary from red to NIR lamps, LED or
laser sources. The photostimulation or excitation by low-energy light can also be
carried out by additional step, corresponding to wavelength conversion [54, 57, 97],
or possible charge through second-order effects under high excitation power [90,
108].

However, in vivo tracking is still hindered by its limited penetration in tissue
even in the near infrared. An alternative way is to use NIR or X-ray as excitation
source for imaging techniques. Indeed compared to the traditional excitation
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Fig. 8.5 Top: Different strategies to perform in vivo optical imaging with persistent luminescence
nanoparticles (PLNPs). Reprinted with permission from ref. [6]. (1) Excitation of a suspension of
nanoparticles followed by tail vein injection and optical imaging using a photon-counting camera.
(2) Once the in vivo persistent luminescence signal has completely disappeared, some PLNPs can
give further persistent luminescence signal either by photo- or X-rays stimulations. (1b) Some
PLNPs can be excited without preliminary excitation (with lower efficiency) in the animal body
using visible, near infrared (for upconversion) or X-rays photons, Bottom: Traps could be emptied
by a near infrared source (energy ~ 1 eV) showing the crucial role of charge-storage to deep
traps and photo-transfer to shallow traps leading to persistent luminescence. This demonstrated the
photostimulation capability at convenient time. Within this experiment, one observed long-lasting
phosphorescence under 977 nm light excitation, (adapted from [97]), making in vivo excitation of
the spinels probes envisioned and possible long-term imaging applications
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source, X-ray possesses competitive advantages of weaker scattering and deeper
penetration depth in tissues, as well as simplified image reconstruction for optical
tomography. Developing X-ray rechargeable persistent luminescence nanoplatform,
by combining the advantages of X-ray excitation and NIR-persistent emission in
the second biological window, will enable to localize tumors and achieve treatment
simultaneously [109]. This opens the door for achieving deeper tissue and higher
sensitivity optical bioimaging with better spatial resolution. An example of such
modality with ZGO:Cr PLNPs is presented in the following parts of the chapter.

8.7 Strategies Developed to Perform Long-Time Imaging

The pioneer work using persistent luminescence nanoparticles (PLNPs) for optical
in vivo bioimaging was reported in 2007 by Scherman and coworkers [29]. As
discussed in the previous section, to be used in vivo, the probe should have a
nanometric scale and should emit light in one of the biological windows (>650 nm).
In their work, the authors prepared a silicate doped with Eu?T, Dy3*, and Mn?* and
in vivo imaging without any background was performed for 30 min to 1 h without
any in vivo excitation, allowing in vivo imaging without autofluorescence. Then
after these pioneer works, lots of bio-applications and various modalities have been
presented as seen in Table 8.1, and some of them are detailed in the following parts
of the chapter. To overcome this major restriction and to allow longer time imaging,
in 2014 Maldiney et al. changed the matrix and used zinc gallium oxide doped with
Cr3* [7]. As can be seen in Fig. 8.6, contrary to the first silicate-type generation,
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either UV or visible excitation. (d-h) In vivo excitation of unfunctionalized PLNPs (e) or stealth
ZGO in healthy (f) on tumor-bearing mice (g). Adapted from [7] and reprinted with permission
from ref. 5]
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this material has several excitation peaks, among them one being at the limit of
the tissue transparency window (Fig. 8.6a) which can also sensitize the persistence
luminescence. On nanosized ZnGa,O4:Cr, they observed a persistent luminescence
decay signal after both UV and activation with visible orange/red light-emitting
diodes (LEDs) (Fig. 8.6b). A suspension of this material dispersed into 5% glucose
was injected into mice, and for the first time the authors have shown that the probe
could be activated in vivo with orange/red light-emitting diodes. The authors have
also shown that UV pre-excitation before LED reactivation is favorable but not
necessary (Fig. 8.6¢ and h). In such conditions, there was no more time limit and the
probe could be detected in vivo whenever wanted through a simple excitation with
the LEDs (Fig. 8.6e—g).

It is of great importance to develop deep red/NIR PLNPs with rechargeable
nature in vivo by a deep tissue penetrating source (see Fig. 8.1, old painting
showing only red light through living tissues). Recent years have witnessed the
rapid development of utilizing innovative excitation sources for imaging techniques
[110]. For instance X-ray photon energies are able to stimulate luminescent centers
in phosphors and then generate light. Furthermore, compared with the traditional
excitation sources (UV/visible/NIR), X-rays possess competitive advantages of
weaker scattering and deeper penetration depth in tissues and simplified image
reconstruction for optical tomography [111]. As a proof of concept, Xue et al.
selected ZnGayO4:Cr3+ PLNPs as models for X-ray-activated NIR-persistent emis-
sion [37]. In vivo NIR-persistent luminescence bioimaging based on these X-PLNPs
was demonstrated (see Fig. 8.7). More importantly, these X-PLNPs were also
repeatedly charged by X-rays at a deep location up to 20 mm. These results revealed
that X-rays could act as a new excitation source for persistent renewable bioimaging
with a deep penetration depth based on NIR PLNPs.

8.8 Multimodal Imaging

Multimodal imaging has drawn much attention in biomedical applications because
it provides more accurate, complete, and reliable information on diagnosis [113].
Each imaging modality has its own advantages and disadvantages regarding sensi-
tivity, spatial/temporal resolution, and penetration depth. The NIR optical imaging
possesses the advantage of high sensitivity but presents limited spatial resolution. In
contrast, MRI provides excellent spatial resolution and unlimited depth penetration
but remains at an inherently low sensitivity [114]. The combination of NIR emitting
PLNPs and MRI contrast agent into one single nanoplatform would offer attractive
synergistic advantages in biomedical imaging with high sensitivity, good spatial
resolution, high signal over noise ratio, and no ionizing radiation.

Several strategies have been reported using for instance gadolinium to perform
bimodal imaging PLNPs. In 2014, Yan and coworkers reported the surface function-
alization of Zn; 1 Ga| §Geg 1 O4 with DTPA-Gd complexes to get bimodal imaging
agents, able to be detected both by optical imaging and as a positive T; MRI
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Fig. 8.7 Top: Principle of in vivo imaging using X-ray excitation and applications in vivo.
Reprinted with permission from ref. [37] and L. Song et al. Bottom: Repeatable deep-tissue
activation of persistent luminescence nanoparticles by soft X-ray for high sensitivity long-term
in vivo bioimaging Nanoscale 2017, 9, 2718] [37, 112]

contrast agent [115]. In 2015, Maldiney et al. reported another method to prepare
PLNPs-based bimodal imaging agents. In their strategy, instead of using the surface
of the PLNPs to link DTPA-Gd complexes, the authors co-doped their NPs by
incorporating various amount of Gd3* ions at the beginning of the synthesis, by
substituting Ga3™t ions [42]. In such conditions, a negative contrast was obtained,
with a rp value close to 60 mM~! s~! In 2017, Zou et al. used a third strategy
to prepare bimodal imaging agents. In their work, a novel core—shell structure
multimodal imaging probe was prepared, based on the coverage of mesoporous
silica nanoparticles (MSNs) loaded with ZnGayO4:Cr3t, Sn*t (ZGOCS @ MSNs)
by a Gd»O3 shell (~1.5 nm) [45]. Compared with previously reported Gd>*-based
NIR-persistent luminescence multimodal nanoprobes, the as-prepared nanoparticles
enable available surface, no persistent intensity loss, and only a slight size increase.

Instead of gadolinium, ultrasmall iron oxide nanoparticles (also called USPIO)
are used in clinic as negative (T2) MRI contrast agents. In 2015, Teston et al.
reported the first synthesis of mesoporous nanohybrids (MPNHs) composed of a
combination of PLNPs and USPIOs embedded into a mesoporous silica structure to



182 B. Viana et al.

get a bimodal imaging agent [116]. In addition of its bimodal imaging property, the
authors showed that this nanoplatform could be attracted by a magnet. They used
this property to label and attract cells in vivo [44].

8.9 Theranostics Nanoprobes

During the past 10 years, it has been shown that diagnosis and therapy could
be combined within a single multifunctional nanomaterial, known as theranostic
nanoparticles [5, 117]. The ideal theranostic nanomaterial should possess several
advantages [118]: (1) the ability for highly selective accumulation in the diseased
tissue, (2) the capability of delivering an effective therapeutic action selectively,
and (3) safety concerns. The material should undergo biodegradation into non-toxic
byproducts. Such nanomaterials are one of the keys for detection and treatment
of early-stage cancer in the twenty-first century [119]. Theranostic nanoparticles
are still in the very early translational stages, with nearly all efforts devoted to
preclinical studies and no clinical trials to date. In this section, we highlight the
recent use of PLNPs for the development of new theranostic nanoprobes.

Typically, mesoporous silica (mSiO;) can be used as a promising drug carrier
because of its stable mesoporous structure, high specific surface area, and good
biocompatibility [120]. Using mesoporous silica alone as a drug carrier appears
impossible to effectively locate a target site (i.e., tumor) and monitor in real
time due to the lack of detectable signals. In 2014, Maldiney et al. introduced
a multifunctional nanoplatform based on persistent luminescence nanoparticles
for both in vivo optical imaging and drug delivery [43]. Taking advantage of
the well-known biocompatibility of mesoporous silica and non-toxic ZGO, the
authors modeled a novel core—shell structure on the basis of a hybrid chromium-
doped zinc gallate/mesoporous silica architecture specifically designed to allow
both highly sensitive optical detection through living tissues and concomitant drug
delivery. With doxorubicin as a drug model, the authors demonstrated that these
mesoporous persistent luminescence nanophosphors can be successfully loaded
with an anticancer agent, and subsequently initiate its progressive release in a
pH-sensitive manner. The use of such doxorubicin-loaded theranostic agent is
finally shown to induce acute cytotoxicity toward U87MG cells in vitro, preserved
persistent luminescence properties, and allowed both sensitive and non-invasive
localization of the carrier in vivo.

In 2016, Zhang and coworkers developed another core—shell NPs composed of
Gd,03, ZGO, and mSiO; [121]. This multimodal nanoprobe could be detected both
by MRI and optical imaging and was used to monitor its biodistribution in healthy
and tumor-bearing mice after loading with doxorubicin (see Fig. 8.8).
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8.10 Photodynamic Therapy with PLNPs

A few photosensitizers (PSs), such as porfimer sodium, have been approved by the
US Food and Drug Administration (FDA) to treat certain cancers. However, most of
the available PSs for photodynamic therapy (PDT) can only be activated under the
UV/visible light (<700 nm) with low tissue penetration. New strategies in order to
use such molecules in better conditions are under investigation.

PDT is a relatively new modality for cancer treatment [122]. PDT consists of
three essential components: light, oxygen, and a photosensitizer [123]. Photosensi-
tizers, often pharmacologically inactive without illumination, can be activated by
light of a specific wavelength. This activation is followed by transfer of energy
to nearby oxygen molecules to generate cytotoxic reactive oxygen species (ROS),
and most importantly singlet oxygen (!0,). PDT is a relatively less invasive
treatment modality, inducing low systematic toxicity and causing little intrinsic or
acquired resistance. One primary downside of PDT, however, is its inability to treat
tumors located deep under the skin due to the short penetration depth of light in
tissues [124]. This problem can be partially alleviated by advanced light-delivering
technologies that allow for illumination of certain internal cavities, such as the
bladder, prostate, lung, and esophagus. Nevertheless, it is considered as challenging
or impossible for conventional PDT to treat tumors of large volumes or multiple loci.
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High X-ray dose (>5.0 Gy) is needed for efficient cancer therapy, and this dose was
comparable or even higher than the fraction dose used in clinical radiotherapy [125].
Many researches have shown that high-dose X-rays irradiation inevitably causes
damages to normal tissues [126].

In this regard, reducing X-ray dose is a major concern for deep-tissue PDT
practical applications. Persistent luminescence nanoparticles (PLNPs) are promis-
ing luminescent materials that can store excitation energy and then slowly release
the trapped charge carriers to emit persistent luminescence without continuous
excitation. PLNPs alone have limited impact on cancer cells development [127].
In 2015, a novel X-ray inducible photodynamic therapy (X-PDT) approach was
reported that allows PDT to be regulated by X-rays [112]. Upon X-ray irradiation,
the integrated nanosystem, which corresponds to a core of a nanoscintillator
SrAl,O4:Eu?* (SAO) and a mesoporous silica coating loaded with photosensitizers
(MW540), converts X-ray photons to visible photons to activate the photosensitizers
and cause efficient tumor shrinkage (see Fig. 8.9).

In 2018, Yang and coworkers have shown that Zn (II) phthalocyanine tetra-
sulfonic acid (ZnPcS4) can be covalently linked to ZGO in order to fabricate
PDT nanoplatform (ZGO:Cr/W—-ZnPcS4). After the X-ray irradiation has been
removed, the persistent luminescence continuously excites the coupled PS, resulting
in significantly reduced X-ray dosage (=0.18 Gy), minimizing the side effects of
PDT treatment [36].

Solid silica Mesoporous silica

Fig. 8.9 Schematic of PLNPs loaded with PDT agent (MW540). Reprinted with permission from
ref. [112]
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8.11 Photothermal Therapy with PLNPs

Among all the cancer treatments, near infrared (NIR 700-1000 nm) laser-induced
photothermal therapy (PTT) is a non-invasive mode that can generate heat at the
tumor site [128]. Compared with conventional therapies, it has attracted much
interest in tumor therapy as a minimally invasive and noninjurious therapeutic
program as well as large penetration into bio-tissues. Photothermal therapy agents
are capable of converting light energy into heat inducing a rise in the local
temperature beyond 42 °C and killing consequently cancer cells. As an FDA-
approved drug, indocyanine green (ICG) is attractive for localized hyperthermia
by absorbing near infrared light (around 800 nm) even in deep tissue to generate
heat. To further enhance the fluorescence stability and enhanced permeation and
retention effect (EPR) of ICG in vivo, a variety of nanocarriers has been developed.
Therefore, the ICG-loading nanoparticle is a brand-new photothermal therapy agent
which could be diffusely used in clinic for photothermal therapy. Nevertheless,
the traditional ICG-loading nanoparticles cannot be tracked when they circulate in
the body; therefore, it is out of the question to ensure an accurate irradiation with
additional near infrared (700—1000 nm) laser. Optical imaging-guided therapy has
received great attention recently and become a fine choice of loading the ICG and
tracking it for PTT [66] (Fig. 8.10).

In 2017, Chang and coworkers used ZGO NPs and ICG co-loaded into meso-
porous silica nanoparticles (ICG@mZGO nanoparticles) for imaging-guided PTT
[129]. The ICG@mZGO nanoparticles consisted of two parts: (1) Mesoporous
Si0,/ZnGar04:Cr3t (mZGO) near infrared PLNPs were used as near infrared-
emitting probe to track NPs in vivo after excited by light. They found that
mesoporous silica nanoparticles could be a fine template to synthesize ZGO
phosphors in situ with good morphology and expected size. Mesoporous silica
nanoparticles could also load and protect ICG, which had the ability to avoid particle
aggregation effectively during the transportation. (2) Indocyanine green (ICG), a
kind of tricarbocyanine dye, which substantially absorbed the near infrared light
(NIR) and in result returned a photothermal response.

In a different approach, upconverting PLNPs and photo-absorbing agents ICG
co-loaded into mSiO, (UCPLNPs and ICG co-loaded mSiO») nanoparticles were
developed for upconverting and persistent luminescent imaging-guided PTT [66].
The UCPLNPs and ICG co-loaded mSiO» nanoparticles include three parts: (1) the
upconverting PLNPs, doped with Pr3*, Er3*, and Tm3* chosen for upconverting
and persistent luminescent imaging. These NPs could be excited by NIR light and
emit upconverting luminescence, which can be used for in vivo imaging when the
persistent luminescence signal became weak; (2) the ICG (indocyanine green), a
water-soluble anionic tricarbocyanine dye, which is the only NIR agent approved
by FDA and which has been widely used clinically for PTT; (3) the mesoporous
silica nanoparticles working as a three-dimensional hard template for loading and
protecting both upconverting PLNPs and ICG [66].
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Fig. 8.10 PTT induced by using ICG loaded in PLNPs. (a) Schematic, (b) in vivo results, and (c)
effects to reduce tumor volume. Reprinted with permission from ref. [129]

8.12 Perspectives of the NIR-Persistent Luminescence
Nanoparticles for Bioimaging

One of the main challenges is to move the persistent emission wavelength from
the first to the second and third biological windows (see Fig. 8.11c). Indeed in
the NIR, three main ranges are relevant: BW1: deep red and <1000 nm; BW2:
1000-1500 nm, and BW3: >1500 nm, but mainly the BW1 has been investigated
at the present time. Different approaches are currently explored: (1) Traps can be
coupled to various rare-earth cations (Yb>*, Nd**, Er’T, Ho’T, Tm3*, or even
Pr3t) well known in the case of NIR lasers (see Fig. 8.11b) [16]. (2) Down
shifting can also be obtained by coupling different rare-earth cations or transition
metal (TM) and rare-earth cations. The so-called traps redistribution by energy
transfer can downshift the persistent emission wavelengths (see Fig. 8.11a). Such
downconversion processes were proposed recently for garnet and perovskite hosts
coupling metal transition cation (Cr’*) with rare-earth cations to promote by
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Fig. 8.11 (a) Trap redistribution and persistent energy transfer in metal transition (Cr) and rare
earth-doped garnet. Reprinted with permission from ref. [15]. (b) Trivalent rare-earth cations
as efficient emitters for short-wave infrared persistent luminescence. Reprinted with permission
from ref. [16]. (c) Optical window in biological tissues. Adapted from [17]. Top: attenuation
coefficient (log) as a function of the wavelength. Bottom: sensitivity of different cameras (silicon
(Si) cameras, indium gallium arsenide (InGaAs) or mercury cadmium telluride (HgCdTe)) and (d)
optical features and persistent luminescence of ZnGa;O4:Ni and Zn(GeGa),04:Ni. Decay profiles
and scheme of excitation. Adapted from [18]
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Table 8.3 Characteristics of the NIR and deep red sensors (From princetoninstrument.com web
site)

1.5 micron NIR camera Visible camera
Material type InGaAs Si/CMOS
Pixel size About 15 pm About 4 pm
Quantum efficiency 75-80% 75-80%
Readout noise About 30 e™ About 1 e~
Dark current 100 ke~ /pixels/s <0.5 e /pixels/s

persistent energy transfer the persistent luminescence in the deep red (from Cr3%),
but also in the second or third biological windows (results were obtained with Yb3t,
Nd3t, Er¥t, Ho?t ions) [15, 130, 131]. (3) Transition metal cations such as NiZT
or Co** were also recently investigated [18, 132] (see Fig. 8.11d) to cover the
second biological window and these TM cations have also large potential. Indeed,
recently, Qiu and coworkers reported a strategy for tuning the emission bandwidth
and intensity in persistent luminescence phosphors by synthetizing Ni’*-doped
Zny1ySnyGay_x 2yO4 phosphors, with an emission band peaking from 1270 to
1430 nm in the second near infrared (NIR) window [133]. Ueda [134] and Tanabe
[135] and our groups also reported compositions able to be used in the second
transparency window [18].

Secondly, moving to the second and third near infrared transparency windows
(1000-1700 nm) allows further reducing of scattering, absorption, and tissue
autofluorescence effects. Moreover, if the quantum efficiency values, for Si, InGaAs
(and HgCdTe) can be comparable, the acquisition time is also to be taken into
account. For a CCD camera the dark current is of the order a few electron/pixel/hour
and is about 100 ke/pixel/s for InGaAs. The readout noise has also to be taken into
account (see values in Table 8.3). By the end, the signal is one to two orders of
magnitude smaller for InGaAs detector (and HgCdTe) in the NIR range with respect
to the Si detector in BW1. Imaging platforms then require the use of powerful and
cooled cameras.

Then the balance between benefits NIR and drawbacks for these two aspects
related to the second and third biological windows remains to be explored. In a
decade, persistent luminescence has emerged as a useful property for the develop-
ment of new optical imaging nanoprobes. Thanks to this property of long-lasting
luminescence, imaging in the first transparency window (BW1) with high target
to background ratio has been reported by several research groups (more than 40
research groups all over the world and more than 250 papers published in the last 10
years). Beyond their uses for imaging and therapy, new applications have emerged.
We can cite for instance their use for the development of nanothermometers. For
this purpose, the idea is to use the luminescence emitted by nanoprobes to detect
temperature variations at the nanoscale [50, 136—138].
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8.13 Conclusions

Very recent and promising works on persistent luminescence nanoparticles concern
the development of biocompatible nanoprobes for multimodal imaging, theranostics
and drug delivery, photodynamic and photothermal therapies, nanothermometry and
hyperthermia. These PLNPs were even recently proposed as a guide during surgery
operation for accurate delineation of hepatocellular carcinoma [139].

One of the next challenge will be: Can these PLNPs be used at wavelengths
longer than 1000 nm? Indeed, optical imaging in the second near infrared region
(1.0-1.5 pm) has recently attracted significant attention owing to some advantages:
If the ballistic light (without diffusion) and the so-called “snake” light with limited
diffusion remain about the same, the diffuse light — where the information is
lost — can be limited moving in that NIR range. Photons in the BW2 region
can provide high spatial resolution at deep tissue penetration depths owing to the
reduced scattering of long-wavelength photons [140-142]. Furthermore, imaging
in the second near infrared region addresses several challenges simultaneously:
minimal autofluorescence — of biological tissue leading to increased sensitivity
and significantly reduced light attenuation from scattering and from absorption
by the blood and other structures — enables imaging with high spatiotemporal
resolution and penetration depth [143]. Consequently, large organisms such as a
whole mouse may be rendered translucent when imaged in this area [144]. The
image reconstruction is also a very important work as was done for instance in the
acousto-optic images [145].

Nevertheless there is still several others challenges for the scientific community,
such as the synthesis of long circulating “stealth” nanomaterials, the functional-
ization with targeting agents prerequisite for PLNPs later use. Others important
requirements are to keep a high intensity at the nanoscale, and to well control the
surface properties in order to stabilize the PLNPs in different biological media.
Then, with the nano-objects, imagination will be the only limit to the use and
applications of these fascinating nanoparticles.
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Chapter 9 ®
Near Infrared-Emitting Bioprobes Qe
for Low-Autofluorescence Imaging

Techniques

Dirk H. Ortgies and Emma Martin Rodriguez

9.1 Introduction

And after eight days again his disciples were within, and Thomas with them: then came
Jesus, the doors being shut, and stood in the midst, and said, Peace be unto you. Then saith
he to Thomas, reach hither thy finger, and behold my hands; and reach hither thy hand, and
thrust it into my side: and be not faithless, but believing. And Thomas answered and said
unto him, My Lord and my God. Jesus saith unto him, Thomas, because thou hast seen
me, thou hast believed: blessed are they that have not seen, and yet have believed. (John
20:26-29, King James Bible)

Human beings are visual animals. This is reflected in our daily dependence on the
sense of vision to orient ourselves and in the evolutionary development of vision into
our strongest sense with the most direct responses by our central nervous system,
for example if we see a quick movement or a change in the visual environment.
This is also reflected in our tendency towards drastic visual media and phrases like
“a picture says more than 1000 words” or the biblical episode of the “Doubting
Thomas” (vide supra). Therefore, the history of medicine and human biology goes
hand in hand with the visual study of diseases, symptoms, tissues, and organs. The
visual approach towards biomedicine received a strong boost with the development
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of optical and fluorescence microscopy, and people saw themselves ever closer
to looking into the human body. But even though optical imaging at a cellular
level became standard, it is still far away on a human scale. Modern medicine is
dominated by analytical and clinical chemistry techniques, giving us an idea of
what happens inside the body but for the seeing is believing approach we rely
on non-optical imaging techniques. They mostly require expensive instrumentation,
based on computed tomography and spectroscopy techniques, where visualization
is only possible after various signal transformations and algorithms. The resulting
images are often not very intuitive and require the trained eyes of specialists to
see the differences in, e.g. X-Ray, magnetic resonance, or ultrasound diagnostics.
Hence, why is it still not possible to just look into the body? Basically, our eyes
see in the therefore so-called visible part of the electromagnetic spectrum (400—
680 nm) but we are also intransparent in this area. This intransparency is due
to the absorption and scattering of light in this region by some of the principal
components of most mammalian tissues (fat, skin and blood, especially hemo-
and oxyhemoglobin) and has been described in various references on the topic
(see Fig. 9.1 for a very illustrative representation of the topic by Hong et al.)
[1]. This figure also demonstrates the alternative to relying on visible light for
imaging or why it has become popular to investigate the neighbouring region of the
electromagnetic spectrum, the near infrared (NIR). Depending on the definition this
zone roughly comprises the wavelength from 700 to 2000 nm. Originally, infrared
radiation had found its application in thermal imaging or temperature measurements
as well as night-vision and military applications but in 2002, Weissleder et al.
defined the biological windows in the near infrared (NIR-I and NIR-II) [2]. NIR-
I and NIR-II are zones between 680 and 980 nm and 1000 to 1450 nm where,
as is visible in Fig. 9.1, absorption and scattering are low. The absorption of
water (the principal ingredient of any living being) is also reduced and its main
absorptions define the separation between NIR-I (absorption at 980 nm), and NIR-
IIa and NIR-IIb (1460 nm). Therefore, NIR light can penetrate biological tissues
up to a few centimetres in these windows employing current excitation sources and
more importantly, because due to advances in semiconductor techniques, infrared
detectors and cameras also became more readily available. Therefore, research
interest into optical imaging techniques was rekindled and NIR-based imaging
probes and contrast agents started to be investigated, making it possible again to
dream of inexpensive and easy optical whole-body imaging.

Interestingly, the signal-to-noise ratio due to autofluorescence especially in the
NIR-I region became a new challenge, confronting investigators who tried to
broaden infrared fluorescence imaging techniques. Autofluorescence stems from
endogenous small (hemes, protoporphyrins, chlrophyll, aromatic rings, NADP/H)
and large molecules (e.g. peptides, lipofuscin, melanin, and collagen). In the visible
region various molecular probes and organic dyes with huge emission intensities
and brightness are readily available for cellular imaging, often overcoming signal-
to-noise issues and known autofluorescence in cellular microscopy, where no large



9 Near Infrared-Emitting Bioprobes for Low-Autofluorescence Imaging Techniques 201

L b Visible  NIR-| HIR-Il

\ /"' 1] —— Skin

2 —— Subcutaneous tissue
: 12 —— Musdle

Biological \ 10 - —— Mucous tissue

tissue S —— Brain tissue

_,* + —— Cranial bong

Intralipéd tissue phantom
AR
o

i tmm™y

(=T

:}"""-*'_—-2-"—_-.____‘_—— =

——TT 1

400 &00 800 1000 1,200 1400 1,600
Wavelength (nm)

L]
Wil Wl 200

NIR=E NIR-U gy iRy

3

=
J 2 F
HIR-I 4] isible  NIR-I  NIR-N = o
a1 = g
58 g\ Z 300 E
=} 2 104 2 "
s 6 = 3 :
g 2 08 2 200 15
2 3 - 24
£ 4 S 06 g -
2 B 0] 2 00
22 = 1 5
0.2 = "l
[ e
o I ] 00 Iy 2 e
400 500 €00 700 800 900 1,000 400 600 800 100012001400 1,600 1,800 1000 1200 1400 1600 1800
Wavelength (nm) Wavelength (nm) Wavelength (nm)

Fig. 9.1 (a) Light-tissue interactions resulting from impinging excitation light (blue). Interface
reflection (cyan), scattering (green), absorption (black circle with purple cross) and autofluores-
cence (brown) all contribute to the loss of signal (fluorescence, red) and the gain of noise. (b)
Reduced scattering coefficients of different biological tissues and of intralipid scattering tissue
phantom as a function of wavelength in the 400-1700 nm region, which covers the visible,
NIR-I and NIR-II windows (blue, green and red shaded regions, respectively). They all show
reduced scattering at longer wavelengths. (¢) Absorption spectra of oxyhaemoglobin (red) and
deoxyhaemoglobin (blue) through a 1-mm long path in human blood. (d) Absorption spectrum
of water through a 1-mm long path. OD optical density. (e) Autofluorescence spectra of ex
vivo mouse liver (black), spleen (red) and heart tissue (blue) under 808 nm excitation light,
showing the absence of autofluorescence in the >1500 nm NIR-II window. Inset: Autofluorescence
spectra at high wavelengths. The dashed lines denote the values at three standard deviations from
the baseline. Figure from [1] Reprinted by permission from Springer Nature: Nature, Nature
Biomedical Engineering 2017, 1, 0010 (Near infrared fluorophores for biomedical imaging, Hong
etal.), © 2017

penetration depths are required of the excitation light. Additionally, the endogenous
autofluorescence, especially in the case of nicotinamide adenine dinucleotide
phosphate (NADP) and its reduced form (NADPH), both involved heavily in the
energy metabolism of cells, were adapted into a spectroscopy technique that does
not require external fluorescent dyes but relies on the ratio of the autofluorescence
signals to visualize metabolically active regions of the cells. Nevertheless, over-
coming autofluorescence is more difficult in animal in vivo imaging and became a
challenge in the NIR as is explained in the following sections.

In this chapter we present a review of the different strategies that have been
used until now to eliminate the contribution of autofluorescence in biomedical
imaging. We have classified them in two big blocks: approaches based on filtering
the autofluorescence from the image (spectral filtering and time-domain filtering)
and approaches based on avoiding the excitation of the molecules causing autofluo-
rescence (by using fluorophores that do not require in situ excitation with light).
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9.2 Autofluorescence Filtering Strategies

9.2.1 Spectral Filtering of the Autofluorescence:
NIR-I1-Emitting Nanoparticles

The first, and most extensively employed, strategy to avoid the presence of
autofluorescence is spectral filtering (i.e. use of optical filters to collect only
the signals emitted at wavelengths longer than 1200 nm). Hence, in order to
apply this approach, the use of fluorophores that present emissions in this range
is necessary. Although it is possible to develop organic dyes with emissions in
this region, nanoparticles (NPs) present important advantages, as NIR-emitting
organic dyes are mostly hydrophobic, instable and reactive due to the nature of the
chromophore (extended conjugated double bonds/aromatic system). Therefore, they
often also require long, complex synthetic routes and present easily a non-negligible
cytotoxicity. In comparison, NPs with emissions in the NIR-II or above are readily
synthesized, stable and, through surface functionalization, transferable into aqueous
media.

As this method is the easiest to implement from all the methods that are going
to be described herein (a large number of works presenting nanostructures with
emissions in the NIR-II above 1200 nm and in the NIR-IIb), we are going to classify
them depending on the material used for the preparation of the nanoparticle.

9.2.1.1 Carbon Nanotubes

Carbon nanotubes (CNTs), or more precisely single-walled CNTs (SWCNTSs),
were in fact the initiators of the field of NIR-II in vivo imaging. They are
semiconductor materials and their NIR-II emissions are due to transitions between
their bandgaps [3]. Despite their promising spectral properties, their use had
previously been hampered because SWCNTs are highly hydrophobic, which made
them incompatible with biological applications. In 2009, Welsher et al. were able
to prepare biocompatible SWCNTSs and obtain whole-body images of mice by
using excitation light in the NIR-I and recording the emissions in the NIR-II [4].
The biocompatibility was achieved by coating the SWCNTs with phospholipid—
polyethylene glycol, following a ligand exchange procedure. The use of the NIR-II
window allowed the acquisition of deep-tissue images, and the visualization of the
vasculature of a tumour located under the skin (Fig. 9.2).

Since this first demonstration, SWCNTSs have been used as fluorescent contrast
agents in a large number of experiments, including imaging of mice organs [5,
6], tumour targeting [7-11], and dynamic visualization of the vascular system
[12—15]. All these works are based on the use of small-diameter SWCNTSs, which
present an improvement in terms of image contrast and tissue penetration but
still work in a region where autofluorescence contributions can be detected. Even
better results in terms of image contrast and penetration depth can be achieved
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Fig. 9.2 (a) Optical image of LS174T tumour-bearing mouse used for intravital microscopy. (b—
h) High-magnification NIR photoluminescence images taken within 90 min of injection of a high
concentration (~170 mg L~!, 300 pnL) of exchange SWNTs. Tumour vessels can be resolved to a
few micrometres, approaching the diffraction limit. Exposure times for all images were 1 s. Figure
from [4] Reprinted by permission from Springer Nature: Nature, Nature Nanotechnology 2009,
4, 773-780 (A route to brightly fluorescent carbon nanotubes for near infrared imaging in mice,
Welsher et al.), © 2017

by using large-diameter SWCNTs with emissions in the 1500-1700 nm range,
where autofluorescence is undetectable [16]. This improvement was empirically
demonstrated in 2015 by Diao et al., in a work where they obtained highly detailed
in vivo images of the vessels in the brain and in the hind limb of living mice [17]
and more recently by Wan et al. to highlight tumour location [18].

The main handicap of SWCNTs for in vivo imaging is their low fluorescence
quantum yield (~0.5%), but these pioneering results encouraged the development of
other luminescent probes with absorption and emission bands in these advantageous
spectral ranges.

9.2.1.2 Quantum Dots and Semiconducting Nanoparticles

Inorganic semiconductor nanoparticles, mostly quantum dots (QDs), are very pop-
ular for bioimaging applications due to their small size and bright emissions whose
wavelength can be adjusted by the appropriate selection of crystal composition and
size. In order to obtain biological images in the NIR-II region, metal chalcogenide
nanocrystals (mainly Ag>S and PbS) have been widely employed obtaining very
good results. In particular, Ag,S presents the important advantage of no highly toxic
metals in its composition, which facilitates their biocompatibility [19]. In addition,
Ag>S nanocrystals show a very bright fluorescence around 1200 nm, with a quantum
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yield of ~15% [20] that has been used to obtain high-contrast images of different
systems: subcutaneous injections [21], tumours (showing an excellent targeting
efficiency, even for passive targeting) [22—27], vascular vessels in angiogenesis [28],
lymphatic vessels, real-time tracking of proteins [29], and mesenchymal cells [30,
31]. AgzSe nanocrystals exhibit similar properties and a slightly longer wavelength;
however, this material has not been so extensively studied [32, 33].

Worse perspectives for clinical translation have PbS nanocrystals due to the
presence of lead; however, their good spectroscopic characteristics (extremely high
quantum yield and long emission wavelength) have given place to a large number of
in vivo applications after proper functionalization of the surface [34-36]. As directly
encapsulated PbS nanocrystals show easy surface luminescence quenching, they are
currently employed as part of a core/shell structure in which a PbS core is shielded
by a CdS shell; the size of the core allows the tuning of the emission in the 1100-
1300 nm range [37, 38]. To avoid leakage of Cd from the shell, a third protective
layer is usually added (e.g. SiO», ZnS). In vivo applications that can be found in
the literature include imaging of the gastrointestinal track and vascular vessels [39],
subcutaneous injections [40], lymph nodes, cerebral blood vessels, breast tumours,
phagocytic cells in mice [41, 42], and biodistribution studies [34, 43].

9.2.1.3 Rare Earth-Doped Nanoparticles

Rare earth-doped nanoparticles consist in inorganic nanomaterials (usually fluorides
or oxides) that present fluorescent emissions due to doping with rare-earth trivalent
ions (usually lanthanide ions). They have become popular in the last decade for
biomedical applications thanks to their ability to emit visible light under excitation
with NIR light, a process known as upconversion. However, several rare-earth
ions present emissions in the NIR-II after being excited with light in the NIR-I.
Compared with other luminescent nanomaterials, rare earths have the advantage
of showing very sharp emission bands whose spectral position is not affected by
the environment, which makes them ideally suited for multicolour imaging. As a
drawback, they present a low absorption cross section, and therefore co-doping with
several ions is very common, one acting as sensitizer (to enhance the absorption
of the excitation radiation) and the other(s) acting as activators (light emitters). It
was also observed that interactions of the ions located close to the surface of the
nanoparticle with solvent molecules can quench the luminescence of the ions; to
avoid this effect the preparation of a protective shell that shields the ions in the core
from the environment is a typical strategy. This shell (or shells) can be limited to
a protective function or include other dopant ions that enhance the luminescence
performance of the core or/and provide new colours in order to have a multicolour
luminescent probe [44]. The ions that have been proposed as activators because
they present strong emissions in the region of NIR-II are neodymium, erbium,
thulium, holmium and praseodymium. Several works can be found based on the
use of Nd for imaging; however, they are based on the 1060 nm wavelength
emission, which lies in a region where the contribution of the autofluorescence is



9 Near Infrared-Emitting Bioprobes for Low-Autofluorescence Imaging Techniques 205

still strong [45-52]; Nevertheless, Nd is a valid candidate for autofluorescence-
free imaging as it presents another band at 1300 nm. Despite this, it has been
less employed due to its weaker intensity [53]. The NIR-II emission bands of the
other mentioned ions (erbium, thulium, holmium and praseodymium) appear in the
regions where the autofluorescence contribution has decreased and were employed
to obtain high-contrast in vivo images of organs and tumours in living mice after
proper functionalization or encapsulation to ensure good dispersibility in aqueous
media [54-60].

9.2.14 Polymeric Nanoparticles

Polymeric nanoparticles are usually composed by a NIR-II-emitting dye loaded
in a polymeric nanomaterial or micelle. They are designed to overcome the
drawbacks that present inorganic materials and NIR dyes: inorganic nanomaterials
have compositions that are difficult to translate to clinical applications whereas low-
molecular-weight NIR dyes show a composition that is often highly biocompatible
but they are poorly soluble in water, and thus cannot be expected to circulate in the
blood stream. Therefore, the decoration or encapsulation with amphiphilic polymers
solves this problem. In addition, small molecules present an excellent clearance
from the organism; thus, no toxicity effect from long-term accumulation has to be
expected; this feature can be preserved by controlling the size of the polymeric
nanomaterial.

NIR-II-emitting dyes have been known for a long time, as they have been
used as dye lasers. In fact, the first work reporting NIR-II imaging with polymer
nanoparticles used the well-known IR-1061 laser dye encapsulated in a poly(acrylic
acid) nanoparticle. Stability in aqueous solutions was achieved by functionalizing
the particle with polyethylene glycol (PEG), and dynamic organ registration and
femoral vasculature imaging of living mice was possible [61]. Organic dyes present
a very broad emission band and high quantum yield. Therefore, although the
emission of the dye used in this work peaked below 1200 nm wavelength, the
authors were able to filter the emissions below 1300 nm and observed the increase
in the image contrast due to the elimination of the autofluorescence (Fig. 9.3). The
same dye was also used with good results for the detection of ovarian cancer [62].

Another approach was employed with pDA, a dye normally used in solar
cells, consisting in the synthesis of a series of conjugated copolymers with an
intrinsic fluorescence of 1050-1350 nm through donor—acceptor (D—A) alternating
copolymerization [63]. The authors applied the nanostructure to ultrafast blood flow
tracking by taking advantage of the high luminescence quantum yield of the dye that
allowed the use of short integration times for the acquisition of the images.

The disadvantages of the encapsulation techniques are the possibility of leak-
ing of the hydrophobic dyes into the blood stream and the difficulty to obtain
monodisperse nanoparticles with a small size that permits fast renal clearance. For
this reason, the research on NIR-II-emitting dyes is directed towards techniques to
improve the hydrophilicity of the molecules by covalent conjugation of a water-
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Fig. 9.3 In vivo NIR imaging of the hindlimb and abdomen of nude mice with fluorophores
circulating in the blood streams after intravenous injection. (a) Image of a mouse hindlimb
taken in the NIR window at ca. 800 nm after IRDye 800 injection. (b, ¢) Images recorded after
injection of IR-PEG nanoparticles under 808 nm laser excitation in the 1.1-1.7 pm and 1.3-
1.7 pm NIR-II regions, respectively. (d) An NIR-II fluorescence image of the abdomen taken in the
1.3-1.7 wm NIR-II region under 980 nm laser excitation after injection of IR-PEG nanoparticles.
(e) Image of a mouse hindlimb taken in the 1.1-1.7 wm NIR-II region after injection of single-
walled carbon nanotubes under 808 nm laser excitation. (f) Image of a mouse hindlimb taken
in the 1.1-1.7 wm NIR-II region without injection of any fluorophores, thus showing minimal
autofluorescence. Figure from [61] Figure with permission from Tao et al., Biological Imaging
Using Nanoparticles of Small Organic Molecules with Fluorescence Emission at Wavelengths
Longer than 1000 nm, Angewandte Chemie International Edition 2013, 52, 13,002-13,006, John
Wiley and Sons, Copyright © 2013, John Wiley and Sons
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solubilizing moiety directly to the fluorophore. This strategy was used by Antaris et
al. who were able to show in real time the fast renal clearance characteristic of this
type of molecules [64]. The good results obtained by the careful choice of the small
molecules’ structure made the encapsulation approach superfluous.

9.2.2 Time-Domain Filtering of Autofluorescence:
Time-Gating Techniques

Time-gating techniques for autofluorescence removal are based on the use of
fluorophores that present fluorescence lifetimes orders of magnitude longer (s to
ms) than the lifetimes of the molecules causing the autofluorescence (usually in the
range of ns). The sample is illuminated with pulsed light and the acquisition of the
image is initiated a time after the end of the pulse when the autofluorescence signal
has already decayed but the signal coming from the fluorophore is still strong. The
potential sensitivity improvement obtained with time-gating is especially helpful
when a low dose of the imaging probe is required, as the signal-to-noise ratio
increases very quickly with the delay time even if the long-lifetime fluorophore
is present at a concentration a million-fold lower than the fluorophores causing the
autofluorescence. For instance, the contrast ratio at 50 ns post-excitation can be
larger than 10%° [65]. In addition, these techniques can be used for autofluorescence
removal even with visible emitting fluorophores. Yet, optimal results for in vivo
imaging are achieved in the NIR by taking advantage of the autofluorescence
removal and the reduced scattering suffered by NIR light that allows to obtain high-
resolution images of deeper tissues. However, it is not easy to obtain biocompatible
NIR fluorophores with fluorescence lifetimes significantly greater than 1-10 ns, due
to the quantum mechanical selection rules associated with organic molecules or
direct gap semiconductors [66].

One example of this technique that can be found in the literature is the work
of Gu and co-workers, which was based on the use of porous silicon nanopar-
ticles [65]. Although silicon is a semiconductor material, it does not share the
important drawbacks that many of the semiconductors used for the preparation
of luminescent semiconductor nanoparticles or QDs present (e.g. CdS or CdSe).
In particular, silicon nanoparticles were demonstrated to be biodegradable and to
have low toxicity [67]. Regarding their luminescence properties, the most important
difference between silicon and the other materials in use comes from the fact that
silicon is an indirect gap semiconductor. This makes the lifetime of the excited state
much longer than the typical lifetimes of QDs, displaying values from hundreds
of nanoseconds to several microseconds. This property was used by the authors
to obtain high-resolution in vivo images of human ovarian cancer tumours after
injecting polyethylene-glycol-coated porous silicon nanoparticles (PEG-LPSiNPs)
in a live mouse [65]. With a commercial system and nanocrystals having emissions
in the NIR-I and a lifetime between 5-13 s they completely removed the
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autofluorescence component of the tissue obtaining a 20-fold increase in contrast.
A couple of years later they improved their results by designing a system adapted
to the lifetime values of their SiNPs, and obtained high-resolution images of a brain
tumour by active targeting with iRGD functionalized PSiNPs [68]. However, the
application in vivo is still limited by the excitation wavelength of the nanocrystals
that belongs to the UV-blue region of the electromagnetic spectrum, preventing
deep-tissue imaging.

Lanthanide-based nanomaterials are especially interesting for time-gating due
to their very long fluorescence lifetimes. Their emission stems from forbidden 4f-
4f transitions, which results in very slow emission rates (i.e. long lifetimes from
microseconds to milliseconds). For this reason, lanthanides have been traditionally
used for high sensitivity detection, in particular for immunoassays, but usually as
part of molecular complexes [69, 70]. These compounds had to be excited in the
UV part of the spectrum, and therefore, are used for in vitro assays but are not
appropriate for in vivo imaging. However, the inception of nanochemistry made the
development of lanthanide-doped materials possible, whose absorption bands are
located in the biological windows and can be applied for in vivo imaging.

The first example on the use of rare earth-doped nanoparticles for autofluorescence-
free in vivo imaging was published by Zheng et al. They employed a homemade
set-up that consisted in a 980 nm pulsed laser diode synchronized with a chopper
wheel situated in front of an NIR detection camera, so the camera started receiving
signal a few microseconds after the laser pulse had finished [71]. Through the
subcutaneous injection of NaLuF, nanoparticles co-doped with Tm3* and Yb3*
they obtained autofluorescence-free images of living mice by detecting the 800 nm
upconversion emission of Tm after excitation with 980 nm. They demonstrated not
only the increase in contrast achieved thanks to the time-gated detection but also
that the pulsed excitation reduced the heating produced in the animals due to the
use of 980 nm excitation wavelength.

A proof-of-concept paper on the use of time-gating imaging for autofluorescence
removal in the NIR-II was presented by del Rosal et al. employing long-lifetime
NaGdF4:Nd** nanoparticles [72]. However, large nanoparticles with a size of 600~
800 nm were required to achieve the long-lifetime values (around 200 ps), which is
too large for many biomedical applications. Nevertheless, employing these particles,
the authors obtained time-gated optical imaging of living mice at 1050 nm, showing
aremarkable improvement in the contrast of fluorescence images due to the removal
of autofluorescence, and thereby paved the way for the design of nanoparticles for
time-gated imaging in NIR-II (Fig. 9.4).

The duration of the luminescence lifetime of rare earth-doped nanoparticles can
be selected through appropriate relative concentrations of the dopants; two examples
varying concentrations in neodymium and ytterbium co-doped nanoparticles are
presented in the work of Tan et al. [73]. Although many examples of nanoparticles
co-doped with ytterbium can be found in the literature, they could cause overheating
in biological samples due to the presence of a water absorption overlapping the exci-
tation band of ytterbium, and therefore, ytterbium-based materials are considered
not optimal for in vivo imaging [74]. Still, when talking about autofluorescence
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Fig. 9.4 (a) Schematic representation of the experimental set-up used to collect autofluorescence-
free NIR images. The trigger output of an 808 nm pulsed laser diode is connected to an electronic
circuit used as “Trigger delay”, which produces an output pulse after a certain delay time (which
can be adjusted between 1 and 200 s) after the laser pulse has ended. The output signal of this
delay circuit is used as a trigger for the NIR camera, whose exposure time is set so that the image
recording has finished well before the start of the next laser pulse. (b) Infrared images obtained for
two C57BL/6 mice, one of which was orally administered 200 L of an aqueous dispersion of NPs,
while the other acts as a control. Images are shown for zero delay, where a clear autofluorescence
signal is observed for both mice, and for a 1 s delay, where fluorescence is only present in the
mouse with NPs. Figure with permission from del Rosal et al., Overcoming Autofluorescence:
Long-Lifetime Infrared Nanoparticles for Time-Gated In Vivo Imaging, Advanced Materials 28,
10,188-10,193, John Wiley and Sons, © 2013, John Wiley and Sons, Reference [72]

elimination, ytterbium presents the advantage of a very long emission lifetime,
close to 1 ms, which may be exploited provided that the excitation can be changed
from 980 nm to a different, more biologically compatible wavelength. This is
usually done by co-doping the material with neodymium, which can be excited
at 800 nm and can transfer the energy to ytterbium. In the previously commented
work, two strategies were used: the first one was to incorporate thulium (Tm3*)
dopants in Yb3+/Nd3*+ co-doped NaGdF4 NPs (~13 nm), while the second one is
to utilize a core/shell structure to produce enhanced and long-lifetime emissions
from NaYF,:Yb3T, Nd*t @CaF, core/shell NPs (~9 nm). For the first case, it was
observed that it was possible to obtain NPs with a lifetime larger than 1 ms [73].
In the second case, the optimization of doping concentrations of both Nd3* and
Yb>* ions in the NaYF, core, which enabled enhancing the absorption of excitation
light at 800 nm, increased the luminescence intensity at 1000 nm by about 45
times and the lifetime from about 50 to 830 ws [73]. The possibility of using these
probes for high penetration, autofluorescence-free in vivo NIR time-gated imaging
was experimentally demonstrated through the performance of two different in vivo
experiments in murine models: real-time tracking of gastrointestinal absorption
of orally administered NPs and transcranial autofluorescence-free imaging of
intracerebrally injected NPs. Bioimaging of the brain is a good example of a
situation where the concentration of the fluorophores has to be limited to avoid toxic
effects and therefore, the contrast achieved by time-gating imaging is crucial.
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In general, the time-gated experiments presented until now are essentially steady-
state intensity measurements, in which the intensity is measured over a period of
time following pulsed excitation. However, time-gating techniques are interesting
because they are compatible with time-resolved measurements, which contain
more information than is available from the steady-state data. By employing the
appropriate instrumentation, it is possible not only to eliminate the autofluorescence
component of the image, but also to measure the fluorescence lifetime of the
fluorophore. This is important because the value of the lifetime is independent
from the concentration of the fluorophore; when doing imaging experiments the
local concentrations of the fluorophores are unknown and can change during the
measurement due to washout or photobleaching, which makes it very difficult to
obtain quantitative results purely based on the local intensity values. The existence
of fluorophores that display changes in the lifetime because of an interaction
with the environment (such as pH, temperature or presence of certain analytes),
allows the development of lifetime-sensing techniques. Other processes, such as
fluorescence resonance energy transfer (FRET), reveal the interactions between
molecules by changes in the value of the lifetime of the probe or in the shape of the
decay curve. Current technologies allow the acquisition of lifetime images (images
where the contrast is given by the value of the lifetime) and they are extensively
used in fluorescence-lifetime imaging microscopy (FLIM), but the same concept
can be applied to 3D imaging by working with fluorophores with long-lifetime NIR
emissions. A first step in this direction was presented by Ortgies and co-workers
who employed fluoride nanoparticles co-doped with neodymium and ytterbium
[75]. They were able to use multiplexed images to compare the biodistribution of
nanoparticles that had been administered to mice via two different pathways (oral
and intravenous) because the nanoparticles employed for each pathway had different
luminescence lifetimes. In particular, they employed NaYg9_,Ybo 1 Nd,F4 @CaF,
core/shell NPs with Nd3* concentrations x = 0.1, 0.2, 0.3, 0.5, 0.8, and 0.9, which
resulted in lifetimes for the 980 nm emission band of Yb3T in the range 1.4—
0.2 ms. The mouse under study received 200 WL of an aqueous dispersion of NPs
with a Nd3* content of x = 0.3 (+ = 0.7 ms) through oral administration and an
intravenous injection of 100 pL of a PBS dispersion of NPs with a Nd3* content of
x = 0.2 (r = 1.3 ms). The intensity-based image showed the accumulation of both
types of nanoparticles in the abdominal zone, making the analysis of the results
in vivo very difficult (Fig. 9.5 bottom (a)). However, the acquisition of multiple
images at different delay times as shown in the top figure enabled the conversion
of the intensity-weighted image to a lifetime-weighted image where the different
distributions of the nanoparticles can be clearly observed (stomach for oral and
liver for intravenous). This work provided a first approach for the design of in vivo
lifetime-based multiplexed studies. It demonstrated also an additional advantage
of working with long-lifetime nanoparticles: they allow using later detection than
regular lifetime imaging. Typical lifetime imaging implies working with temporally
overlapping fluorophores, and the correct interpretation of the images requires the
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Fig. 9.5 (Top) Schematic diagram of the experimental set-up used for the acquisition of in
vivo lifetime images: Image acquisition is synchronized with the excitation pulse. Analysis of
fluorescence images acquired with different time delays in respect to the laser pulse leads to
lifetime images that allows in vivo multiplexing in the time domain. The fluorescence images
obtained for different time delays as well as the lifetime image included as an example correspond
to real measurements performed on a mouse with two subcutaneous injections of NaYF4:Yb,Nd
@CaF; NPs with neodymium contents of x = 0.3 and x = 0.5 with fluorescence lifetimes of
71 =0.7 ms and 7, = 0.4 ms, respectively. (Bottom) (a) Intensity-based infrared image of a mouse
after oral and intravenous injection of NaY9—,Ybg NdF4@CaF, NPs with a Nd3*t content of
x = 0.3 and 0.2, respectively. (b) Lifetime-based image of same mouse as in (a). The different
location of the two types of NPs is evidenced. Reprinted with permission from (Ortgies DH et al.
(2018) Lifetime-Encoded Infrared-Emitting Nanoparticles for In Vivo Multiplexed Imaging ACS
Nano 12:4362-4368). Copyright (2018) American Chemical Society

unmixing of the signals by using model fitting (e.g. multiexponential fits). The
possibility of employing time gates where the contribution of autofluorescence has
completely disappeared eliminates the risk of getting false results due to potential
errors in model assumptions. The same idea was used by Fan et al. with the 1500 nm
emission of Er** to identify tumour subtypes in living mice [76].
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9.3 Excitation-Free Approaches

Another possibility to avoid the excitation of the molecules responsible for aut-
ofluorescence consists in using fluorophores that do not require in-body excitation.
Different mechanisms make this possible, for example the use of materials showing
afterglow (i.e. showing fluorescent emission a long time after the excitation source
has been removed), or materials that do not require light as excitation source (e.g.
bioluminescent or chemiluminescent materials). Some examples of these strategies
will be discussed in the next section.

9.3.1 Long-Persistent-Luminescence Nanoparticles

Long-persistent-luminescence materials are materials that have the capacity of
emitting light a long time after the excitation source has been removed [77]. This is
possible thanks to the presence of defects in the material that can trap electrons
and release them slowly. The use of these materials allows the acquisition of
autofluorescence-free images because in situ excitation is not needed: it is possible
to excite the materials outside of the body and inject them in the excited state into the
body. Traditionally these materials have been prepared for solid-state applications
in the visible; however, over the last years some attempts of moving the emissions
of the persistence towards wavelengths of biological interest have been made.

9.3.1.1 Persistent Luminescence with Inorganic Nanoparticles

Persistent luminescent materials (usually known as long-persistence phosphors,
LPPs) have been known and applied for a long time (almost a thousand years
according to Chinese legends) and have been commercially exploited for the last
100 years mainly for solid-state applications such as safety signals, dials, displays
and decoration. There are many well-known combinations of host materials and
dopants (usually Eu®t as emitter ions and Dy** or Sm* as enhancer of the
persistence) that show persistence times of hours or even days. However, the
emission bands of those materials are located in the blue and green regions of
the electromagnetic spectrum, which has traditionally hampered their biological
applications. The attempts to move the persistent emissions towards the red or even
the NIR are relatively recent and have proven to be difficult, as this red shift was
usually accompanied by a remarkable shortening of the afterglow time. Several
different strategies were employed in order to obtain NIR-emitting long LPPs: (1)
the use of new rare-earth and transition metal ions with emission in the NIR as
activators (e.g. Nd*T, Bi*t, Yb3*, Mn?*, Mn*+ and Cr’**); (2) modulating the
crystal field in order to red-shift the emissions of already known LPPs; (3) using
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visible LPPs co-doped with NIR-luminescent ions in order to induce energy transfer
to excite the NIR emissions of the latter.

In 2007, le Masne de Chermont demonstrated the possibility of in vivo bioimag-
ing with LPPs whose emission belonged to the NIR-I spectral region by varying
the activator ions [78]. They synthesized Cag2ZngoMgp9SipO¢ particles doped
with Eu?t, Dy3* and Mn?" that presented afterglow at 700 nm for more than
1 h after irradiation with UV light for 5 min. The reduced size of the particles
(50-100 nm, much smaller than typical LPPs) allowed the acquisition of in vivo
images of living mice after intramuscular injection of the particles at different
depths. They also studied the biodistribution of a solution of the LPPs injected
through the tail vein, although the size of the particles resulted in accumulation
in the lungs, which was attributed to the accumulation of particles in the small
capillaries of these organs, and in liver and spleen uptake. The work of Pan and
co-workers [79] on the use of Cr’t-activated gallates provided LPPs with long
afterglow emission in the 650—1000 nm region, presenting excellent properties for
in vivo imaging, initiating a great number of studies using Cr3*-doped materials for
bioimaging. One example was the work of Li and co-workers, on the imaging of
goldfish with times as long as 2 h after injection, and demonstrating the possibility
of reactivating the afterglow by using incoherent NIR light [80]. In the same year,
Maldiney et al. reported on the in vivo imaging and vascularization visualization
of mice by using ZnGaj 995Crg 00504, a material that showed persistence in the
NIR and whose afterglow could be reactivated in vivo by using red light [81]. Ai
et al. used the same Cr>*-based LPP (ZnGay04Crq go4) for biodistribution studies,
tumour targeting and guided surgery of Hepatocellular Carcinoma [82] and Sun and
co-workers for evaluation of long-term effects and biodistribution of these materials
[83]. Chen et al. used a nanoplatform based on LPP and CuS nanoparticles for
imaging and photothermal imaging [84]. Wang et al. developed an aptamer-guided
Zn14,Gaz2,Ge,04:Cr, 0 < x < 0.5 bioprobe and demonstrated an excellent tumour-
specific accumulation [85]. Especially interesting is the recent work of Wang et al.
who prepared hollow nanostructured LPPs and used them for in vivo imaging, drug
delivery and photodynamic therapy [86]. Other activators for afterglow in the NIR
windows have been proposed but their application in vivo remains unexplored; they
include Mn** and Bi2* [87], Nd>* [88] or Yb>* [89]. In addition to the introduction
of new activators, some works have reported on the control of the crystal field as a
way to shift the emissions of already exploited activators towards the NIR. This is
the case of the work of Li et al. who synthesized Zn—x)Al>,Sn(j —x)O4:Cr and were
able to control the position of the Cr3* emission band between 720 and 800 nm
[90], or the work of Nie et al. who prepared Ni2+-d0ped Zny4,SnyGay 2,04
phosphors and tuned the emission band from 1270 to 1430 nm [91].

The third strategy to obtain long persistence times in the NIR is based on systems
that present an efficient energy transfer from activator ions with long persistence
in the visible to luminescent ions with emission in the NIR, phenomenon that
has been named as persistence energy transfer (PET). PET has been demonstrated
for example from Eu®* to Nd3*, obtaining long-persistence emissions at 890 and
1060 nm wavelength [92] and Er’*, obtaining long persistence in the emission
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at 1500 nm wavelength [93]. Other ions employed as donors were Ce’* in
combination with Nd>* to obtain persistent emissions longer than 10 h in the NIR-I
and NIR-II regions of the spectrum [94].

Traditionally this type of phosphors is synthesized forming irregular microstruc-
tures due to the post-synthesis high-temperature annealing treatments that need to
be performed to activate the persistence of the material. In consequence, many
studies have been focused on synthetic procedures to obtain more biocompatible
sizes and morphologies (e.g. [95]) or in the surface modification of the already
existing materials in order to extend their applications in the biomedical field; many
examples can be found for instance in the review paper by Sun et al. [96].

9.3.1.2 Persistent Luminescence with Organic Molecules

Recently, it has become feasible to shift the luminescence of organic semiconductors
into the infrared and turn them into emitters of persistent luminescence. Most often,
the applied term is afterglow, indicating a persistent emission after illumination. The
design of completely organic nanomaterials brings often an increased biocompati-
bility and reduced toxicity with it due to the lack of heavy metals that are normally
responsible for fluorescence in inorganic nanomaterials, especially quantum dots.
Furthermore, organic polymers are readily modified and functionalized to achieve
specific functionalities suited to the application. In the context of autofluorescence-
free imaging this means that semiconducting polymer nanoparticles (SPNs) have
been developed for afterglow imaging, demonstrating excellent signal-to-noise
ratios and a more pronounced shift into the infrared.

In 2015, the group of Rao published a work with a similar SPN + IR dye
combination they had previously used for bioluminescence imaging (see below)
[97]. The SPNs allowed excitation with blue light (465 nm), and the electrons
were trapped in defects of the SPN. Upon temperature increase, the electrons were
released leading to persistent emission of the polymer and subsequent highly desired
energy transfer to the included IR dye IR 775. The authors applied the particles
towards in vivo biodistribution studies in mice and were able to follow the emission
for minutes as distributed into the different organs. Re-excitation was also possible,
showing a distribution of SPNs throughout the whole animal after 24 h [97].

Recently, this concept was taken up by one of the authors and continued to
further demonstrate the advantages of SPN by studying in detail the underlying
mechanism for their afterglow luminescence. They achieved a 127-fold better
signal-to-noise-ratio than typical NIR-II fluorescence contrast agents. Qingqing
Miao et al. started out systematically investigating seven fluorescent semiconducting
polymers as principal ingredient for afterglow nanoparticles and determined that
only phenylenevinylene (PPV)-based SPNs demonstrated afterglow. The best results
were obtained with poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene]
(MEHPPV) that showed the strongest afterglow emission centred around 600—
650 nm when excited at 465 nm. Next, they demonstrated that the vinyl bonds in the
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Fig. 9.6 (a) Schematic illustration of the proposed mechanism. (b) Schematic illustration of SPN-
NCBS pre-irradiated by an 808 nm laser for afterglow enhancement versus a 514 nm laser. (c)
Afterglow luminescence images of 12.5 pg/mL SPN-NCBS (based on the mass of MEHPPV)
pre-irradiated at 514 (left) or 808 nm (right). The nanoparticle solutions were pre-irradiated by
808 or 514 nm laser (1 W/cm?) for 1 min, and then the afterglow images were acquired under
bioluminescence mode with an acquisition time of 30 s after removal of the laser source. (d, e)
Fluorescence (d) and NIR-induced afterglow luminescence spectra (e) of SPN-MEHPPV and SPN-
NCBSS5 in 1 x PBS buffer (pH = 7.4). (f) Quantification of the absolute fluorescence and afterglow
luminescence intensities of SPN-MEHPPYV at different doping amounts of NCBS. The error bars
represent the s.d. (n = 3). Figure from reference [98] Reprinted by permission from Springer
Nature: Nature Biotechnology 2017, 35, 1102-1110 (Molecular afterglow imaging with bright,
biodegradable polymer nanoparticles, Miao et al.), © 2017 Springer Nature

polymer backbone are key for the afterglow luminescence. Irradiation leads to their
oxidation with 'O, and breaking of the polymer into aldehyde and acid fragments
under light emission (Fig. 9.6). This reaction is also temperature dependent, and
therefore, the SPNs can also be employed for nanothermometry [99], which was
demonstrated by the authors in a more recent work. In order to be truly applicable for
in vivo imaging the afterglow emission should possibly be in the infrared and not the
red. Therefore, an infrared-excitable 'O, sensitizer was added to the composition of
the SPNs, allowing to shift the pre-irradiation. But more importantly, in addition
to the excitation at 808 nm, 2,3-naphthalocyanine bis(trihexylsilyloxide) (NCBS)
added also an emission in the NIR-I to the SPNs at 780 nm, making the afterglow
particles true NIR contrast agent. The particles demonstrated to have excellent tissue
penetration properties and proved themselves well in in vivo imaging [98].
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Recently, they further improved the formulation of the SPNs into a self-
assembling nanoparticle by turning to an amphiphilic polymer [100]. The main dis-
advantage of the above described MEHPPV SPNs was the need for co-precipitation
with a block copolymer (PEG-b-PPG-b-PEG) forming micelles to achieve water
dispersibility due to the hydrophobicity of the SP. Therefore, they set out to add PEG
chains onto the PPV polymer backbone. This was achieved through the modification
of the side-chains of the polymer and addition of PEG on these side-chains through
click chemistry. The authors demonstrated that copolymerisation of the MEHPPV
monomer with PEG-modified PPV monomer in a ratio of § to 1 led to the best so
far obtained results through self-assembly precipitation in PBS. Doping with 2%
of the 10, sensitizer NCBS achieved a further shift into the infrared (emission at
780 nm) and the so-obtained nanoparticles SPPVN were revealed to all out surpass
the previously employed MEHPPV. The particles had a smaller hydrodynamic
diameter (24 vs 34 nm), showed better energy transfer (FRET efficiency 51 vs 24%),
and most importantly even brighter afterglow luminescence (1.3-fold). The authors
reasoned that due to the smaller size and higher PEG loading on the NPs surface,
the higher accumulation in tumours could be explained, and tumours as small as
1 mm? and peritoneal metastatic tumours that are invisible to the eye could be
imaged with the afterglow (Fig. 9.7). This afterglow nanoplatform presented by the
group of Pu will be an interesting alternative to other autofluorescence-free imaging
techniques, allowing irradiation pre-injection/application and combining this with
excellent biodegradability, which is part of the luminescence mechanism and enable
deep-tissue imaging without simultaneous irradiation [100].

9.3.2 Bioluminescence

Bioluminescence imaging is a technique based on the interaction between a light-
emitting molecule (generally luciferin) that can be oxidized in the presence of
a biocatalyst (usually an enzyme, sometimes the presence of other cofactors is
needed) to an excited state that decays by emitting visible radiation. The absence
of excitatory light leads to lower background and hence higher sensitivity. Biolu-
minescence imaging experiments are commonly based on the use of oxyluciferin,
a metabolic product of the firefly luciferin, which after adenylation by firefly
luciferase, followed by a reaction with molecular oxygen emits green light (ca.
560 nm) [101]. Targeting bioimaging applications, several studies have been
performed to shift these bioluminescent emissions to the NIR-I window (650-
950 nm), including some successful demonstrations of autofluorescence-free in vivo
imaging [102-111].

In 2006, So et al. proposed a novel strategy to obtain luminescent markers
for autofluorescence-free in vivo imaging [112]. They employed luciferases as
bioluminescence imaging agent combining the luminescent enzymes with quantum
dots to achieve an energy transfer and emission at a different wavelength than that of
the enzyme based on the characteristics of the employed QDs [112]. In analogy to
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