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Approximately 1.7 million new cases of cancer will be diagnosed this year in
the United States leading to 600 000 deaths. Patient survival rates are highly
correlated with the stage of cancer diagnosis, with localized and regional
remission rates that are much higher than for metastatic cancer. The current
standard of care for many solid tumors includes imaging and biopsy with
histological assessment. In many cases, after tomographical imaging modali-
ties have identified abnormal morphology consistent with cancer, surgery is
performed to remove the primary tumor and evaluate the surrounding lymph
nodes. Accurate identification of tumor margins and staging are critical for
selecting optimal treatments to minimize recurrence. Visible, fluorescent, and
radiolabeled small molecules have been used as contrast agents to improve
detection during real-time intraoperative imaging. Unfortunately, current dyes
lack the tissue specificity, stability, and signal penetration needed for optimal
performance. Quantum dots (QDs) represent an exciting class of fluorescent
probes for optical imaging with tunable optical properties, high stability, and
the ability to target tumors or lymph nodes based on surface functionaliza-
tion. Here, state-of-the-art biocompatible QDs are compared with current
Food and Drug Administration approved fluorophores used in cancer imaging
and a perspective on the pathway to clinical translation is provided.

cancer cells remain localized at the pri-
mary tumor site and sentinel lymph nodes
(SLNs), prognosis is poor for solid tumors
that are not discovered before becoming
metastatic.’l Therefore, there has been
a major emphasis on early screening
with the goal of detecting the disease at
a stage when it is easier to treat, which is
especially important for cancers that are
aggressive or asymptomatic in their early
forms.B!

Cancer diagnosis often relies on a com-
bination of biopsy and imaging, which can
consist of X-ray computed tomography
(CT), magnetic resonance imaging (MRI),
positron emission tomography (PET),
single photon emission CT (SPECT),
ultrasound, and optical imaging. Tomo-
graphical techniques (CT, MRI, PET, and
SPECT) provide morphological data that
helps to identify structural abnormali-
ties consistent with tumors and have no
practical imaging depth limitations, but

1. Introduction

Cancer is the leading cause of death worldwide and incidence
is only expected to increase further due to an aging popula-
tion and mounting environmental risk factors.l!! In the United
States alone, 600 000 people die each year from cancer and
1.7 million new cases are diagnosed.?l While some cancers
have relatively high five-year survival rates if diagnosed when
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can be limited by resolution and contrast

if cancerous tissue is sufficiently similar

to healthy tissue.*% In addition, these
modalities require large, expensive equipment and long image
collection times which precludes their use during surgical pro-
cedures. Real-time imaging of tumors during surgery is impor-
tant to ensure that the tumor be completely excised and thus
prevent recurrence while avoiding unnecessary tissue removal
that would contribute to morbidity and loss-of-function. Intra-
operative imaging can also be helpful for the collection of
biopsy specimens for the clinical staging of cancer. For some
cancers, including certain forms of breast cancer, the standard
of care is SLN biopsy concurrent with surgical resection of the
primary tumor. The data obtained from the histological analysis
of these samples can serve to inform doctors about the spread
of the disease and best course of treatment.

Radiolabeled and fluorescent small molecules have been the
most commonly agents used to identify lymph nodes that drain
from the tumor site. Radiolabeling offers the advantage of high
sensitivity, but shows little specificity for tumor or lymphatic
tissue leading to a poor signal-to-noise ratio between normal
tissue and the tissues of interest. In addition, radiolabeled
compounds  (typically technetium-99m)”! also have an added
health concern associated with radiation. Fluorescence imaging
offers high sensitivity, excellent resolution (1 um) at the tissue
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surface, and requires relatively inexpensive equipment, but is
limited by the suboptimal properties of fluorophores currently
approved by the United States Food and Drug Administration
(FDA) for cancer indications such as nonspecific tissue dis-
tribution, lack of stability, rapid clearance, and excitation and
emission at wavelengths that do not pass through tissue well.
Although there is an inherent reduction in the spatial resolu-
tion of fluorescence imaging with imaging depth due to light
absorption, scattering, and tissue autofluorescence, these issues
can be mitigated, in part, by selecting fluorescent materials
with specific emission spectra that pass more readily through
biological tissues.

The three fluorescent dyes currently approved by the FDA for
cancer imaging are 5-aminolevulinic acid (5-ALA, fluorescence-
guided surgery), methylene blue (SLN mapping), and indocya-
nine green (intraoperative tumor identification).®-1% 5-ALA is
approved for fluorescence-guided surgery, but is excited and
emits at wavelengths (405/645 nm) that are heavily absorbed
by tissue, which severely hinders imaging depth. Methylene
blue is approved for SLN mapping and has more appropriate
excitation and emission peaks (668/688 nm), but cannot be
used at high doses due to the potential for toxic metabolic
encephalopathy, is cleared quickly from tissue, and exhibits a
small Stokes shift with largely overlapping spectra, making it
difficult to differentiate between reflected excitation light and
emitted light.!Y As a result, methylene blue is typically
used for its visibly intense blue color and not for fluorescence
imaging. Indocyanine green also has fairly favorable excitation
and emission peaks (807/822 nm), but has poor thermal and
photostability, a small Stokes shift, and low photoluminescence
quantum yield (PL QY) leading to low imaging contrast.!>!4
In addition, because all three are small molecule dyes, they are
cleared quickly by the lymph system.['>~1% Overall, however, the
lack of penetration depth is likely the main reason that fluo-
rescence imaging is not more prevalent in the clinic despite
its expanded use in small animal preclinical studies where the
required depth of penetration is often <1 cm.?% Therefore, the
development of probes that overcome the challenges associated
with signal intensity, stability, and tissue penetration will be
essential for more extensive clinical implementation.

Colloidal quantum dots (QDs) are an appealing platform for
optical cancer imaging because of their tunable and unique
optical properties compared to organic small molecule dyes
(Table 1). QDs can be synthesized with favorable fluores-
cent properties including a large Stokes shift, long fluores-
cence lifetime, narrow emission band, and most importantly,
NIR emission (650-950 and 1000-1350 nm) to maintain high
resolution for deeper imaging, which make them suitable as
direct substitutes for existing dyes. In addition, they can also
be designed to achieve superior tumor targeting and improved
retention time, can act as probes for multiple imaging modali-
ties, and have the potential to provide nonmorphological
data.'?1-27] As a result, QDs have the potential to not only
replace existing dyes for SLN mapping and intraoperative sur-
gery, but also to provide opportunities for tumor characteriza-
tion and potentially deeper imaging. Here, we focus on the
use of biocompatible (i.e., heavy metal-free) QDs for cancer
imaging. We aim to review the field as a whole, highlight prom-
ising work, and discuss the future steps needed to translate
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this technology to the clinic. In particular, copper and silver
chalcogenide I-VI and I-III-VI QDs have been emphasized
due to their prevalence and favorable in vivo properties. These
QDs represent some of the most promising heavy metal-free
compositions for in vivo applications because their excitation
and emission ranges from the visible to the NIR and because
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Table 1. Advantages of QDs as fluorescent imaging probes.

Optical properties

Functional outcomes

Tunable emission into the NIR

Broad excitation range, narrow emission,
and a large Stokes shift

High photoluminescence quantum yield

Long photoluminescence lifetime

Enables deeper tissue imaging
(possibly >2 cm when emission
is in the NIR Il biological imaging
window) due to a two log-order

reduction in tissue absorbancel?é!

Enables simultaneous multiplexed
imaging with a single excitation source

High imaging contrast

Enables time-gate detection

for reducing autofluorescence

Stable (resistant to photobleaching and Allows for long-term exposure

other environmental factors)

Compatible with biomolecular Capable of targeting

functionalization and the EPR effect a tumor or lymphatics

they exhibit fluorescence PL QY of up to 50% after proper sur-
face passivation.

2. Semiconductor Quantum Dots

Colloidal QDs, also known as semiconductor nanocrystals, are
nanoparticles composed of elements from Groups II-VI, II-V,
[II-V, IV=VI, I-VI, I-III-VI, 1V, or that exhibit unique optical
properties governed by the quantum confinement effect. These
properties arise from particle size, which is on the order of, or
smaller than, the exciton Bohr radius of the corresponding bulk
material. Particles are synthesized using an inexpensive and
scalable liquid phase technique that can be tuned to achieve
different fluorescent properties by altering elemental composi-
tion and size. With very few exceptions, QDs are synthesized
with wide band gap semiconductor shells that improve optical
properties. QD synthesis and properties have been compre-
hensively reviewed by others (Zhong et al.,?) Dubertret and
co-workers3% Kolny-Olesiak and Weller,’!] Gao and Rogach,’3%
Reiss and co-workers,33-3°] Gamelin and co-workers,*®l Prasad
and co-workers,13”l and Ryan and co-workers*®)) and will there-
fore not be explained in great detail here. However, it is impor-
tant to note that for a vast majority of biomedical applications,
QDs are nanoparticles with a fluorescent core, semiconductor

www.advmat.de

shell, surface functionalization that enables their disper-
sion in water, and functionalized with other biomolecules to
target specific proteins expressed on the surface of the cells of
interest (Figure 1). QD research has largely focused on mate-
rials from Group II-VI such as cadmium, lead, and mercury
for the core materials; however, many of these elements are
known to exhibit substantial toxicity in the body, even at low
levels. Bawendi has been a pioneer of the advancement of
heavy metal free-quantum dots, first reporting the fabrication
of Group I-11I-VI QDs via a hot-injection method,* which
are very promising for in vivo applications because they can be
excited by incident light and emit at >600 nm. As a result, over
the past ten years many researchers interested in using QDs for
biomedical applications have shifted toward synthesizing heavy
metal-free compositions from Groups I-VI and I-III-VI con-
taining elements such as Cu, Ag, In, Zn, S, and Se to improve
biocompatibility.

2.1. Advantages of Imaging with Quantum Dots

QDs present an excellent alternative to traditional organic
fluorophores because their size, surface chemistry, spectral
properties, and stability can be easily tuned to optimize in
vivo imaging. By altering composition or size, many groups
have been able to create QDs with a wide variety of emission
wavelengths, high absorption coefficients, and large Stokes
shifts (180-500 meV), while exhibiting significantly reduced
toxicity relative to QDs containing heavy metals.2?3+40-471 1n
general, the most important optical characteristics for bio-
medical imaging applications are the: (1) broad excitation, (2)
tunable fluorescence ranging from the UV-blue to the mid-IR
and narrow full-width at halfmaximum (FWHM) of the PL
profile, (3) high PL QY, (4) long PL lifetime, and (5) long-term
photostability. The emission window and FWHM can be tuned
by altering the size, size distribution, composition, and crystal
structure of QDs. This is especially true for ternary QDs, which
can accommodate substantial off-stoichiometry deviations. To
date, I-VI and I-III-VI QDs with fluorescent emission peaks
that span from the visible range to the near-infrared (NIR) have
been synthesized by altering elemental composition and size.
QDs with emission in the visible range are largely limited to
in vitro biomedical applications due to the high level of visible
absorbance by tissue, as shown in Figure 2. Alternatively, NIR

Biocompatible fluorescent core is broadly excitable and can be
tuned to emit from UV to NIR (e.g. CulnS,, Ag,Se)

Semiconductor shell improves quantum efficiency and
photostability (e.g. ZnS, ZnSe)

Biocompatible ligands impart colloidal dispersibility, resistance
to biofouling, improved circulation time, and enable subsequent
biofunctionalization (e.g. polyethylene glycol, sulfobetaine)

Biomolecule conjugation allows for active targeting mechanisms
to be introduced (e.g. folate, EG2 antibody)

Figure 1. Schematic of a typical quantum dot structure containing a fluorescent core, wide bandgap semiconductor shell for surface passivation, and

surface ligands that enable dispersion in water and molecular targeting.
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Figure 2. Graph depicting the NIR | (650-950 nm) and NIR II
(1000-1350 nm) biological imaging windows corresponding to reduced
absorption by skin, fat, and blood. Aggregate absorption is generally
lowest in the NIR Il window depicted in gray. Reproduced with permis-
sion.28 Copyright 2009, Macmillan Publishers Ltd.

light passes more readily through biological tissue with lower
absorption and scattering, which enables QDs in the NIR
range to maintain their high resolution even when imaging
deeper tissues in vivo.>10.284851 Ag a result, the majority of
work developing emission-tunable QDs as in vivo imaging
probes has been focused on heavy-metal free QDs that excite
and emit strongly in the NIR, which substantially increases
contrast, sensitivity, and penetration depth while avoiding
optical damage to the body. Ultimately, NIR I-emitting fluo-
rophores will be limited to imaging structures less than 2 cm
in depth due to signal attenuation from tissue scattering.[?®5%
For indocyanine green, the FDA-approved fluorophore with the
best spectral properties, imaging was found to be difficult even
at a depth of 1 cm due to poor tissue penetration.3 Short-
wave infrared light (1000-2000 nm) passes even more readily
through biological tissue, but is inefficiently detected by tradi-
tional CCD cameras and will require the adoption of InGaAs
detectors for optimal signal collection.”®>* However, using
InGaAs detectors in combination with NIR II-emitting QDs
with high PL QY can potentially enable greater imaging depths
(>2 cm) than can be achieved by conventional small molecule
dyes in the NIR II range that suffer from low PL QY and poor
stability.l°1>5-60]

Epitaxial growth of a wide band gap semiconductor shell on
top of the QD core has been a common approach for improving
the fluorescent properties of QDs since the 1990s.1°"-%4 Coating
QDs with a shell composed of a material such as ZnS (=3.61 eV)
can enhance photostability and PL QY by removing sur-
face trap states and confining the photoexcited change
carrier.32-344243,4665-70] The small intrinsic lattice mismatch
between the I-III-VI core and ZnS shell allows the shell to
readily undergo epitaxial growth, which can enhance fluores-
cence PL QY to >50% and improve photostability. In addi-
tion, adding a shell generally increases the average lifetime
of the fluorescence decay process up to several hundreds of
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nanoseconds since the fast decay channels associated with trap
states are eliminated. These long fluorescence lifetimes com-
pared to indocyanine green (0.166 ns),’! for example, allow
for time-gated imaging, which can reduce background fluores-
cence and thereby improve the signal-to-noise ratio (i.e., con-
trast).?! Shell overgrowth on I-I1I-VI QDs can also be used to
shift the emission wavelength as Zn competes with the shell
epitaxial growth process.[*043:686972 This feature is especially
useful for bioimaging because it enables researchers to pre-
cisely tune the emission peak of QDs for optimal tissue pen-
etration by forming quaternary QDs such as Cu-In-Zn-S or
Cu-In-Zn-Se QDs 337374

Unlike traditional organic dyes, QDs also have the poten-
tial to be used as multiplexed imaging probes. While current
FDA-approved dyes emit broadly on the order of hundreds of
nanometers, QDs can have emission line widths as narrow as
20-50 nm (<100 meV).”>7% As a result, multiple QD popula-
tions targeting different molecules or tissues can be used
to simultaneously visualize a variety of cancer-related bio-
markers or events using a single excitation source. Because
the narrowest emission bands have traditionally been asso-
ciated with toxic II-VI Cd(Se,Te) QDs, significant effort has
recently focused on the production of biocompatible ternary
I-I1I-VI chalcogenide QDs such as Cu-In-S and Cu-In-Se,
which normally have emission widths on the order of
80-150 nm due to the presence of multiple recombination
channels.[29:35:36:42:43.68] Klimov and co-workers recently demon-
strated the ability to narrow the PL emission width of a single
dot down to 60 meV (=20 nm) through epitaxial coating of the
CulnS, core with a relatively thick (up to six layers) ZnS shell,
which was thought to reduce the positioning heterogeneity of
Cu defect-related emission centers in the encapsulated QD.[*l
Therefore, narrow emission line widths can be achieved even
with biocompatible compositions and potentially enable the
simultaneous use of dozens of probes spread across the NIR I
and NIR II windows at a single time for advanced cancer
characterization. For example, QDs with different emission
peaks functionalized with specific surface molecules could be
used to detect various aspects of the tumor microenvironment
including heterogeneous upregulation of surface proteins,/’”!
enzymatic activity,”® and pH."”!

2.2. Water-Dispersible Quantum Dots

To be useful for most biomedical applications, QDs must be
capable of forming a dispersion under physiological conditions
(aqueous, pH 7.4, 37 °C, and in the presence of salts, proteins,
and other biological molecules). This can be achieved sponta-
neously during aqueous phase synthesis or using a secondary
surface modification process after organic phase synthesis.
One common strategy used to enable QD dispersion in water
is ligand exchange, which replaces hydrophobic ligands with
hydrophilic counterparts and does not substantially impact
the hydrodynamic diameter of QDs as long as the substituted
ligand is small. To improve the stability of QDs after ligand
exchange, ligands with strong affinity for binding metal ions,
often containing thiol groups, are used. However, low pH can
cause the dissociation or oxidation of monodentate thiols.[%
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To avoid this dissociation issue, ligands containing a hydro-
phobic spacer between the thiol and the hydrophilic group have
been utilized to create QD dispersions that are stable for over
a month.®! Another strategy to generate homogeneous disper-
sions under aqueous conditions after organic phase synthesis is
to encapsulate the QDs in an amphiphilic polymer. The hydro-
phobic portion of the amphiphile interacts with the hydrophobic
ligands on the QD surface, while the hydrophilic end provides
repulsion between QDs. The advantages of amphiphilic encap-
sulation include improved stability in comparison with the
monodentate ligand-capped QDs and the capacity to provide
abundant functional groups for further chemical modification.

Although the majority of I-VI and I-III-VI QDs have been
produced using organic phase synthesis, aqueous phase syn-
thesis is attractive because it is environmentally friendly and
eliminates the phase-transferring process, which reduces pro-
duction time and cost.?282 Once QDs can be dispersed in water,
they can be used directly to target tumors via the enhanced per-
meation and retention (EPR) effect or be functionalized with
peptides, proteins, and nucleic acids to further improve tumor
targeting. 18384

2.3. Exploiting the EPR Effect

Water dispersible QDs have been shown to passively accumu-
late at the site of a tumor, which has largely been attributed
to the EPR effect. The EPR effect arises from pathologies that
cause increased vascular permeability, as is the case with solid
tumors, in which poorly (and often rapidly) produced blood ves-
sels do not form a tight transport barrier. Increased vascular per-
meability allows for nanoparticle systems to extravasate through
the capillary wall and accumulate into pathological tissue while
being excluded from healthy tissue. The typical size range of
QDs (<100 nm) makes them extremely well suited for taking
advantage of cancer-related vascular fenestrations.*!

The accumulation of particles in cancerous tissue by the EPR
effect can be further improved by increasing particle circula-
tion time, which is generally accomplished by reducing par-
ticle uptake by the reticuloendothelial system (RES). The most
common approach to increasing circulation time of QDs and
other nanoparticles is through surface modification with poly-
ethylene glycol (PEG). This strategy has been widely applied to
QDs in the form of covalent surface modifications or by incor-
porating PEG into micelles. Limitations of PEG modification,
including the induction of PEG-resistant macrophages that
reduce QD circulation time, have led to alternative function-
alization approaches with equivalent aims. Surface-modifying
zwitterionic ligands can also be used to improve circulation
time while providing an opportunity for performing additional
modifications through the presence of multiple functional
groups. While exploiting the EPR effect represents a simple
mechanism for localizing QDs by passively taking advantage of
solid tumor physiology, its only moderate selectivity for tumors
will likely limit the utility of therapies and diagnostics that
exclusively rely on this effect. Therefore, more recent studies
have aimed to incorporate active targeting moieties that further
improve selectivity for cancerous tissue compared to healthy
tissue.

Adv. Mater. 2018, 30, 1706356

1706356 (5 of 18)

www.advmat.de

2.4. Surface Modification for Cancer Targeting

The incorporation of active targeting moieties onto QD surfaces
has been the most common approach used to improve tumor
site accumulation and preferential cancer cell-specific interac-
tions. This strategy aims to take advantage of upregulated recep-
tors or other surface proteins that can be directly targeted via
ligand-receptor interactions or antibodies. Nanoparticles func-
tionalized with folic acid are frequently reported because folate
receptors are overexpressed in a variety of human tumors, but
are minimally expressed by healthy cells. Even after folic acid is
conjugated to the nanoparticle surface, the nanoprobe remains
small and can therefore continue to benefit from the EPR
effect. However, the conjugation reaction between folic acid
and nanoparticles typically has to be carried out in a mixture
of water and organic solvent due to the poor water solubility
of folic acid, and then the conjugates need to be further trans-
ferred into aqueous media. This challenge was recently over-
come through modification of folic acid via covalent coupling
with two Jeffamine polyetheramines. This resulting modified
folic acid is highly water soluble and favors a coupling reaction
with nanoparticles in the aqueous phase through the remaining
amino group on Jeffamine.®%

QD targeting based on the overexpression of cell surface pro-
teins has been reported for breast and pancreatic cancer. Liu et al.
published a CulnSe,/ZnS based core-shell system surface con-
jugated with Cys—Gly-Lys—Arg-Lys (CGKRK), a peptide that
binds to a tumor cell membrane biomarker.®! They used this
system to target mice bearing an orthotopic MCF10CAla breast
cancer xenograft. Yong et al. used CulnS,/ZnS QDs encap-
sulated in folic acid functionalized PEGylated phospholipid
micelles to target overexpressed folic acid receptors in pancreatic
cancer cells (Panc-1) in nude mice.’”] Yu et al. describes using
CulnS,/ZnS core-shell QDs for in vivo imaging of a U87MB
brain tumor in mice.®¥ The QD system is bioconjugated to the
antibody EG2, which binds to epidermal growth factor receptor
(EGFR)—a protein commonly upregulated in cancer. This sur-
face moiety improved tumor targeting resulting in higher fluo-
rescence intensity at the tumor site relative to QDs that were
not modified with EG2. However, the discovery of more specific
tumor targets will be critical for improving tumor targeting
since implementation is currently limited by the ability to iden-
tify proteins that are vastly overexpressed as well as the poten-
tial immunogenicity of targeting moieties and possible negative
impacts of conjugation on other QD properties.

3. Biocompatibility

The biocompatibility of QDs is largely dependent on their ele-
mental composition, surface properties, and size, which can
affect the mechanisms of toxicity involved as well as biodistri-
bution and clearance.

3.1. Quantum Dot Toxicity
The toxicity of first generation Cd-based QDs has, for the most

part, eliminated the potential for their use in human patients
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due to the high cytotoxicity of Cd?*, which can be released
from QDs after administration.®-%3] Depending on the stability
and clearance of the QDs used, degradation-associated tox-
icity may occur immediately or later during the chronic stage
of the foreign body reaction as QDs disintegrate and release
metal ions into the body. Although this potential mechanism
of toxicity applies to all QDs, regardless of their composition,
it is particularly problematic for Cd-based ones due to the high
cytotoxicity of Cd?*, which causes oxidative stress, affects pro-
tein binding, and stimulates inflammatory cytokine produc-
tion.89094 In order to mitigate this, early efforts employed a
ZnS coating to prevent Cd*" release. While these ZnS-coated
Cd QDs were much less toxic than identical uncoated QDs in
vitro, they degraded in the low pH of the rat digestive tract indi-
cating the continued possibility of Cd?* release and thus in vivo
toxicity.”>%l A recent meta-analysis of Cd-based QD toxicity has
been carried out by Medintz and co-workers using a random
forest regression model to analyze 1741 cell viability-related
data from 307 publications.”] The results from this study show
that cellular toxicity of Cd-based QDs is primarily determined
by their intrinsic properties (size, surface ligand, shell, and sur-
face modification), which may be representative of other QD
core compositions as well, though more analysis is needed.
As a result, recent research has focused on QDs composed of
more well-tolerated elements functionalized with coatings that
allow them to be readily cleared from the body.

To avoid heavy metal-associated toxicity, many researchers
have turned to Cu- and Ag-based QDs, which have shown
markedly lower toxicity compared with Cd-based QDs both in
vitro and in vivo.[®87298-10] For example, PEGylated CulnS,@
ZnS:Mn QDs functionalized with a dihydrolipoic acid-
poly(ethylene glycol) (DHLA-PEG) ligand only became cytotoxic
in Hela cells at 7000-fold the cytotoxic dose level for CdTe QDs,
(half maximal inhibitory concentration of =167.9 umol L7
compared to =0.023 pumol L7!).I This nearly four-log improve-
ment in cytocompatibility has driven the rapid development of
heavy metal-free QDs, such as those included in Table 2, and
improved formulations are constantly emerging. 1343710

Wang and co-workers showed that a 30 mg kg™! injection of
PEGylated-Ag,S QDs did not affect body weight over the course
of two months in a mouse model and only caused a small drop
in platelet and white blood cell counts in the first few days after
injection.” Another study showed that 100 pmol of CulnS,/
ZnS QDs produced the same degree of axillary lymph node

www.advmat.de

improvement.’?l Despite this exploratory work, there is still a
distinct lack of long-term systematic investigations on toxi-
cology and pharmacokinetics for QDs. Other strategies such
as secondary encapsulation in biocompatible materials may
also assist in improving colloidal stability and thereby prevent
leakage from the core into the internal milieu.’*13¢ The in vivo
toxicity of Cd-free QDs has been well summarized in a recent
review.?’]

In addition to elemental toxicity based on QD composition,
there are several mechanisms that may contribute to toxicity
including the light-dependent production of reactive oxidative
species that are broadly damaging to cells,'3”] translocation
into nucleus resulting in DNA damage, 13813 and deleterious
physical interactions with cell components, such as the mito-
chondria.*141] Because these mechanisms will continue to
induce a negative biological response for the duration of their
residence in tissue, it is important that QDs be readily cleared
from the body once they are no longer needed as contrast
agents. Even if QDs are administered locally and excised along
with the tumor or sentinel lymph nodes, some may still enter
the circulation leading to systemic availability and residence.
Ideally QDs would be administered, accumulate in the desired
tissues for an application-specific period of time (several hours
to one day), avoid a significant foreign body reaction, and be
readily cleared by the renal system.

3.2. Quantum Dot Clearance and Excretion

QD clearance and excretion is largely modulated by their sur-
face properties and size. Surface properties can substantially
impact QD toxicity through protein adsorption after injection.
This adsorption to the surface can result in a “protein corona” in
accordance with the Vroman Effect, which increases the effec-
tive hydrodynamic diameter and promotes macrophage phago-
cytosis by the RES.[*2143] Therefore, many cancer applications
may benefit from protein adsorption-resistant QD surfaces to
promote timely clearance since toxicity issues are exacerbated
by poor tissue clearance as QDs tend to accumulate in the liver,
kidney, and spleen if not designed appropriately. For example,
one study showed that amino-PEG-coated Cd-based QDs with
hydrodynamic size of 41.2 nm were directly injected into
tumor, and the fluorescence still can be detectable in the body
after two years, which may be a critical issue for clinical transla-

inflammation in mice as 10 pmol of CdTeSe/CdZnS—a tenfold  tion."* This can cause morphological alterations to the lobules
Table 2. Properties of commonly studied fluorescent colloidal I-VI and I-I11-VI heavy metal-free chalcogenide quantum dots.

Composition Bulk band gap at 300 keV Exciton Bohr radius [nm] Emission range? [nm] References

AgS 0.93 2.2 510-1294 [45,102-113]

Ag,Se 0.15 2.9 700-1300 [47,49,114-119]

Ag,Te 0.67 - 900-1300 [115,120,121]

CulnS, 1.53 4.1 500-950 [29,31,33,40,42,43,69,122]
CulnSe, 1.05 10.6 650-1200 [39,123-126]

Aglns, 1.87 55 535-830 [127-131]

AglinSe, 1.20 6.4 592-1200 [41,126,129,132-135]

@Photoluminescent emission ranges of stoichiometric and off-stoichiometric compositions including core-shell structures.
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of the liver, increase oxidative stress, and significantly increase
levels of malondialdehyde in hepatocytes.[3814140] Therefore,
studying the excretion pathway and clearance kinetics of QDs
may help determine the properties needed to minimize chronic
tissue damage.

Size is perhaps an even more important factor in QD clear-
ance and excretion because the kidney’s filtration cut-off size is
6-8 nm. Therefore, QDs with a hydrodynamic diameter below
this threshold could theoretically be cleared through renal
excretion while larger QDs will likely be uptaken by the liver.
One study showed that 30-99% of intravenously (IV) delivered
nanoparticles larger than 6 nm in diameter were sequestered in
the liver and excreted slowly in feces over days, months, or even
years depending on the composition studied.'*”] In the liver,
QDs first encounter Kupffer cells, which phagocytose larger
nanoparticles more rapidly than smaller ones. This size effect
has been demonstrated in vitro using macrophages for larger
Au nanoparticles, in which 90 nm particles were more readily
taken up than 30 nm particles!'*®l and superparamagnetic iron
oxide nanoparticles (60 nm versus 20 nm).'*} QDs that evade
phagocytosis by Kupffer cells may then pass through sinusoidal
fenestrations and reach hepatocytes if they are less than 200 nm
in diameter. In hepatocytes, the foreign QDs are degraded,
excreted into the bile, and finally cleared through defecation.
For 18.5 nm PEGylated nanoparticles, excretion was observed
in feces both 3 and 14 d after IV injection.>® However, it
would be preferred if QDs were small enough to be filtered
out by the kidneys (<6 nm) and thereby minimize potentially
harmful uptake by liver cells.

Rapid renal clearance has been demonstrated for zwitte-
rionic and neutral organic-coated QDs with a final hydrody-
namic radius of less than 5.5 nm.!>Y Coating QDs with zwit-
terionic ligands, such as cysteine, glutathione,>2 dithiolated
polyaminocarboxylate,'>3 and dopamine sulfonate"> have
all been reported to enhance renal excretion. PEGylation is
another approach for potentially reducing QD-protein inter-
actions; however, the effect of chain length (i.e., molecular
weight) on hydrodynamic radius must also be considered. Sur-
face properties also dictate the interaction of nanoparticles with
hepatocytes. For example, positively charged mesoporous silica
nanoparticles were readily endocytosed by hepatocytes in vivo,
while negatively charged nanoparticles were not, presumably
due to rapid sequestration by Kupffer cells during first pass
metabolism.'! The time-to-clearance, however, may be diffi-
cult to predict without empirically studying each formulation.
For example, one report showed the degradation of Ag,Se QDs
into Ag* and Se?” within one week!!°®1>7] while another study
showed that a different Cd-free QD, Bio CFQD, was cleared
from the liver after two months!’®® and a third study showed
significant retention of large QDs (29.6 nm) in the spleen
and liver after one month accompanied by signs of kidney
damage.[130]

QD stability also plays an important role in function, toxicity,
and clearance. As such, synthesis strategies should account for
the effects of QD degradation by modulating composition and
surface treatment. Chemical composition and surface ligands
are two key factors that help to determine the chemical sta-
bility, fluorescence stability, and clearance of QDs in vivo. The
aqueous solubility and oxidation-reduction potential of the
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constituent materials used in QD cores and shells can favor
dissolution or prevent degradation. Surface ligands can also
prevent degradation by shielding QDs from the surrounding
environment. In principle, because of the low solubility of
semiconductor compounds in water, most QDs with strongly
bound ligands possess high chemical stability against enzymes
in macrophage lysosomes.[3¢l Therefore, researchers should
utilize these properties to design their QDs to remain stable for
the duration of their particular imaging application.

4. Preclinical Quantum Dot Imaging in Cancer

4.1. Near-Infrared Optical Imaging

Fluorescence imaging can be categorized according to the
emission wavelength of the fluorophore. The most abun-
dant fluorescence imaging agents fall in the visible region;
however, performance of fluorophores in the visible region is
severely hindered by strong tissue autofluorescence, absorption,
and photon scattering. Therefore, fluorescence imaging in the
NIR-I (650-950 nm) and NIR-II (1000-1350 nm) regions can be
used to improve signal-to-noise ratio by operating in a spectral
region of low tissue autofluorescence thereby reducing photon
scattering and penetrating deeper into tissues due to a reduction
in cumulative absorbance by water and hemoglobin. In recent
years, many heavy element-free QDs have been developed with
emission in the NIR-I and NIR-II windows. Various methods
have been employed to reach emissions of higher wavelength
such as fine tuning the core precursor ratios,®"1>%1%0 varying
the core synthesis temperature to increase core size,1?* and
using the seeds of the initial growth for a secondary growth pro-
cess.l'1 These NIR emitting QDs have been used in vivo for
various proof-of-concept experiments to demonstrate both active
and passive tumor targeting for real-time imaging of tumors as
described in Table 3 including imaging of breast cancer xeno-
grafts in mice, ! real time SLN mapping of metastatic breast
cancer in mice,['°2l and in vivo imaging of glioblastoma./®8!

4.2. Optical Imaging in the NIR-I Region
for Primary Tumor Localization

Two of the most robust QD compositions with NIR photolumi-
nescence comparable to heavy metal-containing QDs are the ter-
nary CulnS, and CulnSe, core-shell systems. Dubertret's group
synthesized a CulnSe,/ZnS tertiary core—shell QD system for
NIR in vivo imaging with a PLQY that was 40-50% higher than
without the Zn$S shell.'’! The addition of the ZnS shell contrib-
utes to the stability of the core by preventing the core from oxida-
tion. Their QDs were then made hydrophilic by exchanging the
hydrophobic ligand with a thiol containing zwitterionic sulfobe-
taine and used to image the right axillary lymph node of mice,
after a subcutaneous injection of QDs into the right anterior paw.
QDs travelled to the lymph node and were visible after few min-
utes and remained visible for several hours after being injected.
Liu et al. also developed NIR (709 nm) CulnSe,/ZnS
core—shell QDs that were surface conjugated with the tumor
targeting peptide Cys—Gly-Lys—Arg-Lys (CGKRK) through a
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Table 3. Preclinical use of biocompatible quantum dots in cancer imaging.

Imaging Composition Surface Size Peak emission and  Route and dose Studies, animal model/clearance References
technique functionalization PL QY
NIR-I optical CulnS,/ZnS DHLA-PEG1000 =3 nm (TEM), 800 nm, =20% SQ% at 20 pmol  SLN imaging in mice, reduced toxicity [72]
imaging =20-22 nm (HD) per animal
NIR-I optical CulnS,/ZnS FA-SOC micelle =4 nm (TEM), 800 nm, =20% IV at=8 ug g™ body Active targeting to receptor-positive [163]
imaging =200 nm (HD) weight Bel-7402 tumor imaging
NIR-I optical CulnS,/ZnS DSPE-PEG-FA 3-5 nm (TEM), 695 nm, 35% IV at 0.5 mg Active targeting to Panc-1 tumor vis- [164]
imaging micelle 40-90 nm (HD) per animal ible as early as 15 min post-injection,
in vivo multiplex imaging
NIR-I optical CulnS,/ZnS 339 PEG2000- =20 nm (HD) 780 nm SQ injection of SLN imaging in a metastatic breast [162]
imaging COOH + 66% 20 pmol per animal  4T1 tumor, increase of In concentra-
PEG2000 lipid tion from 1 to 8 h post-injection,
micelles followed by a rapid drop of
fluorescence intensity from 8 to 72 h
through feces, urine
NIR-I optical CulnS,/ZnS EG2 6.6 nm (TEM) 790 nm, 8% IVat20 uL of Tum  Active targeting to brain U§7MG. [88]
imaging solution EGFRuvlII glioblastoma tumor in mice,
high level PL in tumor after 4 h of
injection
NIR-I optical ~ CulnSe,/ZnS CGKRK peptide 36 nm (HD) 709 nm Intracranial micro- Active targeting for brain glioblastoma [81]
imaging injection at 100 pL, tumor imaging in NG2 positive
2 nmol QD g~" body bearing mice, strong PL signals in the
weight brain highlighted the tumor bound-
aries and even the so-called “guerilla”
tumor cells that diffusely infiltrate at
the invasion front
NIR-I optical ~ Cu-In-Se/ZnS Ligand bearing 2-5 nm (TEM) 800 nm, =20% SQ at 20 uL (0.5 Regional LN imaging [123]
imaging dithiol and sulfo- OD@ 690 nm) per
beatine zwitterioinc animal
NIR-I optical AglnS, Pluronic F127 3.5-4.5 nm (TEM), 800 nm, 35% IV at =3 mg per Passive targeting of fibrosarcoma [98]
imaging triblock copolymer 10 nm (HD) animal tumor through the EPR effect
micelle
NIR-I optical AglnsS, poly(acrylic acid)- 6.3 nm (TEM), 8.5 817 nm, 34.4% SQ at 2 ug per Whole body imaging, high PL for [165]
imaging graft-mercaptoethyl- nm (HD) animal, Tail vein IVat 12 h P.1, (sub), High PL for 24 h P.|
amine (PAA-g-MEA) 10 g per animal (1), the blood circulation half-life time
estimated to be 20.1h+3.4 h
NIR-I optical ~ AgInSe,/ZnS  RGD-AP (AP: amphi- <20 nm (HD) 775 nm, 20% IVat10 mg kg™ Active targeting of RGD-QD to ayb3 [159]
imaging philic polymer— body weight integrin receptor overexpressed ayb3-
octylamine modified positive MDA-MB-231 breast tumor
poly(acrylic acid)
NIR-I optical  InAs/InP/ZnSe MPA, or MPA+HSA <10 nm (HD) 800 nm IV at 200 pmol per Passive targeting of colon tumor, [166]
imaging animal QD-MPA and QD-MPA-HAS both
showed high tumor uptake, the former
presenting higher RES uptake and
lower tumor accumulation than the
latter/renal clearance
NIR-I optical ~ ZnAgInSe/ZnS cRGD-Sulfobe- =55 nm (TEM, QD 740 nm IV at 200 pL, Active targeting to U87MG Glioblas- [167]
imaging taine-PIMA-Hista- cluster) =10 ug g™ of body toma and MCF-7 breast cancer tumors
mine weight of nude mice through c-RGD conjugation and pas-
sive targeting through EPR, high EPR
effect and low RES
NIR-II Optical Ag,S DSPE-PEG, 3.8 nm (TEM) 1150 nm IV at 0.24 mg Active targeting, chemotherapy of [168]
Imaging alendronate (Ald), per animal bone Luc-A549 tumor, and inhibition
doxorubicin (DOX) of osteolysis, t;, =115 min
NIR-Il Optical Ag,S DHLA-PEG 5.4 nm (TEM), HD 1200 nm, 15.5% 1V at 0.268 mg Passive targeting to 4T1 tumor [112]
Imaging (26.8 nm) per animal (>10% 1D g7') through the EPR
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Imaging Composition Surface Size Peak emission and ~ Route and dose Studies, animal model/clearance References
technique functionalization PL QY
NIR-II Optical Ag,S Tat-peptide 5.4 nm (TEM) 1200 nm, 15.5% IVat1.5x10%  Invivo tracking of QDs labeled hMSCs [113]
Imaging QDs-labeled human in mice with acute liver failure, in situ

mesenchymal stem translocation and fine distribution of

cells (hMSCs) transplanted hMSCs
NIR-II Optical Ag,S cRGDfk =8 nm (HD) 1200 nm \% Active targeting to 4T1luc breast tumor [169]
Imaging in mice/hepatobiliary and renal clearance
NIR-II Optical Ag,Se C18-PMH-PEG 2.3 nm (TEM), 21.5 1300 nm, 29.4% IV at 6 mg kg™' body Deep tissue imaging the liver, spleen, [167]
Imaging nm (HD) weight and blood vessels with high spatial
resolution of the whole mouse

VisibleOptical CulnS,/ZnS:Mn  DHLA-PEG2000 3.6 nm (TEM) 610 nm, 27.2% IV at 0.4 umol QD Passive targeting to colon LS180 tumor [68]
Imaging and kg™ mice by EPR effect/renal clearance
MRI
PET/CRET [®*Cu]CulnS/ZnS PEG-GSH 23 nm (HD) 680 nm, 25% IV (50 ug, 300 pCi) Active targeting to glioblastoma [170]

U87MG tumor mice, highest tumor
uptake (10.8% ID g™ at 18 h)

2 Abbreviations: SQ: Subcutaneous; CRET: Cerenkov resonance energy transfer; HD: hydrodynamic diameter; DHLA: dihydrolipoic acid; FA: folic acid; GSH: glutathione.

PEG linker.B! Similar to Dubertret’s group's work, the addi-
tion of the ZnS shell around the core increased the PLQY from
just 15% to as high as 60%. The CGKRK peptide binds to p32,
which is a mitochondrial protein that is commonly overex-
pressed by tumor cells. The peptide functionalization increased
QD tumor uptake by over two times as compared to QDs func-
tionalized with PEG alone in an MCF10CAla xenograft of
breast cancer mouse model. Similar improvements in tumor
uptake were evident in a brain tumor model. QDs were cleared
fairly slowly, with a half-life of =7 h and remained photostable
for the duration of the experiment.

Others have published the synthesis of highly lumines-
cent NIR-I region emitting (=695 nm) CulnS,/ZnS core—shell
QDs and encapsulated these within folic-acid-functionalized
PEGylated phospholipid micelles (QD-FA).l'?l These QD bio-
conjugates were then used to image pancreatic tumors over-
expressing folic acid receptors in mice. The athymic nude
mice bearing subcutaneous Pan-1 tumors were intravenously
injected with QD-FA. The NIR fluorescent signal can be
detected in the tumor region as soon as 15 min post injec-
tion and maximum uptake was observed after 30 minutes.
Choi et al. synthesized highly photoluminescent NIR (726 nm)
Cu,In,S,/ZnS core-shell QDs with high QY (=65%) for deep-
tissue imaging, which could be useful for assessing cancers
below the surface.'®] Fine tuning of the NIR emission was
obtained by adjusting the Cu:In ratio. QDs were encapsulated
in poly-(methyl methacrylate) (PMMA) using an emulsion/
solvent evaporation method and could be visualized through
thigh muscle =2 mm thick. QDs are also well-suited for use
in two-photon imaging applications due to their large absorp-
tion cross section.*?173] Their advantages have recently been
utilized for deep tissue imaging, resulting in high spatial reso-
lution at 300 um and fast acquisition speeds while allowing for
multi-color imaging.’!) More investigation into the use of QDs
in combination with two-photon microscopy is well-warranted
for both fundamental and diagnostic purposes.

Adv. Mater. 2018, 30, 1706356
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Even though considerable attention has been paid to the syn-
thesis of CulnS, and CulnSe, systems, the PLQY of these cores
are often fairly low compared to other QD compositions. How-
ever, in 2011 Zhang and colleagues synthesized a quaternary
QD system ZnAgInSe with PLQY of >70%.174 Then, two years
later, Deng et al. demonstrated the ability to maintain a PLQY as
high as 50% while tuning ZnAgInSe QD emission from 660 to
800 nm in order to reach the NIR-I region that is useful for in
vivo imaging by varying the Zn:Ag precursor ratio.'’’l In 2017,
Deng et al. then used NIR-I ZnAgInSe/ZnS quaternary core—
shell QD nanoparticles with sulfobetaine-poly(isobutylene-alt-
maleic anhydride)-histimine (SPH) polymer conjugated on the
surface for cancer imaging. The histamine coordinates with
the metal center, the zwitterionic nature of the exposed sul-
fobetaine end group provides hydrophilicity, and the PIMA
back bone affords improved biocompatibility.'®”! A cyclic RGD
peptide was also conjugated to the QD surface in order to
target o, 3; integrin cell surface receptors on human malignant
glioma cells. These RGD-SPH-QDs self-assemble into clusters
and emit at 740 nm after excitation at 450 nm. ¢, 3;* U87MG
(glioblastoma) tumor bearing mice or a,f;- MCF-7 (breast
cancer) were injected with the RGD-SPH-QDs, and NIR
images were taken up to 72 h post-injection (Figure 3). The
NIR fluorescence intensity reaches an optimum tumor/normal
(T/N) enrichment ratio 4-8 h post-injection to the U8S87MG
bearing nude mice and remains high through 60 h. By ben-
efiting from both the active targeting effect of ¢-RGD and
the passive targeting effect of EPR, RGD-SPH QD clusters
have demonstrated the ability to quickly and effectively target
tumors.

In 2014, Deng et al. published the synthesis of an RGD-
modified, octylamine-modified poly(acrylic acid)-wrapped ter-
nary AgInSe,/ZnS QDs with a composition-tunable PL emis-
sion and PLQY of 40%.%"l They have been used in the in vivo
imaging of a,8;* MDA-MB-231 or o, 83" MCF-7 tumor bearing
mice. These water-soluble QDs retained their PLQY of 40%.
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Figure 3. Longitudinal distribution of RGD-SPH ZnAgInSe/ZnS QDs-clusters in nude mice bearing A) o, 83" U87MG tumor or B) o3~ MCF-7 tumor
(indicated by a white circle), detected using NIR QD imaging (A = 660 nm, A, = 740 nm). C) Corresponding quantification of the ratio between
tumor and normal muscle signal. Reproduced with permission.'®”l Copyright 2017, American Chemical Society.

'
The carboxylic acid groups on the amphiphilic polymer were
modified with ¢c-RGD peptide to target o, f; integrin cell sur-
face receptor on human glioblastoma cells. QDs were injected
intravenously at 10 mg kg™ into mice bearing either an o, 3;"
or a,f3;” tumor. QDs functionalized with ¢, f3; integrin accumu-
lated in the o, 85" tumors while no accumulation was observed
in the o, 8;~ tumors.

AgInS, ternary QDs with an emission of 800 nm have
been synthesized by Liu et al. for tumor imaging at the NIR-I
window.’®l QDs were encapsulated in a poloxamer type polymer
pluronic F127. For in vivo tumor imaging studies, radiation
induced fibrosarcoma cells were used to develop tumor xeno-
grafts subcutaneously on the shoulder of mice. QD encapsu-
lated polymer micelles (3 mg) were administered intravenously
and accumulated in tumor 15 min post injection, presumably
due to the EPR effect since no active targeting agent was used.
After 80 min, QDs started to accumulate in the liver and spleen
suggesting the onset of clearance. Similar NIR (817 nm) AgInS,
ternary QDs were prepared by Tan et al. without any active target
design.'7?l The QD surface was modified with capping agent
poly(acrylic acid)-grafi-mercaptoethylamine (PAA-g-MEA), which
has a multidentate molecular structure. For in vivo studies, mice
were subcutaneously or intravenously injected with multiden-
tate polymer-capped QDs and excited at 630 nm. For subcutane-
ously injected QDs, even after 12 h of injection there was little
loss in fluorescence intensity while intravenously injected QDs
had already been distributed throughout the body within 4 h.

Gao et al. produced mercaptopropionic acid (MPA)-
coated InAs/InP/ZnSe QDs that emit in the NIR-I (800
nm) region.'® The MPA-capped QDs showed higher
tumor uptake as compared to a commercially purchased
carboxylic-acid-capped QDs. Differences were attributed to
differences in particle diameter, since the smaller MPA-QDs
(10 nm) were able to avoid RES uptake and the larger COOH-
QDs (25 nm) were not. The differences in surface chemistry
were not investigated directly or expected to play a signifi-
cant role in tumor uptake. The MPA-QDs were then coated
with human serum albumin (HSA) with the goal of low-
ering macrophage uptake. These QDs were intravenously
injected into nude mice bearing subcutaneous 22B tumor
and LS174T tumors, and demonstrated an increase from 13.5%
to 20% of the initial dose per g tissue after coating with HSA.

Yu et al. published one-pot synthesis of CulnS,/ZnS
core-shell QD system at low temperature (160 °C).®8 These
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hydrophobic QDs first underwent ligand exchange with mer-
captoundecanoic acid and were subsequently surface conju-
gated with the single domain antibody EG2 against the epi-
dermal growth factor receptor that is often overexpressed in
brain tumor cells. This QD system demonstrated NIR-I region
emission of =790 nm and QY of 8% after bioconjugation. The
EG2-conjugated QDs were introduced to nude mice containing
an orthotopic brain glioblastoma tumor model, and showed
increased fluorescence signal at tumor region compared to
nonconjugated QDs.

4.3. Optical Imaging in the NIR-1l Region for Primary
Tumor Localization

Models of in vivo imaging have shown that utilizing QDs that
emit at 1320 nm (NIR-II region) rather than 850 nm (NIR-I
region) could improve the overall signal-to-noise ratio by
greater than 100-fold, due in part to reduced autofluorescence
and superior tissue penetration at those wavelengths.[28177:178]
Efforts to develop QDs that emit in the NIR-II window have
produced an array of heavy element QDs composed of mate-
rials such as PbSe, PbS, and CdHgTe.['”>-181 NIR-II QDs have
also been synthesized without toxic heavy elements, most
commonly with Ag,S. Wang and co-workers have contributed
significantly in the development of various Ag,S biocompat-
ible QDs. DHLA-PEG modified Ag,S QDs have an emission
~1200 nm.[*] The COOH group of the DHLA was modified
with an o,f3; integrin targeting peptide (c-RGD peptide) or
an epidermal growth factor receptor targeting (EGFR) protein
(Erbitux). Using in vitro studies, ¢-RGD modified Ag,S QDs
have been shown to successfully target o3 EGFR™ human
glioblastoma (U87 MG) while Erbitux-modified Ag,S QDs
target a o, 8,7 EGFR* breast cancer cell line (MDA-MB-468).14]
Although the DHLA-Ag,S QDs has a very low QY of 5.8%,
it is still considerably higher to the NIR standard dye, IR-26,
which has a reference QY of 0.5%. When the DHLA groups
on the surface were functionalized further with PEG, the QY
further increased up to 15.5%, likely due to the additional pro-
tection of the Ag,S surface by PEG.

Wang and co-workers also synthesized NIR-II emit-
ting Ag,Se QDs with emission centered around 1300 nm
to image microvasculature.l'®l QDs were then conjugated
to PEG poly(maleicanhydride-alt-1-octadecene) to impart
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Figure 4. In vivo imaging of live mice in the supine position after 200 uL of A) indocyanine green (3.7 mg mL™") or B) C18-PMH-PEG-Ag,Se QDs
(0.6 mg mL™") was injected via the tail vein. C) A magnified image of the selected zone in (B) shows the ability to distinguish fine vasculature on the
order of 123 um in diameter. D) A cross-sectional intensity profile measured along the red-dashed line in (C) with its peak fitted to Gaussian functions.
The fluorescence signal from the Ag,Se QDs is easily distinguishable from the endogenous autofluorescence without any image processing. Adapted

with permission.'®! Copyright 2013, American Chemical Society.

biocompatibility and injected intravenously. This strategy ena-
bled the visualization of vasculature and organ structures less
than 100 um with high contrast (Figure 4). In comparison, a
sixfold higher dose of the indocyanine green resulted in a rela-
tively weak and disperse signal. Achilefu’s group synthesized
ultrasmall (<10 nm) Ag,S QDs and demonstrated the ability
to tune emission from 500-1200 nm.!'%] After functionalizing
these QDs with the tumor-targeting peptide cyclic pentapeptide
cRGDfK, QDs were injected in 4T1luc tumor-bearing BALB/c
mice. These QDs were designed to take advantage of both the
EPR effect and an active targeting moiety. They were found
to be preferentially distributed in the tumor relative to the
kidneys.

4.4. Sentinel Lymph Node Imaging for Diagnosis

In addition to imaging the primary tumor, imaging of SLNs is
also extremely important for accurate diagnosis and treatment.
Cancer often spreads through the lymphatic system and SLNs
are the first to show evidence of metastatic behavior. Current
SLN mapping for breast cancer is performed by injecting radi-
olabeled lymphatic tracers or fluorescent/visible dyes into the
tumor which are then cleared via the SLNs. After effectively
mapping, a minimally invasive SLN biopsy is performed to
determine the stage of the disease, which affects treatment
options. Though radiolabeling has the potential to improve
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sensitivity, it poses health risks to both the patient and staff
and presents logistical disadvantages, such as requiring spe-
cialized equipment, access to radioactive material, and a
skilled staff. As described in Section 1 above, the three cur-
rently approved small molecule fluorescent dyes are rapidly
cleared from SLNs and spread quickly throughout the entire
lymphatic network before the completion of surgery, making
it difficult to identify only the lymph nodes that immediately
drain from the tumor.

NIR fluorescence imaging is a potential superior option
because it avoids the safety concerns associated with ion-
izing radiation (CT) or the use of a radioactive tracer (PET)
while also enabling real-time visualization of lymph nodes
without requiring at a greater depth than simple visual inspec-
tion. QDs may be able to overcome the issues associated with
small molecule dyes as they have demonstrated good locali-
zation and retention in the regional lymph system and are
resistant to photobleaching. Helle et al. have used NIR fluores-
cent CulnSe,/ZnS core-shell QDs (=20 nm), which is in the
optimal range for lymphatic drainagel® for fluorescence guided
SLN mapping in a 4T] (mammary carcinoma) tumor bearing
mice.1®2 QDs (20 pmol) were injected subcutaneously to the
right anterior paw, which resulted in a fluorescent signal in the
right axillary lymph node that appeared within 5 min of injec-
tion and did not begin decreasing in intensity until 8 h later,
suggesting the presence of a reasonable imaging time window
using this approach. In comparison, technetium-99m, the most
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common radioisotope used in medical imaging, has a physical
half-life of about 6 h and biological half-life of =1 d,”'¥ which
combine to reduce the signal by half every 4.8 h. While it is
essential for radiation safety reasons that technetium-99m is
cleared relatively quickly, biocompatible QDs do not present the
same acute safety issue. In addition, QDs remained confined
to the regional lymph nodes and did not appear to migrate
further into the lymphatic system over the time scale studied
(7 d),1%2 thereby identifying only the relevant lymph nodes for
biopsy. The larger size of these QDs (20 nm) caused them to
be eliminated mainly through hepatobiliary excretion in feces.
Indium and its oxide are not expected carcinogens and after
SLN removal, the remaining content of indium in the body
was =157 ug (total dose of indium: 900 pg), which is similar
to what a typical human ingests over three weeks. Yaghini et al.
have used bio-CFQD (InP/ZnS core—shell) QDs to successfully
perform ex vivo lymph node mapping.'*®! InP/ZnS QDs were
surface functionalized with hexamethoxymethylamine, and
further grafted to PEG to prolong blood circulation and reduce
RES uptake. Bio-CFQD injected subcutaneously into the paw of
Hooded Lister rats concentrated in lymph nodes and remained
visible for up to 10 days after administration, which was much
longer than the traditional organic dyes that must be adminis-
tered immediately prior or during the procedure or risk being
drained (within hours) from the SLNs before surgery has been
completed.

Swihart’s group conducted SLN mapping using AuCu,_,Se
heterodimer QDs.['83] Localized surface plasmon resonance
(LSPR) has been observed in heavily doped semiconduc-
tors including copper chalcogenide QDs which exhibit strong
LSPR absorbance in the NIR. These metal-doped copper chal-
cogenides (Cu,_,Se and Cu,_.S) may be useful for deep tissue
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contrast enhancement in photoacoustic imaging due to the
ample tissue penetration of NIR light. AuCu,_,Se QDs were
made water dispersible by ligand exchange with thiol-PEG.
AuCu,_,Se QDs were then used for SLN mapping in a rat using
photoacoustic system operating at a wavelength of 1064 nm.
SLNs could be visualized up to 70 min after a 400 pg injection
of QDs at a depth of up to 1.7 cm, which is of clinical rele-
vance and higher than the 1 cm reported to be the maximum
for indocyanine green, the FDA-approved small molecule fluo-
rophore with the most favorable emission wavelength for tissue
penetration (Figure 5).>%!

4.5. Imaging during Surgical Resection

Recent advances in tumor imaging probes and equipment
have the potential to revolutionize the field of oncological sur-
gery. The precise and complete removal of the tumor remains
challenging due to a myriad of issues including concern over
loss-of-function from excessive healthy tissue removal. Highly
specific, robust detection of tumors through real-time acquisi-
tion of high contrast images has the propensity to reduce or
eliminate tumor tissue remaining at the margin after removal
and thereby minimize recurrence. Fluorescence imaging pre-
sents a unique opportunity for real-time intraoperative imaging
because, unlike MRI, CT, and PET, it does not require long col-
lection times and can therefore be used to provide feedback
with minimal delay. Fluorescent imaging probes for image-
guided surgery require tumor specificity, high PLQY, photosta-
bility, and low cytotoxicity. In one clinical study investigating the
resection of malignant gliomas, 64% of patients had residual
cancer cells at the margin, corresponding to a dramatically

Min Max
Optical absorption [a.u.]

0 5

Depth in z direction [mm]

Figure 5. Noninvasive in vivo photoacoustic (PA) time-course coronal maximum amplitude projection (MAP) images. PA images were acquired
A) before and B) 68 min and C) 251 min after injection. Three lymph nodes indicated with 1-3 are visible in the axillary region. D) Depth-resolved
MAP image of (C). E-G) Cross-sectional PA B-scans of A-C. H) Mouse with hair removed prior to imaging. 1) Increase in signal due to accumulation
of QDs in SLN over time. Reproduced with permission.l'®3 Copyright 2013, American Chemical Society.
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increased likelihood of recurrence.'® When 5-ALA was used
to image the tumor margins during surgery, the proportion
of patients with residual tumor cells decreased to 35%, which
demonstrates the potential for this approach. However, 5-ALA,
methylene blue, and indocyanine green do not inherently
demonstrate a high selectivity for cancer tissue over healthy
tissue, leading to a lack of contrast at the tumor margin.'l
Alternatively, QDs modified with tumor targeting motifs have
the potential to achieve a strong contrast at the tumor boundary
and thereby allow surgeons to monitor and completely excise
the tumor. On top of targeting specificity, high PLQY would
also be desirable to further improve contrast or reduce the
mass of QDs needed per patient. Several recent clinical trials
have demonstrated good results using novel non-QD tumor-
targeting NIR fluorophores for the improved identification of
tumor margins during surgical resection.[18>186]

4.6. Multimodal Imaging

Multimodal imaging is highly desirable in diagnostics because
it can overcome the limitations of single imaging modali-
ties. While this approach often requires two separate contrast
agents, some groups have developed QDs that can be imaged
using both fluorescence and MRI or PET. Different strategies
have been employed to pursue the goal of developing multi-
modal QD contrast agents by imparting magnetic properties.
These strategies can be separated into three categories:[?’! (1)
conjugation of magnetic chelates to QDs,!"®”l (2) doping with
transition metals,/®® and (3) engineering composite mate-
rials by encapsulating magnetic nanoparticles and QDs into
inert matrices.'88 For example, Gao and co-workers reported
Mn-doped CulnS,/ZnS QDs as bimodal imaging probes and
showed that the addition of a shell (ZnS) not only enhanced
the fluorescence of the core but also protected it from
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quenching in the presence of the paramagnetic Mn?* ions.[®8l
The 3.6 nm sized QDs were made water-soluble using ligand
exchange with DHLA-PEG. These intrinsically magnetic QDs
are smaller in size and therefore less prone to accumulation
in the reticuloendothelial system compared to nanoparticles
>50 nm. For dual imaging, PEGylated CulnS,/ZnS:Mn was
injected intravenously to nude BALB/c mice bearing subcu-
taneously transplanted with LS180 tumor cells in the flank
region of the right hind leg. These multimodal QDs were
capable of detecting subcutaneous and intraperitoneal tumors
=2 mm in diameter through both T; weighted MR imaging
and fluorescence.

Apart from magnetic/fluorescent bifunctional QD materials,
which represent perhaps the most obvious avenue for bimodal
imaging, QDs have also been combined with positron emitting
material to prepare a unique bifunctional imaging agent. Guo
et al. reported the incorporation of a positron-emitting isotope
into QDs to generate self-illuminating PET enabled bifunc-
tional nanoprobes.['”% This novel material requires no external
light source due to Cerenkov resonance energy transfer (CRET),
which results in luminescence at the point of radionuclide
decay. To accomplish this, intrinsically radioactive CulnS,/ZnS
QDs were prepared by incorporating trace amount of **CuCl,
to the initial reaction mixture. The CulnS,/ZnS QDs have an
excitation spectrum that overlaps well with the Cerenkov lumi-
nescence of ®*Cu, and therefore the QD core can be used as
an efficient matrix for CRET. To make the QDs water soluble
and biocompatible, the QD surface was functionalized with glu-
tathione (GSH) and methoxy PEG thiol (mPEG). These QDs
were intravenously injected to U87MG tumor-bearing mice
and imaged with both PET and CRET luminescence (Figure 6).
Eighteen hours after injection, the tumor had accumulated over
10% of the injected dose per gram of tissue for the PEGylated
QDs, which was over twice that of the GSH functionalized QDs.
The obvious drawback of this approach would be the limited

14
[l *“CuCl, solution

2 6 18 24 48
Time post-injection (h)

C ™
[ ““Cucl, solution
[ GSH-RQDs

154 [ PEGylated GSH RQDs

Figure 6. PET imaging of U87MG tumor-bearing mice. A) Representative whole-body coronal PET images at 2, 6, 18, 24, and 48 h after intravenous
injection of 100 uL (50 pg, 300 uCi) of 4CuCl,, GSH-*CulnS/ZnS and PECylated GSH-#*CulnS/ZnS QDs. The arrow indicates location of the tumor.
B) Graph showing improved tumor uptake by PEGylated QDs and C) distribution of ®*Cu in organs 48 h after injection, n = 3. Reproduced with

permission.'’% Copyright 2014, American Chemical Society.
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halflife of PET emitters, such as ®Cu (12.7 h) that would
necessitate QD synthesis shortly before use. This represents a
major barrier to commercialization on top of the usual radia-
tion exposure concerns and may make the prospect of devel-
oping this technology for clinical use untenable. However,
using these approaches, it may be possible to use one targeted
QD contrast agent for both preoperative and intraoperative
tumor characterization.

5. Conclusion

The recent increased interest in optical imaging, particu-
larly for intraoperative imaging, has stimulated the develop-
ment of preclinical imaging equipment (e.g., PerkinElmer’s
Solaris).l'>°218] QDs in the NIR I biological imaging window
have the potential to serve as direct substitutes for current
small molecule organic dyes and require only minimal modi-
fication to existing imaging fluorescence imaging equipment
(e.g., filters) to have an immediate impact on intraoperative
imaging during SLN biopsy and tumor resection. In the future,
QDs in the NIR II biological imaging window, which have two
log-order superior tissue penetration,?®177:178] may ultimately
offer superior imaging depth that enables noninvasive, high-
resolution fluorescence-mediated tomography at clinically rele-
vant depths. However, this will require the development of QDs
with high PL QY and upgrading existing imaging equipment
with InGaAs detectors that have greater sensitivity for the rel-
evant wavelengths.

5.1. Quantum Dot Biocompatibility

Early preclinical data using conventional (i.e., cadmium-
containing) QDs has helped to demonstrate their value as
fluorescence imaging probes;!'%) however, as the focus shifts
from animal studies to potential clinical use in humans, it
has become clear that QDs containing cadmium or other
highly toxic elements are extremely unlikely to receive clinical
approval.l'1192] Therefore, future QDs designed for biomedical
applications should use materials with superior biocompati-
bility such as Ag and Cu, which have far lower elemental toxicity
while remaining capable of NIR emission. Aside from compo-
sition-associated toxicity, size-based toxicity is perhaps an even
larger potential concern for clinical translation due to the lim-
ited precedence for solid nanoparticle toxicity.'*}! In particular,
chronic toxicity due to poor clearance and prolonged residence
time (in some cases, two years) will be a key consideration.'+
As a result, future studies should focus on creating QDs with
the appropriate size (<5 nm)! and surface functionalization
to promote rapid clearance in urine. Rapid clearance will also
have the added benefit of reducing background fluorescence
from nontargeted areas of the body during imaging.**¥

5.2. Standardization of Studies
A major challenge in the use of QDs as imaging probes has

been the difficulty comparing these materials produced by
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different research groups. Because QDs are synthesized
with a wide variety of elements, stoichiometry, synthesis
methods, sizes, and surface functionalization strategies,
it has been nearly impossible to draw broad conclusions
regarding single variable changes on important downstream
properties such as fluorescence, biodistribution, biocompat-
ibility, and clearance. In addition, while some studies use
adequate controls for in vivo studies (e.g., with and without
surface modification), others do not, which are missed
opportunities to develop fundamental knowledge regarding
the benefits of these approaches. Systematic studies control-
ling for all but one variable would be extremely beneficial
for determining their effects on dependent properties. The
stepwise nature of QD synthesis should enable systematic
control over QD characteristics such as shell thickness and
surface modification.

5.3. Molecular Targeting Opportunities

Small QDs with hydrophilic surface modifications appear suffi-
cient for lymph node imaging, but more sophisticated targeting
mechanisms are likely required to enhance tumor imaging.
The EPR effect alone for tumor targeting is unlikely to provide
the contrast required to make QDs useful clinical tools due
to its relatively poor selectivity for cancer tissue compared to
healthy tissue.l'] Instead, functionalizing the QD surface with
tumor-targeting biomolecules appears to be a more promising
strategy. Targeting proteins often upregulated in cancer, or
better yet based on patient-specific genetic mutations, would
have major implications for imaging in cancer and other dis-
eases. Because current imaging methods are largely confined
to assessing tissue morphology, these approaches have limited
capacity for detecting early metastases, which may be very small
and have similar properties to healthy tissue. However, the
potentially high specificity provided by surface-functionalized
QDs may enable superior detection of metastases and advanced
molecular characterization of tumors to improve cancer diag-
nosis and selection of therapy.

5.4. Transitioning QDs to the Clinic

Cancer would appear to be a prime application for establishing
proof-of-concept QD safety and utility in humans because of
its low risk relative to its potential rewards. Since many cancer
therapies such as chemotherapy, radiotherapy, and surgical
resection are associated with severe side effects, there is likely
to be some level of tolerance for QD side effects if they improve
tumor characterization and thereby favorably influence treat-
ment selection and prognosis. Nevertheless, early clinical trials
are likely to be limited to patients with extremely poor prog-
nosis to minimize the magnitude of adverse outcomes. This
strategy has been used previously for first-in-human cancer
therapies with good success and may represent the safest path
towards QD commercialization for cancer and other potential
biomedical imaging and therapeutic applications.

Once safety has been established, the first application of
QDs for cancer imaging is likely to be Ag- or Cu-based QDs in
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the NIR I biological imaging window for intraoperative lymph
node mapping or shallow (<2 cm) imaging of the most easily
accessible external and internal surfaces (e.g., skin, gastrointes-
tinal tract) where resolution remains high due to limited scat-
tering.1?$1%] The parallel development of improved detectors,
3D deconvolution, spectral unmixing, and reconstruction algo-
rithms will also aid in the adoption of QDs for deeper tissue
imaging using fluorescence-mediated tomography. Long-term,
QD may also serve additional roles such as probes for multi-
plexed characterization of the tumor microenvironment,!*’!
targeted drug delivery,['*®! photodynamic therapy,'*) or photo-
thermal therapy.1*% Ultimately, the goals of QD design should
be to avoid adverse reactions, demonstrate a high preference
for tumors or lymph nodes compared to healthy tissue, exhibit
strong and stable fluorescence within the near-infrared biolog-
ical imaging windows, and be cleared by the body over a dura-
tion that is sufficiently long to retain optimal contrast during
surgery, but then be completely cleared soon after.
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