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1. INTRODUCTION

1.1. Cancer and Early Detection

Cancer is the second most common cause of death in the United States, trailing only heart
disease in incidence. Despite significant worldwide investment in research, cancer remains
responsible for 1 in 4 deaths in developed countries.! Globally, over 14 million cancer
diagnoses were reported in 2012, a figure expected to increase to over 22 million cases per
annum in the next two decades.? Estimated to kill over 1/2 million U.S. citizens, and with
over 1.6 million new cases predicted to be diagnosed this year,3 cancer continues to present
a major, yet unmet challenge to healthcare both globally and in the United States.

Cancer emerges from our own tissues, complicating both detection and treatment methods
due to the similarities between the diseased tissue and healthy tissue.*> Despite this fact, the
mortality rate from cancer is often greatly reduced by early detection of the disease. For
example, non-small-cell lung cancer is responsible for the most cancer related deaths
worldwide, with patients in the advanced stages of the disease having only 5-15% and <2%
5-year survival rates for stage 111 and IV patients, respectively.® In contrast, patients who
start therapy in the early stages of the disease (stage I) have markedly improved survival
rates, with an 80% overall 5-year survival rate.® Consequently, early diagnosis is essential to
improving cancer patient prognosis.

At present, clinical detection of cancer primarily relies on imaging techniques or the
morphological analysis of cells that are suspected to be diseased (cytology) or tissues
(histopathology). Imaging techniques applied to cancer detection, including X-ray,
mammography, computed tomography (CT), magnetic resonance imaging (MRI),
endoscopy, and ultrasound, have low sensitivity and are limited in their ability to
differentiate between benign and malignant lesions.”® While cytology, such as testing for
cervical cancer via a Pap smear or occult blood detection, may be used to distinguish
between healthy and diseased cells or tissues, it is not effective at detecting cancer at early
stages. Similarly, histopathology, which generally relies on taking a biopsy of a suspected
tumor, is typically used to probe the malignancy of tissues that are identified through
alternative imaging techniques, such as CT or MRI, and may not be used alone to detect
cancer in its early stages. As such, the development of assays and methods for early
detection of cancer, before the disease becomes symptomatic, presents a major challenge.

Recent research within the field of nanotechnology has focused on addressing the limitations
of the currently available methods for cancer diagnosis. Certain nanoparticle probes possess
several unique properties that are advantageous for use in the detection of cancer at the early
stages. In this review, we will discuss the advances in the development of nanoparticle-based
methods for the detection of cancer by fluorescence spectroscopy. We will divide this topic
into three categories: techniques that are designed for (1) the detection of extracellular
cancer biomarkers, (2) the detection of cancer cells, and (3) the detection of cancerous
tissues in vivo. We will discuss these strategies within the context of the nanoparticle probe
used as well as the recognition moieties applied in each approach. Ultimately, the translation
of these methods from the laboratory to the clinic may enable earlier detection of cancer and
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could extend patient survival through the ability to administer therapeutic treatment in the
early stages of the disease.

While this review provides a comprehensive overview of the nanoparticle probes that are
used to detect cancer in vitro and in vivo through fluorescence, there are several other
relevant reviews that may be of interest to our readers, who may refer to the references for
more generalized reviews of nanomaterials used for diagnostics and therapy,®-12 or more
detailed insight into the specific types of nanoparticle probes (i.e., quantum dots, 12 gold
nanoparticles, 1415 upconversion nanoparticles, 6 polymer dots,17+18 silica nanoparticles,®
polymeric nanoparticles, 20 etc.) for cancer diagnosis.

2. FLUORESCENCE DETECTION
2.1. Background and Theory

Fluorescence is an optical phenomenon where the absorption of photons at one wavelength
results in emission at another, usually longer, wavelength. The loss in energy between the
absorbed and emitted photons is the result of vibrational relaxation, and this difference is
referred to as a Stokes shift (Figure 1B). A typical Jablonski diagram can be used to describe
the process of fluorescence (Figure 1A). In the first phase, known as excitation, absorption
of light results in the promotion of an electron from the ground state to the excited state.
Once excited, release of the absorbed energy may occur through several photophysical
events, including both radiative and nonradiative emission. Vibrational relaxation is often the
first route to energy dissipation, and may be followed by internal conversion, intersystem
crossing (from a singlet to a triplet state), and subsequent phosphorescence, or fluorescence
when the excited electron returns to the ground state and emits energy through the release of
a photon.21

Fluorescence spectroscopy is a useful technique for the detection of biomolecules, and it is
widely used in biological and biomedical applications due to its high spatial and temporal
resolution.23:24 Assays utilizing a fluorescent output for detection can employ several
methods of analysis, including fluorescence spectroscopy for solution-based assays,
microscopy for imaging of cells and arrays used in sandwich assays, flow cytometry for
high-throughput imaging of single cells, and in vivo imaging. The use of fluorescence as a
detection method depends upon the photophysical properties of the fluorophore used:
photostability, quantum yield, Stokes shift, and fluorescence lifetime. These properties, with
respect to the advantages that fluorescent nanoparticles offer over organic fluorophores, will
be further discussed in the context of the nanoparticle probes that are used in cancer
diagnostic applications.

Additionally, Forster resonance energy transfer (FRET), a phenomenon that occurs when an
excited donor chromophore transfers energy to an acceptor chromophore via nonradiative
dipole—dipole coupling when in close proximity (a few nanometers) to one another, is often
used in the design of nanoparticle probes for cancer diagnosis.2>-26 The efficiency of energy
transfer is dependent upon several factors: (1) spectral overlap between the absorbance
spectra of the acceptor fluorophore and the emission spectra of the donor fluorophore
(Figure 2), (2) their relative orientations, and (3) their proximity (efficiency is inversely
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proportional to the distance between the acceptor and the donor to the sixth power).26 The
use of FRET probes to detect cancer biomarkers and cells is powerful due to its ability to
provide real-time spatial measurements between the donor and acceptor fluorophores, thus
allowing the design of more sensitive bioassays for cancer biomarker and cell detection.

3. NANOPARTICLES FOR FLUORESCENT DETECTION

The application of nanotechnology to cancer diagnosis holds tremendous promise in
enhancing the sensitivity and versatility of fluorescence-based methods of detection. In
particular, there are several structure-defining traits of nanoparticles that enable the
development of novel cancer detection assays: size, shape, high surface area, and unique
optical properties. We will review these material-dependent characteristics of nanoparticles
with respect to their utility in cancer diagnosis through fluorescence detection, focusing on
optical properties and tunable surface functionality.

3.1. Nanoparticle Probe Optical Properties

The optical properties of semiconductor and metallic nanoparticles are highly dependent on
nanoparticle size, shape, and composition. In particular, the optical properties most relevant
in the design of fluorescence-based biosensors for cancer diagnostics, the intensity and
stability of fluorescence emission as well as the effectiveness of fluorescence quenching in
“off—on” probes, determine, in part, the sensitivity and dynamic range of a particular assay.
These material-dependent optical properties will be further discussed in the context of the
nanoparticle probes most widely used in cancer diagnostic applications: quantum dots
(QDs), polymer dots (PDs), upconversion nanoparticles (UCNPs), and gold nanoparticles
(AuNPs).

Single crystal semiconductor nanocrystals, or QDs, represent a class of inherently
fluorescent nanoparticles with a range of properties that are desirable for biological imaging
applications and for the development of novel cancer diagnostics. Semiconducting QDs
absorb photons of energy greater than their band gap, resulting in the promotion of electrons
from their valence band to their conduction band, generating an electron-hole pair (or
exciton).2’ Photons are then emitted from discrete bands upon the recombination of the
exciton, which generates a narrow emission profile due to their quantum confined properties,
which dictate that nanocrystals smaller than the Bohr exciton radius of the material exhibit
quantized energy states, with energy levels correlating to QD size.28 This size dependence of
QD absorption and emission enables the tunable design of QDs (Figure 3) with a range of
imaging applications, especially in multicolor labeling for the simultaneous detection of
multiple targets.27:29.30

QD absorption, unlike that of organic dyes, is broad, with large molar absorption coefficients
(100 000-1 000 000 M1 cm=1)33:34 compared to organic dyes (25 000-250 000 M~1
cm™1).32.35-38 QDs exhibit an absorption peak corresponding to the lowest energy level
excited state, with absorption increasing at shorter wavelengths due to an increased
probability of absorption and the presence of multiple higher energy levels (Figure 3B). This
broad absorption allows one to choose the excitation wavelength used, resulting in the ability
to excite multiple QD types with a single wavelength of light.
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In addition to tunable emission wavelengths, QDs exhibit longer fluorescence lifetimes (>10
ns) compared to organic fluorophores (1-5 ns).3° This property not only enables temporal
imaging that is often limited by the short lifetime of organic dyes, but also results in a
significant improvement in signal-to-noise ratios in biological applications. Although
autofluorescence of tissues and cells often contributes to high background signal, the
autofluorescent species present in biological samples have shorter lifetimes. Thus, time-
gated fluorescence measurements may be used to image QDs by separating autofluorescence
background from positive QD signal.4? This property is especially significant in the
application of QDs for enhancing the sensitivity of detecting cancer biomarkers, cells, and
tissues, which may be in low abundance at the early stages of the disease.

Polymer dots (PDs) are a class of fluorescent semi-conducting polymer nanoparticles
ranging from 5 to 30 nm in size that exhibit broad absorption spectra with narrow emission
profiles.1” PDs offer high fluorescence quantum yields (50-60%), which results in bright
fluorescence intensity, nearly 3 orders of magnitude higher than that of organic dyes.*14 In
addition, altering the composition of PDs results in tunable emission wavelength,** which is
particularly useful for both in vitro assays#>46 and multiphoton in vivo imaging.4748
Although PDs have a broader emission spectra than QDs, PDs are brighter in the visible and
the near-UV range, are nontoxic, are highly photostable, do not blink, and are therefore
utilized in diagnostic and theranostic applications.4’

Upconversion nanoparticles (UCNPs) are composed of a rare earth element crystalline host
with lanthanide ion (Ln3*) dopants. Most commonly, NaYF, or NaGdF, is used as the host
lattice, with Yb3*, Tm3*, and Er3* doped in varying amounts and combinations (Figure
4A).*9 In these structures, the Ln3* ions possess 4f” inner shell electron configurations,
which gives rise to fluorescence via intra-4f and 4f-5d electron transitions.>%-52 Varying the
amounts and types of Ln3* dopants tunes the emission wavelength®3 (Figure 4C,D), which is
useful in multicolor imaging applications.#9:54

Unlike organic fluorophores and QDs, UCNPs exhibit an anti-Stokes shift, emitting a photon
of higher energy than the absorbed photon. This occurs through multiphoton excitation
processes (Figure 4B), which results in the ability to excite UCNPs with near-infrared (NIR)
light. This is particularly useful in biological applications due to the minimization of
autofluorescence from cells and tissues, as well as enabling deeper tissue penetration
through excitation in the tissue-transparent NIR window.49:54

Gold nanoparticles (AuNPs) have also been used in a variety of fluorescent assays for cancer
detection. AuNPs exhibit size-dependent absorption in the ultraviolet—visible range due to a
size- and shape-related property known as the surface plasmon resonance (SPR).55-58
Incident light on metal atoms in a nanoparticle causes plasmon oscillations in the conduction
band of electrons. These collective oscillations result in a strong absorption of light (on the
order of 109 M~ cm=1 for a 40 nm AuNP) and fast electronic relaxation.5%-60 Based on their
strong absorption, AuNPs are also efficient fluorescence quenchers and thus have been
employed in many “off-on” fluorescence probes. Compared to organic quenchers, AuNPs
are more efficient due to surface energy transfer processes.>>-60
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In addition to their use as fluorescence quenchers, AuNPs also have been used as
fluorophore labels in imaging applications. Small AuNPs or “Au nanoclusters” (AuNCs) are
structures typically less than 3 nm that are composed of a precise number of Au atoms, and
unlike larger AuNPs, they do not exhibit SPR absorption in the visible range.61:62 AUNCs
do, however, exhibit fluorescence in the visible to near-infrared region with low quantum
yields (<1%).52 Despite this, AUNCs have been employed in the design of cancer diagnostic
assays, due to their remarkable photostability and resistance to photobleaching.

3.2. Nanoparticle Surface Functionalization and Modes of Targeting

A key advantage to the use of nanoparticles in cancer detection is their large surface area to
volume ratio compared to that of bulk materials. In particular, this property enables dense
coverage of the nanoparticle surface with moieties that bind and recognize molecules
indicative of cancer. Presentation of multiple binding ligands to a cancer cell, for example,
often enables multivalent effects that can enhance an assay’s sensitivity. For example,
spherical nucleic acid nanoparticles derive their unique properties, including higher binding
constants for their complements than free oligonucleotides of the same sequence, from the
arrangement of nucleic acids in a dense, highly oriented fashion.2 In addition, since surface
atoms contribute more significantly to determining the properties of a hanoparticle,
functionalization with a variety of ligands significantly contributes to the collective
properties of such structures. Finally, surface curvature can accommodate arrangements of
ligands not possible with bulk substrates, leading to unusual and tailorable multivalent
effects. Minor variations in nanoparticle surface functionality, ligands, size, and shape can
lead to a wealth of properties advantageous for sensing and imaging applications.

A multitude of targeting moieties can also be attached to nanoparticles for use in the
diagnosis of cancer, including peptides, antibodies, aptamers, and small molecules, which
enable highly specific binding of nanoparticle probes to targets of interest. The targeting
moieties relevant to the detection of cancer will be discussed in detail.

Peptides are often used to label cancerous cells based on recognition of their transmembrane
proteins. The most commonly used peptide is arginylglycylaspartic acid (RGD), composed
of L-arginine, glycine, and L-aspartic acid.®4%7 RGD was first isolated from the cell-
binding domain of fibronectin, a glycoprotein that binds to integrins, and is involved in cell-
cell and cell-extracellular matrix (ECM) attachment and signaling by binding collagen,
fibrin, and proteoglycans.54 RGD peptides have the highest affinity for a type of cell surface
integrins, ay/8s,%8 which are highly expressed in tumoral endothelial cells, but not in normal
endothelial cells.® In addition, the up-regulation of these integrins in breast cancer,
glioblastoma, pancreatic tumors, and prostate carcinoma is correlated with increased cell
motility and metastasis.”%71 Since RGD peptides are effective in targeting cancer cells (in
tissue culture models as well as in mice) through binding and recognition of a3
integrins,58 they serve as promising tools for targeting nanoparticle probes to cancer cells.

One protein that is widely used to detect cancer cells is transferrin, a glycoprotein that binds
iron (Fe3*) in the blood with high affinity (10723 M).72-74 After binding two Fe3* ions,
transferrin is recognized by transferrin receptors, which mediates its uptake into cells via
receptor-mediated endocytosis. Transferrin receptors are usually expressed in the basal
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epidermis, pancreas, hepatocytes, Kupffer cells, testis, and the pituitary gland.”®> However,
these levels are elevated in various cancers (breast, stomach, colon, kidney, ovarian, lung,
pancreas, lymphoma, skin, and bladder) possibly due to the need for increased iron uptake
that is usually associated with proliferating cells.”374 In addition, transferrin is an
endogenous protein (2.5 g/mL in normal human serum),’® and is therefore nontoxic and
nonimmunogenic when used to bind and detect cancer cells.

Antibodies are widely used in cancer diagnostics in vitro and in vivo since they have been
commercialized and are easily procured, have high specificity to their target of interest (both
free in solution and on cells), and bind their target with a high affinity (the antigen-binding
affinity, Ky, of most antibodies lies in the range 10°6-1079 M).”7-"9 In addition, antibodies
can be easily conjugated® to fluorescent dyes8182 and nanoparticles (AuNPs,83 QDs®4),
making them perfect candidates for cancer biomarker and cell immunoassays. Antibodies
are also widely used for in vivo cancer cell detection due to their relatively low
immunogenicity.’® To minimize immunogenicity, smaller fragments consisting of either a
single-chain variable fragment85:86 (scFv, a fusion protein of the heavy and light chains) or
the fragment-antigen binding8 (Fab) region are used since antibodies containing a
nonhuman crystallizable (Fc) region could result in complement system activation. Other
types of nonimmunogenic antibodies include chimera antibodies88 (produced by joining a
mouse Fab region with a human Fc region) and human antibodies (generated using
transgenic mice that have human immunoglobulin genes8%:90 or from phage display®?).
Although antibodies play an important role as targeting moieties for nanoparticles to bind
various cancerous biomarkers, cells, or tissues, they also act as effective therapeutics against
cancer.”8:87.92.93 |n fact, there are over 40 FDA-approved antibody drugs available in the
United States, and examples of theranostic nanoparticle probes that simultaneously detect
and treat cancer in vivo through the use of antibodies will be further discussed in section
6.2.2.

Nucleic acid aptamers, oligonucleotides that bind specific targets of interest (i.e., proteins,
small molecules, cells, or other nucleic acids), can also be used as targeting moieties.% In
many cases, aptamers are discovered using a process called “systematic evolution of ligands
by exponential enrichment” (SELEX).95:9 [n this process, large oligonucleotide libraries
(typically 1 x 1014 unique sequences) are created using a single stranded DNA (ssDNA)
template consisting of defined 5" and 3" ends and a randomized region, typically between
40 and 80 nucleotides in length, within which specific binding motifs can be evolved against
proteins and other biomolecules of interest. After generating the library using automated
DNA synthesis, a double stranded DNA (dsDNA) library can be generated through
polymerase chain reaction (PCR) and used as a starting point for either a DNA or RNA (via
transcription with T7 RNA polymerase) in vitro selection process. First the sequences are
introduced to a biological target of interest and isolated based on their ability to bind the
target through several rounds of in vitro selection. Bound sequences are typically isolated
through size exclusion chromatography and other analogous techniques, and then PCR
amplified to identify the sequence that binds the target of interest. The bound sequences,
along with permutations of new sequences, then go through this cycle 10-15 times, with
each cycle yielding more sequences that bind the target of interest with higher specificity.
This method generates aptamers that have a high specificity and affinity for their target (Ky
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of approximately 1078 M), and may be used to develop aptamers that bind a wide range of
targets, including cells (cell-SELEX).%7 This makes aptamers ideal candidates for targeting
cancer biomarkers and cells for which antibodies may not be available.

4. DETECTION OF EXTRACELLULAR CANCER BIOMARKERS

4.1. Introduction to Biomarkers for Cancer Detection

One promising approach in the early detection of cancer is to identify and detect substances
in the blood or other bodily fluids that are correlated with the presence of cancer. These
substances, known as biomarkers, may be proteins?-111 (either cell surface glycoproteins or
secreted proteins), carbohydrates, 112-114 or nucleic acids'1®-131 (j.e., genome sequences or
RNA transcripts) that are associated with cancerous cells. Measuring the levels of particular
cancer biomarkers from a patient’s blood, urine, feces, or saliva could enable the detection
of cancer at the early stages of the disease, identification of tumor recurrence, prediction of a
patient’s risk to a new or existing cancer, and the ability to monitor a therapy’s efficacy
during treatment. However, some primary challenges of early cancer detection include low
abundance of biomarkers in plasma at the early stages of the disease,132:133 heterogeneity in
the timing and abundance of these biomarkers among patients,19 and difficulties in
executing prospective studies (those that are serial in nature, including the collection and
storage of prediagnostic samples).134

Research toward the identification of biomarkers that are indicators of cancer has generated
thousands of biomarker candidates, but relatively few have been granted FDA clearance
(Table 1).113.135 Of the FDA-cleared biomarkers, the majority are utilized for monitoring the
progression of cancer, rather than enabling its early detection. However, despite the
importance of early detection and the considerable research efforts directed toward it, the
use of these assays for early diagnosis of cancer is limited. In fact, no early cancer biomarker
assay has been FDA-approved or -cleared, which highlights the challenges of developing
sensors for cancer biomarkers.

Although cancer biomarker assay development has faced both fundamental and technical
issues, researchers are uniquely positioned to use nanotechnology to address these concerns,
as the unique properties of certain classes of nanoparticle probes offer the potential to
produce rapid, inexpensive, tailorable, high-throughput assays with high sensitivity and
selectivity. Below, we will discuss nanoparticle-mediated techniques for the detection of
biomarkers separated by the method of analyte detection. Biomarkers targeting bladder,
breast, bone, cervical, colorectal, gastric, hepatocellular, lung, pancreas, prostate, ovarian,
and thyroid cancer, will be covered in this section.

4.2. Detection of Cancer Biomarkers Using Quantum Dots

QDs are especially promising for the detection of cancer biomarkers by fluorescence due to
their high quantum yields, large molar extinction coefficients, and tunable emission maxima,
all of which are advantageous for reducing an assay’s limit of detection.2® Recent examples
of QD-based biosensors for cancer biomarker detection are reviewed below.
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The most common design motif for the detection of biomarkers is a sandwich-type assay,
which consists of several components: substrate, capture antibody, analyte of interest
(biomarker), a second capture antibody, and a secondary antibody, usually tagged with a
fluorescent probe. With such an assay, the immobilized monoclonal primary antibody binds
to the biomarker. Next, a second capture antibody, specific for the biomarker, is introduced
and sandwiches the target. A secondary antibody, usually fluorophore-labeled, binds to the
second primary antibody, thus generating a fluorescent signal that is detected using
microscopy or a fluorescence spectrophotometer. These sandwich-type assays have high
specificity due to the high affinity and selectivity a primary antibody has for its analyte, and
high sensitivity when QDs are used to fluorophore-label the secondary antibody due to the
QD’s-conjugated antibodies’ intense signal.

Sandwich-type assays can occur both on a substrate and free in solution. Suspension assays
are advantageous because they exhibit faster kinetics in solution compared to assays
performed on a substrate, allowing for faster readouts and higher sample throughput.136
These homologous assays can be easily tailored for detecting various analytes, and do not
require optimization for immobilizing antibodies or antigens or extensive wash steps to
separate bound versus unbound moieties.

One example of a homogeneous in-solution assay was reported by Li et al., who used QD-
conjugated antibodies to detect two biomarkers: carcinoembryonic antigen (CEA, one of the
most widely studied cancer biomarkers to monitor anticancer treatments and predict tumor
recurrence postsurgical resection in patients with late-stage cancer)37-139 and neuron
specific enolase (NSE, an enzyme that catalyzes the conversion of 2-phosphoglycerate to
phosphoenolpyruvatel4? and is associated with small cell lung carcinoma, carcinoids, islet
cell tumors upon secretion at a concentration over 15 ng/mL141-143) ‘each with a limit of
detection of 1.0 ng/mL (Figure 5).144 Since the levels of these biomarkers are relatively low
(on the order of several nanograms per milliliter), it is important to develop assays with an
even lower limit of detection to accurately monitor these biomarkers in patients. Cao and co-
workers improved upon this fluoroimmunoassay by immobilizing capture antibodies on
polystyrene microspheres instead of streptavidin beads to reduce the limit of detection of
each of the two biomarkers to 0.625 ng/mL.145

Another type of QD-based immunosensor consists of either an analyte or a capture antibody
immobilized onto a surface commonly composed of glass, silicon, or gold.146-152 Unlike
homogeneous in-solution immunoassays, these heterogeneous immunosensors require small
amounts of patient samples and can provide rapid and high-throughput detection of analytes
of interest.146 In one study, Kerman and co-workers developed an immunosensor that could
detect total prostate specific antigen (TPSA) in human serum samples with a detection limit
of 0.25 ng/mL (Figure 6).1%0 Prostate specific antigen (PSA), one of the most widely tested
biomarkers for prostate cancer, is a glycoprotein produced by the prostate gland that is part
of the kallikrein-related peptidase family (serine proteases) and exists in multiple forms in
the body (e.g., free and bound to serum proteins).153 Since high PSA concentrations are not
always indicative of prostate cancer due to biodiversity in the patient population,98:154-159
PSA velocity, the rate of increase in PSA levels over time, can be monitored since a
significant increase is indicative of prostate cancer.160.161 While neither types of PSA
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monitoring can serve as long-term predictors of prostate cancer, they serve as valuable and
definitive indicators in monitoring changes over time to detect cancer recurrence or
treatment efficacy.98.153-161

In order to analyze biomarkers in a high-throughput fashion, Gokarna and co-workers
developed QD-based protein microand nanoarrays for the detection of PSA.147 The PSA
microand nanoarrays were fabricated using dip pen nanolithography (DPN)162-176 angd
introduced to PEGylated QDs functionalized with an anti-PSA antibody. The presence of
PSA (marked by QD fluorescence) was evaluated using a microarray scanner. Since these
micro- and nanoarrays allow for rapid screening of many compounds, they may enable high-
throughput multiplexed screens for clinical use. In order to improve the sensitivity (to less
than 0.5 pM or 0.1 ng/mL) and speed (to 15 min) of biomarker detection, Mukundan et al.
used a waveguide based biosensor to detect CEA.151.152 First, anti-CEA monoclonal
antibodies were immobilized onto the sensor surface and bound to CEA present in human
serum patient samples. Next, CdSe/ZnS core/shell QD-conjugated anti-CEA monoclonal
antibodies sandwiched the immaobilized biomarker—antibody complex, generating a
fluorescent signal as quantified by a fiber optic spectrometer.

Microfluidic devices are often used in clinical assays to reduce the amount of patient sample
needed for the detection of cancer biomarkers based upon the ability to precisely control
fluids on a small scale.177-179 These “lab-on-a-chip” technologies operate under the premise
that large laboratory experiments can be conducted on a small milli- or centimeter size
scale,177-179 allowing for cost-effective and faster diagnoses.180-184 For example, Hu et al.
used a polydime-thylsiloxane (PDMS) microfluidic device to detect alpha fetoprotein (AFP,
a plasma protein found mostly in the fetus that is the most widely researched biomarker for
the post-treatment prognosis of hepatocellular carcinoma)85.186 and CEA at a limit of
detection of 0.25 nM for each analyte (both individually and in combination).180.183 To do
so, capture antibodies for CEA or AFP were immobilized on the device surface, before the
analyte was introduced. Next, anti-CEA or anti-AFP primary antibodies and QD-
functionalized secondary antibodies bound to the newly immaobilized biomarker. Finally, the
biochip was imaged using fluorescence microscopy.

To improve upon the detection limit of cancer biomarkers, Jokerst and co-workers developed
a microfluidic microporous agarose bead array to detect CEA both individually and in
combination with cancer antigen 125 (CA 125, a cell surface glycoprotein that is
overexpressed in patients with ovarian cancer and is used as a late-stage prognosis and
monitoring tool)139.187-189 jn patient blood and saliva samples.181 To do this, capture
antibodies are immobilized onto agarose beads. Samples are then introduced, and the target
antigen is captured by the immobilized antibodies. Detection antibodies conjugated with
QDs then sandwiches the antigen and provides a means for measuring its presence. The
fluorescence intensity of photomicrographs of the fluorophore-labeled beads corresponds to
the analyte concentration, and the limit of detection of CEA was determined to be 20 pg/mL
or 0.11 pM. Hu et al. are able to achieve an even lower limit of detection for CEA (50 fM) in
an analogous assay.182
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One type of microfluidic device for cancer biomarker detection is an
immunochromatography test strip (ICTS), which takes advantage of capillary action to carry
sample through the strip.190-192 These test strips are usually composed of either paper or
membrane, further reducing the cost of production and analysis, as they do not require extra
machinery (i.e., pumps are normally required for microfluidic devices) or expensive imaging
equipment (homemade test strip readers are available).193-195 The setup of an ICTS usually
includes a sample pad (where sample is loaded), a conjugation pad (antibodies bind analyte
of interest), a test line (where fluorophore-tagged antibody-analyte sandwiches are
immobilized), and a control line (a positive control to confirm the fluorescence of
fluorophore-tagged antibodies). In one study, Yang and co-workers developed an ICTS to
detect AFP with a limit of detection of 1 ng/mL (Figure 7).191 Another ICTS assay was
developed by Cheng et al. to detect C-reactive protein (CRP, a protein secreted from the liver
as a marker of inflammation that is associated with colorectal and lung cancer in addition to
diabetes and cardiovascular disease)9 with a limit of detection of 0.63 U/mL.192

FRET-based biosensors take advantage of FRET, a phenomenon in which energy is
transferred from a donor fluorophore to an acceptor fluorophore (as a result of their spectral
overlap, their spatial proximity, and their relative orientation), due to its high sensitivity of
detection and high signal-to-noise ratio. There are two types of FRET-based sensors: those
that turn “on” in the presence of analyte197-202 (if (1) both chromophores are fluorescent,
but when they bind the analyte, FRET occurs, resulting in energy transfer to the acceptor
chromophore and a measurable increase in fluorescence at the acceptor’s emission
wavelength or if (2) a quencher absorbs the excitation energy of a donor chromophore, but is
released upon binding of analyte, resulting in FRET between the donor and acceptor
chromophore) and those that turn “off” in the presence of analyte293 (a biomolecule binds
and FRET no longer occurs, resulting in a decrease in fluorescence emission by the
acceptor). QDs are ideal for FRET due to their tunable emission, broad absorption, and long
fluorescence lifetime, such that more than one dye could act as an acceptor fluorophore with
one excitation event.204

Wei and co-workers developed an in-solution sandwich fluoroimmunoassay to detect
estrogen receptor beta (ER-g antigen, a tumor suppressor that is down-regulated in the later
stages of various cancers and can be used to monitor treatment efficacy)29%.206 tilizing
FRET.197 ER-gantigen is incubated with QD-labeled anti-ER-g monoclonal antibody and
Alexa Fluor labeled anti-ER-g polyclonal antibody, forming a sandwich. The proximity of
the QD 565 (donor) and the Alexa Fluor dye (acceptor) enables FRET, and results in an
increase in Alexa Fluor fluorescence, which may be measured using confocal microscopy.
This assay is rapid (only a 30 min incubation time), simple, and sensitive (limit of detection
was 0.05 nM or 2.65 ng/mL). Another in-solution fluoroimmunoassay was developed by
Chen and co-workers to detect AFP with a limit of detection of 0.4 ng/mL using a
luminescent terbium chelate (LTC)-QD FRET pair (Figure 8).198 In a similar setup, Wegner
et al. designed an immunoassay that also utilized a terbium—-QD FRET pair to detect cancer
biomarkers. In this case, six different primary antibodies were used to bind a model
biomarker (PSA), enabling PSA detection at concentrations as low as 1.6 ng/mL.2%0
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Kim and co-workers developed a QD-based sandwich immunoassay on a glass substrate
consisting of a vertical zinc oxide (ZnO) nanowire array for the detection of CEA.201 The
Zn0O nanowire substrate provides a large surface area with many binding sites for capture
antibodies to bind the analyte of interest. FRET occurs between ZnO nanowires and QD
labeled detection antibodies upon sandwich formation due to the presence of CEA. The
fluorescence enhancement is quantified using fluorescence microscopy, with a large
dynamic range for detecting CEA (from 0.001 to 100ng/mL).

One multimodal biosensor that utilizes electron transfer to a quencher in the absence of an
analyte was developed by Jou et al., who takes advantage of both FRET and
chemiluminesence resonance energy transfer (CRET) to enhance the sensitivity of detecting
micro-RNA-141 (miR-141),292 a nucleic acid biomarker that is found in the blood and is
indicative of prostate, ovarian, and gastric cancers.202:207-210 | thijs assay, a FRET quencher
is covalently bound to nucleic acid functionalized CdSe/ZnS QDs and is released upon
miR-141 binding, resulting in an increase in fluorescence that enables the detection of
miR-141 with a limit of detection of 1 pM. To further increase the sensitivity of analyte
detection, the QDs are introduced to G-quadruplex-forming telomerase and dNTPs. Next,
hemin is added to intercalate into the G-quadruplexes on the QD, which catalyzes the
oxidation of luminol by H,0,, resulting in CRET and reducing the limit of detection of
miR-141 to 0.28 pM.

Ge and co-workers developed a paper-based immunosensor device to detect AFP, CA 125,
CA 15-3 (a biomarker also derived from mucins that is used to detect tumor recurrence in
breast cancer patients),139.211-213 and CEA with detection limits of 0.3 pg/mL, 6.1 x 107>
U/mL, 2.9 x 1074 U/mL, and 1.4 pg/mL, respectively, through the use of a QD-FRET
system.199 First, antibodies immobilized onto the paper sensor and copper oxide (CuO)
nanoparticle—antibody conjugates sandwich the analyte. Next, dithizone (DZ)-quenched
CdTe QDs are added to the sensor surface. Finally, the sensors are treated with HCI, which
releases Cu?* from the CuO NPs in the presence of analyte and results in the recovery of QD
fluorescence.

QDs can also be used as an oxidizing agent for the detection of cancer biomarkers using a
sandwich assay. In one such study, Zhu et al. developed an immunosensor to detect PSA by
using CuS QDs to oxidize a small molecule (o-phenylenediamine, OPD) to generate a
fluorescent signal (Figure 9).214 The fluorescence of the oxidized small molecule 2,3-
diaminophenazine (OPDox) was measured using fluorescence spectroscopy to detect PSA
with a limit of detection of 0.1 pg/mL. High specificity for PSA was obtained even in the
presence of 10 ng/mL of interfering substances, such as serum proteins. This CuS-based
fluorescent immunosensor compares favorably to nonfluorescence based immunosensors
(electrochemical, colorimetric, electrochemiluminescence, and ELISA based).215-218

4.3. Detection of Cancer Biomarkers Using Gold Nanoparticles

Many biosensors utilize AuNPs as fluorescence quenchers due to their strong absorbance,
which can yield sensors with lower background signal than those utilizing organic
fluorophore quenchers. For example, You et al. developed a “turn-on” nanoparticle probe for
detecting cancer biomarkers based on nonspecific electrostatic adsorption of protein
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biomarkers to a library of fluorophore-tagged AuNPs. This system was used to detect two
biomarkers: acid phosphatase and alkaline phosphatase, both of which are isoenzymes found
in various organs that are indicative of cancer when up-regulated. 212.219-221 (Figyre 10).222
Though this assay is capable of distinguishing between multiple protein biomarkers, it is not
possible to design the system to detect any arbitrary target without screening large AuNP
libraries for specificity to the desired target.

In order to develop a detection system for platelet derived growth factor (PDGF, a growth
factor that is associated with various cancers when up-regulated)?23-226 with high
specificity, Huang et al. used aptamers in a similar “off-on” solution-based assay.?2” In this
case, the fluorescence of a small molecule intercalator, A, A/ -dimethyl-2,7-diazapyrenium
dication (DMDAP), is quenched in the absence of analyte by the AuNP, and it is restored
upon introduction of PDGF, which releases DMDAP. The limit of detection for this assay
was 8 pM. In a similar study, Cheng and co-workers used the analyte of interest
hyaluronidase (HAase, an endoglycosidase that degrades hyaluronic acid, and is indicative
of high-grade tumors in bladder cancer patients when elevated?28-230) to “turn on”
fluorescence from the nanoparticle probe.231 The limit of detection was 0.625 U/mL from
urine samples.

Rather than using AuNPs as fluorescence quenchers, Cho and co-workers took advantage of
surface enhanced fluorescence between AuNPs and Cyanine 3B (Cy3B), an organic
fluorophore, to detect vascular endothelial growth factor (VEGF, another growth factor that
is implicated in various cancers when elevated)223.224.232-235 jn an “on-off” nanoparticle
probe.236 Specifically, Cy3B-labeled aptamers targeting VEGF were electrostatically
associated onto 80 nm AuNPs using positively charged poly-L-lysine. Upon VEGF addition,
the aptamer dissociated from the nanoparticle surface to bind VEGF, causing a decrease in
fluorescence intensity as measured by a fluorescence microscope.

4.4. Detection of Biomarkers via Fluorophore-Labeled Nanoparticles

Fluorophore-labeled nanoparticles can also be used to detect cancer biomarkers. For
example, Khazanov et al. fabricated a microarray biosensor to detect alpha 1-antitrypsin
precursor (AIAT, a protease inhibitor that is a biomarker for gastric cancer)3” using
boradiazaindacene (BODIPY, 660-680) labeled nanoparticles.238 Trypsin was grafted onto a
glass surface to capture AIAT. Next, BODIPY NPs conjugated to anti-AIAT antibodies
bound to the analyte, resulting in a measurable increase in fluorescence as monitored by
confocal laser-scanning microscopy. The limit of detection for this assay was 10 zg/mL.

5. DETECTION OF CANCER CELLS

5.1. Cancer Metastasis and Circulating Tumor Cell Detection

Early detection of cancer enables timelier treatment, and significantly improves patient
outcomes. As cancer develops, metastasis may occur, which can drastically diminish cancer
patient prognosis. Current clinical methods to diagnose cancer metastasis, such as imaging
via computerized tomography, rely on the detection of secondary tumors.239-241
Unfortunately, this presents a significant limitation in the current state of cancer patient care,
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since treatments administered after metastasis has already occurred are less effective and are
associated with poorer survival rates.240-242 As a result, the need to develop novel tools to
identify cancer metastasis before the formation of secondary tumors is strong.

Metastatic tumor formation occurs through the spread of cancer cells from the primary
tumor site to the bloodstream and lymphatic system, and to new sites at distal organs and
tissues to form secondary tumors.243:244 Circulating tumor cells (CTCs) are key in this
process, and detecting their presence in the blood early provides a means to predict
metastatic potential before the formation of secondary tumors.23%-241 Studies have indicated
that the presence of CTCs before cancer treatment begins correlates with poorer survival
rates in patients with metastatic cancer, and that the presence of CTCs after treatment
suggests a higher likelihood of tumor relapse.# Based on this trend, the ability to isolate and
detect cancerous cells in the bloodstream would enable the assessment of metastatic risk and
may provide the opportunity to begin treatment prior to the development of a secondary
tumor to improve cancer patient outcomes. To achieve this, however, significant effort must
be afforded to probe the correlation of CTC presence with cancer patient prognosis.
Additionally, quantification of CTCs from individual patients throughout their treatment
plan may serve as a means to monitor the patient’s response through a simple blood test.

The identification of cells as cancerous is challenging, since cancer emerges from abnormal
growth and differentiation of healthy tissue, and is a highly heterogeneous disease that may
be manifested in significant differences in gene expression from cell to cell.245-247
Nonetheless, in general, cancer cells do indeed differ from healthy cells, and there are many
known biomarkers that may be used to differentiate between the two populations. Existing
technology to detect CTCs relies on the immunomagnetic separation of cells based upon
their expression of cell surface antigens, such as epithelial cell adhesion molecule (EpCAM),
which is a transmembrane protein involved in cell signaling, migration, and proliferation that
is implicated in cancer progression.248.249 While this approach has been FDA-cleared and
commercialized through CellSearch technology (Janssen Diagnostics), it is limited by the
need to recognize cell surface antigens and can result in the inability to distinguish CTC
populations whose protein expression level is not sufficient for isolation, and it does not
enable the quantification of gene expression.249

Beyond the recognition of cell-surface markers, monitoring the intracellular expression
levels of certain genes may also be used to distinguish cancerous cells from healthy cells.
Cancer cells tend to share high expression levels of classes of genes (oncogenes) involved in
survival, proliferation, and differentiation. 4250-252 Qver the past several years, researchers
have identified several crucial genetic changes that cause cancer cells to become more
metastatic in nature. Recent studies have indicated that cancer cells undergo the epithelial to
mesenchymal transition (EMT) during metastasis2®3:254 and that this process results in the
loss of epithelial cellular markers and the development of mesenchymal cellular
markers.253-256 This process typically occurs in development and in wound healing, but
cancer cells use this process to enable their extravasation from tumor tissue into the
bloodstream.257:258 Expression of cell adhesion proteins, such as E-cadherin, is suppressed
to facilitate the metastatic cancer cell’s dissociation from neighboring tumor cells.
Meanwhile, the expression of cell migration proteins such as N-cadherin, vimentin, and
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fibronectin is up-regulated, causing the cell to invade the bloodstream and begin the
metastatic process.254 Based on the known differences in the genetic expression of
metastatic cancer cells compared to healthy cells, quantification of the intracellular
expression profiles of EMT markers enables the identification of cells that present a risk of
cancer metastasis.

Many of the current methods available to study cancer cell populations, such as quantitative
real time PCR (gRT-PCR) and the enzyme-linked immunosorbent assay (ELISA),
interrogate bulk cell samples, providing information on the population average. Therefore,
these techniques are not capable of monitoring sample heterogeneity. This is a serious
limitation in the study of cancer cell populations, which inherently vary significantly in gene
expression. In particular, a small subset of circulating tumor cell populations, known as
cancer stem cells (CSCs), is thought to initiate cancer metastasis and increase the risk of
recurrence.2%-261 This subset of cells differs in gene expression from the majority of tumor
cells, and they may be unidentifiable using conventionally available techniques such as gRT-
PCR and ELISA that provide population averages and do not offer single-cell resolution.

Certain classes of nanoparticles are uniquely suited for the design of probes that address the
challenges traditional methods face in detecting small populations of cancer cells via the
generation of a fluorescent output. For example, QDs and UCNPs conjugated to moieties
that bind and recognize cancer cell surface markers offer several important advantages over
organic dyes,262-281.243 including high quantum yields, size-dependent emission tunability,
and enhanced photostability. 30 In addition, noble metal nanoparticles and AuNPs, in
particular, are commonly used in combination with organic fluorophores to design “off-on”
probes for intracellular gene expression analysis. These probes exhibit lower background
signal than traditional molecular approaches due to the efficient quenching capabilities of
AUNPS.282_284

Based upon their fluorescent output, the systems highlighted in this section may utilize a
variety of techniques for analysis, including microscopy and flow cytometry. Importantly,
flow cytometry provides the unique capability of interrogating single cells, while surveying
large samples. This ability is critical in the study of cancer cells, which are quite
heterogeneous, and improves upon the currently available technologies that may be unable
to distinguish CSCs from a diverse tumor cell population or resolve relatively scarce
populations of cancer cells from large populations of healthy cells. In addition, the use of
fluorescence activated cell sorting (FACS) enables isolation of cancer cells detected with a
fluorescent readout, providing the opportunity for further downstream analysis. Notably,
biocompatible nanoparticle probes maintain the health of suspected tumor cells, enabling
additional studies that may be used to develop effective treatment plans for individual cancer
patients based upon the gene expression profile of the tumor cell population. The recent
developments in the use of nanoparticle probes for cancer cell detection significantly expand
upon the existing approaches to detect cancer cells, and represent promising advances in the
early detection of metastatic cancer with potential impacts for cancer patient prognosis in the
clinic.
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5.2. Detection through Cell Surface Protein Marker Recognition

Many groups have explored the use of nanoparticles for the detection of cancer cells through
cell surface marker recognition using fluorescence. Targeting moieties, such as

antibodies, 262276 aptamers,277-281 and small molecules,285-29 can be conjugated to the
surface of the nanoparticle probe to induce selective binding to or uptake by cancer cells,
fluorophore-labeling them for easy identification over noncancerous cells. In these
approaches, a variety of fluorescent nanoparticles ranging from UCNPs271.272.29 gng
QDs267,274,277,281,293 1g sjlica nanoparticles with fluorescent dyes
encapsulated?64.270.279.288 are ysed. We will divide recent advances in this field first by the
core composition of the nanoparticle probe and then by the moieties that are used to
recognize and bind cancer cells.

5.2.1. Types of Nanoparticles Used To Fluorophore-Label Cancer Cells—As
previously described, QDs exhibit unique optical properties that make them useful for
detecting cancer cells. In particular, the detection of cancer cell populations that are present
in low abundances greatly benefits from the use of QDs due to their high quantum yields.
Wau et al. first reported the use of QDs in the detection of breast cancer cells.2’4 In their
approach, antibody-conjugated QDs were used to label Her2 in fixed SK-BR-3 breast cancer
cells (Figure 11). In addition to labeling cancer cells, the QDs were also used to detect Her2-
expressing cells in fixed mammary tissue isolated from transgenic mice, demonstrating the
potential use of QDs in the pathological and histological diagnosis of cancer. Since this
work, other groups have also used QDs in cancer cell detection, expanding the platform to
target alternate cancer cell types.267:274,276,277,281,293

Conjugated polymer nanoparticles (CPNs) are sometimes useful for the detection of cancer
cells due to their optical properties, which may be tuned by altering the conductive polymer
composition, as well as their tailorable surface chemistry, which may be modulated to
present various moieties that bind cancer cells.18 However, many water-soluble conductive
polymer nanoparticle probes suffer from low fluorescence quantum yields.297:298 To
overcome this, the McNeil group developed PDs from a variety of conductive hydrophobic
polymers to yield nanoparticles that have high quantum yields, are photostable, and are
nontoxic.1’ As a result, PDs are great candidates for detecting circulating tumor cells. In one
study, Wu et al. demonstrated the use of PDs to target and fluorophore-label MCF-7 breast
cancer cells through antibody recognition.4> PD-labeled MCF-7 cells exhibited 25 times
higher fluorescence than QD-labeled cells, and 18 times higher fluorescence than Alexa
Fluor labeled cells, as analyzed through flow cytometry. In another example,
semiconducting fluorescent polymer nanoparticles were encapsulated in PLGA (230-260
nm in size) and functionalized with a Her2 antibody to preferentially identify SK-BR-3
(high Her2 expressing) cells over MCF-7 and NIH/3T3 (low Her2 expressing) cells both on
a substrate and free in solution.46

Rare earth element doped fluorescent UCNP probes have also been used for cancer cell
detection.271.272.29 | these examples, UCNPs are often chosen for fluorescent labeling
based upon the ability to excite UCNPs with near-infrared (NIR) to infrared (IR) light to
generate fluorescent emission in the visible region (through multiphoton mechanisms2%9),
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resulting in minimization of background noise that is often observed due to cellular
autofluorescence.3% This property is especially advantageous in the detection of cancer
cells, which often depends upon the ability to distinguish between a small subset of
malignant cells among a larger population of healthy cells.

In addition, the tunable emission profiles of UCNPs enable simultaneous multicolor imaging
to detect cancer cells. Wang et al. reported tuning NaYbF, UCNP composition to generate
UCNPs that emit orange, yellow, green, cyan, blue, or pink fluorescence upon excitation
with 980 nm NIR light (Figure 12).272 These UCNPs were used to label HeL a cervical
cancer cells based on CEA antibody recognition. Using the tunable emission profiles of
UCNPs, it is possible to simultaneously label several cancer cell surface proteins to detect
malignant cancer cells based upon the presence of multiple cancer markers.

Biocompatible silica nanoparticle probes have also been used for fluorescence-based
detection of cancer cells.264:270.279,288 |n most cases, silica nanoparticles are doped with a
fluorophore and coated with a targeting moiety to bind a cancer cell specific biomarker.
Though these approaches may not offer the enhanced photostability and high quantum yields
that QD and UCNP probes do, the surface functionalization of silica nanoparticles enables
multivalent interactions with target receptors that tag cancer cells with multiple fluorophores
to generate brighter signals. Tao et al. reported the use of either Rhodamine 6G-doped or
tris(2, 2”-bipyridyl)-dichlororuthenium(11) (Rubpy)-doped mesoporous silica nanoparticles
for the detection of 7721 liver cancer cells based upon CD155 antibody recognition.270
Similarly, Huang et al. reported the detection of ovarian cancer cells (SKOV-3) using
tetramethylrhodamine-doped silica nanoparticles through antibody targeting.254

Deng and co-workers expanded upon the use of dye-doped silica nanoparticles for the
detection of cancer cells by monitoring the change in fluorescence anisotropy (using
fluorescence polarization anisotropy (FPA)) upon binding of the nanoparticle probe to
cancer cells.279 In their approach, methylene-blue-encapsulating silica nanoparticles were
used to detect T-cell acute lymphoblastic leukemia cells. Since anisotropy changes with
respect to the rotational time constant of the fluorophore, binding of the dye-doped silica
particles to a comparatively large cancer cell results in a measurable change in anisotropy.
Target T-cell acute lymphoblastic leukemia cells were spiked into healthy blood samples,
and the technique was shown to have a linear range of detection from 4000 to 70 000
cells/mL of whole blood. Though the use of FPA may enable more sensitive detection, it
requires more sophisticated instrumentation than standard fluorescence spectroscopy,
limiting its potential for use in clinical cancer diagnosis.

In addition, both single-walled2”3 and multiwalled?0 carbon nanotubes (SCNTs and
MCNTS) have been used for detecting cancer cells by fluorescence. Though the quantum
yield of SCNTs is low (3-8%),391-303 their NIR fluorescence emission is strong enough to
enable selective in vitro labeling and fluorescent imaging of cancer cells. In a report by
Welsher and co-workers, antibodies against a cancer cell specific marker, CD20, were
conjugated to SCNTs.273 The system was used to distinguish between T cell and B cell
lymphoma cells based on the selective recognition of the antibody-labeled SCNTs by B cell
lymphoma cells due to their overexpression of the CD20 cell surface marker.
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Beyond using nanoparticle probes to fluorophore-label cancer cells, nanoparticles can be
used for simultaneous fluorescent and magnetic resonance imaging of cancer cells (refs 244,
262, 268, 269, 275, 280,286, 293, 295, 304-307). Typically, iron oxide core nanoparticles
are modified with fluorescent dye molecules either covalently or noncovalently to provide
two parallel methods of tracking nanoparticle localization. In one such example, Wang et al.
reported a layer-by-layer assembly method to coat Fe3O4 nanoparticles with
poly(amidoamine) dendrimers conjugated to fluorescein isothiocyanate (FITC) and folic
acid.2% In their system, the iron oxide nanoparticle core was used in parallel with the FITC
label to determine their specificity in targeting KB cells (a HeLa contaminant papillary
carcinoma cell line that overexpresses folate receptors) through magnetic resonance and
fluorescence imaging.

In addition to providing a secondary method of tracking nanoparticle localization,
magnetofluorescent nanoparticles enable the simultaneous detection and isolation of cancer
cells through magnetic separation.266.268.286,304-306,308 A 2011 study by Song et al.
described the use of fluorescent-magnetichiotargeting-multifunctional nanobioprobes
(FMBMNSs) in detecting and isolating leukemia (Jurkat T) and prostate cancer (LNCap) cells
(Figure 13).258 FMBMNSs targeting either prostate specific membrane antigen
(overexpressed by LNCap cells) or CD3 (overexpressed by Jurkat T cells) were able to
detect and isolate target cancer cells through magnetic separation, even with only 0.01%
target cells present in a mixture including noncancerous cells.

In some cases, hanoparticle probes are used in the design of “off-on” fluorescent sensors for
the detection of cancer cells. AUNPs, in particular, are commonly used due to their ability to
efficiently quench fluorescence and decrease background signal in the “off state”.263.287,309
Generally, a fluorophore is held in close proximity to the AuNP surface such that the
fluorescence is quenched in an “off state”. Upon selective interaction with cancer cell
surface moieties, the fluorophore is released, resulting in a measurable fluorescent response.
In one such example reported by Lee and co-workers, AuNPs were functionalized with
fluorophore-labeled heparin, which is a major component of the extracellular matrix that is
degraded by the overexpression of heparanase and heparinase in metastatic cancer cells.287
While conjugated to the AuNPs, the fluorophore label is quenched, but upon degradation by
metastatic cancer cells, the heparin fragments are released and generate a fluorescence
enhancement. This method was used to selectively detect cancer cell lines that express high
levels of heparanase (HeLa cervical cancer cells) over cancer cells with low expression
levels (MCF7 breast cancer cells), and noncancerous cells (NIH-3T3 fibroblasts).

In another approach, Bajaj et al. reported an AuNP-based “chemical nose” to differentiate
cell types and cancer states using AuNPs that are capped with ligands of varying
hydrophobicity and are coated with green fluorescent protein (GFP).285 Based on the
differences in chemical structure of the capping ligands used, each AUNP-GFP complex
associates with cancer cells to varying extents due to the differences in cell membrane
composition. When the AUNP-GFP construct interacts with a cell, the GFP is displaced,
generating a fluorescence enhancement. This method required as few as 5000 cells for
detection and was able to differentiate between breast cancer cells (MCF7), hepatocellular
carcinoma cells (HepG2), cervical cancer cells (HeLa), and testicular cancer cells (NT2).
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Though this capability may be useful in the study of cancer cell membrane heterogeneity
and the identification of cancer cells, it is limited by the inability to rationally design a
nanoparticle probe to target a specific cell of interest.

Silver nanoclusters (AgNCs) have also been used for cancer cell detection in “off-on”
fluorescent systems. AgNCs consisting of 2-30 Ag atoms may be synthesized using single
stranded DNA templates to yield a fluorescent probe that exhibits lower cytotoxicity,
exhibits brighter fluorescence, and is more photostable than organic dyes.319:311 |n addition,
recent research has found that AgNCs may be turned “on” and “off,”312 or tuned in emission
wavelength,313 based on their chemical environment. This advantage has been exploited to
design fluorescent biosensors for DNA, RNA,312:313 and protein314-316 detection. In 2010,
Yeh et al. reported that AGNCs exhibit a 500-fold enhancement in red fluorescence when in
close proximity to guanine-rich DNA.312 The extent of fluorescence turn-on was determined
to be dependent upon the number of guanine bases in proximity to AgNCs, and it was
originally hypothesized that this effect was due to charge transfer between the guanine
residues and the AgNCs.317 However, more recent studies have indicated that this may not
be the mechanism of AgNC fluorescence enhancement,318 and the underlying cause of
guanine-proximity-induced fluorescence of AgNCs is still under investigation.31°

Following the recent advances in the use of AgNCs for biosensing, Yin et al. designed a two-
component DNA/AgNC probe to detect as few as 1000 CCRF-CEM acute leukemia cancer
cells (Figure 14).320 Unlike many of the other methods reported to fluorophore-label cell
surface markers for cancer cell detection, this approach provides a switchable fluorescent
output, which may lead to reduced background signal from nonspecific binding of
nanoparticle probes to noncancerous cells.

5.2.2. Modes of Cancer Cell Surface Marker Recognition—A range of moieties is
used to recognize and bind cell surface markers for nanoparticle-mediated fluorescence
detection of cancer cells. In some cases, proteins are conjugated to fluorescent nanoparticles
to generate probes that bind to cancer cell surfaces through recognition by cell surface
receptors. For example, Mi et al. have conjugated transferrin glycoprotein to UCNPs and
achieved fluorescent imaging and detection of HelLa cervical cancer cells based upon
recognition by transferrin receptors, which are up-regulated in many types of cancers.2%

Similarly, short peptides may be conjugated to nanoparticles for targeted cancer cell
imaging. In particular, fluorescent nanoparticles labeled with RGD peptide are recognized
by integrin ay /s, a cell surface receptor that is implicated in cancer angiogenesis and
metastasis, 321322 and have therefore been used to detect cancer cells.37:323 Hong et al.
demonstrated the ability of fluorescent zinc oxide nanowires coated with RGD peptide to
selectively label integrin a, B3 positive human glioblastoma cells (U87MG) over integrin
a3 negative human breast cancer cells (MCF-7) by fluorescence microscopy, highlighting
the ability to differentiate between cancer types (Figure 15).323

Antibodies are frequently used to recognize cancer cell surface markers based on their
ability to specifically bind target cell surface receptors with high affinity. Her2, which is
overexpressed in breast cancer, is frequently used for detection through antibodies
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conjugated to nanoparticle probes for cancer cell detection.264-267.274.324 Additionally,
epidermal growth factor receptor (EGFR) is often targeted for selective fluorophore labeling
of cancer cells due to its overexpression in a range of cancer cell types,262:263.275

In 2010, Haun et al. expanded upon the use of antibody-coated nanoparticles for detecting
cancer cells by developing a bio-orthogonal nanoparticle detection (BOND, Figure 16).262
Cycloaddition of frans-cycloocetene (TCO)-modified antibodies and tetrazine-coated
magnetofluorescent nanoparticles occurs in biological media, including cell culture medium
and serum. This method was shown to detect cancer cells through either Her2, EGFR,
EpCAM, mucin 1, or CD45 receptor recognition, demonstrating the tailorability of the
platform to analyze multiple targets in parallel and profile cancer cell populations based on
the expression of various surface markers in complex biological media.

Another method of targeting cancer cells utilizes oligonucleotide aptamers, which may be
designed to fold and bind with high selectivity and affinity to any target of interest. Prostate-
specific membrane antigen (PSMA) is a common target used for aptamer-based recognition
of prostate cancer cells.2”7:278 Bagalkot and co-workers demonstrated that QDs coated with
aptamers against PSMA could be used to selectively deliver doxorubicin to prostate cancer
cells (LNCaP) for combined cancer cell detection and treatment (Figure 17).277 Prior to
cellular entry, the fluorescence of both the doxorubicin and the QDs is quenched through bi-
Fdérster energy transfer processes. Upon cellular entry, doxorubicin is released, generating an
increase in fluorescence from both the doxorubicin and the QD. This method provides an
avenue for the design of theranostic nanomaterials to simultaneously detect and treat cancer
cells.

A development in utilizing aptamers for cancer cell targeting is the use of cell based
systematic evolution of ligands by exponential enrichment (cell-SELEX) to design aptamers
that can recognize complex targets, including whole cells based upon interactions between
the aptamer and cell membrane components.®” Aptamers that were designed through cell-
SELEX to target cancer cells of interest have been conjugated to nanoparticles to enable
their detection through fluorescence. 305:306,308,320,325,326 | one example, an 88-mer DNA
aptamer designed to bind acute leukemia CCRF-CEM cells with high affinity (Ky =5 nM)
was appended to tris(2,2”-bipyridyl)dichlororuthenium(11) (Rubpy) dye doped polymeric
nanoparticles and utilized for the detection of CCRF-CEM cells through fluorescence.304
Though the specific binding interactions of aptamers designed to target cancer cells are not
well understood, cell-SELEX is a generalizable method that may be used to target cell
populations for which antibodies are not available.

An alternative approach to detect cancer cells is to use small molecules that bind specific
cancer cell receptors. Several groups have demonstrated that folic acid may be conjugated to
fluorescent nanoparticles for the detection of cancerous cells, which often overexpress folate
receptors,286.288-291,293-295 |, one example, Rosenholm and co-workers conjugated folic
acid to hybrid mesoporous silica nanoparticles for Hela cervical cancer cell targeting.288
Human embryonic kidney epithelial cells (Hek-293) with low folate receptor expression
exhibited low uptake of the hybrid particles, suggesting their ability to selectively target
cancerous cells. An advantage of this approach over others is that some small molecules are
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relatively inexpensive compared to proteins and antibodies. When small molecules bind cell
surface receptors that are not known for a cancer type of interest, large-scale screens of
small-molecule-functionalized nanoparticles may be conducted to uncover specific
interactions of certain molecules with target cells. Though this approach is not based on
rational design, it is a powerful high-throughput approach to uncover cancer cell interactions
with small molecules for diagnostic applications. In 2005, Weissleder et al. synthesized a
library of nanoparticle constructs conjugated to one of 146 small molecules, and screened
their ability to discriminate between cell populations of interest.292 Specifically, the cellular
uptake of these constructs into human pancreatic ductal adenocarcinoma cells (PaCa-2)
compared to human umbilical vein endothelial cells (HUVEC) and human macrophages
(U937) was studied. Of the 146 nanoparticles tested, two exhibited selective uptake (those
functionalized with either 5-chloro-isatoic anhydride or isatoic anhydride) into PaCa-2 cells.
Though this observed difference in uptake may be used to fluorophore-label and identify
pancreatic cancer cells, the underlying mechanism is not known and the application of this
approach for the detection of additional cancer types would require additional screens.

5.3. Detection Based on Gene Expression

5.3.1. NanoFlares for Intracellular mRNA Detection—In 2007, the Mirkin group
introduced the NanoFlare, a spherical nucleic acid (SNA) AuNP-based platform, which is
shown to be useful for detecting and knocking down intracellular mRNA (Figure 18A).327
Based on the highly oriented, dense oligonucleotide coating, NanoFlares enter cells
efficiently without the use of cytotoxic transfection agents.328-333 |n addition, the density of
the oligonucleotides leads to enhanced stability against degradation, making the NanoFlare
less susceptible to background fluorescence based upon the degradation of DNA compared
to traditional molecular beacon and fluorescence in situ hybridization (FISH) probes.332:334
Unlike FISH probes, which require fixation of cell samples prior to analysis,33° no
observable cytotoxicity336:337 js seen following treatment of cells with NanoFlares, which
enables one to detect genetic327:338.339 and small molecule content in live cells.340

In initial studies, the NanoFlare was used for the fluorescent detection of the mRNA
transcript of the oncogene survivin.32” NanoFlares were used to distinguish between breast
cancer cells with high survivin expression (SK-BR-3) and non-cancerous mouse endothelial
cells (C166). Importantly, this construct has enabled the profiling of cancer cells based on
intracellular genetic content. This is significant, since relying on extracellular protein
markers may result in the inability to identify subpopulations of cancerous cells that do not
express the surface marker of interest.249 In 2009, the NanoFlare was reported as a single-
entity agent for the simultaneous detection and regulation of target mMRNA.33° Based on the
design of NanoFlares, binding of target mMRNA to the recognition stand may also be used in
antisense gene regulation. This provides an opportunity to combine targeted mRNA
detection and gene regulation in a single construct. As such, the NanoFlare was shown to be
useful for detecting and knocking down expression of survivin transcripts.

Additionally, the Mirkin and Tang groups have expanded upon the NanoFlare construct with
the development of multiplexed NanoFlares.338:341 |n these studies, functionalization of
AuNPs with two338 or three341 DNA recognition strands and subsequent hybridization of
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their short complement reporter strands yielded NanoFlares that are capable of simultaneous
intracellular detection of multiple mMRNA transcripts. In particular, the use of multiplexed
NanoFlares in detecting survivin in addition to actin, a housekeeping gene, was studied as a
means to normalize NanoFlare fluorescence to account for differences in cellular uptake and
to make the technique comparable with gRT-PCR in quantifying intracellular mRNA, but at
the single live cell level 338341 Notably, the Tan group has developed a “lab-on-a-
nanoparticle” system by incorporating multiple DNA recognition stands onto the NanoFlare
construct in order to perform intracellular DNA logic gating to simultaneously monitor the
presence of multiple small molecules.342

In 2014, the NanoFlare platform was used for the detection and isolation of live circulating
tumor cells from whole blood.343 NanoFlares targeting known markers of the EMT were
designed, including vimentin and fibronectin. The NanoFlares were used to detect metastatic
breast cancer cells (mCherry labeled MDA-MB-231), and were doped into healthy human
blood samples. Samples treated with Nano-Flares were analyzed by flow cytometry, and the
average recovery of cells was determined to be 68 + 14%, enabling the detection of as few as
500 cells/mL of blood. In addition, mCherry MDA-MB-231 cells were isolated from the
blood of xenografted mice following tumor metastases (Figure 18B). Blood samples were
treated with NanoFlares and processed following the same procedure used for human blood
experiments. It was noted that 87-90% of the mCherry labeled cells recovered were detected
by NanoFlare fluorescence.

Recently, the Mirkin group further expanded upon the NanoFlare platform to enable both
intracellular RNA quantification and spatiotemporal localization in living cells.344 Sticky-
Flares were designed to target S-actin mRNA and U1 short nuclear RNA such that, upon
target binding to a recognition sequence on the Sticky-Flare, a fluorophore is transferred to
the RNA transcript, allowing for expression quantification and tagging it for intracellular
tracking through fluorescence microscopy. This construct was utilized to visualize the real-
time transport of S-actin mRNA in live mouse embryonic fibroblasts using confocal
microscopy. Notably, it is difficult, if not impossible, to analyze the dynamics of RNA
transport with FISH probes, since they require cell samples to be fixed and permeabilized
prior to analysis. Smart-Flares may be applied to the study of gene expression in cancer cells
to our further understanding of RNA expression, localization, and transport within cancerous
and metastatic cells.

Since their development, NanoFlares have been commercialized by EMD Millipore and sold
under the trade name SmartFlare in over 230 countries. At present, there are over 1700
versions of these constructs that can be used to target different mMRNA sequences in a variety
of flow cytometry and imaging experiments. In addition to providing the only way of
measuring genetic content in single live cells, these structures change the paradigm of cell
sorting based upon extracellular protein markers to intracellular genetic and small molecule
markers.340 Several groups have since utilized the SmartFlare to study a range of biological
processes including pluripotency, 345346 the inflammatory response to infection with DNA
viruses,347 and the distribution of MRNA within Purkinje neurons.348

Chem Rev. Author manuscript; available in PMC 2017 June 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Chinen et al.

Page 23

Further, the Hendrix group has utilized SmartFlares to study melanoma tumor cell
heterogeneity.349 In their work, Nodal, an embryonic morphogen that is typically silent
following early development, was chosen as a target since it is reexpressed in aggressive
melanoma cells.3%9-353 Tumor cell heterogeneity was examined by sorting SmartFlare-
treated melanoma cells based upon their expression level of Nodal using fluorescence
activated cell sorting. The metastatic potential of the subpopulations was further studied,
enabling the correlation of gene expression levels to tumor cell phenotypes. This work
highlights the unique capability of the SmartFlare to quantify genomic expression at the
single-cell level as well as the immediate implications in expanding our knowledge of cancer
and metastasis through the use of SmartFlares. Ultimately, the continued study of cancer cell
heterogeneity is essential in the development of more efficacious chemotherapeutics as well
as the identification of novel markers for early cancer diagnosis.

5.3.2. Molecular-Beacon-Modified AuNPs for Intracellular mRNA Detection—
AuNPs modified with molecular beacon DNA have also been used for the fluorescent
detection of cancer cells.3%4-360 Traditional molecular beacons consist of hairpin DNA that
targets mMRNA of interest with a quencher and fluorophore pair conjugated to each end of the
DNA strand. In the absence of target, the proximity of the quencher to the fluorophore
results in low fluorescence, but when target mMRNA binds, the hairpin opens, increasing the
distance between the quencher and fluorophore to generate fluorescence “turn-on”. In the
AUNP-based systems, traditional molecular beacons are improved upon through the
enhanced fluorescence quenching efficiency of AUNPs compared to organic dyes. The Tang
group has expanded the AuNP-molecular beacon platform by designing systems that can
detect two38 to four356 mRNA targets.

In addition, this system has been expanded to enable the simultaneous release of
oligonucleotide and the chemotherapeutic drug doxorubicin in a theranostic
application.355:359 |n these designs, doxorubicin is intercalated into the molecular beacon
structures in their “off state,” and is released upon target mMRNA binding. This design was
shown to detect SKBR-3 cells based upon the expression of target cyclin D1 mRNA. In
addition, doxorubicin-induced cell death of SKBR-3 cells was selective, and the viability of
MCF-10A cells, which express low levels of cyclin D1, was not affected by treatment with
the doxorubicin-loaded molecular beacon—AuNPs.3%9

6. DETECTION OF TUMOR TISSUE IN VIVO

The detection of cancer, metastasis and tumor growth in particular, is essential for designing
effective treatment courses. Beyond the ability to diagnose cancer through ex vivo analysis
based upon the detection of cancer biomarkers and cancer cells from patient samples of
blood, feces, or urine, the ability to identify cancerous tissues and tumors in the body
presents several advantages in the detection and treatment of cancer. The development of
nanoparticle probes has enabled opportunities for both prognostics361-392 (understanding the
effect of a treatment on tumor growth and metastasis) and treatment393-402 (image guided
surgery and theranostics) for improving patient outcomes. Though research in this field has
resulted in several nanoparticle probes that may be used in the diagnosis of cancer, several
challenges must be overcome before such technologies are viable for use in clinical settings.
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For example, instruments capable of fluorescence imaging on human patient scale are
limited to narrow fields of view that are primarily useful for image-guided surgery. Thus, the
development of instrumentation capable of generating fluorescence images of patients is
essential for the advancement of these technologies into the clinic. Ultimately, translation of
these nanoparticle probes toward clinical use may result in sensitive imaging platforms for
the detection of tumors and metastases at the earlier stages of their development, which may
be confirmed through histopathological evaluation.

In addition to fluorescence-based imaging, several alternative modalities have been
developed for the diagnosis of cancer through in vivo imaging: computed tomography (CT),
magnetic resonance imaging (MRI), positron emission tomography (PET), single photon
emission computed tomography (SPECT), ultrasound, and photoacoustic imaging, each with
their own strengths and limitations (Table 2). Besides SPECT, which is relatively high-cost
and low-throughput, fluorescence is the only other imaging modality available for
simultaneous detection of multiple probes.#03404 Notably, this feature is advantageous in the
diagnosis of cancer where the ability to distinguish malignant cell populations from benign
populations is enhanced by monitoring the presence of multiple cancer markers. QDs and
UCNPs are particularly useful in this respect, due to their emission profiles that are easily
tuned through changes in composition and size.32:35-38,53

Though fluorescence imaging is somewhat limited by lower tissue penetration depths and
resolution than alternative methods, including MRI, fluorescence offers high sensitivity of
detection at a lower cost and is less time-consuming.#93-405 Additionally, fluorescence
emission may be tuned to optimize tissue penetration depths, based upon the relative
transparency of tissue absorbance in the NIR window (Figure 19).4%6 QDs and UCNPs are
especially well-suited to address these challenges due to their tunable NIR emission
profiles,32:35-38.53 a5 well as their large Stokes and anti-Stokes shifts, respectively, which
minimize background signal due to tissue autofluorescence, 40:49.54

In this section, we will discuss the advances that have been made toward the use of
nanoparticles in vivo, as well as the development of methods to image and, in some cases,
treat cancer in animal models. Research within this field primarily focuses on the use of
fluorescent nanoparticle probes to image and diagnose cancer in vivo based upon
preferential accumulation of nanoparticles in tumor tissue through either passive or active
targeting.

6.1. Behavior of Nanoparticles in Vivo and Considerations for their Design

To achieve the goal of diagnosing cancer through the use of nanoparticle probes for
fluorescent imaging in patients, significant research in understanding the behavior of
nanoparticles in vivo must be done. While in vitro assays are useful for characterizing
nanoparticle interactions on the cellular level, these models do not always accurately
represent cancer development and metastasis in vivo. As such, in order to design a
nanoparticle for biomedical applications, and cancer diagnosis in particular, it is necessary to
use animal models of cancer to understand nanoparticle probe behavior in vivo. An ideal
nanoparticle probe for cancer tissue detection should have a long circulation time with
specificity to the tumor tissue and low toxicity to surrounding healthy tissue. The
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fundamental design rules for developing such a probe are an active area of ongoing research.
We will discuss these recent advances, focusing on the properties that affect nanoparticle
circulation times and biodistribution (especially tumor accumulation), and potential toxicity.

6.1.1. Nanoparticle Accumulation in Tumor Tissue—Nanoparticle size, shape,
surface charge, and surface modification each play important roles in determining in vivo
behavior and contribute to the complex interactions between nanomaterials and biological
systems. Here, we will discuss these interactions within the context of nanoparticle
association with blood proteins, the uptake and clearance of nanoparticles by the
reticuloendothelial system (RES) organs, penetration into solid tumors, and the optimization
of active (versus passive) targeting for cancer diagnosis.

Passive targeting refers to the ability of nanoparticles with diameters 10-150 nm to
preferentially extravasate from the bloodstream into tumor tissue.#07-409 The tumor’s rapid
growth initiates local angiogenesis, the process of forming new blood vessels, to supply
cancer cells with nutrients.> As a result, the tight junctions between endothelial cells do not
form properly, generating “leaky” blood vessels. In terms of blood supply, oxygen, and
nutrient delivery, these newly formed vessels are inefficient, necessitating the formation of
additional blood vessels. In vivo delivery of diagnostic and therapeutic nanoparticles can
take advantage of the abundance of vasculature at tumor sites in addition to the poor
formation of tight junctions (which are larger than the usual 8 nm size in tumor tissue) for
preferential accumulation of nanoparticles in tumor tissue.#10-413 |n addition, large tumors
tend to have poor lymphatic drainage, leading to long retention times of extravasated
nanoparticles in the tumor tissue. This form of passive nanoparticle entry into the tumor
microenvironment is termed the enhanced permeability and retention (EPR) effect (Figure
20),410.412.414 \which was observed nearly 30 years ago with the transport of macromolecules
into tumor tissue.#1%416 Despite the ability to passively target nanoparticles to tumor tissue
via the EPR effect, there are several challenges associated with this approach, including
heterogeneity within and between tumor types, which may compromise the utility of passive
targeting in clinical settings.#17418 Thus, active tumor targeting, in which a moiety that
specifically binds a cell surface marker that is associated with cancer, is frequently used to
enhance the delivery of nanoparticles to tumor tissue for cancer imaging applications.41?

Though the EPR effect allows nanoparticles to passively extravasate from circulation and
accumulate within tumor tissue, it is well understood that the adsorption of serum proteins
onto a nanoparticle surface (opsonization) significantly alters in vivo nanoparticle
trafficking, uptake, and clearance.*29-425 The formation of a nanoparticle protein corona
enables the recognition of nanoparticles by cell-surface receptors on macrophages, resulting
in rapid clearance rates.#29-425 |t js widely known that nanoparticle composition, shape,
size, and surface charge can dictate the types of proteins that adsorb to the nanoparticle
surface and can significantly alter in vivo pharmacokinetics and
biodistribution.420.422,424-434 This must be taken into consideration when designing
nanoparticle probes for in vivo cancer diagnosis to enhance tumor accumulation and
improve signal.
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One common method to reduce nonspecific adsorption of serum proteins while also
enhancing nanoparticle circulation time is to use poly(ethylene glycol) (PEG) to passivate
the surface of nanoparticles.#3>-440 PEG is widely accepted as a noncytotoxic molecule that
imparts decreased sequestration by resident tissue macrophages in the RES organs by
minimizing the formation of a protein corona.#41-4%1 Experimentally, PEGylation of a range
of nanoparticles, including AuNPs and QDs, results in an enhancement in nanoparticle
circulation time and slower accumulation into the liver and spleen when administered by
intravenous (1V) injection into the tail vein of mice.#52-454 Since circulation time and uptake
into various organs can be tuned by altering PEG length#>3 and packing density*®° on the
nanoparticle surface, PEGylation provides an additional avenue for designing in vivo
nanoparticle probes for cancer diagnosis. It is important to note, however, that the
accelerated blood clearance (ABC) phenomenon may result in the rapid clearance of
PEGylated nanoparticles following repeat intravenous injections.%6-461 Dye to this
challenge, the design of alternatives to enhance the blood residence time of pharmaceuticals
remains an active field of research,462-478

In addition to the EPR effect and the formation of a protein corona, nanoparticle size and
shape are also important considerations in the design of nanoparticle probes that exhibit high
tumor accumulation. Nanoparticles smaller than 10 nm are rapidly cleared by the renal
system, minimizing their ability to localize in tumor tissue.”9-481 Additionally, the
microenvironment surrounding tumor tissue is complex and extremely heterogeneous: there
are areas of hypoxia and necrosis, varying degrees of hyperpermeability in blood vessels,
differences in the proliferative capacity between cells at the edge of the tumor and the core,
and dense extracellular matrix surrounding the solid tumor.82483 These heterogeneities can
lead to uneven distribution of diagnostic nanoparticle probes within tumor tissue and afford
smaller nanoparticles with the ability to permeate tumor tissue more deeply.484:485

Nanoparticle shape also affects in vivo behavior, and must be considered when designing
nanoparticle probes for the detection of tumor tissue. Generally speaking, anisotropic
particles exhibit longer circulation times in the blood,#86:487 which is most likely due to the
decreased probability of anisotropic nanoparticles permeating the endothelial gaps found in
the fenestrations of the liver that range from hundreds of nanometers to tens of
micrometers.#88 Due to this, flexible nanoparticles with high aspect ratios may enable
accumulation in tissues that are more difficult to access (such as the brain), and carry a
larger number of active targeting or drug molecules compared to a spherical nanoparticle of
the same diameter. 489490 Sych effects may alter nanoparticle accumulation in tumor tissue,
and should be considered in the design of diagnostic nanoparticles for in vivo imaging.

6.1.2. Safety of Systemic Nanoparticle Administration—In order to effectively
diagnose and treat cancer in vivo through the use of novel nanoparticle probes, it is
necessary to assess any possible toxicity effects caused by their systemic administration.
While some nanoparticles, such as those derived from silica and certain polymers, are
generally regarded as safe due to their biocompatibility and biodegradability,486:491-500 the
long-term safety of systemic injection of metal and semiconductor nanoparticles is still
under investigation. Ultimately, the specific toxicity concerns associated with each
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nanoparticle probe must be thoroughly addressed on a case-by-case basis as the developing
technologies are translated to clinical use.

Mesoporous silica nanoparticles are often employed as carriers of drugs and other small
molecules into cells. The ability to modify both the surface chemistry and internal pore size
of these nanoparticles can increase the loading capacity to greater than the solubility limit of
many drugs. This is a feature unique to mesoporous silica nanoparticles, and one that is
highly desirable for tumor targeting and treatment. Furthermore, it is generally accepted that
mesoporous silica nanoparticles are biocompatible and that any observed toxicity in vivo is
due to altered surface chemistry, specifically the surface silanol groups.486:491-496

Polymeric nanoparticles, including micelles, hydrogels, and polymer—drug conjugates, are
often useful for in vivo diagnostics and therapeutics due to their biodegradability,
biocompatibility, and near complete clearance of degradation products.37-590 Some
polymers, such as poly(glycolic acid) and poly(lactic acid), have been approved by the FDA
for medical applications,>01:°02 making the use of such polymers highly attractive for the
rapid development of novel nanoparticles for cancer diagnostics in vivo.

The use of AuNPs for biomedical applications, and cancer diagnostics in particular, is
rapidly gaining interest due to their ease of surface modification and attractive optical
properties. AuNPs have long been considered to be both bioinert and biocompatible, and
they have not been shown to cause cytotoxicity in human cell lines in vitro.45 However,
these cell culture conditions do not replicate the complexity of in vivo conditions, and in
Vivo experimentation is necessary to better understand the potential side effects of AUNP
accumulation in organs and tissues over time.303-506 Though several studies have aimed to
understand the role of AuNP size,%54 shape,507-512 dose, 513514 and route of
administration®1® on biocompatibility, the results are often conflicting and difficult to
compare based on variations in study design and nanoparticle synthesis.

The safety of administering UCNPs and QDs is also controversial, due to the concern that
toxic metals (Cd, in particular, for QDs) may leach from the nanoparticle core, causing
adverse effects in vivo. Though few reports characterize the in vivo toxicity of UCNPs, some
studies have used Caenorhabditis elegans (C. elegans) to investigate biocompatibility and
have observed minimal toxicity.516-518 Furthermore, a few studies have claimed that the
injection of mice with UCNPs does not cause any overt toxic effects.519.520

Meanwhile, QDs have consistently been shown cytotoxicity in vitro,>21 but translation of
these results to systemic toxicity is not always straightforward. Recent reports have
demonstrated contrasting accounts of safety and toxicity of QD administration in various
small animal models, which is attributed to differences in administration dosage, QD
synthesis strategies, and surface ligands.>22-524 Ye et al. reported that when a certain class of
QDs was injected into nonhuman primates, no adverse effects on body weight, daily
behavior, immune response, kidney and liver function, or blood chemistry were observed for
90 days post injection (Figure 21).52% Though this study, which was the first to use an
animal model with high genetic similarity to humans, supports the notion that QDs may be
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safe for use in humans, QDs have not yet been approved for human application, and many in
the community are skeptical about their potential for in vivo clinical use.

6.2. Nanoparticles for Tumor Tissue Detection

Many groups have investigated the use of fluorescent nanoparticle probes for imaging tumor
tissue in vivo. Current research in this field utilizes animal models (usually mouse models)
to study the accumulation of fluorescent nanoparticle probes in tumor tissue for cancer
diagnosis. In these examples, a nanoparticle is typically injected systemically and
preferentially localized to tumor tissue either passively via the EPR effect or actively
through conjugation of a surface moiety that binds and recognizes the cancer cells found
within tumors. We will discuss these approaches within the context of the nanoparticle probe
used to generate the fluorescent signal and the recognition moiety used to bind and tag
cancer cells within the animal model.

6.2.1. In Vivo Tumor Imaging—Many groups have utilized the EPR effect to passively
target fluorescent nanoparticles to tumor tissue for in vivo imaging and diagnostics. Due to
their unusual properties, including remarkable photostability, tunable emission, and high
quantum yield, QDs have been used in the fluorescent imaging of tumor tissue by passive
accumulation via the EPR effect.372:375.382 |5 2012, Hong et al. reported the use of silver
sulfide (Ag,S) QDs for in vivo imaging of tumor tissues in a xenograft mouse model of 4T1
metastatic breast cancer cells.>26 In another example, Popovic and colleagues reported the
use of QDs coated with a silica shell of varying thickness to probe the role of nanoparticle
size in determining tumor tissue accumulation for cancer diagnostic applications.382 By
varying the composition of the QD cores, the researchers found that each of the resulting
nanoparticles, with diameters ranging from 12 to 120 nm, exhibited distinct emission colors.
A mixture of 12, 60, and 120 nm silica-coated QDs was injected intravenously into a
xenografted Mu89 human melanoma mouse model. Due to the unique emission wavelength
of each QD used, real-time fluorescence imaging of QD extravasation and tumor penetration
was gathered simultaneously for each nanoparticle size. The results indicated that the 12 nm
QDs penetrated the tumor tissue with minimal hindrance, while the 60 nm QDs extravasated
but remained within 10 4m from the blood vessels. In contrast, the 120 nm QDs did not
extravasate to an appreciable extent. This data supports the use of nanoparticles for the
detection of cancer in vivo through fluorescence based upon passive accumulation in tumor
tissue, and highlights the notion that a nanoparticle probe’s size must be appropriately
designed to enhance tumor targeting and penetration.

Additionally, there have been recent advances in the use of QDs for in vivo cancer diagnosis
based upon sentinel lymph node imaging. Sentinel lymph nodes are the first lymph nodes
that a cancer will metastasize to, and evidence of metastasis in the sentinel lymph nodes
serves as an important prognostic for the progression of cancer.362:389 The ability to locate
and surgically remove the sentinel lymph node provides an avenue to understanding the
development of cancer: the absence of cancerous cells in the sentinel lymph node indicates
that the cancer is likely unable to have advanced through the formation of secondary tumors,
while the presence of cancerous cells suggests that the cancer has begun the metastatic
process, 362,389
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Kim et al. first reported the use of near-infrared QDs for in vivo mapping of sentinel lymph
nodes in both a mouse and pig model.527 To demonstrate the utility of QDs in performing
diagnostic surgeries to excise sentinel lymph nodes, QDs were injected into pigs.
Localization of the QDs in the sentinel lymph nodes highlighted their location, and the
fluorescence signal was used to direct surgery to remove them with penetration depths on
the centimeter length scale. The use of QDs enabled deeper penetration depths compared to
organic dyes used for sentinel lymph node mapping.>2” In 2007, Ballou et al. expanded upon
the use of QDs to map sentinel lymph nodes in tumor-bearing animals.364 Mice with
subcutaneous M21 human melanoma tumors were injected with PEGylated QDs
intratumorally. The QDs rapidly transferred from the tumor tissue to the adjacent lymph
nodes, and the fluorescence emission was visible through the skin of the animal almost
immediately.

Conducting polymer nanoparticles (CPNs) have also been used in vivo for sentinel lymph
node imaging. Kim et al. reported the use of cyanovinylene-backbone CPNs (60 nm) to map
sentinel lymph nodes in real time in the NIR wavelength range.#” CPNs were injected
intradermally in the paws of mice, and could be tracked by the naked eye (due to their high
fluorescence, at 365 nm) as they drained to the lymph nodes.

UCNPs are also used to detect tumor tissue in vivo through fluorescence,365.378,386,391
Cheng and co-workers demonstrated the tunability of UCNPs for in vivo multicolor imaging
applications.3%° NaYF, nanocrystals doped with either Er3*/Yb3* or Er3*/Tm3* were
synthesized and modified by adsorbing one of three organic fluorophores on the nanoparticle
surface: rhodamine B, rhodamine 6G, and Tide Quencher 1. Five sets of UCNPs were
synthesized, each exhibiting distinct emission profiles. Each UCNP was subcutaneously
injected into the backs of nude mice and imaged to demonstrate the potential use of UCNPs
in imaging and diagnostic applications (Figure 22).

Beyond multicolor imaging, UCNPs have been used in the design of probes to diagnose
cancer through the ability to detect hypoxia in vivo,378 since tumor tissues are often low in
oxygen due to their abnormal vasculature.388 Liu et al. designed composite nanoparticles
consisting of a UCNP core and a mesoporous silica shell containing tris(4,7-diphenyl-1,10-
phenanthroline) ruthenium(ll) dichloride ([Ru(dpp)3]2*Cly). In the presence of oxygen, the
[Ru(dpp)3]2* is quenched due to reversible photochemical oxidation processes.380 In the
absence of oxygen, the [Ru(dpp)3]4* may be excited through energy transfer from the
UCNPs, providing a fluorescent output to detect hypoxia in tumor tissues. This system was
tested in a zebrafish embryo model of hypoxia (Figure 23), and could be expanded upon for
the detection of hypoxic cancerous tissues in vivo.

AUNCs have also been used in fluorescent in vivo tumor imaging applications based on
passive targeting.367:370.390.392 | one report, Wu et al. described the use of AuNCs, about
2.7 nm in diameter, for fluorescent tumor imaging in vivo in cervical cancer (HeLa) and
breast cancer (MDA-MB-45) xenograft mouse models.3%0 As previously described, small
AUNC:s of this size exhibit inherent fluorescence. The ultrasmall AuNCs were injected
systemically into BALB/c nude mice with subcutaneous HeL.a or MDA-MB-45 tumors.
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Within 6 h post injection, fluorescence signal from the tumors increased, demonstrating the
potential use of AuNPs for in vivo cancer diagnostics.

For in vivo fluorescence tumor imaging using larger AuNPs, organic fluorophores are
typically conjugated to the nanoparticle surface. For example, Chou and Chan used
fluorophore-labeled AuNPs of varying sizes to study the effect of nanoparticle size on tumor
accumulation for diagnostic and therapeutic applications.367 AuNPs from 15 to 100 nm were
synthesized and functionalized with Alexa Fluor 750. Smaller, 15 nm AuNPs dispersed
faster into the tumor tissue to provide fluorescence contrast of the cancerous lesions. This
approach may be used for tumor tissue detection through passive accumulation, but also aids
in our understanding of the size dependence of the EPR effect.

Perrault and Chan later expanded upon the use of AuNPs in cancer tissue imaging through
the use of AuNPs as an “anchor” in a xenograft breast cancer (MDA-MD-435) mouse model
(Figure 24).381 This approach combines passive targeting of the anchor AuNPs to tumor
tissue with active targeting of a fluorophore to label the AuNPs in vivo. This method

resulted in a 200 times faster rate of fluorophore accumulation in tumor tissue compared to
fluorophore-labeled AuNPs of the same size, based on the active targeting of the fluorophore
to the biotinylated AuNPs. This method’s use of actively targeting biotinylated AuNPs
within the tumor tissue may be beneficial for imaging cancer tissues when the cell surface
markers unique to the cancer cells are not well understood.

In 2011, von Maltzahn et al. expanded upon this approach by utilizing photothermal
nanoparticles to passively target tumor tissue and locally induce a coagulation cascade that
was then actively targeted with fluorescent nanoparticles.38” Gold nanorods (AuNRS) were
intravenously injected into MDA-MB-435 breast cancer tumor-bearing mice. Mice were
irradiated to locally heat tumor tissue based on passive AUNR accumulation, resulting in
local blood vessel disruption and coagulation. In a labeling step, magnetofluorescent iron
oxide nanoworms coated with a peptide substrate for the coagulation transglutaminase FXIII
were administered intravenously to the mice for the detection of tumor tissue through
fluorescence.

In addition to metal and semiconducting nanoparticles, polymeric nanoparticles
encapsulating organic fluorophores have also been used for in vivo tumor imaging.371.383.384
While these approaches do not utilize the unique optical properties of inorganic
nanoparticles, such as QDs and UCNPs, the nanoparticles’ size enables passive tumor
targeting via the EPR effect. In one such report, Fortin et al. describe the use of liposomal
nanoparticles loaded with a near-infrared organic fluorophore, 1,1’ -dioctadecyl-3,3,3",3"-
tetramethylindotricarbocyanine iodide (DiR), to image brain tumors in a mouse model by
fluorescence.37 In a similar study, Schadlich et al. demonstrated the use of polymeric
nanoparticles for tumor imaging in a xenograft mouse model of colorectal cancer (DsRed?2
labeled colorectal adenocarcinoma HT29 cells).383 Tumor accumulation of the nanoparticles
was evaluated in vivo and ex vivo following excision of the tumor tissues (Figure 25).
Colocalization of the DsRed2 fluorescence from the tumor tissue and the DiR dye from the
PEG-PLA nanoparticles increased from 10 min to 24 h post injection as a result of enhanced
retention of the nanoparticles over time.
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In addition to tumor imaging based upon nanoparticle accumulation through passive
targeting via the EPR effect, extensive work in the use of nanoparticles that actively target
tumor tissue by recognizing cell surface receptors on cancer cells has been studied. Often,
these approaches enhance the sensitivity of in vivo tumor detection by increasing the amount
of nanoparticles that are delivered to tumor tissue per unit time. We will discuss these
approaches, dividing them by the recognition moiety used to target cancer cells in vivo.

Peptides are frequently used to actively target cancerous tissues in vivo. In particular, the
RGD peptide, which is recognized by a cell surface receptor that is implicated in cancer
angiogenesis and metastasis (integrin a,33),321:322 has been used to target tumor tissue in
vivo for imaging and diagnostic applications.?28-531 In some cases, polymeric nanoparticles
conjugated to organic fluorophores are modified with RGD to target tumors.52%:530 More
commonly, inherently fluorescent nanoparticles, such as UCNPs, are used to target integrin
ay B3 through presentation of the RGD peptide for in vivo imaging of tumors. In one such
example, Xiong et al. used PEGylated UCNPs conjugated to RGD to actively target tumors
in US7MG glioma xenografted mice.53! To evaluate the effect of RGD active targeting, mice
were injected with two xenograft tumors: U87MG glioma, which has high integrin a,83
expression, and MCF7 breast cancer, which has low integrin a3 expression. The RGD-
conjugated UCNPs were injected intravenously, and the fluorescence intensity of the two
tumors was compared (Figure 26). Ex vivo analysis of the UCNP content in organs by
inductively coupled plasma atomic emission spectroscopy (based on Y3* content) revealed
that UCNP content in the U87MG tumor was roughly 30 times higher than that of the MCF7
tumor. In another example, Wu and co-workers utilized polymer dots (PDs) modified with
chlorotoxin, a tumor targeting peptide, to target medullo-blastoma tumors in ND2:SmoAl
mice.#8 High fluorescence intensity of the PDs was detected in the brain tumor regions (2.3-
fold increase over wild type mice, compared to a 1.2-fold increase in nontargeting PDs)
following intravenous injection via the tail vein. These works highlight the benefit of active
tumor targeting compared to passive targeting via the EPR effect for cancer diagnostics,
when high contrast enables the detection of tumors at earlier stages.

Conjugation of antibodies that bind cancer cell surface receptors to fluorescent nanoparticles
has also been used for in vivo tumor imaging through active nanoparticle probe
targeting.532-536 Kolitz-Domb and co-workers used polymeric fluorescent nanoparticles for
in vivo imaging of colon cancer through antibody recognition of carcinoembryonic antigen
(CEA).53 Indocyanine green, a near-infrared fluorophore, was encapsulated into proteinoid-
poly(lactic acid) nanoparticles, which were used to image colon cancer tumors in a LS174t
colorectal cancer orthotopic mouse model. The nanoparticles were administered to mice
through the anus, and the animals were sacrificed 4 h postdelivery for ex vivo imaging of
nanoparticle tumor accumulation in the colon. Based on the overexpression of CEA by
LS174t cells, the nanoparticles localized to tumor tissue and generated fluorescent signal at
the tumor sites. In comparison, control nanoparticles without anti-CEA antibody produced
no appreciable fluorescence signal, indicating the enhancement of tumor targeting achieved
through the use of antibodies.

Aptamers have also been used in the development of nanoparticle probes for in vivo
fluorescent imaging of tumor tissue through active targeting.537:538 Tong et al. reported the

Chem Rev. Author manuscript; available in PMC 2017 June 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Chinen et al.

Page 32

use of polymeric nanoparticles incorporating Cy5 to target PSMA using a DNA aptamer
conjugated to the nanoparticle surface.538 In vitro experiments demonstrated that
nanoparticle labeling of prostate cancer cells was specific to LNCaP cells, which have high
PSMA expression compared to PC3 cells. Though the nanoparticles were not used to image
prostate cancer in vivo, they exhibited no observable adverse effects in mice. In 2015, Ding
and co-workers expanded upon this and used an aptamer designed to bind SCG7901 gastric
cancer cells through cell-SELEX for in vivo imaging of tumors in a mouse model.537

In addition to the use of peptides, antibodies, and aptamers, small molecules also are used to
actively target nanoparticle probes to tumor tissue for cancer diagnostics. In particular, folate
is frequently attached to fluorescent nanoparticles to target folate receptors, which are
overexpressed by many cancer cells.419:53%-543 |n one such example, Ma et al. synthesized
polymeric nanoparticles loaded with indocyanine green and conjugated to folate for in vivo
imaging of xenograft MDA-MB-231 breast cancer tumors in a mouse model.>41 Similarly,
Xiong and co-workers reported the conjugation of folate to NaYF4:Yb,Er UCNPs for active
tumor targeting in cancer diagnostic imaging.>43 Folate-tagged UCNPs resulted in an
observable fluorescence signal from cervical cancer HeLa tumors in mice 24 h following
intravenous injection compared to no observable signal from HelLa tumors in mice injected
with control UCNPs lacking the folate tag. To quantify the difference in uptake, inductively
coupled plasma atomic emission spectroscopy was used to measure UCNP accumulation in
the tumor tissue based on Y3* content. Approximately 6 times more folate-receptor-targeting
UCNPs per gram of tumor tissue than UCNPs without folate was observed, indicating the
fold enhancement in nanoparticle accumulation that may be achieved by actively targeting
tumor tissue. Such enhancements can also improve fluorescence signal from smaller tumors
and enable the early detection of tumors.

Considerable effort has been devoted to the development of nanoparticle probes for
simultaneous imaging through both fluorescence and additional techniques, such as MR,
computed tomography (CT), and X-ray imaging. These approaches typically seek to
combine the benefits of fluorescence imaging with a complementary imaging modality to
expand upon the use of nanoparticle probes for the detection of cancerous tissues in vivo.
While the design of multimodal nanoparticle probes has been an active area of research, the
infrastructure required to support the use of such technologies, and the availability of
instrumentation to conduct fluorescence imaging while simultaneously imaging via an
alternative modality, has yet to be developed.

In one such example, Yi et al. reported the design of UCNPs for in vivo imaging through
simultaneous upconversion fluorescence and X-ray imaging.39! Similarly, Shen et al.
described the synthesis of a UCNP sandwiched structure containing a NaGdF4:Yb/Tm core,
a NaLuF,4:Yb/Tm middle layer, and a NaYF,4 top layer for simultaneous in vivo
upconversion fluorescence and CT imaging.38¢ Zhang et al. described the encapsulation of
AuUNPs and the organic fluorophore, bis(4-(N-(2-naphthyl)phenylamino)phenyl)-
fumaronitrile (NPAPF), in PEGylated micelles for in vivo imaging of colon carcinoma
(CT26) tumors through both fluorescence and through CT.392 Combining fluorescence
imaging capabilities with either CT or X-ray imaging may be especially useful in the
translation of nanoparticle probes from animal models to clinical patient use since the
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relatively deeper tissue penetration afforded by these methods may be used in parallel with
the high sensitivity of fluorescence imaging.

Some approaches to image tumor tissue in vivo focus on the use of magnetofluorescent
nanoparticles for simultaneous fluorescent and magnetic resonance imaging. One common
approach in the design of magentofluorescent nanoparticles is to synthesize self-assembling
fluorophore-labeled polymeric nanoparticles that encapsulate smaller magnetic
nanoparticles. In some cases, chitosan nanoparticles containing magnetic and fluorescent
components are used for in vivo imaging of tumor tissue through passive targeting by the
EPR effect.374:376.379 Sjince chitosan is a biodegradable polysaccharide, it is regarded as
highly biocompatible with low toxicity.361:373 |n 2010, Nam et al. used self-assembling
chitosan nanoparticles encapsulating a gadolinium (Gd) MRI contrast agent and labeled with
the near-infrared dye Cyanine 5.5 (Cy5.5) for squamous carcinoma tumor detection in
mice.379 Similarly, Lee et al. reported the use of chitosan nanoparticles for multimodal
fluorescence and MRI imaging of tumor tissue in vivo.37® Chitosan nanoparticles
encapsulating superparamagnetic iron oxide nanoparticles (SPIONs) with a Cy5.5
fluorophore label were synthesized and intravenously injected into mice bearing glioma
U87MG tumors (Figure 27).

Others have utilized antibodies in the development of multimodal imaging platforms for in
vivo cancer diagnostics through active tumor targeting. For example, Liu et al. described the
use of magnetic, Gd-containing UCNPs for multimodal MRI and fluorescence imaging of
small tumors in vivo.23 In another example reported by Chen et al., mesoporous silica
nanoparticles were used to actively target tumor tissue for multimodal fluorescence and
positron emission tomography (PET) imaging.>32 Mesoporous silica nanoparticles were
labeled with 84Cu and IR Dye 800, and conjugated to an anti-CD105 TRC105 antibody
(TRACON Pharmaceuticals Inc.), which targets a glycoprotein receptor that is
overexpressed on tumor vessel endothelial cells and is implicated in angiogenesis and tumor
cell proliferation. Following intravenous administration, the 84Cu PET-active label was used
to quantify the percentage of the injected dose localized to tumor tissue in vivo. While
fluorescence alone may not provide this capability, multimodal imaging systems impart
many advantages that may expand upon the capabilities of fluorescence imaging to provide
complementary information in cancer diagnosis.

Finally, folate is also used in actively targeting multifunctional nanoparticles to tumor tissue
through recognition of folate by folate receptors, as reported by Rolfe et al. in 2014.542
Specifically, a hyperbranched polymer scaffold labeled with Rhodamine B and 1°F was
assembled into nanoparticles and conjugated to folate to generate magnetofluorescent
nanoparticles for multimodal imaging of B16 melanoma tumors in vivo. MRI and
fluorescence imaging indicated an enhanced tumor accumulation of magnetofluorescent
nanoparticles tagged with folate compared to nanoparticles without folate by combining the
high resolution of MRI with the sensitivity of fluorescence imaging within a single
nanoparticle construct.

6.2.2. Theranostic Nanoparticle Probes—Theranostic nanoparticle-based applications
take advantage of the preferential accumulation of nanoparticles in tumor tissue to
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simultaneously detect and treat cancer, where simply incorporating a chemotherapeutic drug
into a fluorescent nanoparticle used for tumor imaging may also enable therapy.
Additionally, many reports describe the use of plasmonically active nanoparticles, such as
nanoshells, for tumor detection and light-triggered local heating of cancerous cells, causing
death via photothermal therapy. These methods will be discussed in further detail below.

Many reports describe the incorporation of chemotherapeutics into fluorescent nanoparticles
for use in theranostic applications.393:394,397-400 These nanoparticles may be passively or
actively targeted to the tumor tissue, and are used to treat cancer based upon preferential
nanoparticle accumulation in the tumor. A variety of nanoparticles (i.e., polymeric and
inorganic) are used in these approaches. The Kwon group, for example, has reported the use
of dye-labeled chitosan nanoparticles for the simultaneous detection and treatment of cancer
through delivery of paclitaxel to tumor tissue through passive nanoparticle
accumulation.398:544 Dye-doped polymeric nanoparticles have also been used to deliver
camptothecin®%2 and irinotecan3®* chemotherapeutics for theranostic applications.
Additionally, Chen et al. reported the use of magnetofluorescent UCNPs to deliver
doxorubicin to tumor tissue via passive targeting for simultaneous cancer imaging and
therapy.393

In order to improve nanoparticle’s selectivity for cancer cells, active nanoparticle targeting is
often used to deliver theranostic nanoparticle probes to tumor tissue. In some cases, delivery
of the targeting moiety to tumor tissue alone may result in a therapeutic response.39°:396
Corsi et al. reported the suppression of Her2, a cell surface receptor that promotes cancer
cell growth, through active targeting via antibody conjugation to magnetofluorescent UCNPs
for cancer imaging applications.39° Clinical treatment of Her2-positive cancers typically
utilizes the monoclonal antibody trastuzumab to target Her2 and subsequently inhibit cancer
cell proliferation. In their work, Corsi and co-workers demonstrated that conjugation of
trastuzumab to UCNPs for in vivo tumor imaging in a breast cancer xenograft mouse model
(MCF7) through active targeting also results in a significant decrease in Her2 expression on
the tumor cell surface for up to 1 week following intravenous administration (Figure 28).
This may be further developed into a theranostic system that can both diagnose and treat
Her2-positive cancers.

In another example of active tumor targeting for theranostic applications, Santra et al.
reported the synthesis of dendrimer polymeric nanoparticles encapsulating cytochrome ¢, a
protein known to initiate apoptosis, and the fluorophore indocyanine green.4%0 The
nanoparticles were tagged with folate for targeted theranostic detection and treatment of
Ab549 lung cancer cells, a cell line that overexpresses folate receptors. Selectivity in cellular
uptake and death for A549 cells over MCF7 cells, which have low folate receptor
expression, was demonstrated in vitro; this approach may later be applied to in vivo
theranostic applications.

In addition to chemotherapeutics, photoactive materials may also be delivered to tumor
tissue for theranostic imaging and treatment. In these approaches, materials with strong
absorbance in the near-infrared region are used to convert optical energy into heat to locally
kill cancer cells.545-565 This method, termed photothermal therapy, typically utilizes NIR
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light, which does not cause damage to cells, to activate photothermal nanoparticles localized
in tumor tissue throughout the body. One concern with this approach, however, is that
nanoparticles accumulated in the liver and spleen may damage healthy tissue upon
irradiation. This disadvantage hinders the applicability of photothermal therapies to treat
cancer once metastasis has occurred, and limits its potential use to local treatment of tumors.

Nanoparticles that allow for both imaging and photothermal therapy have demonstrated
passive targeting to tumor tissue via the EPR effect. In some cases, silica or polymeric
nanoparticles are designed to encapsulate photothermal-sensitizing dyes, such as
protoporphyrin 1X568 or naphthalocyanine.>®7 In one such example, Chen et al. reported the
use of a conductive polymer-based nanoparticle for photothermal therapy of 4T1 breast
cancer tumors in mice.%68 Poly (3, 4-ethylenedioxythiophene):poly(4-styrenesulfonte)
(PEDOT: PSS) nanoparticles were synthesized via a layer-by-layer assembly process and
labeled with Cy5 fluorophores. The resulting nanoparticles were intravenously administered
to tumor bearing mice for fluorescent detection of tumors in vivo. At 48 h post injection,
mice were irradiated with a 808 nm laser for 5 min, raising the temperature of the tumor
tissue to about 50 °C (Figure 29). One day following laser treatment, the tumors were
eliminated, while control groups (no treatment, nanoparticle only, or laser only), showed no
change in tumor growth.

Active targeting of nanoparticles for combined imaging and photothermal therapy can
enhance the selectivity of nanoparticle accumulation in tumor tissue.56%-573 |n some
examples, polymeric nanoparticles are used to actively target tumor tissue for theranostic
applications. The Cai group encapsulated two photosensitizing dyes, indocyanine green and
IR-780°71 in polymer nanoparticles to target folate receptor in a breast cancer mouse model.
Forty-eight hours following intravenous injection with folate-coated indocyanine green
encapsulating nanoparticles, mice were irradiated with a near-infrared laser for 5 min,
resulting in an increase in intratumoral temperature to 50 °C. This localized heating resulted
in significant cancer cell death, as indicated by histological analysis, and complete tumor
ablation.

Bardhan et al. reported the use of Her2 antibody-conjugated nanoshells for combined
imaging and therapy of breast cancer.%6% Indocyanine green and anti-Her2 antibody were
conjugated to gold nanoshells and used to selectively image BT474AZ breast cancer tumors
with high Her2 expression over MDA-MB-231 breast cancer tumors with low Her2
expression in mouse models. Within 4 h following intravenous injection, strong fluorescence
was observed from the tumors of BT474AZ xenografted mice, which was about 2 times the
intensity of tumors in MDA-MB-231 xenografted mice. Though the photothermal treatment
of tumors was not examined in vivo, nanoshells have been reported for effective cancer cell
ablation,>74-576 and the anti-Her2 nanoshells may be further explored for theranostics in
Vivo.

7. SUMMARY AND OUTLOOK

We have reviewed many of the recently reported nanoparticle-mediated methods for the
detection of cancer biomarkers, cells, and tissues through fluorescence. Nanotechnology-
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based assays for cancer detection are an increasingly relevant alternative to traditional
techniques. The characteristics of certain nanoparticle probes, such as high surface-area-to-
volume ratio and unique optical properties, allow them to overcome some of the limitations
of currently available methods of cancer detection.

In particular, the four main nanoparticle types used in the design of probes for the detection
of cancer biomarkers, cells, and tissues through fluorescence are (1) QDs, which exhibit
tunable absorption and high quantum yields; (2) PDs, which have high fluorescence
quantum yields and show no cytotoxicity; (3) UCNPs, which exhibit anti-Stokes shifts and
are excitable in the tissue-transparent NIR window; (4) AuNPs, which are excellent
fluorescence quenchers and are thus commonly used in “off-on” probes; and (5)
fluorophore-encapsulating polymeric or mesoporous silica nanoparticles, which are useful in
theranostic applications that simultaneously deliver chemotherapeutics or photosensitizing
agents to image and treat cancer cells.

Beyond the nanoparticle probe’s core composition, surface functionalization with a range of
moieties (i.e., antibodies, oligonucleotides, aptamers, peptides, and small molecules) can
enable the detection of cancer biomarkers, cells, and tissues by imparting high binding
affinity and specificity to a target. The high surface-area-to-volume ratio of nanoparticles
can enable dense functionalization, and provides tailorable and sometimes multivalent
binding of nanoparticle probes to target proteins, cell surface markers, and oligonucleotides
that may be indicative of cancer. This property allows one to detect cancer markers with low
LODs and high specificity.

As discussed in this review, the combination of the optical properties of certain classes of
nanoparticles (QDs, UCNPs, and AuNPs in particular) with a variety of tailorable surface
chemistries has been utilized in the design of nanoparticle probes for the detection of cancer.
The desirable properties for each nanoparticle probe are often dependent upon the
application. Most notably, the design considerations for nanoparticle probes used in the
detection of secreted biomarkers do not require the same cellular and systemic
biocompatibility that is required for the detection of cancerous tissues in vivo. For example,
although though QDs and UCNP exhibit enhanced photostability and are efficiently excited
in the tissue-penetrating NIR window, their long-term safety and toxicity have not yet been
fully evaluated. Thus, these types of nanoparticles may be more rapidly translated to clinical
use for ex vivo cancer biomarker detection after further in-depth studies regarding the safety
of systemic QD and UCNP administration are completed.

While a variety of nanoparticle probes have been designed for the detection of cancer
biomarkers through fluorescence, no specific assay has been selected as the “gold standard”
for clinical use. Perhaps this is due to difficulties in comparing results across reports with
differing experimental conditions. Notably, there is a significant difference between LODs
that are obtained by measuring pure target compared to those obtained measuring target in
the presence of complex mixtures that more accurately represent patient-derived samples,
including serum, for example. In general, however, sandwich-type immunoassays which
utilize QDs to generate fluorescence in the presence of a target biomarker have continued to
demonstrate low LODs, which are attainable due to the high quantum yield of QDs.
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There are two main classes of nanoparticle-based fluorescent assays for the detection of
cancer cells: those that rely of the binding of nanoparticle probes to cancer cell surface
markers, and those that enter cells and detect genetic content. Most of the nanoparticle
probes reported operate solely through binding to cell surface markers. These approaches
often improve upon the currently available system for detection of CTCs (i.e., CellSearch),
due to the enhanced fluorescence properties (i.e., higher photostability, longer fluorescence
lifetimes, and high quantum yields) of certain nanoparticles including QDs and UCNPs.
However, they are limited in their ability to detect malignant cells that may not express
sufficient quantities of the surface marker. The NanoFlare or SmartFlare (commercialized by
EMD Millipore), however, overcomes this challenge by providing a method to detect and
quantify intracellular genetic content in live cell samples. This approach has been
successfully used to detect, isolate, and culture metastatic breast cancer cells from a murine
model as well as from human blood samples, and represents a paradigm shift in the ability to
detect cancer cell populations based upon genetic markers. Additionally, multiplexed
NanoFlares provide the opportunity to distinguish truly malignant cancer cells based upon
the expression levels of multiple oncogenes.

In addition to the detection of cancer biomarkers and cells, nanoparticle probes for the
detection of cancerous tissues in vivo have also been discussed in this review. One
remarkable property of certain nanoparticles, which enables their utility in cancer tissue
detection, is their in vivo behavior. Specifically, the preferential uptake of fluorophore-
labeled nanoparticle probes into tumor tissues via the EPR effect or through active tumor
targeting offers a powerful tool for tumor detection, image-guided therapy, and theranostics.
Methods to detect tumor tissue in vivo are enhanced through active targeting based upon the
recognition of cancer cell surface markers by providing higher image contrast in less time.
This effect is due to the selective and enhanced accumulation of nanoparticles in cancerous
tissue.

Compared to alternative imaging modalities, fluorescence offers relatively high sensitivity
and tailorable excitation and emission maxima to optimize tissue penetration depths for in
vivo imaging. QDs, PDs, and UCNPs, in particular, are ideal for in vivo use due to their
tunable NIR profiles and large Stokes and anti-Stokes shifts, respectively, which minimize
background signal caused by tissue autofluorescence to enhance image contrast. Though
initial studies on the safety of QDs, PDs, and UCNPs in vivo are promising, showing little to
no toxicity in mouse and nonhuman primate models, translation of the use of such
nanoparticle probes to the clinic will require significant research on the long-term safety of
QD and UCNP administration.

Overall, significant effort has been afforded toward the design of nanoparticle probes for the
detection of cancer biomarkers, cells, and tissues through fluorescence. A wide range of
assays have been developed, and many of them improve upon the currently available
detection methods either through enhanced sensitivity and selectivity, or by offering entirely
new and unique capabilities that are not attainable with conventional methods.

In addition to their potential use in cancer diagnosis and prognosis, these technologies may
also be used to further study the progression of cancer and may aid in our understanding of
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the disease. Ultimately, translation of nanoparticle probes to clinical cancer diagnosis will
require further knowledge of the correlation between levels of cancer biomarkers, cells, or
tissues present in a patient with the stage of their disease to enhance prognostic capabilities.
This ability will improve cancer patient care by enabling early detection to improve survival
outcomes and by providing a means for monitoring the progress of the disease in response to
treatment. The latter will lead to the design of better treatment strategies for an individual
patient. With an understanding of the strides made in using nanoparticle probes to detect
cancer biomarkers, cells, and tissues, as well as the challenges associated with this type of
research, researchers in this field are poised to move nanoparticle probes for cancer
diagnosis, prognosis, and therapeutics rapidly into the clinic.
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[Ru(dpp)3]2*Cl, tris(4,7-diphenyl-1,10-phenanthroline) ruthenium(ll)
dichloride
Ab antibody
AFP alpha fetoprotein
AgNC silver nanocluster
AIAT alpha 1-antitrypsin precursor
Apt aptamer
AuNC gold nanocluster
AuNP gold nanoparticle
AuNR gold nanorod
BDM 2,3-butanedione
BODIPY boradiazaindacene
BOND bio-orthogonal nanoparticle detection
C. elegans Caenorhabditis elegans
CA 125 cancer antigen 125
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CA 15-3 cancer antigen 15-3
CEA carcinoembryonic antigen
CPN conjugated polymer nanoparticle
CRET chemiluminescence resonance energy transfer
CRP C-reactive protein
CsC cancer stem cell
CT computed tomography
CTC circulating tumor cell
Cy3B Cyanine 3B
Cy5 Cyanine 5
Cy5.5 Cyanine 5.5
DiR 1,1"-dioctadecyl-3,3,3",3’-tetramethylindotri-carbocyanine
iodide
DMDAP N, N -dimethyl-2,7-diazapyrenium dication
DNA deoxyribonucleic acid
dNTPs deoxynucleotide triphosphates
Dox doxorubicin
DPN dip pen nanolithography
dsDNA double stranded DNA
Dz dithizone
ECM extracellular matrix
EGFR epidermal growth factor receptor
ELISA enzyme-linked immunosorbent assay
EMT epithelial to mesenchymal transition
EpCAM epithelial cell adhesion molecule
EPR enhanced permeability and retention
ER-B8 estrogen receptor beta
Fab fragment-antigen binding
Fc nonhuman crystallizable
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FDA Food and Drug Administration

FISH fluorescence in situ hybridization

FITC fluorescein isothiocyanate

FMBMNs fluorescent-magnetic biotargeting-multifunctional
nanobioprobes

FPA fluorescence polarization anisotropy

FRET Forster resonance energy transfer

GFP green fluorescent protein

HAase hyaluronidase

Hb hemoglobin

HbO, oxyhemoglobin

Her2 human epidermal growth factor receptor 2

HUVEC human umbilical vein endothelial cells

ICTS immunochromatography test strip

19G immunoglobulin G

IR infrared

v intravenous

LTC luminescent terbium chelate

LOD limit of detection

mAb monoclonal antibody

MCNT multiwalled carbon nanotube

MFNP magnetofluorescent nanoparticle

MRI magnetic resonance imaging

MRNA messenger RNA

NIR near-infrared

NPAPF bis(4-(N-(2-naphthyl)phenylamino)phenyl)-fumaronitrile

NSE neuron specific enolase

NW nanowire

OPD o-phenylenediamine
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OPDox
PCR
PD
PDDA
PDGF
PEDOT:PSS
PEG
PET
PLA
PPE
PSA
PSMA
QD
gRT-PCR
RES
RGD
RNA
Rubpy
scFv
SELEX
SNA
SPECT
SPION
ssSDNA
SCNT
TCO
TPSA
Tz

UCNP
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2,3-diaminophenazine

polymerase chain reaction

polymer dot

poly(diallyldimethylammonium chloride)
platelet derived growth factor
poly(3,4-ethylenedioxythiophene):poly(4-styrenesulfonte)
poly(ethylene glycol)

positron emission tomography

poly(lactic acid)

poly(p-phenyleneethynylene)

prostate specific antigen

prostate-specific membrane antigen

quantum dot

quantitative real time PCR

reticuloendothelial system
arginylglycylaspartic acid

ribonucleic acid
tris(2,2”-bipyridyl)dichlororuthenium(ll)
single-chain variable fragment

systematic evolution of ligands by exponential enrichment
spherical nucleic acid

single photon emission computed tomography
superparamagnetic iron oxide nanoparticle
single stranded DNA

single-walled carbon nanotube
trans-cyclooctene

total prostate specific antigen

tetrazine

upconversion nanoparticle
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(A) Jablonski diagram including typical time scales of photophysical processes for organic
molecules. (B) Molecular fluorescence spectrum illustrating the broadening of the spectral

lines due to the presence of vibrational energy levels, and the Stokes shift between the

excitation and emission maxima. Adapted from ref 22. Copyright 2010 American Chemical

Society.
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Emission and excitation spectra of CYP and YFP, a commonly used FRET pair, with the
spectral overlap shown in gray.
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(A) Increasing QD size results in a red shift in QD emission: ZnS-capped CdSe QDs of
varying size with emission maxima ranging from 443 to 655 nm. Samples were excited with
a near-UV lamp. (B) Representative CdSe QD absorption (represented by lines) and
emission profiles (represented by circles). QD size increases from left to right, resulting in
red-shifted emission. Note the broad absorption. (C) Fluorescence lifetime of CdS/ZnS QD
compared to organic dyes Nile Red and Cy5. (A) Reprinted with permission from ref 31.
Copyright 2001 Macmillan Publishers Ltd. (B and C) Reprinted with permission from ref

32. Copyright 2008 Macmillan Publishers Ltd.
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Figure 4.
(A) Schematic representation of rare earth element crystalline host with Ln3* dopant (red).

(B) Two-photon excitation mechanisms common in UCNPs result in the release of a photon
of higher energy and an anti-Stokes shift. (C) Emission spectra of NaYF,4:Yb/Tm compared
to NaYF4:Yb/Er demonstrates the composition-dependent emission profiles of UCNPs. (D)
Luminescent photos showing colloidal solutions of UCNPs doped with varying ratios of Yb,
Tm, and Er are excited at 980 nm with a 600 mW diode laser. The different colors represent
changes in the emission spectra. (A and B) Reprinted with permission from ref 49.
Copyright 2010 The Royal Society of Chemistry. (C and D) Adapted from ref 51. Copyright
2008 American Chemical Society.
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Figure5.
Homogenous in-solution sandwich assay for detecting CEA and NSE. (1, 2) Biotinylated

capture antibodies and QD-functionalized detection antibodies against each biomarker bind
the analyte of interest to form a sandwich. (3) Streptavidin beads are then used to capture the
in-solution sandwich constructs. (5, 6) Finally, QDs are freed from the sandwich, and
detected using a plate reader (fluorophore excitation at 355 nm). Adapted with permission
from ref 144. Copyright 2011 The Royal Society of Chemistry.
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Figure6.

Scheme for a QD immunosensor utilized to detect TPSA. (A) Protein A and an anti-TPSA
antibody are immobilized onto a screen-printed carbon substrate. (B) Upon introduction to
the sensor, the analyte binds to the capture antibody and (C) a biotinylated a second
antibody. (D) Streptavidin functionalized QDs sandwich the analyte onto the sensor, and
produce fluorescence with an emission at 525 nm. Adapted with permission from ref 150.
Copyright 2007 Elsevier.
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(A) Immunochromatography test strip for AFP detection. (B) AFP-containing sample is
loaded onto the sample pad, and binds QD antibodies (QD-Ab1 conjugates) on the
conjugation pad. (C) Next, AFP-QD-ADb1 travels to the test line and binds to immobilized
anti-AFP antibodies. (D) Unbound QD-Ab1 conjugates bind to a secondary antibody.
Fluorescence along the test and control line is quantified using a fluorescence reader.
Adapted with permission from ref 191. Copyright 2011 Elsevier.
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Figure8.
In-solution FRET fluoroimmunoassay to detect AFP. QDs are incorporated onto the surface

of polymeric microparticles (QPs) that are conjugated to an anti-AFP antibody. Luminescent
terbium chelates (LTC) are also conjugated to an anti-AFP antibody, and in the presence of
AFP, the target is sandwiched, and brings the QDs and LTC in close proximity to each other,
initiating FRET. Adapted with permission from ref 198. Copyright 2012 Elsevier.
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Figure9.
Multiwalled carbon nanotube (MCNT) immunosensor for PSA detection. (A) First, CuS

QDs are functionalized with an anti-PSA antibody while (B) (a—c) ITO substrates are
functionalized with carbon nanotubes and poly(diallyldimethylammonium chloride)
(PDDA) before anti-PSA capture antibodies are immobilized to the surface. (B) (d, e) Next,
the anti-PSA capture antibodies and the CuS QDs sandwich PSA, resulting in the oxidation
of o-phenylenediamine (OPD) to 2,3-diaminophenazine (OPDox), thus producing a
fluorescence signal. Adapted with permission from ref 214. Copyright 2014 The Royal
Society of Chemistry.
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Figure 10.
Schematic representation of a nanoparticle probe for the detection of various cancer

biomarkers. (A) This in-solution assay uses a library of AuNPs capped with various cationic
functional groups that is then coated with an electrostatically associated fluorophore-labeled
polymer (poly(p-phenyleneethynylene) or PPE). In the absence of target, the AUNP
guenches the fluorescence of the fluorophore, and the sensor is in an “off state.” Binding of
various proteins to the AuNP can trigger the dissociation of PPE from the nanoparticle,
resulting in a fluorescence enhancement and the transition of the nanoparticle probe to an
“on state”. (B) In a typical experiment, one AuNP from a library is contained within each of
the wells of a microplate, and a protein sample is added to each well. Due to the differences
in the surface charge of various proteins, the biomarkers that are analyzed bind to each of the
AuNPs in the library to varying extents, thereby generating a unique “fingerprint” that
enables their differentiation through fluorescence spectroscopy. Reprinted with permission
from ref 222. Copyright 2007 Macmillan Publishers Ltd.
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.
Figure 11.

(A, C) Fixed breast cancer SK-BR-3 cells labeled with anti-Her2 535-nm-emitting QDs and
anti-Her2 630-nm-emitting QDs. (B, D) SK-BR-3 cells treated with 1gG coated 535-nm-
emitting QDs and 630-nm-emitting QDs were not specifically labeled. Cell nuclei were
stained with Hoechst 33342 (blue), and the scale bar represents 10 ym. Adapted with
permission from ref 274. Copyright 2003 Macmillan Publishers Ltd.
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Photographs of 1 wt% colloidal solutions of NaYbF4:Er/Tm/Ho upconversion nanoparticles
of (A) NaYbF4:2% Er, (B) NaYbF4:2% Tm, (C) NaYbF4:2% Ho, (D) NaYbF4:1% Tm, 1%
Ho, (E) NaYbF4:1% Er, 1% Ho, and (F) NaYbF,4:1% Er, 1% Tm excited with 980 nm near-
infrared light. Despite their differing emission profiles (as seen by the different colors in the
photographs), all samples can be excited with the same wavelength of near-infrared light.
Adapted from ref 272. Copyright 2009 American Chemical Society.
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Figure 13.
Fluorescent magnetic bifunctional nanoparticles (FMBNSs) used in the simultaneous

fluorescence detection and magnetic isolation of target cancer cells. (A) FMBNSs consist of
CdSe/znS core/shell QDs and Fe,O3 nanoparticles that are encapsulated in a copolymer
nanosphere. Biotinylated monoclonal antibodies against a target protein are recognized by
the avidin-conjugated FMBNs through avidin-biotin interactions. (B) Upon binding of the
FMBNSs to target cells, magnetic separation may be performed to isolate the cancer cells that
express the cell surface marker of interest. Adapted from ref 268. Copyright 2011 American
Chemical Society.

Chem Rev. Author manuscript; available in PMC 2017 June 03.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Chinen et al.

Page 86
Off On

I b IBrightAgNCs o 3l
3 2 I
: _ Aotamer e 3 BT,
| —> Linker ptamer | w 5ok I
| 9 Dpark AgNCs | | 0 !
| ® . I I Y At '
Arm Segmente— " - bt i |

| 5 | I mseteneieneiente  eerentonenetertonat
I L | | i A A AR A :
LSignaI Probe Recognition Probe J lL Cell Membrane |
S ~ ~ - > = 5 ~ N 1 # " =

. ~ " N _ N 52 - g . < " _ - -~
~ - \\ A
L7 \E @ N __Is%
S ° S a
g 5 - (@
Cancer Cell
\E \‘E \E &\ Target Interaction @ @
s W,
Figure 14.

Schematic representation of silver nanoclusters (AgNCs) used in the detection of CCRF-
CEM acute leukemia cells. In the “off state”, the system consists of two DNA strands: the
“signal probe” which is tethered to AgNCs that are not fluorescent and a linker region that is
complementary to the arm segment of the “recognition probe”. Upon binding of the scg8c
aptamer region of the recognition probe to CCRF-CEM cells, the arm segment is exposed,
enabling the hybridization of the signal probe and the recognition probe. This brings the
AgNCs in close proximity of the G-rich segment of the recognition probe, leading to
enhanced AgNC fluorescence in the “on” state. Adapted from ref 320. Copyright 2013
American Chemical Society.
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Figure 15.
RGD peptide functionalized ZnO nanowires (NW-PEG-RGD) were used to selectively label

integrin a, B3 in US7TMG glioblastoma cells. Cells were treated with either PEGylated ZnO
nanowires (NW-PEG) or NW-PEG-RGD. As a control, integrin a, 83 was also blocked on
U87MG cells by pretreating with cyclic RGDYK peptide, resulting in decreased labeling of
the UB7MG cells. Note that images were taken under 200x magnification. Adapted from ref
323. Copyright 2011 American Chemical Society.
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Figure 16.

(A) Schematic representation of a tetrazine-labeled magnetofluorescent nanoparticle
(MFNP) and a trans-cyclooctene (TCO)-functionalized antibody used in the detection of
cancer cells. (B) Cells are first treated with the TCO-Ab and then treated with MFNPs,
which react in cell culture conditions to fluorophore-label cells expressing the target of
interest. Adapted with permission from ref 262. Copyright 2010 Macmillan Publishers Ltd.
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Figure17.
Schematic representation of aptamer-functionalized QDs for combined cancer cell imaging

and therapy. (A) Doxorubicin (Dox) is intercalated into DNA aptamers bound to the QD
probe. (B) Aptamers recognize cell surface markers of a target cancer cell, and once the
construct is internalized, Dox is released. Adapted from ref 277. Copyright 2007 American
Chemical Society.
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Figure 18.
(A) NanoFlares are used in the fluorescence-based detection of intracellular mMRNA and

consist of thiolated “recognition” antisense DNA adsorbed onto the surface of a spherical
AUNP. The “reporter flare,” a shorter complementary DNA with a Cyanine 5 (Cy5)
fluorophore, is hybridized to the recognition strand, resulting in the quenching of the Cy5
fluorophore. Upon target binding, the reporter flare is released generating a measurable
fluorescence signal. (B) NanoFlares have been shown to enable the detection and isolation
of circulating tumor cells from a murine model of triple negative breast cancer. Blood
samples from mice with xenografted mCherry labeled MDA-MB-231 tumors were treated
with vimentin-targeting NanoFlares, and MDA-MB-231 cells were retrieved based on
NanoFlare fluorescence. Representative scatter plots (A= 1 mouse per scatter plot) are
shown for a mouse that was not injected with mCherry MDA-MB-231 breast cancer cells
(Control) and mice that were injected with mCherry MDA-MB-231 breast cancer cells and
developed widespread metastases (Experimental 1 and 2). Cancerous cells are shown in red,
and noncancerous cells are shown in black (B). Adapted with permission from ref 343.
Copyright 2014 National Academy of Sciences of the United States of America.
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Figure 19.
NIR window is optimal for in vivo imaging due to minimal light absorption by hemoglobin

(Hb), oxyhemoglobin (HbO,), and water in tissues from 650 to 900 nm. Adapted with
permission from ref 406. Copyright Macmillan Publishers Ltd.
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Figure 20.
Diagram depicting the enhanced permeability and retention effect displayed by tumor tissue.

Due to the leaky tumor vasculature as a result of poor lymphatic drainage, nanoparticles will
escape the blood stream and preferentially localize in tumor tissue, also known as passive
targeting. Reprinted with permission from ref 414. Copyright 2007 Macmillan Publishers

Ltd.
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Figure 21.
Histological (hematoxylin and eosin staining) analysis of the major organs of nonhuman

primates 90 days after injection of phospholipid micelle-encapsulated QDs. Tissues were
collected from control (left image) and treated (right image) animals. Tissue analysis shows
no significant differences in the (A) brain, (B) heart, (C) liver, (D) spleen, (E) kidneys, or (F)
lymph nodes. Reprinted with permission from ref 525. Copyright 2012 Macmillan
Publishers Ltd.
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Figure 22.
Upconversion nanoparticles with varying emission profiles for multicolor in vivo imaging.

(A) NaYF4:Yb,Er, (B) NaYF,4:Yb,Er-rhodium B, (C) NaYF,4:Yb,Er-rhodium 6G, (D)
NaYF,4:Yb,Er-Tide Quencher 1, and (E) NaYF,4:ErTm upconversion nanoparticles
subcutaneously injected into the back of a nude mouse. (F) Fluorescence merge of the
upconversion nanoparticles and (G) white light image. Adapted from ref 365. Copyright
2011 American Chemical Society.
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Figure 23.
Zebrafish embryo induced with cerebral hypoxia imaged using an UCNP sensor for low

oxygen detection. Zebrafish embryos were injected with UCNP sensors via intracerebral
microinjection prior to treatment with 2,3-butanedione monoxime (BDM) to induce cerebral
hypoxia. The increase in fluorescence intensity from the cranium 0-7 min post BDM
treatment indicates the decrease in oxygen. Adapted from ref 378. Copyright 2014 American
Chemical Society.
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Figure 24.
Schematic representation of AUNP “anchors” for in vivo tumor imaging. Biotinylated

AuNPs are injected into mice and passively accumulate in target tumor tissue before
streptavidin-fluorophore is injected to fluorophore-label the AuNPs in vivo. Reprinted with
permission from ref 381. Copyright 2010 National Academy of Sciences of the United
States of America.
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Figure 25.
(A) Image of xenografted mouse 10 min post injection with DiR-encapsulating PEG-PLA

nanoparticles (red) illustrates location of DsRed2 labeled HT29 tumors (green). (B) Time
course of DiR fluorescence from 10 min to 48 h post injection of PEG-PLA nanoparticles.
(C) Ex vivo imaging of excised tumor demonstrates colocalization of DsRed?2 labeled HT29
tumors and DiR from PEG-PLA nanoparticles. Adapted from ref 383. Copyright 2011
American Chemical Society.
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Figure 26.
Nude mouse with subcutaneous U87MG xenograft tumor (left hind leg, short arrow) and

MCF7 xenograft tumor (right hind leg, long arrow) imaged 1 (top) and 4 (bottom) h post
intravenous injection with RGD labeled UCNPs. UCNP accumulation is higher in the
U87MG tumor as compared to the MCF7 tumor, due to active targeting of integrin a, /8.
Adapted from ref 531. Copyright 2009 American Chemical Society.
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Figure 27.
(A) Schematic representation of the synthesis of superparamagnetic iron oxide nanoparticle

(SPION) encapsulated in chitosan nanoparticles labeled with Cy5.5. (B) U87MG tumor-
bearing mice (B) preinjection, and (C) 1, (D) 3, and (E) 5 h post injection of SPION-loaded
Cy5.5-labeled chitosan nanoparticles. Adapted from ref 376. Copyright 2011 American
Chemical Society.

Chem Rev. Author manuscript; available in PMC 2017 June 03.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Chinenetal. Page 100

Figure 28.
Theranostic trastuzumab-conjugated UCNPs are targeted to tumor tissue via active Her2

recognition. The magnetofluorescence of the UCNPs allows for diagnostic imaging, while
trastuzumab results in therapeutic down-regulation of Her2. Immunohistochemical analysis
of Her2 expression in tumor sections from MCF7 xenografted mice (A) prior to intravenous
injection with trastuzumab-conjugated UCNPs, (B) 5 h post injection, (C) 24 h post
injection, and (D) 1 week post injection. Note that brown staining corresponds to Her2 while
blue represents cell nuclei, and that the images were taken under 40x magnification.
Adapted from ref 395. Copyright 2011 American Chemical Society.
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Figure 29.
Cy5 labeled PEDOT:PSS passively target 4T1 tumors. (A) Fluorescence images 1-48 h post

intravenous administration. (B) Tissue temperature with 10 s to 5 min of laser irradiation.
Tumor location is indicated by the arrow. Adapted from ref 568. Copyright 2012 American
Chemical Society.
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FDA-Approved or -Cleared Cancer Biomarkers?
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biomarker

cancer type

sample specimen

clinical use

alpha fetoprotein L3% (AFP-L3%)
alpha fetoprotein (AFP)

cancer antigen 125 (CA 125)
cancer antigen (CA 15-3)

cancer antigen 19-9 (CA 19-9)
cancer antigen 27.29 (CA 27.29)
carcinoembryonic antigen (CEA)
c-Kit

estrogen receptor (ER)

fibrin/fibrinogen degradation product (DR-70)

human epididymis secretory protein 4 (HE4)

human epidermal growth factor receptor 2 (Her-2/
neu)

human hemoglobin (fecal occult blood)

nuclear mitotic apparatus protein (NUMA, NMP22)
ovalbumin (OVAL, multiple proteins)

p63 protein

Pro2PSA

progesterone receptor (PR)

prostate specific antigen (PSA)

risk of ovarian malignancy algorithm (ROMA: He4
+ CA 125)

thyroglobulin

hepatocellular
testicular

ovarian

breast

pancreatic

breast

not specified
gastrointestinal stromal
breast

colorectal

ovarian

breast

colorectal
bladder
ovarian
prostate

prostate

breast

prostate

ovarian

thyroid

serum
serum, plasma
serum, plasma
serum, plasma
serum, plasma
serum

serum

FFPE tissue
FFPE tissue

serum

serum

FFPE tissue

feces
urine
serum
FFPE tissue

serum

FFPE tissue

serum

serum

serum, plasma

HFFPE tissue refers to formalin fixed paraffin embedded tissue. Adapted from ref 113.

Chem Rev. Author manuscript; available in PMC 2017 June 03.

risk assessment

management of cancer

monitoring

monitoring

monitoring

management and prognosis
prediction of progression and survival
prognosis, response to therapy
monitoring

discriminate cancer from benign
disease

assessment for therapy

detection of fetal occult blood

diagnosis and monitoring
prediction of malignancy
prediction of malignancy
aid in differential diagnosis

discriminate cancer from benign
disease

prognosis, response to therapy

free PSA: monitoring<brl>total PSA:
diagnosis and monitoring

prediction of malignancy

monitoring
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