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Abstract

We have witnessed rapid development of fluorescence molecular imaging of solid tumors for
cancer diagnosis and image-guided surgery in the past decade. Many biomarkers unique to cancer
cells or tumor microenvironment, such as cell surface receptors, hypoxia, secreted proteases and
extracellular acidosis have been characterized, and can be used to distinguish cancer from normal
tissue. A variety of optical imaging probes have been developed to target these biomarkers to
improve tumor contrast over the background tissue. Unlike conventional anatomical and molecular
imaging technologies, fluorescent imaging method benefits from its safety, high-spatial resolution
and real-time capability, and therefore, has become a highly adoptable imaging method for tumor
detection and image-guided surgery in clinics. In this review, we summarize recent progress in
‘always-ON’ and stimuli-activatable fluorescent imaging probes, and discuss their potentials in
tumor detection and image-guided surgery.
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1. Introduction

Cancer is a leading cause of death worldwide. In 2016, there were 1,685,210 new cancer
cases and 595,690 deaths in the U.S. The lifetime risk for developing cancer is
approximately 40% [1]. In addition to chemotherapy and radiation therapy, oncologic
surgery represents one of the cornerstones of therapy, with over 80% of cancer patients
undergoing surgery as part of their treatment [2,3]. Often for patients with solid cancers,
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surgery is the only curative option. Successful oncologic surgery is predicated on accurate
visualization of the cancer so that precise removal with minimal damage to normal tissues
can be achieved.

Modern imaging methods have revolutionized medicine including cancer diagnosis and
therapy. The development of ultrasound, magnetic resonance imaging (MRI) and computed
tomography (CT) have allowed physicians to more precisely screen patients for cancer and
localize lesions. These techniques also guide surgery and the delivery of radiotherapy
improving precision, and allow non-invasive monitoring of patients’ response to therapy.
However, current clinical imaging techniques mostly reveal differences in anatomic
structures and do not cue off tumor specific signals except in some limited cases, such as
positron emission tomography with 18F-flurodeoxyglucose (FDG-PET) and radioactive
iodine imaging for well differentiated thyroid cancer. They also do not provide real-time
imaging during radiotherapy or surgery, with patients requiring treatment interruption for
high resolution imaging. These modalities are also expensive and cumbersome, requiring
expensive installation of specific instruments in the operating room (OR), which only
provide marginal benefits over conventional surgical navigation [4].

Rapid technological advances over the last few years have enabled the mainstream use of
optical imaging strategies to image tissues intra-operatively based on cellular imaging,
native autofluorescence, and Raman scattering [5-11]. The potential advantages of optical
imaging include real-time feedback and the availability of relatively inexpensive camera
systems that provide a wide view of the surgical field. More importantly, optical imaging
augments the natural visualization technique used by surgeons with easy incorporation into
the normal clinical flow of surgery. As a result, a variety of fluorophores targeting tumors at
molecular and cellular levels have been developed for image-guided surgery. Most of these
strategies focus on cancer specific biomarkers that are mutated or overexpressed in solid
tumors, such as folate receptor-a. (FR-a) [12], chlorotoxin [13], epidermal growth factor
receptor (EGFR) [14,15] (Fig. 1A), HER2/neu [16] (Fig. 1B), tumor associated antigens
(e.g. prostate-specific membrane antigen, PSMA) [17], carcinoembryonic antigen and
carbohydrate antigen 19-9 (CA19-9) [18,19]. In addition, aberrant metabolism is also a
hallmark of cancer cells, which cultivates a unique tumor metabolic microenvironment with
dysregulated extra and intra-cellular pH [20], hypoxia [21] and increased secretion of
proteases (e.g. matrix metalloproteinases, cathepsins [22,23] and y-glutamyltranspeptidase
[24]) which are all potential cancer specific targets as well.

Besides the conventional fluorescent imaging method, emerging techniques, such as
stimulated Raman scattering (SRS) microscopy [25,26], coherent anti-Stokes Raman
scattering (CARS) microscopy [27-30], tetra-hertz radiation imaging [31-33], multiphoton-
upconvertion-based imaging [34-36], have also shown great success in pre-clinical animal
models. Many of them feature high spatial resolution, fast image acquisition rates, and even
label-free /n situ imaging. Despite their success, these technologies are relatively new and
still have technical barriers to overcome before clinical adoption. For example, many Raman
microscopy techniques suffer from high background signal and nonlinear dependence of
signal intensity versus analyte concentration. Although SRS has overcome many of these
concerns, it remains difficult to be translated into clinics in a short time because no SRS
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microscope is yet commercially available. In this review, we chose to focus on the
fluorescent imaging method and contrast agent development for tumor detection and
surgery.

2. Clinical applications for optical imaging

2.1. Anatomical and molecular imaging

Since the dawn of medicine, physicians have wanted to see into the human body to better
understand anatomy and how disease can alter it. The discovery of X-rays at the turn of the
20th century provided, for the first time, physicians the ability to see through tissues. The
development of CT, enabled by increasing computing power and the digital revolution,
improved the sensitivity, tissue resolution and accuracy of imaging by collating large
amounts of data from X-rays. This computational revolution intersected with the discovery
and development of magnetic resonance as a detectable signal, providing physicians with yet
another tool for accurate anatomic imaging. The use of sound waves for SONAR (SOund
Navigation And Ranging) during wartime inspired the discovery and use of ultrasound
which was able to give real-time anatomic data without exposing the patient to harmful
radiation. These modalities provide unprecedented views of the inner workings of the human
body and can often be modified to image physiologic parameters as well, such as blood flow
with a CT angiogram using iodine contrast. Furthermore, since many solid tumors alter
normal anatomy significantly, these imaging techniques are also excellent methods for
imaging cancers. With the exception of MRI, however, molecular and physiological
information is not readily gleaned except in isolated cases, such as with blood oxygenation
level dependent (BOLD) imaging in tumors which can give information on relative hypoxia.
Importantly, current imaging modalities are not easily incorporated into the surgical
workflow. They are often stand-alone tests conducted in isolation from oncologic surgery.
With improved understanding of the genetic underpinnings of cancer, imaging based on the
fundamental molecular characteristics of cancer is becoming possible.

FDG-PET is an example of cancer molecular imaging with broad clinical use. Intravenously
injected radiolabeled tracers can be detected and reconstructed to generate a three-
dimensional image reflecting the tissue distribution of the tracer. FDG is a glucose analog
that is actively internalized and retained by metabolically active tissues including cancer
cells. FDG-PET imaging is used clinically to image a variety of cancers, including
lymphoma, melanoma, head and neck cancer, non-small-cell lung cancer and breast cancer
[37-39]. Despite the success of PET imaging in tumor staging and therapeutic assessment, it
still comes with a number of disadvantages. Radioactive PET tracers are usually short-lived
and PET images have low spatial resolution compared to MRI and CT. While the sensitivity
of PET is high, relatively low specificity and false positives are limitations of FDG-PET.
One study evaluating FDG-PET surveillance after chemotherapy and radiotherapy for head
and neck cancer demonstrated a high negative predictive value of 91.3%, but a relatively low
specificity of 81.5% [40]. This is likely due to the FDG accumulation in inflamed tissues
from radiation or infection, as well as several metabolically active normal tissues such as
brown fat and tonsillar tissue. In addition, since the brain also has high physiologic uptake of
glucose and FDG is renally cleared, imaging brain and urologic tumors is difficult.
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Optical imaging can be easily coupled with other molecular imaging modalities and image-
guided surgery. Many optical imaging techniques rely on fluorescence and bioluminescence
as sources of contrast. Compared to MRI, CT and PET, the advantages of optical imaging
include lack of ionizing radiation exposure, high spatial resolution, real-time imaging
capability, a large field of view, and cameras that are inexpensive and mobile. Benefiting
from its long-standing use in cell assays and small animal models, optical imaging offers a
wide variety of contrast agents against many different molecular targets. One weakness, the
lack of penetration depth due to tissue scattering and absorption of light, prevents its use for
whole body imaging. However, for intraoperative guidance, where tumors are often directly
visualized, this is a relatively minor disadvantage.

2.2. Contrast-enhanced fluorescent imaging of cancer

3.

3.1.

The contrast of /n vivo fluorescent imaging can be improved by increasing the signal
through minimizing scattering and absorption by biomolecules, or by reducing the
background through avoiding the autofluorescence spectral window. Biological molecules
that contain chromophores can absorb photons and transfer the energy into heat, such as
hemoglobin, melanin, amino acids that contain aromatic groups (tryptophan, tyrosine and
phenylalanine) as well as vitamin derivatives (e.g. retinol, riboflavin and reduced
nicotinamide adenine dinucleotide (NADH)). Water, about 70% of human tissue other than
fat, also contribute to the extinction spectrum as it shows strong absorption mainly in the
infrared region (>1800 nm, excluding a water bending overtone band near 1400-1450 nhm
[41,42]). In addition to scattering and absorption, endogenous chromophores contribute to
autofluorescence [43]. The intensity of autofluorescence is typically orders of magnitude
lower than externally introduced fluorophores, but binding or association of these molecules
with lipid bilayer membranes or other lipids can enhance their fluorescent quantum yield
[44]. The majority of autofluorescence emits between 450 and 650 nm, and disappears
beyond ~1500 nm [42,43]. Therefore, the near infrared (NIR) window (650—-1700 nm)
minimizes photo scattering, absorption and tissue autofluorescence while maximizing tissue
penetration.

‘Always-ON'’ fluorescent probes for optical tumor imaging

Typical fluorescent labels employ “always ON” modality where fluorescent signal is solely
dependent on the probe concentration, relying on accumulation and retention in tumor tissue
and clearance of the background probes [45]. To date, several “always ON” probe strategies
including small-molecule dyes, biomolecule-dye conjugates and nanoparticles have been
evaluated for /n vivo tumor imaging, image-guided surgery, or both.

Non-targeted small-molecule dyes

There are two clinically available NIR small molecule dyes, methylene blue and ICG.
Methylene blue has been used for macroscopic visualization (dark blue) of ureteral leakage
and parathyroid surgery at a high dose (100 mg/kg, intravenous or intra-arterial injection) for
decades. One advantage of methylene blue is that it becomes a NIR dye emitting at ~700 nm
when sufficiently diluted (0.25-2 mg/kg). Although not clinically approved as a NIR dye,
methylene blue has been used successfully to visualize fibrous tumors of the pancreas,
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parathyroid adenomas and paragangliomas [46-48] (Fig. 2A). ICG, which emits at ~800 nm,
is the only small-molecule NIR fluorescent contrast agent that has been approved for use in
surgery. The fact that it is exclusively cleared by the liver, enables its use in assessing the
clearance capability of the liver or liver lesions. It has also been used for angiography for
many years. A low concentration of ICG has been used off-label for mapping sentinel lymph
nodes (SLN), and has shown superiority over blue dyes in terms of penetration depth and
sensitivity [49-53] (Fig. 2B). The use of ICG for SLN mapping has paved the road for its
application in tumor detection and intraoperative imaging. The mechanism of ICG
accumulation in tumors is proposed to be passive targeting resulting from the enhanced
permeability and retention (EPR) after binding with plasma proteins [54]. The EPR effect is
due to the relatively leaky tumor vasculature and alterations in the structure of lymphatics in
cancer. In a pilot study, ICG was used to track microscopic metastasis of ovarian cancers,
resulting in the identification of occult disease in areas of normal appearing peritoneum in
white light [54]. Ishizawa and colleagues conducted a similar trial aiming to identify small
metastatic tumors in patients with hepatocellular carcinoma (HCC) in 2009, and reported a
maximal detection depth of 8 mm [55]. Several hours to days after intravenous injection of
ICG, a fluorescent rim of the cancerous tissue can be observed during surgery for margin
delineation between the surrounding healthy tissue and the tumor. Unfortunately, tumors
located deeper than 8 mm were not visualized. Follow-up studies showed that ICG could
achieve an almost 100% identification rate for HCC or metastatic colorectal cancer in
resected livers [56,57]. ICG has also been used for endoscopic tattooing (a useful technique
for labeling and localizing small colorectal lesions) in patients with early colon cancer or
colon adenoma and showed 100% accuracy of tumor localization without any adverse
effects [58]. Exploiting the EPR effect, many clinical studies have used ICG for detecting
other solid tumors, including breast and gastric cancer [59-61]. For example, in breast tumor
studies, researchers observed not only a clear and accurate localization and delineation of the
tumor but also a slower uptake and outflow rate of ICG in malignant tissues, suggesting the
in vivo pharmacokinetics of ICG is the significant contributor to ICG’s ability to detect
cancer [59,62,63].

Another agent, 5-aminolevulinic acid (5-ALA), is the precursor molecule in the porphyrin
synthesis pathway, leading to the formation of heme in mammals. It has been clinically
approved for cancer diagnosis and cancer photodynamic therapy (PDT) [64]. The last step of
heme synthesis is the incorporation of the iron into protoporphyrin IX (PplX), which
requires the activity of ferrochelatases. Excess 5-ALA may cause saturation and exhaustion
of limited endogenous ferrochelatases, leading to accumulation of fluorescent PplX in
gliomas, bladder cancer and meningiomas [65-67]. PpIX has two emission peaks with one
of them in the NIR window (~705 nm). Since PplX is also a photosensitizer, 5-ALA can also
be introduced as a drug for PDT. The first clinical attempt of using 5-ALA-based PDT was
in 1990 [68], and now it has been widely used for the treatment of various malignant
neoplasms, including its recent U.S. Food and Drug Administration (FDA) approval of
detecting and visualizing malignant tissue in real-time during glioma surgery [69].

Although methylene blue, ICG and 5-ALA have shown selectivity in some clinical studies as
discussed above, they are non-targeted small-molecule contrast agents that still exhibit a
high background signal. To overcome this limitation, zwitterionic NIR dyes with neutral net
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change have been developed with reduced protein binding and fast renal clearance. Data
show improved signal over noise ratio compared to conventional NIR fluorophores [70,71].
Despite this, non-targeted small-molecule dyes still suffer from non-specific binding and
usually fast clearance reduces the optimal time window for surgery. Moreover, for small
molecule agents like 5-ALA, whose signal development is heavily dependent on endogenous
enzyme activity, the imaging quality can be highly variable among patients resulting from
the lack of a reliable protocol that applies for all patients.

Over the last several decades, many fluorophores in the second NIR window (NIR-I1, 950-
1700 nm) have been developed and tested in preclinical animal models. By minimizing the
background noise from tissue autofluorescence and absorption, they can achieve tissue
penetration depths of several centimeters. Dai et al. have reported multiple NIR-11 dyes
including a synthetic small molecular dye CH1055 that emits at ~1055 nm with a fast
clearance through the renal systems within 24 h post-injection [72].

3.2. Biomolecule-dye conjugates

The benefit of targeted imaging design is obvious as the high specificity and affinity
between a receptor and its ligand offers a high SNR and potentially a lower dose of the
imaging agents. The prolonged circulating time of antibodies may also improve the
accumulation of imaging agents in tumors. More importantly, many tumors have been shown
to overexpress cell surface receptors which support the proliferation and survival of cancer
cells. Consequently, the antibody-dye conjugates have been developed and used in multiple
pre-clinical studies.

Epidermal growth factor receptor (EGFR) is frequently overexpressed in many types of
cancers, such as glioma, head & neck cancer, liver cancer, lung cancer (squamous cell
carcinoma and adenocarcinoma), renal cell carcinoma and ovarian cancer. Overexpression of
EGFR is associated with metastasis and poor prognosis [73]. Antibodies against the external
domain of EGFR have been developed to target and inhibit EGFR by preventing the binding
of its ligands [74]. With the availability of clinically approved monoclonal antibodies against
EGFR such as cetuximab and panitumumab, their use as carriers for imaging agents have
been extensively studied. Rosenthal et al. showed that Cetuximab-Cy5.5 conjugate
intravenously injected into mice bearing head and neck squamous cell carcinoma (HNSCC)
tumor xenografts demonstrated higher fluorescence in the tumor than the human skin graft
(control group) even 72 h post injection (Fig. 3A-B). Even small tumor (2 mm) metastases
demonstrated fluorescence which was confirmed by histopathology [75,76]. They also
conducted the first study to use a FDA-approved intraoperative imaging system (SPY™
system, Novadaq, Toronto, Canada) designed for ICG imaging to detect panitumumab-
IRDye 800 C W (emission at 795 nm) signals in a preclinical murine model (Fig. 3C-E).
The SPY ™ system can detect the gross tumor around 1 mm in diameter with a SNR
between 1.5 and 3.0 depending on the organs being scanned [77]. These results suggest the
feasibility of using fluorescent-labeled antibodies to detect human tumors /n vive.

Although antibody-dye conjugates have shown advantages over small-molecule dyes alone,
the high production cost and long blood circulation time of humanized antibody raising
background signals can be limiting. This has led to use of ligands or small peptides that
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preserve the high selectivity and affinity of antibodies with improved pharmacokinetics.
Using this approach Grétzinger et al. employed the somatostatin (SST) analog octreotate as
a targeting peptide conjugated to indocarbocyanine dyes for imaging a neuroendocrine
tumor xenograft model [78]. They observed that the tumor fluorescence increased rapidly
within the first 3 h after injection, and was more than 3-fold brighter compared to normal
tissue. Ke and colleagues combined EGF with a NIR fluorophore Cy5.5 (emission at 706
nm), which showed a better accumulation within an EGFR-positive breast cancer xenograft
tumor than Cy5.5 or ICG alone [79] with almost no detectable fluorescent signal 24 h after
injection.

Many other peptide/ligand-dye combinations have been explored in murine models, such as
folate-fluorescein isothiocyanate (FITC) [80] and chlorotoxin-Cy5.5 [81]. Folate-FITC that
targets folate receptor-a. (FR-a) has been tested as an intraoperative fluorescent imaging
agent in patients with epithelial ovarian cancer [82]. FR-a is a promising biomarker of
ovarian cancer because it is overexpressed in 90%—-95% these tumors with low expression in
normal tissues. The fluorescence was detectable in all patients with a FR-a-positive
malignant tumor. The averaged SNR was 3.1, and the fluorescence could be detected up to 8
h after intravenous injection. Image-guided surgery of a small sized tumor (<1 mm) was
feasible. Although the result showcased the potential clinical application of targeted
fluorescent imaging in ovarian cancer patients, variable expression levels of FR-a in
different tumors and the limitation of FITC in tissue penetration reduce the broad
applicability of folate-FITC in a larger series of cancer patients.

Despite the great advances, one major pitfall for targeted agents is expression in normal
tissues and the variability of expression in tumor tissues. For example, although EGFR is
upregulated in 85% of HNSCC patients, it is also abundant in normal epithelium, especially
those adjacent to tumors, making it difficult for accurate margin assessment. Furthermore, it
is reported that the EGFR expression level varies from 28 to 3814 fmol per mg of total
protein [83] and from 0.3 to 97 according to an immunohistochemistry staining index [84] in
head and neck cancer patients. Moreover, not many validated surface biomarkers are shared
among a broad range of tumors. For example, FR-a is a good marker for ovarian cancer
patients. However, a tissue microarray study from 25 head and neck patients showed no FR-
a expression in head and neck cancer cells but only FR-B expression in infiltrating
lymphocytes and macrophages [85]. As a result, folate-FITC only showed incomplete
delineation of orthotopic head and neck tumors in mice. Overall, this imaging strategy is
valuable toward personalized phenotyping of targeted therapy, but may not be as useful in
imaging and surgery of a broad range of tumors.

3.3. Nanoparticulate agents

Recently, fluorescent or self-illuminating nanoparticles in the NIR window, such as quantum
dots and single-walled carbon nanotubes (SWCN), represent another promising source of
fluorophores for tumor detection and image-guided surgery. One advantage of nanoparticle
design is that they can potentially incorporate multiple targeting ligands and multichromatic
fluorophores, which may yield better targeting efficacy and imaging properties /in vivo [86].
Quantum dots (QD) are commonly used fluorescent nanoparticles with unique optical
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properties, including high photo-stability as well as tunable size-dependent emissions [87].
Compared to conventional organic dyes, QDs are typically brighter and have longer
fluorescence lifetime.

In 2004, Gao and colleagues designed core-shell CdSe—-ZnS QDs with 650 nm emission
wavelength functionalized with polyethylene glycol (PEG) and an antibody to target
prostate-specific membrane antigen (PSMA) [88]. The EPR effect as well as the active
targeting of human prostate cancer by the antibody contributed to the accumulation and
retention of the nanoprobes in tumors. Owing to the unique optical properties of QDs, only
600 pmol QD-PSMA Ab probes was required to illuminate as few as ~1000 cancer cells 2 h
post intravenous injection. Although the 7n vivo results were promising, the orange/red-
emitting QDs used in this study were not optimized for imaging deeply located tumors.
Autofluorescence from the tissue strongly interfered with the signals from QDs requiring a
spectral unmixing algorithm to process the original images to extract the QD signal. To
address the limitation, the Bawendi group and the Nie group proposed using CdTe/CdSe
type-11 QDs and alloyed semiconductor QDs that have NIR emission as well as longer
lifetime [89,90]. Kim et al. showed that only 400 pmol QDs allowed for sentinel lymph node
mapping at 1 cm depth in real-time in the mouse and pig [91].

Rao and coworkers developed a novel CdSe/ZnS QD conjugate that luminesces through
bioluminescence resonance energy transfer (BRET) in the absence of external excitation
avoiding background autofluorescence [92] using a mutant Renilla reniformis luciferase
Luc8 with an emission peak at 480 nm to excite the QD655 (fluorescent emission at 655
nm) (Fig. 4A). QD655-Luc8 was able to emit fluorescent and bioluminescent light both /n
vitroand in vivo (Fig. 4B, C). Compared with conventional QDs, the self-illuminating QDs
greatly enhanced imaging sensitivity by minimizing background fluorescence even at a
depth of ~3 mm, showing a remarkable SNR of >103 for only 5 pmol of QDs. Metal
nanoclusters (NCs, e.g. AUNCs and AgNCs) with a size of 2 nm or smaller, also possess
unique optical features, such as high quantum yield and stability, low toxicity and bright
fluorescence in the visible and NIR range [93-96]. Wu and colleagues have successfully
used AuNCs with peak emissions at 710 nm for tumor imaging of breast and cervical cancer
xenografts in mice with a high SNR of 15 [97].

Compared with the conventional NIR imaging, fluorescent imaging in the NIR-11 window
has emerged only in recent years, owing to lack of suitable biocompatible molecules and
long-wavelength cameras. Actually, many nanomaterials, such as SWCNSs, have intrinsic
fluorescent emission in the NIR-I1 window. In 2009, Welsher et al. reported the first /in vivo
NIR-1I fluorescent imaging of mice tumor vasculatures using PEG-lyated SWCNs and a
long-wavelength indium—gallium-arsenide (InGaAs) camera that was capable of doing
fluorescence imaging in the range of 1000-1700 nm [98]. The same group further
functionalized SWCNs with poly(maleic anhydride-a/t-1-octadecene)-poly(ethylene glycol)
methyl ether (C1g-PMH-mPEG), and achieved 30% injected dose (ID) per gram of tumor
accumulation in 4T1 murine breast tumors in Balb/c mice with only 3.6 mg/kg 1D [99,100].
Tumor fluorescence could be observed as early as 6 h post-injection. A high contrast image
was observed after 1 day when most SWCNs were cleared from the blood. Moreover, very
low autofluorescence was observed in the 1.1-1.7 mm detection range.
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Overall, the tunable size and ease of surface modification of inorganic nanoparticles may
make them advantageous over conventional organic dyes and biomolecule-dye conjugates.
However, these imaging probes are also ‘always-ON’ agents, whose contrast relies on their
accumulation and retention in cancerous tissues. Also, accumulation of heavy metals and
non-degradable nanomaterials, such as QDs and carbon nanotubes, poses safety concerns for
clinical use. Although the EPR effect and active targeting strategies improve accumulation,
prolonged circulation of unbound molecules can still lead to false positives or high
background fluorescence. Small-molecule dyes are rapidly cleared, partially addressing this
problem, however, the absolute amount that can be delivered to the tumor is decreased by
the increased rate of excretion. Clearance of small molecular agents from tumor site further
limits the time window for surgical applications. Because of these limitations, a ‘smart’
imaging probe design that stays silent in the normal tissue background and only turns on at
tumor sites and stays on after activation could resolve the dilemma of ‘always ON’ probes.

4. Stimuli-responsive nanoprobes for tumor detection and image-guided

surgery

Most activatable fluorophores display marked changes in optical properties, such as
emission wavelengths or fluorescent intensities, upon interacting with tumor specific signals.
Several photochemical processes are typically used in the design of activatable probes.
Fluorescence resonance energy transfer (FRET) is a classical strategy that can be used to
change the wavelength of the emitting light (hetero-FRET) or the intensity of the
fluorescence (homo-FRET). An example of a hetero-FRET nanopatrticle is a fluorescent
semi-conductive polymer that absorbs light at 400-600 nm (FRET donor) and a NIR small
molecule dye NIR775 (FRET acceptor). When excited at 465 nm, a persistent luminescent
signal at 775 nm could be observed for 1 h, allowing live animal imaging [101]. An example
of homo-FRET imaging agents is ICG, which tends to form dimers or trimers in aqueous
solution, leading to a homo-FRET-based fluorescence self-quenching. Nakajima et al.
synthesized a monoclonal antibody against PSMA conjugated with multiple copies of ICG,
resulting in a fluorescent signal quenching. After internalization into tumor cells through
PSMA binding, an 18-fold activation of signal was observed up to 10 days due to separation
of the ICG molecules [102]. Another strategy of fluorescence quenching is photon-induced
electron transfer (PeT). Similar to FRET, the electrons transferred from a PeT donor can
diminish the fluorescence emission of the excited fluorophores. Therefore, when the PeT
donor is deactivated from the fluorophore, full activation of the fluorescent signal can be
achieved. This strategy is usually for designing small-molecule fluorophores that rely on
environmental cues, such as pH, ROS, metal ions, and enzymes, to cleave the PeT donor
[103].

4.1. Enzyme-activatable probes

Enzymatic activation of imaging probes by proteases such as matrix metalloproteases
(MMP), lysosomal hydrolases and cathepsins has been used as a strategy to activate probes
specifically in tumors. MMPs are found in the extracellular environment in pathologic
conditions such as inflammation, but are also commonly overexpressed in cancer cells and
secreted into the tumor micro-environment, and contribute to extracellular matrix (ECM)
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remodeling and cancer metastasis. Intracellular lysosomal hydrolases in cancer cells can also
be used for signal activation after cancer cell surface targeting and internalization.

In 1999, Weissleder and colleagues first developed a copolymer consisting of poly- -lysine
and methoxypolyethylene glycol succinate conjugated with Cy5.5 [22] (Fig. 5A). The
fluorescence was self-quenched before enzyme activation (Fig. 5A-C). Afterwards, 95% of
the quenched fluorescence was recovered when the nanoparticle was internalized into cancer
cells, resulting in a 12-fold increase in the fluorescent signal. Tumors as small as 300 pm
were detected 24 h after injection of the probe (Fig. 5D-I). In addition to tumor imaging,
this design also offers additional molecular information such as cathepsin activity in the
tumors. One disadvantage of enzyme-based strategies is the long time to full activation,
which can sometimes take days. To address this weakness, Urano et al. designed a pro-dye
substrate of y-glutamyltranspeptidase (GGT), a cell-surface-bound enzyme overexpressed in
cervical and ovarian cancers. The pro-dye, y-glutamyl-hydroxymethyl rhodamine green
(9Glu-HMRG), is activated within 1 min after topical application in a murine ovarian cancer
model, with fluorescence lasting for at least an hour [104]. Topical administration also
reduced the required dose compared to systemic injection. The fluorescence of gGlu-HMRG
was quenched at neutral pH because of the preferred spirocyclization state; however, it
became highly fluorescent after the cleavage of the gGlu group by GGT on tumor cell
surface. A similar design sensitive to p-galactosidase was developed by the same group
[105]. Although enzyme-activatable imaging agents achieved success in mouse xenograft
models, the highly variable activity and expression level of the enzymes in patients, which is
critical for determining the optimal surgery time window, may hamper their clinical
implementation.

4.2. pH-sensitive probes

In 1924, Otto Warburg observed that cancer cells generally have a higher rate of glycolysis
followed by lactic acid fermentation compared to the oxidation of pyruvate in normal cells.
This metabolic difference persists even in normoxia causing accumulation of lactic acid in
the tumor microenvironment. Also, many carboxylate transporters are overexpressed on the
cancer cell surface, facilitating the export of excessive protons from the cytoplasm. In line
with Warburg’s theory, Voegtlin and Kahler, for the first time, reported extracellular tumor
acidosis in Rous chicken sarcoma in 1932 [106]. To target this metabolic difference between
normal and cancer cells, many pH-responsive probes have been designed for tumor detection
and image-guided surgery. An ideal pH-sensitive imaging probe should (i) be almost
nonfluorescent in the blood or interstitial fluid surrounding normal tissues, i.e. pH 7.4; (ii)
be highly fluorescent in acidic environment, e.g. tumor microenvironment (pH < 6.9) and
endocytic organelles (pH < 6); (iii) emit NIR light to improve signal over noise for /in vivo
imaging.

4.2.1. Small molecular pH sensors—To achieve pH response in small-molecule dyes,
PeT is a commonly used strategy. The PeT donor quenches the fluorescence of a small-
molecule dye at neutral pH; protonation of the PeT donor blocks the energy transfer leading
to fluorescence recovery. The Kobayashi group has developed a series of pH-sensitive
probes using different anilines as the proton-sensitive group and 2,6-dicarboxyethyl-1,3,5,7-
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tetramethyl-boron-dipyrromethene (BODIPY, emission > 500 nm) as the fluorescent dye
[107]. The carboxylic groups allowed the conjugation of the molecules to a human
epidermal growth factor receptor type 2 (HER?2) targeting antibody trastuzumab. By using
different anilines with different pK, values, they synthesized multiple probes responsive to
pH changes from 3.8 to 6.0. As a result, they could be activated in the low-pH environment
of lysosomes after internalization through binding with HER2. The probe with a pK, at 6.0
showed a 22-fold higher SNR comparing with a pH-insensitive probe /n vivo with a tumor-
detection specificity of 99.1%. Xiong et al. used a similar strategy while substituting the
antibodies with PEG chains, achieving a tumor-to-liver ratio of 3 when a probe with a pK; of
4.5 was injected [108]. Despite aforementioned success in animal models, the pH response
range of small-molecule pH sensors can be too broad (~2 pH for a 10-fold fluorescent signal
increase) to accurately differentiate the tumor microenvironment (pH 6.7-7.0) from blood
(pH 7.4).

4.2.2. Targeted pH sensitive agents—The decoration of pH-sensitive dyes with
tumor specific ligands is an effective strategy to enhance tumor specificity of the probe. For
example, Lee and colleagues conjugated pH-sensitive Cy5 dye to a cyclic arginine-glycine-
aspartic acid (CRGD) peptide targeting avp3 integrin, a protein that is highly overexpressed
in endothelial cells during tumor angiogenesis [109] to successfully image tumors. Another
strategy is to exploit the conformational change of proteins and peptides upon protonation.
The pH low-insertion peptide (pHLIP™) represents such a system [110] (Fig. 6A, B). The
peptide has a pK, around 6, and is water-soluble at higher pH (e.g. pH = 8, state I). At lower
pH, it collapses on the surface of the lipid bi-layer membrane and remains as an unstructured
monomer (state I1). The protonation of the Asp residues enhances the hydrophobicity of the
peptide, leading to the formation of a transmembrane a-helix structure (folding and
insertion, state I11) (Fig. 6A). The fluorescence of the two tryptophan residues on the peptide
reports the change of the peptide from membrane attachment to membrane insertion. The
system represents a useful tool to target cells in a milieu with elevated levels of extracellular
acidity, such as cancer and inflammation. Furthermore, the termini of the peptide can be
functionalized with fluorescent dyes or other molecules for cytosolic delivery. When a NIR
dye, such as Cy 5.5 or Alexa 750, is attached to the N-terminus of pHLIP™, tumors that
were 2—-4 mm in diameter were successfully imaged. The pHLIP™ system was used to
demonstrate that co-injection with glucose decreases extracellular pH of tumors by at least
0.3 pH units, and increases tumor targeting in a dose-dependent manner due to increased
metabolic activity. In contrast, giving animals bicarbonate water, which increases tissue pH,
correlated with a decreased tumor fluorescence. More aggressive metastatic tumors are
thought to have a lower extracelluar pH because extracellular acidity promotes the activity of
proteases and metastasis. In a mouse model of both metastatic (M4A4) and non-metastatic
(NM2C5) tumors, the fluorescent signals from Alexa750-pHLIP™ was 1.5-1.6 times higher
in M4A4 tumors with a pH of 6.9 + 0.2 compared with 7.1 £ 0.2 in the less aggressive
NM2C5 tumors [111] (Fig. 6 C-F).

Despite the success in mouse xenograft models, the relatively low SNR (2-5), high false
positive signals in the kidney and long activation time (48—72 h) [111] may limit the clinical
translation of pHLIP™. Recently, some pHLIP™ variants have been developed to fine tune
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the tumor-targeting efficiency and to achieve a rapid background signal reduction [112].
Although the optimal SNR can be achieved within 24 h, these variants still have broad pH
response spanning ~2 pH units limiting signal amplification of pH differences between
tumor and normal tissues.

4.2.3. Polymer-based ultra pH-sensitive probes—Polymer nanomaterials have
been developed as stimuli-responsive nanoprobes for tumor detection and image-guided
surgery. Typical pH-sensitive groups consist of tertiary amines, carboxylic acids and
sulfonamides that exhibit distinct protonation and de-protonation states. Introduction of
acid-liable covalent linkages is another commonly used strategy.

Recently, a series of tunable ultra pH-sensitive (UPS) nanoprobes have been developed for
broad biomedical imaging applications, including quantitative endo/lysosomal imaging,
tumor detection and image-guided surgery [113-117]. They fluoresce upon contact with a
very narrow pH range (<0.25 pH units), which allows for a threshold response to subtle pH
changes. The building blocks of UPS nanoprobes are a series of block copolymers (PEO- 6
PR, where PEO is poly (ethylene oxide) and PR is the ionizable block with precisely
controlled hydrophobic segments). When PR reaches a critical threshold of hydrophobicity,
micellization/nanophase transition drives a cooperative deprotonation of charged polymers,
rendering a fast and ultrasensitive pH response with micelle formation in aqueous solution.
Conjugation of fluorescent dyes on the PR segment quenches fluorescence at higher pH due
to homo-FRET effect. A drop below the transition pH leads to a sharp and exponential
increase of fluorescent intensity due to micelle dissociation into the individual polymer
components and dequenching of the attached dye. Many previously reported pH-sensitive
nanosystems do not have such a sharp response in the physiological pH range and
sometimes take a long time (e.g. 24 h) to respond. In contrast, the proton transfer and non-
covalent self-assembly in the UPS system renders a fast (<5 ms), sharp and tunable response
[118].

To visualize tumors /n vivo, a UPS nanoprobe with a transition pH at 6.9 and encoded with
ICG (ICG-UPS) was employed to distinguish the small pH difference between blood (7.4)
and the acidic extracellular pH (pHe) of tumors (6.5-6.8) [114] (Fig. 7A). The resulting
nanosensor was not only able to detect a broad range of tumors in mouse models, but also to
enable real-time image-guided resection of established tumors and occult nodules [20]. By
using a clinical SPY™ Elite camera, ICG-UPS can achieve high tumor over normal tissue
ratio (>20) in a wide variety of tumor models (Fig. 7B) compared to ICG-loaded PEG- 6
poly(lactic acid) and free ICG. Qualitative comparisons with FDG-PET showed that ICG-
UPS could pick up small tumor nodules (~10 mm3) and delineate tumor with greater
sensitivity and specificity. In a real-time image-guided tumor resection in mice, ICG-UPS
achieved 100% calculated sensitivity and specificity (95% confidence interval, 72—-100%,
Fig. 7C), and showed improved overall survival rate (72% animals cured 150 days post-
surgery) compared with white light surgery, debulking surgery and untreated controls (Fig.
7D).
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4.3. ROS- and hypoxia-responsive nanomaterials

Although tumor angiogenesis is a hallmark of cancer, sometimes the newly formed vessels
cannot meet the metabolic demands of the cancer cells, leading to a relatively hypoxic tumor
microenvironment with many stress factors, like reactive oxygen species (ROS). Hypoxia
and ROS are examples of tumor specific metabolic changes that can be exploited for
imaging. Many fluorescent proteins (e.g. cpYFP [119], HyPer [120] and roGFP1 [121]) and
small molecules (e.g. dichlorodihydrofluorescein [122], aryl boronates- or a-ketoacid-
containing molecules [123]) have been developed for detecting intracellular ROS, but none
are suitable for /n vivotumor detection because of limited tissue penetration depth. Murthy
et al. reported the first imaging agent targeting ROS levels, especially hydrogen peroxide
levels, in animals in 2007 [124]. The probe design was based on a three-component
chemiluminescent reaction between the peroxalate polymers, the fluorescent dye pentacene
and hydrogen peroxide. The peroxalate ester group generated high-energy dioxetanedione,
which reacted with hydrogen peroxide to excite polymer encapsulated fluorescent dyes. One
advantage of the peroxalate nanoprobe is that dioxetanedione can chemically excite a wide
variety of fluorescent dyes, including NIR dyes (e.g. pentacene, emission ~630 nm).
Recently, Pu and colleagues developed the an NIR ratiometric photoacoustic nanoprobe that
was capable of real-time imaging of ROS /n vivo [125]. The nanoprobe is composed of two
semiconducting polymers (SP) with strong absorption in the NIR region and a ROS-sensitive
cyanine dye derivative (IR775S). When excited at 700 nm and 820 nm, the SP nanoprobe
and IR775S gave distinct photoacoustic peaks. In the presence of ROS, the signal from
IR775S was largely diminished but SP nanoprobe stayed unchanged. Therefore, the signal
ratio between 700 nm and 820 nm can be used as a ratiometric tool to quantify ROS levels /n
vivo. Although neither nanoprobe was studied in tumor models, given the role that ROS
plays in tumor pathogenesis and progression, these nanoprobes represent a promising source
of imaging agents that possess translational potential in tumor imaging.

Conventional hypoxia imaging probes are based on nitroimidazole compounds that are often
used in PET and MRI studies. Recently, Zheng and colleagues synthesized a poly(N-
vinylpyrrolidone) (PVP)-conjugated iridium (111) complex probe sensitive to oxygen levels
with emitted fluorescence in the NIR region [21]. A small decrease of the oxygen level led
to a sharp increase in the phosphorescent intensity of the probe. In this Ir-PVP nanoprobe,
the phosphorescence of iridium (111) was quenched in the normal tissues, but was turned on
in cancerous regions with lower oxygen levels. The hydrophilic PVP segment improved bio-
distribution and the pharmacokinetic profile for improved tumor imaging. The Ir-PVP probe
showed minimal background signal in normal tissues, and could detect small metastatic
tumors and as few as 103 cancer cells /n vivo up to 9 mm in depth. Table 1.

5. Summary and future outlook

Anatomical and molecular imaging techniques have unique advantages and limitations for
tumor detection and image-guided surgery as described above. Among these modalities,
fluorescent molecular imaging offers a safe, real-time and non-invasive approach, which can
delineate tumor margins and disclose cellular and molecular functional information in solid
cancers.

Biomaterials. Author manuscript; available in PMC 2019 May 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wang et al.

Page 14

Compared with conventional optical imaging in the visible spectrum, NIR fluorescent
imaging has demonstrated superior resolution and tissue penetration, as well as much lower
background signals from either ambient light and/or tissue autofluorescence, which is
critical for image-guided surgery in the OR. For example, although both ICG and 5-ALA are
clinically approved optical imaging agents, surgeons still need to turn off the room light to
visualize the signal of 5-ALA induced PplIX fluorescence due to its shorter emission
wavelength, which is a major disruption of the surgical workflow [135]. In contrast, the
emission spectrum of ICG falls in NIR-1 window, which stands out from the relatively low
ambient NIR background signals. However, the availability of FDA-approved NIR probes is
still limited. Although new NIR-I and NIR-II probes are emerging, many of them still suffer
from high hydrophobicity (e.g. carbon nanotubes) and low quantum yield (e.g. CH1005 only
has a quantum yield of 0.3%). Hence, image-guided surgery calls for more FDA-approved
NIR probes with good biocompatibility and high quantum yield. Recently, Antaris et al.
tailored CH1005 by changing the functional end groups from carboxylic to sulfonic acid,
which dramatically improved its aqueous solubility. Moreover, new NIR-11 dye CH-4T
readily formed supramolecular complex with plasma proteins, resulting in ~110-fold
increase in fluorescence intensity and ~25-fold decrease in dose, which could potentially be
adopted for image-guided surgery with good safety profile, fast imaging speed and deep
tissue penetration [136].

Although there is a large unmet need for new NIR probes, high development costs and
regulatory hurdles hamper development. On the other hand, integrating clinically approved
therapeutic antibodies with existing hydrophilic NIR dyes offers a logical and promising
approach for shortening the development of new cancer-specific imaging agents. Multiple
targeted optical probes are under evaluation for tumor detection in clinical trials, such as
folate-NIR dye for ovarian cancer surgery and cetuximab-IRDye800 C W for resection of
head and neck squamous cell carcinoma. However, this approach may be limited by the lack
of broad cancer detection capability across diverse cancer phenotypes as well as inter- and
intra-tumoral variability of target expressions over normal tissues. In addition, the always-
ON design may elevate background signals that hamper the accurate detection of tumor-
specific signals. Development of new nanoparticle probes with stimuli-responsive properties
to turn on the optical probes from a silent state in normal physiology to an illuminating state
in tumors offers a useful strategy to improve the sensitivity and specificity of tumor
detection. Unlike small molecular designs, the cooperative behaviors of nanosystems, which
are rooted in supramolecular self-assembly, can be exploited for the development of
transistor-like nanosensors to amplify pathological signals to further improve the accuracy of
tumor detection [118]. Many cancer-specific biomarkers have been largely explored for
designing stimuli-responsive nanoprobes, including acidic tumor microenvironment, high
ROS and/or hypoxia and overexpressed proteolytic enzymes or angiogenesis/invasion
markers. However, they all have their own limitations in terms of clinical adoption. For
example, although hypoxia represents a hallmark of cancer, it is most profound in the center
of a tumor, which may be less accessible for most nanoprobes and also result in dim
fluorescent signals and represents the area of the cancer least relevant to surgical margins.
While many types of cancer show elevated levels of ROS and proteolytic enzymes that are
secreted to promote metastasis, the numbers vary greatly among patients and/or different
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cancer types, which may result in inter- and intra-tumoral variation when converted into
fluorescent signals. Acidic pH around tumor margins offers a promising and robust
biomarker that can be utilized by fluorescent tumor imaging probes, but preclinical pH-
responsive probes are still facing “translational gaps’ including safety assessment and
clinical validations. Thus, the in-depth multidisciplinary collaboration among scientists,
engineers and surgeons is required to accelerate the development and translation of
fluorescent imaging probes for cancer surgery.
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Fig. 1.
Summary of EGFR (A) and ERBBZ (HER?2) (B) expressions across multiple cancer types.

The data are from RNA sequencing results of patient samples, which may not directly
correlate with protein expression levels. Abbreviations: ACC (Adrenocortical carcinoma),
AML (Acute Myeloid Leukemia), DLBC (Lymphoid neoplasm diffuse large B-cell
lymphoma), GBM (Glioblastoma multiforme), Lung adeno (Lung adenocarcinoma), Lung
squ (Lung squamous cell carcinoma), PCPG (Pheochromocytoma and Paraganglioma),
Uterine CS (Uterine carcinosarcoma), ccRCC (Clear cell renal cell carcinoma), chRCC
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(Chromophobe renal cell carcinoma), pRCC(Papillary renal cell carcinoma). Adapted from
data source: The Cancer Genomics Atlas (TCGA) as of May 2017.
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Fig. 2. Methylene blue and ICG for in vivo NIR fluorescence imaging.
(A) Intraoperative NIR imaging of the surgical field. A bright fluorescent signal within the

dashed circle identified the location of the bulk of the tumor. A small lesion was also
identified ~5 cm away from the main lesion (arrow). (B) Intraoperative sentinel lymph node
(arrow) mapping in the axilla of a woman with breast cancer after peri-tumoral injection of
ICG-human serum albumin. Adapted from Refs. [47 and 49]with permissions.
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Fig. 3. Antibody-dye conjugates in tumor imaging.

(A) Stereomicroscopic imaging of engrafted human skin xenografts and human tumor
explant xenografts in SCID mice injected with cetuximab conjugated with Cy5.5 (Cetux-
Cy5.5) or nonspecific human 1gG1 antibody (IgG1-Cy5.5). (B) Head-to-head comparison of
the histology and fluorescent results in tumor sections. (C) Uptake of panitumumab-
IRDye800 versus non-specific IgG-IRDye 800 using the Pearl and SPY Systems in mice
with flank SCC1 tumors. (D) The tumor-to-background ratio in mice injected with
panitumumab-IRDye800 or IgG-IRDye800. (E) Panitumumab-IRDye800 demonstrated
significantly higher fluorescent signal in the tumor than the split-thickness skin graft in both
the Pearl and SPY imager. Adapted from Refs. [75 and 77] with permissions.

Biomaterials. Author manuscript; available in PMC 2019 May 06.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Wang et al.

Page 27

655 nm

P AP

. Coelenterazine

B
_—20
-15 X
C )
i [>2]
; 103‘
il
[ =
- (=]
By, o 05
_5 S

C

(45/5wid/s/d) O X

Fig. 4. Self-illuminating QDs for in vivo tumor imaging.
(A) The design of a QD conjugated with a BRET donor Luc8. The energy transferred from

Lu8-induced oxidation of coelenterazine results in QD emission. (B) Illumination of C6
glioma cells by QD655-Luc8-R9. (C) Representative images of nude mice injected with
labeled cells via tail vein. Adapted from Ref. [92] with permissions.
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Fig. 5. A protease-activated NIR imaging agent for tumor detection in vivo.
(A) The mechanistic illustration of nanoprobe activation. In the absence of enzymes, the

proximity of fluorochromes to each other leads to the initial fluorescence quenching. (B)
Fluorescent and bright-light image of the nanoprobe before (left) and after (right) activation.
(C) Chemical structure of the copolymers used in the nanoprobe design. Bright-light and
fluorescent images of LX-1 tumor implanted to the mammary fat pad of a nude mice were
shown in (D) and (E); while high-resolution fluorescent images of the tumor and an
additional thigh tumor were shown in (F) and (G). (H) Dissected tumor from mammary fat

Biomaterials. Author manuscript; available in PMC 2019 May 06.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Wang et al.

Page 29

pad. (1) Histology staining of the fluorescence-positive tumors. Adapted from Ref. [22] with
permissions.
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C GFP-metastasis

10um

(A) Schematic showing the mechanism of pH-sensitive folding and insertion of pHLIP™
into a lipid bilayer membrane. (B) The amino acid sequence of pHLIP™. (C) Whole-body
imaging of a GFP-labeled metastatic M4A4 tumor in lungs. (D) GFP and NIR fluorescence
overlay. 10 x and 100 x magnification of GFP and NIR fluorescent images were shown in
(E) and (F). Adapted from Refs. [110] and [111] with permissions.
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Fig. 7. A transistor-like pH nanoprobe for tumor detection and image-guided surgery.
(A) A transistor-like design of ICG-UPS nanoprobe with binary off/on fluorescent response

at the transition pH of 6.9. (B) Imaging of a variety of tumor models 24 h after injection of
ICG-UPS nanoprobes by using SPY Elite clinical camera. Yellow arrowheads indicate the
location of tumors. (C) Successful surgical resection of primary and residual HN5 tumors as
validated by histology. (D) Long-term survival curves of mice with debulking surgery,
white-light surgery (WLS), tumor-acidosis-guided surgery (TAGS) or without surgery.

Biomaterials. Author manuscript; available in PMC 2019 May 06.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Wang et al.

Page 32

Adapted from Ref. [20]with permissions. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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