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Abstract
Introduction—Near-infrared fluorescent (NIRF) imaging is a rapidly growing research field
which has the potential to be an important imaging modality in cancer diagnosis. Various
exogenous NIR fluorophores have been developed for the technique, including small molecule
fluorophores and nanoparticles. NIRF imaging has been used in animal models for the detection of
cancer overthe last twenty years and has in recent years been used in human clinical trials.

Areas covered—This article describes the types and characteristics of exogenous fluorophores
available for in vivo fluorescent cancer imaging. The article also discusses the progression of
NIRF cancer imaging over recent years and its future challenges, from both a biological and
clinical perspective. in The review also looks at its application for lymph node mapping, tumor
targeting and characterization, and tumor margin definition for surgical guidance.

Expert Opinion—NIRF imaging is not in routine clinical cancer practice; yet, the authors
predict that techniques using NIR fluorophores for tumor margin definition and lymph node
mapping will enter clinical practice in the near future. The authors also anticipate that NIRF
imaging research will lead to the development of flurophores with ‘high brightness’ that will
overcome the limited penetration of this modality and be better suited for non invasive tumor
targeting

1. Introduction
Various imaging modalities exist to facilitate cancer diagnosis and staging, determine the
efficacy of cancer treatment, and detect recurrence. Among these, X-rays, computer assisted
tomography (CAT) scanning, magnetic resonance imaging (MRI), and ultrasonography
provide important information regarding tumor size and location. Methods of radionuclide
imaging, such as positron emission tomography (PET) and single photon emission computed
tomography (SPECT), have the additional capacity to measure tumor metabolism, and in
some cases, detect the levels of cell surface markers within a tumor [1–3].

In addition to these imaging modalities, fluorescent imaging has emerged with unique
capabilities for molecular cancer imaging. Fluorescence is the light emitted by certain
molecules when they absorb light at a shorter wavelength (excitation). These fluorophores
emit energy throughout the visible spectrum; however, the best spectrum for in vivo imaging
is in the near-infrared (NIR) region (650 nm-900 nm) [4]. Unlike the visible light spectrum
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(400–650 nm), in the NIR region, light scattering decreases and photo absorption by
hemoglobin and water diminishes, leading to deeper tissue penetration of light. Furthermore,
tissue auto-fluorescence is low in the NIR spectra, which allows for a high signal to noise
ratio [4].

In this review, we describe the types and characteristics of exogenous fluorophores available
for in vivo NIR fluorescent (NIRF) cancer imaging. We also address recent progress and
future challenges of cancer imaging applications, such as lymph node mapping, tumor
targeting and characterization, and surgical guidance, from biological and clinical
perspectives. The instruments and methodology of whole body fluorescent imaging are not
within the scope of this review and have been reviewed elsewhere [5].

2. Types of NIR fluorescent (NIRF) imaging probes
2.1. Small molecule organic fluorophores

There is a range of small molecule organic fluorophores with excitation and emission
spectra in the NIR region. Some, such as indocyanine green (ICG) and cyanine derivatives
Cy5.5 and Cy7, have been used in imaging for a relatively long time. Modern fluorophores
are developed by various biotechnology companies and include: Alexa dyes [6]; IRDye
dyes; VivoTag dyes and HylitePlus dyes. In general, the molecular weights of these
fluorophores are below 1 kDa. Some of these newly developed dyes have relatively high
brightness due to their high extinction coefficients, and have better characteristics, such as
resistance to photobleaching and less non-specific binding. The Alexa dyes are more
resistant to photobleaching than the Cy5.5 and Cy7 dyes [7]. In addition, Ogawa et al.
compared Alexa 680 and Cy5.5 conjugates and found that Cy5.5 conjugates produced
nonspecific results and rapid liver accumulation; in contrast, Alexa 680 conjugates
demonstrated specific targeting with low background [8]. Most small molecule fluorophores
are water-soluble and carry reactive groups that allow conjugation with antibodies, peptides,
or nucleic acids. By controlling the ratio and reaction time, these dyes have been optimized
to link one or two biomolecules. Because of their small molecular weights, when the
fluorophores are chemically linked to larger molecular weight biomolecules, such as
antibodies, the pharmacokinetics of the conjugates tend to be similar to those of the
biomolecules and not the organic fluorophores [9–11].

2.2. Quantum dots
Quantum dots (QDs) are semiconductor nanoparticles that emit fluorescence upon excitation
with a light source. Depending on their chemical composition, QDs can emit fluorescence
throughout the visible spectrum and into the NIR region. The majority of QDs are binary
semiconductor crystals composed of two types of atoms from the II/VI [12,13] or III/V [14]
group elements on the periodic table. In general, each QD is composed of a binary crystal
core and capped with a binary shell that stabilizes and increases its quantum yield (Figure
1). The surfaces of these nanocrystals are passivated with a monolayer of organic solvent,
such as tri-n-octylphosphine oxide (TOPO) [15]. TOPO passivated QDs are hydrophobic
and insoluble in aqueous solutions. To achieve water solubility and biocompatibility, QDs
are often encapsulated with various types of amphiphilic polymers, which increase their
hydrodynamic radius to about 10–20 nm. These amphiphilic polymers often carry
chemically reactive groups, such as amines and carboxylic acids that allow conjugation with
biomolecules such as peptides, proteins, and nucleic acids. Encapsulation and
bioconjugation do not usually alter the optical properties of QDs significantly [16].

Although Cadmium selenide (Cd/Se) QDs are the best studied, they are not very suitable for
in vivo imaging due to their short emission wavelength (470–655 nm). The so-called type II
QDs emit fluorescence in the far-red and NIR range, which makes them ideal for in vivo
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cancer imaging. A type II QD consists of a Cd/Te core with a Cd/Se (or ZnS) shell; the
increased thickness of their shell correlates with their higher emission wavelength [17,18].

For imaging purposes, QDs have several advantages over small molecule organic
fluorophores. QDs have higher brightness due to their high quantum yield and high molar-
extinction coefficients. At their optimal excitation spectra, the extinction coefficients of QDs
can reach 106–107 M−1 cm, about 10 to 100 times larger than those for most organic dyes.
QDs also possess high photo-bleaching thresholds, as well as broad excitation spectra and
narrow, symmetric emission spectra. This last property of QDs allows simultaneous
detection of multiple fluorescent signals using a single excitation light source.

However, QDs also have a few disadvantages over small molecule fluorophores. Small
molecule fluorophores have narrow “Stokes shift”, meaning that their optimal excitation and
emission spectra are fairly close (normally within 50 nm). Therefore, NIRF can be
performed using their optimal excitation and emission wavelength. In contrast, the optimal
excitation wavelength of QDs, including the type II QDs, is shorter than 400 nm. To avoid
tissue absorbance and light scattering, the excitation wavelength for in vivo QD imaging is
often compromised to the near NIR region [19,20], at which QDs’ extinction coefficients
drop significantly [21]. Another disadvantage of QDs is their large size. The
pharmacokinetics of conjugates tends to be similar to QDs, instead of the conjugated
biomolecules. Therefore, QD conjugates may fail to serve as a tracer to track the circulation
of biomolecules in vivo.

2.3. Fluorophore-doped nanoparticles
Doping, a term often used in the semiconductor field, refers to intentionally introducing
impurities into a semiconductor to change its properties. Recently, a few research groups
have developed fluorophore-doped nanoparticles encapsulated by amphiphilic polymers
[22,23]. These nanoparticles tend to have high brightness due to the large number of
encapsulated fluorophores and high photostability due to their polymer coating, which
prevents penetration of oxygen and reduces bleaching [24]. Compared with the other two
types of fluorophores, the flurophore-doped nanoparticles have not been well studied in their
characteristics and in vivo imaging capabilities.

3. In vivo imaging applications in cancer
The complexity of mammalian anatomy and physiology poses several challenges for in vivo
fluorescent imaging not present in vitro. First of all, imaging probes must be photostable to
allow for real-time and long term imaging. Second, conjugated imaging probes must be
chemically stable and avoid degradation in the circulation in order to reach target cancer
cells. Third, safety concerns demand non-toxic conjugated imaging probes that are quickly
cleared, either by excretion through the urinary system or gradual degradation in the liver.
Finally, non-invasive imaging in deep tissue requires probes with strong emission
fluorescence. Over the past twenty years, many NIRF imaging agents have been developed
and intensively studied in cancer imaging, particularly lymph node mapping, tumor target
and characterization, and surgical guidance. These techniques are discussed herein from
biological and clinical perspectives.

3.1. Lymph node mapping
Metastasis is the leading cause of cancer death and begins when cancer cells move from the
primary site of origin to nearby lymph nodes. Frequently, a sentinel lymph node (SLN) is
the first lymph node or group of nodes to receive metastasized cells. SLN biopsy identifies
and removes SLNs to determine whether the primary tumor has metastasized. This
procedure is routinely used in the clinic to assess the stage and prognosis of breast cancer
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and melanoma [25]. Current mapping techniques include peritumoral injection of
radioisotopes, isosulfan blue dyes, or a combination of both agents.

Type II QDs, have been extensively studied in SLN mapping experiments [18,26–29]. In the
pioneer study by Kim et al., mice and pigs were intradermally injected with Type II QDs
coated in polydentate phosphine, which renders QDs soluble and stable, and they rapidly
drained into the nearest SLN [18]. Because QDs have very high brightness, they were
visible through the tissue, even before a surgical incision was made. The high brightness of
QDs presents a major advantage over blue dye; however, extra equipment would be required
to excite the QDs and collect their emission spectra.

Organic fluorophores, mainly ICG, have also been utilized in SLN mapping. ICG, a small
molecule fluorophore with a molecular weight of 775 Da, has been approved by the Food
and Drug Administration (FDA) as a contrast agent for measuring tissue blood volume,
cardiac output, ophthalmic angiography and hepatic function [30–32]. ICG has a very high
safety profile for human use, and several studies have assessed its potential for SLN
mapping in human clinical trials [33–36]. These results were very promising, and the use of
fluorescent dyes could have advantages over the use of raidioisotopes, such as the lack of
both ionic radiation and the need for appropriate logistics for radioactive matter.

In many other types of cancer, SLN biopsy is a well accepted concept, but several
challenges prevent its clinical application. Visceral organs, such as the gastrointestinal tract,
lungs, and prostate gland, have complex lymphatic drainage systems that make SLN
mapping very challenging [27,37]. Furthermore, the lymph nodes of the thoracic esophagus
can be pigmented, which makes it difficult to visualize isosulfan blue dye [37]. Multiple
fluorophores of different emission wavelengths could be used to identify and sort these
complicated lymphatic systems. Work from Kobayashi’s group has demonstrated the
feasibility of mapping multiple lymph nodes using various small molecule fluorophores in
combination with QDs [19,21,38,39]. In one of their studies, five QDs with different
emission wavelengths were intracutaneously injected at five different sites in the mice: the
middle phalanges of the left or right upper extremity, the left and right ear, and the median
chin; all of which contain complicated lymphatic networks. After injection, the lymphatic
drainages of the neck and upper trunk were closely monitored using real time in vivo
imaging. In total, five different lymphatic basins were successfully mapped and validated by
ex vivo fluorescence imaging of dissected lymph nodes [21].

3.2. Tumor targeting and characterization
Certain molecules are often solely expressed or overexpressed in specific types of cancer.
For instance, MUC1 (CD227) is overexpressed in 90% of human breast cancers [40], and
prostate-specific membrane antigen (PSMA) is highly expressed on the surface of prostate
tumors [41]. In addition, some proteins, such as folate receptor [42] and transferrin receptor
[43] are highly expressed on the surface of certain types of tumors. These highly expressed
proteins or molecules can serve as molecular targets for fluorescent imaging probes and help
locate tumors and metastatic lesions. Various proof of principle experiments have been
performed in primary tumor sites to validate this concept [15,44,45]. In a recent study, a
small molecule that binds PSMA was conjugated with ICG, and these conjugates
specifically identified PSMA in xenograft mouse tumors [46]. Similarly, Gao et al. have
demonstrated that PSMA conjugated QDs injected intravenously into mice will localize to
xenograft prostate tumors [15].

In addition to tumor antigens, various transmembrane receptor tyrosine kinases are often
overexpressed in cancer. For instance, human epidermal growth factor receptor-2 (HER2) is
overexpressed in about 20–30% of breast cancer [47]. These receptor tyrosine kinases play
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important roles in cancer cell proliferation, motility, and metastasis, which make them ideal
molecular targets for cancer therapy. Targeted therapies against these receptors have been
aggressively pursued over the past twenty years and have proven their clinical benefit.
However, selecting patients that will respond to these targeted therapies remains a
significant challenge.

Since receptor expression is necessary, imaging techniques that detect and quantify receptor
levels have practical application in the selection process. Numerous in vivo imaging studies
have been performed to localize and measure receptor levels in mouse tumor models,
particularly levels of HER2 [47,48] and epidermal growth factor receptor (EGFR). For
example, Ke et al. have shown that EGF conjugated Cy5.5 specifically targeted mouse
xenograft tumors expressing EGFR, but did not bind to mouse xenograft tumors lacking
EGFR [9]. Similarly, work from Zhang et al. have shown that an Alexa 680 conjugated
antibody against type I IGF receptor (IGF1R) targeted tumors expressing IGF1R and was
able to detect downregulation of IGF1R in mouse xenograft tumors [20]. Furthermore, two
or more fluorescent conjugates have been used to distinguish the expression pattern of
various receptor tyrosine kinases on the cell surface [49,50]. In Barrett et al.’s study, Cy5.5-
labeled cetuximab (anti-EGFR) and Cy7-labeled trastuzumab (anti-HER2) were
intravenously injected into mice bearing xenograft tumors overexpressing either EGFR or
HER2. Subsequent multiplex imaging on Cy5.5 and Cy7 clearly differentiated the two
tumor types in the mice [50].

In contrast to lymph node mapping, tumor targeting and characterization are much more
challenging. Tumor targeting fluorophores must be conjugated to antibodies or peptides for
specific molecular interactions to take place on the cancer cell surface. Depending on the
specificity of these molecular interactions, the pharmacokinetics of the fluorophore
conjugates, and the expression levels of the targeted molecules on the tumor and
surrounding tissue, high background can limit imaging sensitivity. To solve this problem, so
called “activatable probes” have been developed. The fluorescence of these NIRF probes is
quenched initially, then “activated” after they bind tumor cells. Weissleder and his
colleagues have developed activatable probes that are recognized by proteinases such as
cathepsin D and matrix metalloproteinases (MMP)-2 [51–53]. In one of their designs, a
poly-L-lysine backbone contains multiple MMP cleavage sequences and carries Cy5.5 at the
end of the construct. The addition of methoxy polyethylene glycol (MPEG) side chains to
the construct allows for improved pharmacokinetics (Figure 2). Due to the proximity of the
fluorochromes, fluorescence resonance energy transfer prevented almost any detectable
fluorescent signal in the nonactivated state. When the conjugates reached tumors that
expressed MMP-2, the MMP-2 peptide-cleaved spacer and Cy5.5 were released from the
carrier, and Cy5.5 became brightly fluorescent. In addition, Tsien’s group has developed
various activatable cell penetrating peptides (ACPPs) [54–57]. These ACPPs consist of a
fluorophore tagged cationic peptide chemically attached to a short stretch of acidic residues
via a cleavable linker (Figure 3). The acidic residues prevent cellular uptake of the cationic
peptide, but the cleavable linker can be engineered to contain a MMP recognition site. When
ACPPs reached tumor surfaces expressing MMPs, the linker on ACPPs was cleaved,
releasing the acidic inhibitory domain, and the cationic peptides were free to carry the
fluorophore into cells. Due to their unique properties, activatable probes have been sought
after by many research groups. Weissleder’s activatable probes recently became
commercially available and have been applied to various cancer imaging studies [58–60].

Using MMPs to “activate” fluorescent probes allows tumor specificity. However, MMPs are
also significantly up-regulated in general inflammatory processes, which may limit their
tumor specificity [61]. Recent works by Ogawa et al. have shown that targeted self-
quenching probes and targeted fluorophore-quencher based activatable optical probes not
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only exhibit high tumor specificity and excellent signal to background ratios, but also have
the ability to characterize receptor levels on the tumor surface [8,62–64]. Ogawa et al.
described a self-quenching probe where Alexa 680 was conjugated to trastuzumab (anti-
HER2 antibody). The antibody-fluorophore conjugates were non-fluorescent in circulation
and only became fluorescent when internalized into the targeted tumor. This occurred after
Alexa 680 was cleaved from the conjugates in the lysosomes of tumor cells [8]. Targeted
fluorophore-quencher based activatable probes do not have fluorescence outside the cancer
cells due to the fluorophore quencher interaction based on fluorescence resonance energy
transfer (FRET) quenching [62]. Fluoroscence was detected when the conjugates were
internalized into cancer cells and dissociated in lysosomes. These types of activatable probes
not only can serve to specifically localize and characterize tumors and metastases, but also
have therapeutic potential, depending on the targeting antibody utilized.

While reagents for lymph node mapping can be administered through local injection and
subsequently drain into the nearby lymph nodes, tumor-homing conjugates must be
administrated intravenously and need to extravasate to reach tumor cells. Due to their small
size, organic fluorophore conjugates readily extravasate from the blood stream. However,
the large size of QDs and organic-fluorophore doped nanoparticles may limit their ability to
extravasate and reach tumor sites. The literature regarding this issue is inconsistent. In the
work by Cai et al., RGD (Arg-Gly-Asp) peptide-conjugated QDs that recognize αvβ3
integrin were intravenously delivered to mice carrying U87MG human glioblastoma tumors.
QD fluorescence was observed in the tumor as quickly as twenty minutes after injection and
reached maximum intensity six hours after injection. Interestingly, confocal microscopic
analysis of the harvested tumor tissue revealed that the QD fluorescence was retained in
tumor vasculature, not within tumor cells. Similar results were also reported in several other
studies using QDs delivered intravenously [65–68]. In contrast, other reports have shown
QDs extravasated and reached tumors, although the percentage of QD population that
reached the tumors was not reported [69,70]. The inconsistent results in the literature reflect
the limited amount of research into the characteristics of QDs. Factors that influence QD
biodistribution, such as size, surface chemistry, and surface charge, need to be further
investigated and clarified [71].

3.3. Surgical guidance: define tumor margin
Surgical removal of most types of cancer, such as breast, head and neck, brain, and
melanoma, requires differentiation between the tumor margin and the surrounding normal
tissue. Failure to completely remove tumor tissue often results in local recurrence after
surgical excision, while removal of healthy tissue (wide margins) along with tumor tissue
can disrupt normal organ function and/or have cosmetic impacts. It is therefore crucial to
develop imaging techniques that clearly define tumor margins. This type of research greatly
corresponds with tumor targeting research; yet, specific differences exist between these two
fields of study. In general, tumor targeting requires specific interactions between
fluorophore conjugates and molecules on the tumor surface, whereas tumor margins can be
defined in two ways. The simplest way is to inject non-conjugated fluorophores
systematically after the tumor location has been detected by another imaging modality, such
as CAT scanning. Since tumors often have leaky vasculature and lack efficient lymphatic
drainage systems, fluorophores may be preferentially retained in the tumor, creating a clear
tumor margin against surrounding tissue. Organic fluorophores, mainly indocyanine green
(ICG), have been utilized to define tumor margin [72,73]. In Gotoh et al.’s clinical trial
study, ten patients with hepatocellular carcinoma were systematically injected with ICG a
few days before the surgery. During surgery, all ten tumors showed clear margins against
surrounding tissue, and were completely removed with negative pathologic margins under
the guide of NIRF imaging [73].
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Alternatively, tumor margins can be defined through specific interactions between
fluorophore conjugates and molecules on the tumor surface. Like tumor targeting and
characterization, this technique is still in the early stages of development. However, protease
activatable fluorophores are commercially available and have been used to define tumor
margins for surgical procedures in mouse orthotropic models [58–60]. In Seth et al.’s study,
mice were injected intraperitoneally with OVCAR-3 (a human metastatic ovarian cancer cell
line) to form metastatic foci in the peritoneal cavity. After the foci formed, ProSense 750
(VisEn Medical), a protease activatable probe, was injected into the tail vein of the mice.
One day later, NIRF imaging was performed to guide the surgical removal of the metastatic
foci. Based on fifty-two histologically validated samples, the sensitivity for NIRF imaging
was 100% accurate in detecting metastatic foci [59]. In addition, ACPPs developed by
Tsien’s group were used to localize tumors and define tumor margins during surgical
removal. Cy5-labeled ACPPs were intravenously delivered to mice and resulted in clearly
defined tumor margins against adjacent tissue. ACPP guided tumor resection was more
precise than non-imaging guided surgery, and mice whose tumors were resected with ACPP
guidance had better long-term tumor-free survival and overall survival than animals whose
tumors were resected with traditional bright-field illumination [74].

4. Challenges
4.1. Toxicity

In order for bio-reagents to be used in human clinical applications, they must be non-toxic
and have quick clearance, either through biodegradation (metabolism) in the liver or
excretion in urine. Because QDs are made of heavy metals, toxicity has been a major
concern since their inception. Choi et al. have studied renal clearance of QDs in mice [75]
and found that QDs with a hydrodynamic diameter below 5.5 nm could be excreted in urine,
whereas QDs with a hydrodynamic diameter above 15 nm could not be cleared through the
urinary system. Unfortunately, most type II QDs for NIRF imaging have a hydrodynamic
diameter above 15 nm [21]. It is noteworthy that no acute toxicity has been observed in
mouse studies [68,76–78] because the QD’s heavy metal cores are “buried” beneath a
polymer coating. However, if these QDs were not eliminated from the mice’s bodies and
were retained in tumor and non-specific uptake sites, their biodegradable polymer coating
might wear away and expose their non-degradable heavy metal core, resulting in toxicity.
The short life span of mice compared with human prevents long term studies of the toxicity
issue. In this regard, QDs made of non-toxic materials, such as silicon [79–81], may be
better suited for future studies. The emission spectra of silicon QDs are also controllable
based on the reaction time and synthesis methodology, and can range from blue to the NIR
region [82]. However, the methodology to solubilize silicon QDs in aqueous solution has not
been well studied and further efforts are needed to move this research area forward.

Choyke and his colleagues searched twenty six comprehensive biomedical and chemical
literature databases and conducted a thorough literature review on the toxicity of nineteen
widely used organic fluorophores, including four NIR fluorophores [83]. The toxicity of the
most commonly used fluorophore, ICG, has been well-studied. It is safe at clinical doses,
but higher doses may cause adverse effects [84]. Recently, a single dose short term toxicity
study of Li-Cor’s IRDye 800CW was completed in rats. Marshall et al. determined the
carboxylate form of IRDye 800CW, the form used in conjugation, had no adverse effects
when compared to ICG in either intravenous or intradermal administrations, and a dose of
20 mg/kg (10,000 times more than the projected clinical dose) did not cause observable
adverse effects [85]. The data on the in vivo toxicity of other NIRF dyes, such as Cy5.5 and
Cy7, have not been reported in literature. Because current studies using these fluorophores
have mainly focused on their efficacies in NIRF imaging, little in vivo long-term toxicity has
been reported. However, based on the literature, it is safe to say that the NIR fluorophores
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used in animal studies do not appear to have acute toxicity. Long term in vivo toxicity
studies would need to be performed in appropriate animal models before these fluorophores
could be used in human clinical trials.

4.2. Non-specific uptake
Non-specific uptake by the reticuloendothelial system (RES) of the liver, spleen, lymph
nodes, and bone marrow is a common phenomenon for systematically delivered reagents,
including fluorescent probes. This non-specific uptake highly correlates to the dynamic size
of the fluorescent probes and their conjugates; therefore, organic fluorophore conjugates
have less non-specific uptake compared to QD conjugates [44,86]. A couple of studies have
shown systematically delivered QDs were engulfed by macrophages after being retained in
the sinusoidal vasculature of RES organs [86,87], greatly shortening their circulation half
life. Alteration of the surface coating of QDs, such as introducing large molecular-weight
PEG molecules, may reduce RES uptake and increase the circulating time of QDs in the
blood stream, allowing more QDs to reach the target tumor [66]. In contrast to QDs, organic
fluorophore conjugated antibodies have a much longer circulation half life and often reach
the target tumor after one or two days of circulation [9,86].

5. Conclusion
NIRF imaging’s ability to multiplex signals from different emission spectra, and potential
for high spatial resolution and real-time display provide substantial advantages over
conventional imaging techniques. These advantages explain the rapid development of NIRF
imaging over the last twenty years and ensure this technology will continue to play an
important role in research and clinical imaging.

6. Expert opinion
Among the NIRF imaging applications discussed in this review, SLN mapping and tumor
margin definition do not require in depth imaging for clinical use. They pose few technical
challenges and have already been used in human clinical trials. We predict that techniques
using NIR fluorophores for tumor margin definition will enter the clinic in the near future.
SLN mapping using NIR fluorophores may enter the clinic to sort the complicated lymphatic
systems of visceral organs. In addition, one challenging area related to SLN mapping is to
provide molecular signatures in lymph nodes. By administering conjugated fluorophores
intravenously, one could identify metastases in the highly vascularized lymph nodes due to
interactions between conjugated fluorophores and molecules on the surface of metastasized
cells. The presence or absence of metastatic cells in the SLNs could be used to determine
whether the removal of SLNs is necessary.

Conversely, studies on tumor targeting and characterization are exciting, but still in the early
stages of development, due to several optical and biological obstacles. Some of these
obstacles are improvable. For instance, there is often inadequate tumor signal over the
background of surrounding tissues, due to nonspecific uptake and retention of the
fluorophore conjugates. The development of “activatable probes” has proved successful in
specific tumor targeting and reducing background. This issue could also be improved by
developing fast clearing and less sticky fluorophore probes. Antibody-fluorophore
conjugates have been reported to have low blood clearance and high non-specific uptake by
the liver, consistent with the characteristics of antibodies themselves [8]. Small molecules or
peptides are better choices to avoid this problem. Furthermore, advances in imaging
equipment (such as cameras with enhanced sensitivity, and laser excitation sources for better
penetration) and imaging methodology (such as fluorescence molecular tomography) may
dramatically improve signal sensitivity. In addition to the issue of sensitivity, current
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preclinical animal studies are mostly performed at the whole body level. Cellular and tissue
localization of fluorophore conjugates have not been well described, and the
pharmacodynamics and pharmacokinetics of fluorophore conjugates have not been
thoroughly investigated. Moreover, the toxicity of most fluorophores is not reported in the
same manner as would be reported for a new therapeutic drug. More research must be done
to better understand the localization, pharmacokinetics, and pharacodynamics of NIR
fluorophores, and careful toxicological studies must be carried out in appropriate animal
models to establish their short and long term safety profiles.

Some of the obstacles that hinder NIRF’s entrance into routine clinical practice are
fundamental, such as the limited penetration depth due to signal attenuation of the
fluorophores within tissue. The relatively large size and complexity of the human body may
make non-invasive in-depth detection of NIRF signals in humans unlikely, at least in the
near future. However, breakthroughs of NIRF imaging may follow the creation or discovery
of novel fluorophores with low molecular weights and high extinction coefficients. The
resulting high brightness of these fluorophores should partially overcome the obstacle of
limited penetration, resulting in increased depth of imaging sensitivity.

We envision NIRF imaging readily used to diagnose and treat cancer in future clinical
settings. To provide a hypothetical clinical scenario, we use a breast cancer example to show
how corresponding treatment and monitoring could be improved. A diagnosis of breast
cancer is frequently made with conventional imaging modalities, such as a mammogram or
magnetic resonance imaging, followed by biopsy. During surgery, fluorophores can be
applied to visually define tumor boundaries and map the SLNs. Detection of residual cells
not visualized by conventional imaging techniques or pathologic examination of resected
tissue, but seen by NIRF imaging might assist in treatment decisions. For example, if cells
were still detectable in the breast, local treatment with radiotherapy would be advised while
a “clean” NIRF imaging of the breast may allow the patient to avoid radiation therapy.
Similarly, if NIRF imaging could detect distant micrometastatic cells, then systemic therapy
(chemotherapy, hormonal therapy, targeted therapy, or a combination) could be used to
eradicate these cells. In follow-up, the patient would be monitored for recurrence and/or
metastasis by systematically delivered antibody-conjugated fluorophores. If early distant or
local recurrences were detected, appropriate clinical action could be taken. In the case of
distant recurrences, multiple fluorophores with distinct fluorescent spectra, each conjugated
to antibodies against various molecular targets such as HER2, the type I IGF receptor, and
EGFR, might be administrated systematically to the patient with the goal of prolonging
survival. The fluorescence intensity would correlate with the level of each molecular target,
and targeted therapies against overexpressed surface molecules would then be used to
develop an individualized course of treatment. Overall, advancements in NIRF imaging
could be used to lessen the burden of cancer. In this light, we foresee that NIRF imaging will
become a vital part of clinical cancer imaging in the future.
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Fig. 1.
Schematic of quantum dots (QDs).
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Fig. 2.
Schematic shows design of the MMP-2-sensitive fluorescent probe for in vivo NIRF
imaging. Fluorophores with excitation and emission wavelengths in the NIR spectrum were
covalently coupled to a poly-l-lysine backbone (—Lys-Lys-Lys…—) sterically protected by
methoxy polyethylene glycol (MPEG) side chains by means of a synthetic MMP-2 peptide
substrate. Top: Owing to the proximity of the fluorophores, fluorescence resonance energy
transfer occurs so that almost no fluorescent signal can be detected in the nonactivated state.
Bottom: After MMP-2 cleavage of the peptide spacer, fluorophores are released from the
carrier and become brightly fluorescent. Figure is reproduced and modified with permission
from Radiology [53]. “Copyright (2001) The Radiological Society of North America
(RSNA)”.
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Fig. 3.
Schematic diagram of activatable CPPs. Cellular uptake induced by a cationic peptide is
blocked by a short stretch of acidic residues attached by a cleavable linker. Once the linker
is cleaved, the acidic inhibitory domain drifts away, and the cationic CPP is free to carry its
cargo into cells. Figure is reproduced and modified with permission from Proc Natl Acad
Sci U S A [54]. "Copyright (2004) National Academy of Sciences, U.S.A."
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