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Abstract

Over the past two decades, synergistic innovations in imaging technology have resulted in a 

revolution in which a range of biomedical applications are now benefiting from fluorescence 

imaging. Specifically, advances in fluorophore chemistry and imaging hardware, and the 

identification of targetable biomarkers have now positioned intraoperative fluorescence as a highly 
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specific real-time detection modality for surgeons in oncology. In particular, the deeper tissue 

penetration and limited autofluorescence of near-infrared (NIR) fluorescence imaging improves 

the translational potential of this modality over visible-light fluorescence imaging. Rapid 

developments in fluorophores with improved characteristics, detection instrumentation, and 

targeting strategies led to the clinical testing in the early 2010s of the first targeted NIR 

fluorophores for intraoperative cancer detection. The foundations for the advances that underline 

this technology continue to be nurtured by the multidisciplinary collaboration of chemists, 

biologists, engineers, and clinicians. In this Review, we highlight the latest developments in NIR 

fluorophores, cancer-targeting strategies, and detection instrumentation for intraoperative cancer 

detection, and consider the unique challenges associated with their effective application in clinical 

settings.

The developments in molecular imaging over the past two decades have revolutionized the 

field of biological imaging, with ongoing profound effects on research in life sciences. 

Subcellular structures and dynamic biological processes that were once optically 

indistinguishable from one another can now be visualized in great detail using fluorescence 

imaging against a background of complex cellular structures and homeostatic mechanisms, 

with a spatial and temporal resolution far superior to that obtained with conventional 

imaging modalities1,2. This approach is also poised to transform surgery.

Over the past few years, research efforts to develop targeted fluorophores for cancer 

imaging, coupled with the emergence of improved devices for fluorescence detection are set 

to revolutionize the field of oncological surgery. Surgery remains the cornerstone of 

treatment for solid tumours, but surgical techniques have not substantially changed over the 

past century. Surgeons rely on subjective assessments during resection (for example, of 

subtle tactile and visual tissue differences) to distinguish cancer tissues from the adjacent 

tissues intraoperatively, potentially resulting in either subtotal tumour resection or 

unwarranted removal of noncancerous tissue3,4. The presence of residual tumour tissue 

(defined as ‘positive margins’) after surgery has been reported in up to 30% of radical 

prostatectomies5,6, 40% of pancreaticoduodenectomies7, and 65% of high-grade glioma 

resections (in studies carried out in North America and Europe), highlighting the need for 

better intraoperative detection of malignant tissues8,9. While positive margins are associated 

with increased rates of local recurrence and worse clinical outcomes compared with 

complete resection6,8,10–14, overzealous resection can remove or compromise adjacent vital 

tissue and organs, resulting in poor functional outcomes. With the use of fluorescence-

guided surgery (FGS), malignancies that once evaded easy detection can be illuminated in 

real-time in the operating room. Robust detection of cancer tissue, directed by sensitive and 

specific tumour biomarkers, will eliminate reliance on nonspecific visual cues and tactile 

differences to distinguish malignant from benign tissues. Importantly, this diagnostic 

imaging modality could be used directly as a therapeutic aid for improving resection 

outcomes and thus, overall survival rates. Such an approach could also simultaneously 

decrease the rates of surgery-related co-morbidities, and improve functional outcomes by 

avoiding critical structures and preventing the need for repeated surgeries, and by reducing 

operating times and patient exposure to anaesthesia.
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Fluorescence-guided imaging requires the administration of a cancer-selective exogenous 

fluorophore and imaging at the optimal time-point to achieve the best signal-to-noise 

contrast. Fluorophores with excitation and emission spectra in the near-infrared (NIR) 

wavelength range (700–900 nm) have attracted the most attention owing to their improved 

depth-penetration range compared with fluorophores that emit electromagnetic radiation of 

shorter wavelengths. In vivo, background fluorescence and scattering from water and 

chromophores are minimized in the NIR wavelength range15,16 (FIG. 1). Cancer-targeted 

fluorophores have been widely explored in preclinical models, but only in the past 3 years 

have they been tested in clinical settings, with cetuximab-800CW being one of the first 

targeted NIR fluorophore to reach clinical trials17. The commercial development of these 

agents for clinical application has synergized with concurrent improvements in detection 

instrumentation and software.

Fluorescence imaging exhibits several favourable characteristics that are conducive for 

clinical translation, which include an excellent safety record with clinically-used 

probes18–20, a lack of ionizing-radiation exposure, real-time detection capabilities with an 

adequate field of visualization (FOV), lower costs and much less cumbersome detection 

instrumentation compared with other intraoperative imaging modalities, and also provide a 

high sensitivity of detection1,21–23. Importantly, the ability to couple NIR fluorophores to 

target molecules in order to tailor fluorescence imaging for specific purposes enables the 

application of this modality to numerous clinical indications, especially in the field of 

oncology in which targetable biomarkers are now being characterized and validated in many 

cancer types24. Other imaging modalities, such as intraoperative CT and MRI, are not 

performed with targeted contrast agents as easily as NIR-based imaging because less-

sensitive contrast agents are used25. In addition, introduction of expensive and bulky CT 

and/or MRI instrumentation in the surgical suite could also disrupt the surgical workflow.

For many decades, fluorescence has been used for the non-invasive detection of several 

physiological abnormalities. Fluorescein has been used since the 1960s for the diagnosis of 

various ophthalmic pathologies26,27. Vascular imaging with indocyanine green (ICG) has 

proven to be a cost-effective imaging modality in assessing perfusion of skin flaps after 

mastectomy2,28,29. Fluorophores have also been used for the detection of cancer, but only a 

small subset of tumour types can be detected using clinically approved nontargeted 

fluorophores9,30.

Attaching fluorophores to targeting agents will enable the expansion of fluorescence 

imaging in clinical settings, and will improve the sensitivity and specificity of detection. The 

combination of improved NIR fluorophores with targetable cancer biomarkers has 

contributed to a surge of interest in fluorescence-guided surgery, evidenced by the 

introduction of NIR cancer-targeted fluorophores in clinical trials for the first time in the 

early 2010s (NCT01508572, NCT01987375). The cancer-targeted fluorophores used in 

clinical trials contain different fluorophores and leverage a spectrum of targeting strategies, 

including antibodies, small peptides, small molecules, activatable fluorophores, and 

multimodality fluorophores31–35. Herein, we discuss the latest advances in the development 

of fluorophores and instrumentation for performing FGS in the NIR range, with a particular 
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focus on the cancer-targeting strategies used and the regulatory challenges associated with 

the clinical adoption of this technique.

Approved fluorophores for cancer imaging

Indocyanine green

ICG is a heptamethine cyanine fluorophore, and is the first and only clinically approved 

fluorophore that displays NIR fluorescence15. The commercially available instrumentation 

used for ICG detection is adjusted for the characteristics that ICG displays in plasma (peak 

excitation wavelength of 807 nm, and peak emission wavelength of 822 nm)36,37 (TABLE 

1). IGC is hydrophobic and, thus, is frequently bound to proteins in plasma, which confines 

ICG to the intravascular space and makes it especially suited for angiography 

applications38,39. ICG-based angiography and lymphography have been used in a variety of 

clinical indications, such as perfusion-based imaging of the liver and blood vessels of the 

eye, and assessment of lymphatic vessel drainage2,28.

Identification of sentinel lymph nodes (SLN mapping), and pathological assessment of 

lymph-node metastases offers important prognostic information for patients with breast 

cancer or melanoma40. To date, visible dye and radioscintography have been used for SLN 

mapping40. These two techniques are complementary — radionuclides provide information 

on the regional localization of primary lymph nodes, but the poor spatial resolution and the 

shine-through effect of radioscintography limits precise intraoperative mapping of SLNs, 

which can be achieved with optical imaging21,40. In the past few years, studies on SLN 

mapping have demonstrated enhanced detection sensitivity and specificity of ICG compared 

with blue dye and radioscintograpy41–44. The combined use of radioscintography and ICG 

has attracted interest because it enables preoperative planning before performing 

intraoperative biopsy45–48.

ICG has also been used for intraoperative identification of liver metastases49 and 

hepatocellular carcinomas50–52 owing to the hydrophobicity and natural clearance of this 

fluorophore via the hepatobiliary system. In addition, because of having high plasma- 

protein-binding properties, ICG can extravasate passively into tumour tissues, which 

typically have a leaky vasculature and impaired lymphatic drainage53. This phenomenon, 

called the ‘enhanced permeability and retention’ (EPR) effect, has been used to 

nonspecifically detect cancers, including ovarian cancer and metastases53, pancreatic 

cancer54 or peritoneal metastases55, among others. The use of passive targeting mechanisms, 

however, might not be ideal for specific detection, owing to reliance on low-contrast and 

nonspecific signals (for example, related to inflammation).

5-aminolevulinic acid

5-aminolevulinic acid (5-ALA) is an amino acid currently approved in Europe, Canada, and 

Japan for use in FGS of glioblastoma based on the results of a phase III clinical trial9. In 

cells with high metabolic activity, 5-ALA is processed via the haeme-synthesis pathway to 

produce abundant protoporphyrin IX, which exhibits a fluorescence absorption peak of 405 

nm, and an emission peak in the red visible light range (635 nm), permitting fluorescence 
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imaging on the surface of tissues and in a depth-range of millimetres56. In addition, 

porphyrins have photodynamic properties and can generate triplet oxygen species when 

excited by light of appropriate wavelength (405 nm)57. These properties have been applied 

in the intraoperative treatment of cancers and premalignant lesions9,57–59.

Studies have demonstrated that patients with gross total resections of both low-grade and 

high-grade gliomas have improved survival rates when compared with patients with subtotal 

resections8,13,14. In a European phase III clinical trial performed by Stummer et al.9, patients 

who underwent FGS with 20 mg/kg bodyweight of 5-ALA (n = 161) had significantly 

improved total resection (65% versus 36%; P <0.0001) and 6-month progression-free 

survival (41% versus 21%; P = 0.0003) rates than patients who underwent conventional 

microsurgery under white light (n = 161). The initial success with 5-ALA has spawned the 

initiation of clinical trials at academic centres outside Europe for fluorescent detection of 

gliomas (NCT01502280, NCT02119338, NCT02050243, NCT02191488).

5-ALA has also been used in clinical settings for the photodynamic detection and 

photodynamic therapy of many superficial skin lesions, and its use is being investigated in 

several cancer types59–65. 5-ALA is a small lipophilic zwitterion, and therefore the cellular 

penetration into lesions thicker than 2 mm decreases treatment efficacy61,66–68. In addition, 

the low tissue penetration of the protoporphyrin IX excitation and emission wavelengths 

limits the effectiveness of photodynamic therapy61,66.

Methylene blue

Methylene blue is a clinically approved dye with visible and NIR fluorescent properties, and 

a unique biodistribution profile that has been exploited for cancer imaging. Methylene blue 

is commonly used as a blue dye in conjunction with radiocolloids to identify SLNs in 

patients with melanoma or breast cancer28,40,47. This agent exists in the form of several 

cations in solution and displays far-red fluorescence at low concentrations, with a peak 

emission wavelength of 688 nm67,68. The unique biodistribution and fluorescence properties 

of methylene blue have been exploited by several investigators to identify vital structures, 

including the ureters69 and the parathyroid gland71–73 (NCT02089542, NCT01598727), as 

well as cancers such as neuroendocrine insulinomas74, fibrous pancreatic tumours75, 

paragangliomas30, and para thyroid adenomas72, albeit in small case studies; however, the 

tumour targeting properties of methylene blue remain poorly understood. Methylene blue 

also exhibits photodynamic properties, with a high efficiency of generating triplet oxygen 

species when excited by light76. Photodynamic treatment of blood-borne infections71,77,78 

(NCT00917202), and sepsis (NCT01797978) with methylene blue has been reported.

Fluorophore development

Although ICG, 5-ALA, and methylene blue have been investigated in nontargeted 

applications2, their use in oncological imaging has been limited by several key factors, 

including the lack of specific cancer-targeting and conjugation potential of ICG, the limited 

knowledge of the tumour-targeting potential of methylene blue, and the poor tissue 

penetration and imaging depth properties of 5-ALA. Thus, research efforts of the past 

decade have focused on developing new NIR fluorophores with improved tissue-depth 
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penetration, and then transforming them into cancer-selective fluorophores. Remarkable 

improvements in the photophysical and photostability properties of organic fluorophores 

have made them suitable for in vivo applications; these organic fluorophores now display 

fluorescence in the NIR window (700–900 nm). Properties such as tissue absorbance, 

autofluorescence, and light scattering are improved in this range compared with the visible 

light range, and thus, signal-to-noise ratio (SNR) and depth of detection (up to 1 cm) are 

enhanced15,79,80 (FIG. 1). Substantial absorbance is detected below this window, by 

chromophores and water.

To be used in vivo, fluorophores should demonstrate fluorescence in the NIR window, and 

should also have good solubility, photophysical characteristics (brightness, and peak 

excitation and emission wavelengths (Stokes shift), and photostability. Owing to their 

hydrophobicity, fluorophores often demonstrate poor solubility and aggregation in solution, 

which can lead to changes in their excitation and emission ranges, as well as quenching of 

fluorescence38,39. Fluorophores should also demonstrate optimal photophysical 

characteristics, including brightness; molar absorptivity (ε), a product of how well they 

absorb excitation photons; and fluorescence quantum yield (Φ), which indicates how often 

that absorbance leads to emission of fluorescence. Moreover, their Stokes shift should be 

sufficient (>30 nm) to enable ease of detection, otherwise light contamination and decreased 

sensitivity can pose concern. Photostability is a general term that describes the retention of 

the photophysical properties in different chemical environments; to enable accurate 

assessment, fluorophores should demonstrate photostability in vivo, especially considering 

that detection cameras have different sensitivities at different wavelength ranges. Common 

photostability concerns with fluorophores include photobleaching, changes in the 

photophysical characteristics in different media, and changes in photophysical 

characteristics after plasma-protein-binding or conjugation to a targeting ligand81,82. Lastly, 

conjugatable fluorophores should be available for targeted probe development.

Cyanine fluorophores

Cyanine fluorophores have remained the most popular fluorophores for conjugation with 

targeted ligands owing to their favourable safety profiles, tunable fluorescence 

characteristics, good solubility, and the commercial availability of conjugates81. ICG and 

IRDye® 800CW (IR-800CW; Li-COR Lincoln, Nebraska, USA) are cyanine fluorophores 

that have undergone safety testing by the FDA. Indeed, ICG has an excellent safety record in 

clinical settings18,20. IR-800CW has undergone a microdosing study meeting the 

requirements for an FDA exploratory Investigational New Drug study (IND, also referred to 

as phase 0), with ICG used as control19. These molecules represent two of the most 

commercially developed fluorophores and, currently, IR-800CW conjugates are among the 

first targeted probes to be tested in several clinical trials for NIR imaging (TABLE 2).

Cyanines contain two aromatic nitrogen-containing heterocyclic ring systems linked by a 

polymethine bridge. Extension of the polymethine bridge increases the wavelength of 

emission and excitation, with trimethine (Cy3) and pentamethine (Cy5) fluorophores 

displaying fluor escence in the visible and far-red range, respectively, and heptamethine 

(Cy7) fluorophores displaying fluorescence in the NIR range83. ICG was the first NIR 
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fluorophore approved for imaging, but the suitability of this agent is limited because of its 

low fluorescence quantum yield84, lack of conjugation potential19, and poor in vivo 
photostability owing to plasma-protein binding, photobleaching and aggregation39,85,86.

Many improvements in the optical properties of cyanine derivatives have been made since 

ICG was first developed. The introduction of a rigid cyclohexyl moiety in the middle of the 

polymethine bridge, of electron-donating groups on the N-substituent of the 3H-indolenine, 

and of a central chlorine atom on the cyclohexyl moiety have substantially improved the 

photostability and decreased aggregation of these agents87,88. The addition of sulfonic acid 

or carboxylic acid groups enhances the solubility, fluorescence intensity, and Stokes shift of 

these fluorophores89; IR-800CW is a novel cyanine fluorophore exhibiting these improved 

characteristics19. Choi et al.90 developed ZW800-1, a zwitter ionic cyanine fluorophore with 

a net neutral surface charge, which displayed low plasma-protein binding affinity, improved 

in vivo photostability, decreased nonspecific uptake, as well as favourable pharmacokinetic 

(PK) and biodistribution characteristics37,90.

Other fluorophores

Other fluorophore classes are less well-developed than cyanine fluorophores, but also 

display translational potential. In the past decade, efforts have focused on shifting 

fluorescence profiles to longer wavelengths, that is, from the visible light range to 700–900 

nm (NIR I spectrum), and from the NIR I range to 1,000–1,700 nm (NIR II spectrum). 

Additional efforts to improve the photophysical and photostability characteristics of 

fluorophores have resulted in the preclinical development of fluorophores such as 

squaraines, BODIPY fluorophores, rhodamines, porphyrins, and pthalocyanines that now 

display fluorescence in the NIR window81,83,91 (TABLE 2). Common strategies to shift the 

fluorescence spectra of these compounds have relied on extending the aromatic system and 

increasing molecular rigidity81,91. These modifications, however, are usually accompanied 

by increased hydrophobicity, which results in poor solubility in water, nonspecific binding, 

and slow biological clearance37,91. Ongoing efforts are focused on improving the solubility 

of these fluorophores in order to render them more suitable for in vivo applications.

The encapsulation of these fluorophores can substantially enhance their solubility, 

photostability and photophysical characteristics. Conjugation with polyethelene glycol 

(PEGylation) has been used to increase the solubility of these hydrophobic fluorophores and 

improve their PK properties32,81,92. Antaris et al.92 described CH0155, the first small-

molecule organic fluorophore with excitation and emission spectra in the NIR II window 

with favourable water solubility and fast biological clearance achieved through PEGylation. 

When used for imaging, PEGylated fluorophores demonstrated improved spatial resolution 

in the vasculature and lymphatic system compared with ICG (in the NIR I range)92. In 

addition, PEGylated fluorophores conjugated with a targeting ligand showed a fivefold 

increase in tumour-to-background signal compared with an NIR I fluorophore conjugated 

with the same targeting ligand92,93. LUM015, an activatable fluorophore tested in clinical 

trials for the detection of soft-tissue sarcoma and breast cancer also incorporates PEGylation 

to achieve improved PK properties32. Thus, the PEGylation of fluorophores represents a way 
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of overcoming their inherent hydrophobicity and poor PK properties while preserving their 

safety profile in vivo32,92,94.

Other encapsulation methods, such as the use of nanoparticles, have been used in preclinical 

studies to deliver fluorophores to animals with cancer, while simultaneously maintaining 

their photophysical properties and photostability. Fluorophore targeting can involve passive 

mechanisms, such as EPR, whereby increased vascular permeability and/or decreased 

drainage of tumour vessels enable large molecules to accumulate within tumour tissue53, or 

the incorporation of active targeting components on the surface of the nanoparticle. Owing 

to their protective encapsulation, nanoparticle-loaded fluorophores display excellent 

photophysical and photostability properties, including bright signals, low aggregation, and 

even tunable spectral properties81,83. Despite advances in the development of nanoparticle-

loaded fluorophores, the toxicity of nanoparticles and manufacturing difficulties associated 

with them have hampered their application in translational studies81,83.

Targeted fluorophore development

PK, biodistribution, and dosing

Targeted fluorophore development usually entails the conjugation of fluorophores to cancer-

targeting agents through a linker. By using targeted fluorophores, the sensitivity and 

specificity of detection for disease-specific applications is increased, with favourable SNR 

profiles95. Currently, fluorophores have not been approved by the FDA for intraoperative 

cancer imaging; however, in the past few years, an increasing number of clinical trials have 

tested targeted fluorophores that leverage a variety of targeting strategies (FIG. 2).

The choice of target and fluorophore for a cancer-targeting fluorophore can affect its PK and 

biodistribution. Sufficient contrast and specificity are achieved when the ligand has a high 

affinity for a target highly expressed in a particular cancer type, which can be extracellular 

(such as receptors or enzymes), or intra cellular (such as intracellular enzymes). Many 

growth-factor receptors are overexpressed in cancer cells and can be targeted by a variety of 

ligands, such as antibodies, small antibody fragments, peptides, or even small molecules24. 

Antibodies are large (>100 nm), and therefore fluorophore–antibody conjugates exhibit long 

circulation times and nonspecific tumour uptake through the EPR effect96–98. Small 

targeting ligands exhibit faster PK properties, thus achieving sufficient contrast much 

quicker than large molecules, which enables imaging sooner after administration99. On the 

other hand, small targeting ligands are less amenable to conjugation and chemical 

modifications than large molecules, and small structural changes can drastically affect their 

targeting and PK properties95,99.

Targeting extracellular enzymes can be a feasible approach to design activatable probes with 

high SNR. Cathepsins and matrix metalloproteinases (MMPs) are extracellular matrix 

enzymes overexpressed in numerous cancers. In cancer, as well as in inflammatory 

conditions, MMPs and cysteine cathepsins alter the microenvironment, facilitating invasion 

and metastasis100–103. Protease-activated probes generally consist of a quencher conjugated 

to a fluorophore through a cleavable linker that can be recognized by proteases commonly 

present at increased levels in the tumour microenvironment, resulting in increased activation 

Zhang et al. Page 8

Nat Rev Clin Oncol. Author manuscript; available in PMC 2017 November 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of fluorescence, than in nonmalignant tissues. The challenges associated with this approach 

are the diffusion of activatable fluorophores within the tumour microenvironment, and 

decreased specificity, owing to the roles in both cancer and inflammation of the enzymes 

used in activation104–106. For intracellular targets, the fluorophore–ligand conjugate must 

enter cancer cells either through passive diffusion or via active uptake of the target 

(exploiting ligands that specifically bind to cancer cells)99. High doses of fluorophore–

ligand conjugates that passively diffuse into cancer cells might be required to achieve 

sufficient contrast99.

The conjugation of a fluorophore to a targeting ligand might not only affect the 

photophysical and photostability properties of the cancer-targeted fluorophore, but also its 

PK and biodistribution properties79,95. As a general rule, the PK and biodistribution of the 

spatially larger group predominate. Linkers can be incorporated to potentiate interactions 

between the fluorophore and targeting ligand (which can minimize quenching of the 

fluorophore), as well as the targeting ligand and the binding site82. In addition, cleavable 

linkers are necessary for enzyme-activated targeted fluorophores, which are recognized by 

proteases resulting in the release and activation of the fluorophore at the target site24,35,99.

PK properties affect the optimal imaging time point of targeted fluorophores. Because large 

ligand-fluorophore conjugates (>100 nm) and hydrophobic conjugates bind to plasma 

proteins and are slowly cleared by the body, delays (hours to days) can occur between 

administration of the targeted fluorophore and the time of imaging. Targeted fluorophores 

should be designed with favourable PK properties tailored for their clinical use. An ideal 

targeted fluorophore should exhibit rapid tumour uptake and prolonged retention of the 

targeted fluorophore, as long as the targeted fluorophore is eventually cleared, or is 

nontoxic104.

Similarly, the biodistribution properties inform on the usefulness of these targeted 

fluorophores, because this parameter describes which nonmalignant organs have a role in 

excretion and nonspecific binding2,15,53. A combination of high binding affinity for cancer 

tissue with minimal nonspecific organ binding is ideal, but often not achieved. As the ligand, 

linker, and fluorophore can affect biodistribution, the individual contribution of each 

component might be hard to predict and, therefore, new targeted fluorophores should 

undergo testing in vivo.

Using smaller antibody fragments98,107,108, employing pretargeting strategies and paired 

probe methods25,109,110, and combining activation and targeting strategies79 can decrease 

circulation times, increase the specificity of targeted fluorophores, and lead to more-

favourable biodistribution, thus decreasing potential associated toxicities. The limitations of 

these strategies and ongoing improvements have been discussed in detail elsewhere35,79,99.

Lastly, another important parameter that influences PK and safety profiles is dosing. Dose-

escalation studies are designed to determine the maximum tolerated dose and determine if an 

effective dose is safe111,112. Preclinical studies can help determine the PK profiles and 

appropriate dosing of targeted fluorophores — scaling up the dose in experiments with other 

mammalian species and in studies with humans according to body surface area can give a 
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good initial estimate for the appropriate dose111. Pilot clinical trials, and phase I and II 

clinical studies will ultimately determine the appropriate dose and optimal imaging time 

point for these agents112.

Ligand-targeted fluorophores

Conjugation of fluorophores to cancer-specific ligands increases the sensitivity and 

specificity for cancer cells that express the receptors for those ligands, enabling the use of 

low concentrations for fluorescence detection79,104. Cancer-specific ligands tested in clinical 

trials include antibodies, peptides, and small ligands (TABLE 3).

After the approval of the anti-CD20 monoclonal antibody rituximab in 2006, no less than 15 

monoclonal antibodies have been approved for cancer therapy113. Importantly, once 

approved, these antibodies can be repurposed for diagnostic applications, such as FGS. 

Bevacizumab-800CW, a monoclonal antibody to VEGF, is being evaluated for the diagnosis 

of a variety of premalignant and malignant conditions, including colorectal cancers11 

(NCT01508572, NCT02583568, NCT02129933, NCT01972373, NCT01691391). Previous 

studies performed on human colorectal biopsy specimens have identified VEGF as a 

promising target with 79–96% (n = 304) of colorectal lesions expressing VEGF-A114. More 

than 95% of head and neck squamous-cell carcinomas overexpress EGFR and thus, 

cetuximab-800CW and panitumumab-800CW, both targeting EGFR, are undergoing 

evaluation for intra operative detection of these tumours115,116 (NCT01987375, 

NCT02415881; FIG. 3). huJ591 is a second-generation antibody that targets prostate-

specific membrane antigen (PSMA), which is highly expressed in virtually all prostate 

cancers117,118. Bander et al.119 demonstrated in preliminary clinical trials that a 

radioconjugate form of huJ591 had a sensitivity of nearly 100% for the identification of soft-

tissue and bone metastases in patients with prostate cancer; huJ591 is now being conjugated 

to IR800-CW for the intraoperative detection of residual disease in such patients 

(NCT01173146). Up to 30% of prostatectomies leave residual tumour, and therefore the 

clinical need to identify residual disease intra operatively remains to be addressed5,120. 

Other antibody–fluorophore conjugates are in preclinical development, including some 

featuring both approved antibodies (daclizumab, trastuzumab, and panitumumab) and the 

approved fluorophore ICG82,94,121. Recognized limitations of antibody-based imaging 

include poor extravasation into the tumour (owing to large molecular size), long circulating 

half-life, and nonspecific uptake through the EPR effect96–98. Ongoing efforts to decrease 

the circulation times using smaller antibody fragments98,107, and pretargeting 

strategies109,110 are at the preclinical stage.

BLZ-100 is an imaging agent composed of a small-peptide chlorotoxin, which targets 

annexin A2, conjugated to functionalized ICG31. Annexin A2 overexpression has been 

exploited to label many solid tumours, including primary brain tumours and other 

neuroectodermal tumour types, and is now being evaluated clinically in several phase I trials 

after successful proof-of-concept trials in canine cancer models31,122–124 (NCT02496065, 

NCT02464332, NCT02462629, NCT02234297). A small-peptide, cyanine fluorophore 

conjugate, GE-137, was developed for endoscopic detection of hyperplastic and malignant 

polyps that overexpressed MET (also known as hepatocyte growth factor receptor)125,126. 
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Burggraaf et al.125 designed a Cy5-fluorophore conjugated to a peptide with high-affinity for 

an extracellular epitope of MET that displayed fast PK properties and a favourable safety 

profile in healthy human volunteers, and performed imaging with a prototype endoscope 

optimized for GE-137. In a sample cohort with 15 patients harbouring a total of 101 polyps, 

these agents enabled visualization of all neoplastic polyps that were visible under white 

light, in addition to 9 polyps that were not visible in those conditions125.

Many cancers, including carcinomas of the breast, lung, and ovary, express high levels of 

folate receptor (FR)-α127. Van Dam et al.33 performed an initial clinical pilot study with 

EC17, a conjugate comprising fluorescein isothiocyanate and the small molecule folate. 

Sensitive and specific intraoperative detection of FR-α-positive ovarian cancer with this 

targeted conjugate was demonstrated in a study involving 12 patients with ovarian cancer33. 

This agent is being further evaluated in phase I trials in patients with lung, breast128, or renal 

cancers, in which this agent shows promise in detecting metastases owing to a high rate of 

concordant expression of FR-α between the primary cancer and metastases129 

(NCT01996072, NCT01994369, NCT01778933, NCT01778920, NCT02317705). EC17 is 

also being evaluated in phase I trials for the detection of primary hyperparathyroidism. 

OTL38, a folate–Cy7-fluorophore conjugate with good depth penetration, is being evaluated 

for the intraoperative detection of FR-α-positive ovarian cancer (NCT02317705)99. In 2015, 

a comparison of OTL38 and EC17 demonstrated that OTL3 exhibits a 3.3-fold higher signal-

to-background ratio in mouse-flank tumour xenografts, and very minimal autofluorescence 

compared with EC17, illustrating the advantages of NIR fluorescence over visible-light 

fluorescence34.

We have developed small-molecule alkylphosphocholine (APC) analogues that display 

avidity for a wide array of cancers including glioblastoma, breast, and colorectal 

cancers130–133. These small molecules are selectively taken up in lipid rafts, which are 

abundant on cancer cells and cancer-stem cells, and are subsequently retained in cancer cells 

owing to a deficiency of catabolic enzymes130. CLR1502, a conjugate of the fluorophore 

IR-775 with APC, can potentially be used for intraoperative detection of numerous cancer 

types in clinical settings131–133 (Supplementary information S1 (movie)). CLR1502 

demonstrated an impressive SNR in orthotopic mouse models of human glioblastoma, with 

an average SNR of 9.3 and a twofold greater SNR compared with 5-ALA-based imaging133. 

Use of this targeted fluorophore can substantially improve resection outcomes in GBM, in 

which only around 35% of surgeries result in clear margins8,9. Delineation between 

malignant and benign tissues is especially important in GBMs owing to the vital importance 

of avoiding damage to adjacent nonmalignant brain tissue, and to the high recurrence rates 

in these aggressive cancers. Importantly, these APC analogues can be used for multimodality 

imaging and therapeutic applications because they exploit the same mechanism of uptake 

and retention as a suite of diagnostic imaging and targeted-therapy analogues (I-124-

CLR1404 and I-131-CLR1404) currently in preclinical and clinical development130,134–136 

(NCT01898273, NCT00925275).
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Activatable fluorophores

Fluorophores can be designed to emit fluorescence only after binding the target tissue, 

substantially enhancing the SNR by simultaneously decreasing the background and 

increasing the fluorescent signal activated upon target binding. Strategies in activated 

fluorophore design utilize photochemical quenching, ligand-targeted activation, or both79,95. 

Photochemical quenching methods rely on self-quenching, homofluorescence and 

heterofluorescence resonance energy transfer, H-dimer formation, and photon-induced 

electron transfer, which have been discussed in detail elsewhere95.

The activatable fluorophores that have initially been tested in clinical trials include LUM015 

and AVB-620, which leverage mechanisms of protease activation that we have already 

discussed. Whitley et al.32 evaluated LUM015, the first activatable fluorophore to be tested 

in clinical trials, in a cohort of 15 patients with soft-tissue sarcoma or breast cancer 

(NCT01626066), after the initial success of preclinical studies in dogs and mice32,137. 

LUM015 is composed of the quencher QSY21 linked to a Cy5 fluorophore and a 20 kDa 

PEG molecule32. Upon cleavage of the linker by cathepsin, the Cy5 fluorophore becomes 

unquenched and can illuminate tumour margins. Initial studies demonstrated that LUM015 

is selectively distributed to tumours, and its activation provides an average tumour-to-

normal-tissue contrast ratio of 4.1 (REF. 32). The ratiometric activatable cell-penetrating 

peptide AVB-620, developed by the teams of Tsien and Nguyen105,106, is undergoing initial 

clinical pilot studies in patients with breast cancer (NCT02391194). These activatable cell-

penetrating peptides are composed of a polycationic peptide conjugated with Cy5 and Cy7 

fluorophores, a cleavable linker, and a polyanionic fragment115,116. Upon cleavage of the 

linker by MMP-2 and/or MMP-9, the polycationic peptide and attached fluorescent cargo 

can penetrate into tumour cells and lymph-node metastases. Initially, the Cy5 fluorophore is 

quenched owing to the close proximity to Cy7 but, upon cleavage, the Cy5 signal to Cy7 

signal ratio increases over 40-fold106. The use of ratiometric imaging circumvents the 

problems associated with quantification using single-wavelength intensity measurements 

(dose-dependent uptake and PK characteristics), and the fluorophore exhibits fast activation 

(within 2 h)106,138,139.

Other fluorophores used preclinically, but with strong translational potential are in 

development. Urano, Kobayashi and colleagues104 synthesized and tested γ-glutamyl 

hydroxymethyl rhodamine green (γ-Glu-HMRG) with intramolecular spirocyclic caging 

that resulted in complete quenching. Glutamate cleavage with γ-glutamyltranspeptidase 

(GGT), which is not expressed in normal tissue, but is overexpressed on the cell membrane 

of various cancer cells, including cervical and ovarian cancers, leads to the complete 

uncaging and unquenching of the fluorophore. In mouse models of disseminated human 

peritoneal ovarian cancer, activation of γ-Glu-HMRG occurred within minutes of spray-on 

application104. Nevertheless, problems associated with diffusion of such activatable 

fluorophores and nonspecific activation in an inflammatory milieu might decrease the 

specificity of detection35,102,103. In other studies, pH-activatable fluorophores, such as pH- 

activatable BODIPY140 and cyanine fluorophores141, have been used to visualize tumours.

Combination of activating and targeting strategies is currently being pursued in order to 

increase the specificity of activation95. In a preclinical study, ICG was conjugated to 
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clinically approved monoclonal antibodies (such as daclizumab, trastuzumab, and 

panitumumab), which quenched fluorescence through purported hydrophobic interactions 

between the fluorophore and antibody82; however, fluorescence was unquenched upon 

tumour uptake and dissociation of ICG from the antibody. The adoption of antibody–ICG 

conjugates in clinical settings might prove easier than that of other fluorophore-related 

compounds because both the fluorophore and the targeting antibodies are currently approved 

for clinical use, and clinical imaging devices optimized for ICG are readily available. 

Importantly, these conjugates display excellent signal-to-background ratios owing to the 

combined effect of targeting and activation.

Inherent-targeting naked fluorophores

Several fluorophores have been developed to have the inherent ability of targeting tumours. 

For example, Tan et al.140 demonstrated cancer-selective uptake of the heptamethine cyanine 

fluorophore IR-780 in multiple rodent xenograft models of cancer and in a chemically-

induced lung cancer model. Other Cy7 fluorophores, such as IR-783 and MH148, also target 

multiple cancer cell lines; IR-783 demonstrated good in vivo tumour uptake in rodent-flank 

xenograft models of human prostate, bladder, pancreatic, and renal cancers141,142. Tumour 

uptake and tumoricidal activities have also been described for derivatives of IR-783 and 

MH148, including IR-780 and IR-808 (REFS 142,145). In addition, Pz 247, a porphyrin 

analogue, exhibits selective uptake in subcutaneously implanted breast-cancer xenografts in 

mice146. The accumulation of lipophilic charged infrared fluorophores in tumours can be 

facilitated using organic cation transporter proteins, and organic anion transporter proteins 

(OATPs) owing to the high mitochondrial membrane potentials detected in malignant 

cells143,147. In 2014, Wu and collaborators148 (NCT02464332) demonstrated that hypoxia 

upregulates the expression of OATPs, resulting in in vivo uptake of MH148 and average 

SNR values of 9.1. The ability of these fluorophores to target cancer might represent a 

feasible method leveraging small molecules, which might have the advantages of simplicity 

and low costs. The uptake of such small molecules might be further optimized through 

additional studies of structure–activity relationships.

ICG and methylene blue have both demonstrated structure-inherent targeting activity 

towards many cancer types and nonmalignant organs, possibly owing to OATP-mediated 

transport and to the EPR effect30,49,72,75,149,150. Many new fluorophores with structure-

inherent targeting potential for other tissues are under development (for example, 

fluorophores that illuminate nerves151,152, and the parathyroid and thyroid glands153); such 

fluorophores could prove useful in delineating vital organs and structures during surgery. As 

the detection technology and the arsenal of available fluorophores with different spectral 

properties continue to grow, multispectral imaging — that enables imaging of multiple 

organs of interest with cocktails of targeting fluorophores — will become a possibility79. 

Hyun et al.153 have demonstrated proof-of-concept of multispectral imaging to distinguish 

the thyroid gland from the parathyroid gland during surgery using a cocktail of two targeted 

fluorophores and a dual-channel NIR imaging system. In addition, paired probe methods — 

using a targeted fluorophore and an untargeted fluorophore with different spectral properties 

— might help resolve the issue of nonspecific targeting154.

Zhang et al. Page 13

Nat Rev Clin Oncol. Author manuscript; available in PMC 2017 November 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Multimodality fluorophores

Each imaging modality has unique strengths and limitations and thus, combining multiple 

imaging modalities is a strategy to overcome the limitations of single modalities by 

synergizing the benefits of both modalities. Low depth of penetration and lack of robust 

quantification limit fluorescence detection, even in the NIR range. Combining fluorophores 

with radioactive tracers would integrate the advantages of quantitative detection and the 

unlimited depth of detection of radioactive tracers, and the high spatial resolution and 

functional molecular imaging potential of targeted fluorophores that are ideal for in vivo 
applications. SLN mapping using such a dual-modality approach has been initiated in human 

clinical trials for preoperative detection and intra operative illumination of many solid 

tumours155. The first clinical trial with a targeted multimodality single photon emission 

computed tomography (SPECT)/fluorophore imaging is underway156: indium-111-DOTA-

girentuximab–IR-800CW is being evaluated as a dual-labelled agent for image-guided 

surgery (NCT024975599); girentuximab is a monoclonal antibody to carbonic anhydrase 9, 

which is expressed in 95% of renal-cell carcinomas157. Thus, the use of this agent might 

bridge preoperative detection and intra operative fluorescence detection of renal-cell 

carcinomas. In addition to preoperative staging and localization, the use of theranostic 

radiotracers can help characterize the PK properties, dosing, and quantification of their 

fluorescent counterparts; which otherwise might be difficult and invasive owing to the 

limited depth penetration of fluorescence.

The development of dual-modality probes with radiotracer and fluorescence modalities, and 

cocktails of theranostic companions can facilitate the clinical testing of fluorescent probes; 

however, the FDA does not permit testing two agents in a single clinical trial design and 

thus, the use of theranostic probes to facilitate the translation of fluorescent counterparts in 

the clinical setting will require the development of innovative strategies, new guidelines, or 

prior approval of theranostic radiolabelled probes. Indeed, many radioactive probes for 

cancer detection are currently under preclinical and clinical development, which holds 

promise for the use of theranostic radiotracers in conjunction with their fluorescent 

counterparts119,121,158,159 (NCT01691391, NCT01894451).

Barriers to clinical adoption

Targeted fluorophores have the potential to change the way oncological surgeries are 

performed. Real-time sensitive and specific detection of cancer intraoperatively has the 

potential to improve survival outcomes for patients, as well as decrease the rate of 

comorbidities associated with prolonged exposure to anesthesia, repeat surgeries, and 

removal of normal functional tissues. For FGS to bear promise, however, several application, 

regulatory, and clinical challenges remain; some are characteristic of any new technology, 

whereas others are unique to fluorescence technologies. Herein, we outline the major 

challenges that currently impede the clinical adoption of FGS.

Application challenges

The detection of NIR fluorophores is constrained by the compatibility of the optimal 

detection instrumentation with the currently used surgical tools and setup of the operating 
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room. Importantly, the surgical workflow should be minimally affected to facilitate the 

adoption of this technology. Integration of the detection instrumentation with surgical tools 

has led to the development of a variety of devices for open-field surgery33,160–162, 

endoscopes23,163, and laparoscopes164,165 for intraoperative NIR fluorescence visualization 

(TABLE 4). In addition to integrating camera systems, many of these devices superimpose 

the fluorescence image onto the surgical FOV to prevent alternating between two FOVs.

Special lighting conditions are also necessary in the operating room: during fluorescence 

visualization with both ICG and 5-ALA, the lighting must be dimmed or switched off to 

prevent light contamination166,167. To circumvent this problem, transient lighting 

approaches have been developed to switch from NIR collection to ambient lighting at a 

frequency sufficiently high enough to avoid disrupting the surgical workflow or markedly 

decreasing detection efficiency. Switching to light-emitting diode (LED) technology with 

NIR reflective films can also substantially decrease interference from NIR168.

A learning-curve exists for the proper application of any new technology; as FGS becomes 

widespread, surgeons using this technology might require additional training to use the 

detection instrumentation and to be knowledgeable about the unique behaviour of targeted 

fluorophores, in order to ensure a safe and effective use of these agents169.

Regulatory challenges

Successful pairing of camera specifications and fluorophore properties achieves the highest 

sensitivity for the minimal amount of fluorophore required for FGS. The FDA can require 

pairing of an optimized detection device to a particular fluorophore (termed a ‘combination 

product’) to approve clinical testing in conditions that facilitate appropriate use and mitigate 

toxicity3 (FIG. 4). Currently, the only clinically approved instruments are optimized for the 

wavelength profile of ICG, and have not been optimized for the detection of low amounts of 

the fluorophore170. Newly developed fluorophores might have unique excitation and 

emission profiles that would not be compatible with this clinically approved instrumentation 

and thus, might need to be paired with a customized detection device tailored to their 

properties; some investigators have developed custom imaging systems tailored to the 

excitation and emission spectra of fluorophores they have designed32,171. Pairing devices to 

specific fluorophores, however, might be a restrictive approach that would impede the 

clinical adoption of FGS1,3,21. An alternative to individual fluorophore-device pairings 

would be to pair fluorophores with devices according to wavelength overlap170.

In the USA, traditional drug-development pathways can be expensive and time-consuming. 

To date, ICG and IR800-CW are the only NIR fluorophores that have undergone safety 

testing18,19. Exploratory (e)IND studies could facilitate the preclinical-to-clinical translation 

of new targeted fluorophores, such as IR800-CW and several novel targeted fluorophores 

undergoing the same process19 (NCT01173146, NCT02048150, NCT01778933). eINDs 

enable early clinical trials (phase 0) to proceed with a limited amount of clinical data (10–15 

patients) if the investigational imaging agent is administered at subpharmaceutical doses 

(≤100 μg of a synthetic drug or ≤30 nmol of a protein)171. These studies can help 

investigators to determine the feasibility of using a targeted fluorophore in a very small 

number of patients before additional resources are spent on a more-traditional IND process. 
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The initial characterization of PK and pharmacodynamic parameters can be done in healthy 

volunteers, and dose-escalation studies designed according to novel model-based designs or 

specifically for molecularly targeted agents can be used in order to mitigate potential 

complications for patients with cancer and to encourage patient enrolment25,112,125. Other 

regulatory bodies, such as the European Medicines Agency, have different policies, but 

encounter similar challenges. At this early stage in FGS development, all the regulatory 

bodies are learning how to address the regulatory process for targeted fluorophores and 

devices; whether a fluorophore and companion device with clinical applicability will be 

regulated as a drug, device, or combination product remains an open question3.

Clinical trial considerations

The agents discussed herein represent the adoption of new strategies for surgical resection 

— currently, no agreement exists on what the gold standard for clinical trial designs should 

be in order to demonstrate efficacy and safety of these approaches. Potential primary clinical 

end points are sensitivity and specificity of detection compared with histological 

confirmation, recurrence rates, and survival outcomes34. Secondary end points might include 

potential reduction in operation durations, associated costs, and rates of repeat surgeries 

and/or potential complications. These end points might need to be specific to the cancer type 

being evaluated. Moreover, the inability to blind the surgeons to FGS poses an additional 

challenge in clinical trial design. For multicentre studies, quantitative standards to compare 

detection sensitivities of different instruments are also needed.

The surgical approach and technique varies substantially between disease types and 

anatomical locations, which in turn influence the potential clinical value of FGS. Careful 

considerations of cancer types that can be favourably affected using FGS are warranted; not 

all cancers will benefit from FGS (for example, cancers with very high cure rates). 

Conversely, minimally invasive surgical techniques that occur in low ambient-light 

environments with limited tactile feedback in which the surgeon is operating from a monitor 

(such as laparoscopic surgery or robotic surgery) are likely to benefit from FGS3,4.

In addition, studies in the patient groups most likely to benefit from FGS need to be 

undertaken. Candidates for FGS should exhibit expression of the targetable biomarkers; 

however, the heterogeneous expression patterns that exist between patients and even within 

the same patient can complicate the candidate selection process. Histological confirmation 

or preoperative staging with theranostic radiotracers might help identify candidates most 

likely to benefit from FGS3,4. Other challenges to the clinical adoption of FGS are discussed 

in further detail in a recent consensus report of the first International Society of Image-

Guided Surgery meeting3.

Conclusions

The in vivo use of NIR fluorophores has garnered increasing attention because of their 

favourable wavelength characteristics and ability to be conjugated to known tumour-

targeting agents, enabling intraoperative cancer detection. Currently, surgeons must rely on 

nonspecific tactile and visual cues to distinguish tumours from adjacent nonmalignant 

tissues, and have at their disposal a few fluorophores with limited tumour-targeting potential 
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and unfavourable photophysical characteristics. In the past few years, multiple targeted 

fluorophores have been introduced in clinical trials; such agents feature targeted 

fluorophores with improved properties, and novel cancer-targeting strategies. With the 

development of fluorophores with improved physicochemical and tumour-targeting 

properties, and of new detection instrumentation, surgeons could soon achieve sensitive and 

specific intraoperative cancer detection. This advance could revolutionize the management 

of patients with cancer by improving the safety of surgical oncology procedures, increasing 

the efficiency and effectiveness of discrimination between cancers and vital structures, and 

decreasing the rates of surgery-related morbidities. Survival outcomes can be improved by 

real-time visualization of primary and metastatic tumours at and beyond the margins, which 

would maximize resection efficiency and improve cancer staging (for example, with SLN 

mapping). In addition, the combination of fluorescent agents with radiotracers could 

potential increase the accuracy of cancer staging and improve decision-making on 

antitumour treatments. These advances could drive a positive move towards reducing the 

high health-care costs related to oncology procedures, and improving the quality of cancer 

care.

Owing to the novelty of real-time fluorescent cancer detection strategies, many 

implementation barriers remain, including the feasibility of clinical applications, regulatory 

challenges, and considerations regarding clinical trial design. Thus, multidisciplinary 

collaboration between experts will be required to develop, translate, and realize the full 

clinical potential of fluorescent cancer detection.
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Key points

• Fluorescence imaging can transform the way surgeries are performed, through 

the intraoperative identification of vital structures, lymph nodes and cancer in 

real time

• Near-infrared (NIR) fluorescence is particularly advantageous for use in 

clinical settings owing to improved depth penetration and low 

autofluorescence in the NIR wavelength range compared with shorter 

wavelengths

• Many targeted NIR fluorophores are currently in preclinical development; 

however, no cancer-targeted NIR fluorophores or devices for intraoperative 

NIR fluorescence detection of cancer have received commercial approval for 

human use

• Multiple early phase clinical trials are underway to evaluate targeted 

fluorophores for real-time, intraoperative cancer detection in humans

• The use of targeted fluorophores for the intraoperative detection of cancer 

might improve survival rates and functional outcomes in patients with cancer

• Currently, substantial regulatory challenges and clinical trial considerations 

constitute barriers for the adoption of fluorescence-guided surgery in clinical 

settings
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Figure 1. NIR fluorescence is more suitable for in vivo imaging applications than visible-light 
fluorescence
Near-infrared (NIR) fluorophores (700–900 nm) have deeper tissue penetration and lower 

background fluorescence than visible-light fluorescence, resulting in enhanced signal-to-

noise ratios. The detection depths achievable with the currently available instrumentation 

ranges from millimeters with NIR fluorescence to micrometers with visible-range 

fluorescence.
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Figure 2. Targeted fluorophores tested in clinical trials
Targeted fluorophores currently tested in clinical trials include small molecules, peptides, 

activatable fluorophores, antibodies, and multimodal fluorophores. Activatable fluorophores 

are initially quenched, but upon cleavage by enzymes, emit fluorescence. The relative sizes 

of these targeted fluorophores are displayed in the bottom panel.
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Figure 3. Cetuximab-800CW fluorescence in a patient with EGFR-positive head and neck cancer
a | Preoperative bright-field image of a patient with a cutaneous squamous-cell carcinoma 

and b | preoperative fluorescence acquisition of the same tumour 3 days after the patient 

received intravenous cetuximab-800CW (50 mg) (NCT01987375). The image was acquired 

using an open-field fluorescence imaging device (Luna; Novadaq, Ontario, Canada). c | A 

bright-field image of the deep surface of a resected cutaneous squamous-cell carcinoma 

tumour from a different patient taken 3 days after cetuximab-800CW infusion (50 mg). d | 

Open-field fluorescence images (obtained with Luna, Novadaq) of the same tumour depicted 

in c shows areas of positive fluorescence. Additional resected specimen was taken from a 
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deeper location than that of the primary specimen; positive areas of fluorescence were 

detected on e | the superficial surface, but not on f | the deep surface of the additional 

resection margin. g | Haematoxylin and eosin staining of 5 μm sectioned tissue from a 

primary tumour resected from another patient with a cutaneous squamous-cell carcinoma 

tumour taken 3 days after intravenous administration of cetuximab-800CW (50 mg). The 

outlined areas denote presence of cancer (assessed by a board-certified pathologist). h | 

Fluorescence scan (Odyssey; Li-COR Biosciences, Lincoln, Nebraska, USA) of the adjacent 

cut section, with outlined areas displaying bright fluorescence intensity.

Zhang et al. Page 31

Nat Rev Clin Oncol. Author manuscript; available in PMC 2017 November 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Preclinical and clinical development of targeted fluorophores
The preclinical development phase entails target identification and validation, and 

fluorophore characterization. The clinical development of targeted fluorophores can require 

pairing with a device optimized for that particular fluorophore or ’combination product’. 

IDE, investigational device exemptions; IND, investigational new drug.
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Table 1

Properties and uses of clinically approved fluorophores for cancer detection

Fluorophore/range Structure Photophysical properties Cancer indications*

Indocyanine green29,37/near-infrared • λex:807 nm

• λem:822 
nm

• ε:121,000 
M−1 × cm−1

• Φ:9.3%

In FBS

• SLN mapping21,40

• Hepatocellular 
carcinoma50,51

• Liver metastases49

• Other cancers53–55

Methylene blue69/far-red • λex:668 nm

• λem:688 
nm

• ε:69,100 
M−1 × cm−1

• Φ:4.4%

In urine

• SLN 
mapping28,40,47

• Fibrous pancreatic 
tumours75

• Insulinomas74

• Parathyroid 
adenomas72

• Paragangliomas30

5-ALA (converted to PPIX)134,173/
visible

• λex:405 nm

• λem:635nm

In ethanol

• High-grade 
gliomas9,134

• Actinic 
keratosis62,174,175

• Actinic basal-cell 
carcinoma74,175–177

• Bowen’s 
disease59,62,174

• Squamous-cell 
carcinoma62,178,179

• Other cancers63,180

λem, emission wavelength; λex, excitation wavelength; ε, molar absorptivity; Φ, fluorescence quantum yield; 5-ALA, 5-aminolevulinic acid; FBS, 

fetal bovine serum; PPIX, protoporfirin IX; SLN, sentinel lymph node.

*
Tumour types refer to cancers in which fluorescence-guided surgery has been performed with these fluorophores.
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Table 2

Fluorophores with NIR excitation and emission properties

Fluorophore class Favourable characteristics Limitations Structures of representative NIR fluorophore analogues Photophysical properties

Cyanine19,37 • Tunable fluorescence 
properties

• Commercially 
available conjugates

• Safety profile 
available for some 
fluorophores

• Soluble in water

• Low quantum 
yield

• Low 
photostability

ZW800−1 • λex:772 nm

• λem:788 nm

• ε:249,000 
M−1 × cm−1

• Φ:15.1%

In FBS

IR800-CW • λex:786 nm

• λem:800 nm

• ε:237,000 
M−1 × cm−1

• Φ:14.2%

In FBS

Squaraine181,182 • Intensely fluorescent

• Narrow absorption 
bands

• Conjugates available

• Low 
photostability in 
aqueous solution

Squaraine • λex:900 nm

• λem:922 nm

• ε:274,000 
M−1 × cm−1

• Φ:17%

In DCM

Squaraine rotaxane • λex:643 nm

• λem:667 nm

• ε:138,000 
M−1 × cm−1

• Φ:58

In aqueous 
solution
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Fluorophore class Favourable characteristics Limitations Structures of representative NIR fluorophore analogues Photophysical properties

BODIPY183,184 • High extinction 
coefficient

• High quantum yield

• Hydrophobicity

• Small Stokes shift

Aza-Bodipy • λex:710 nm

• λem:732 nm

• ε:108,600 
M−1 × cm−1

• Φ:46%

In 
acetonitrile

Fused BODIPY (Keio Fluors) • λex:662 nm

• λem:671 nm

• ε:316,000 
M−1 × cm−1

• Φ:97%

In 
acetonitrile

Rhodamine185,186 • Soluble in water • Lack of NIR 
fluorophores

10C-replaced rhodamine • λex:700nm

• λem:730 nm

• Φ:40%

In ethanol

10Si-replaced rhodamine • λex:721 nm

• λem:740 nm

• ε:160,000 
M−1 × cm−1

• Φ:5%

In PBS

Porphyrin and phthalocyanine187,188 • Tunable fluorescence • Hydrophobicity

• Aggregation in 
solution

• Potential 
phototoxicity

• Small Stokes shift

Bacteriopheophytin • λex:748 nm

• λem:764 nm

• ε:67,600 
M−1 × cm−1

• Φ:12.6%

In aqueous 
solution or 
diethyl 
ether
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Fluorophore class Favourable characteristics Limitations Structures of representative NIR fluorophore analogues Photophysical properties

BChI-I • λex:731 nm

• λem:735 nm

• ε:130,00 
M−1 × cm−1

• Φ:20%

In aqueous 
solution or 
toluene

λem, emission wavelength; λex, excitation wavelength; ε, molar absorptivity; Φ, fluorescence quantum yield; DCM, methylene chloride; FBS, 

fetal bovine serum; NIR, near-infrared; PBS, phosphate buffered saline.
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