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Abstract

Surgical resection continues to function as the primary treatment option for most solid tumors. 

However, the detection of cancerous tissue remains predominantly subjective and reliant on the 

expertise of the surgeon. Surgery that is guided by fluorescence imaging has shown clinical 

relevance as a new approach to detecting the primary tumor, tumor margins, and metastatic lymph 

nodes. It is a technique to reduce recurrence and increase the possibility of a curative resection. 

While significant progress has been made in developing this emerging technology as a tool to 

assist the surgeon, further improvements are still necessary. Refining imaging agents and tumor 

targeting strategies to be a precise and reliable surgical strategy is essential in order to translate 

this technology into patient care settings. This review seeks to provide a comprehensive update on 

the most recent progress of fluorescence guided surgery and its translation into the clinic. By 

highlighting the current status and recent developments of fluorescence image guided surgery in 

the field of surgical oncology, we aim to offer insight into the challenges and opportunities that 

require further investigation.
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Optical Surgical Navigation

Clinical Relevance

With over 14 million estimated new cases, and 8 million deaths reported in the most recent 

World Cancer Report, cancer remains a leading cause of death across the globe [1]. In the 

United States alone, over 1.73 million new cases of cancer and over 600,000 deaths are 

estimated in 2018 [2]. Despite significant expansion and diversification of treatment options, 

surgical resection continues to serve as the cornerstone of treatment for most solid cancers. 

However, there are many complexities to tumor resections that require further investigation 

and/or improvement. Complete tumor resection relies on a surgeon’s ability to differentiate 

between malignant and benign tissue using palpable and visual cues, but the infiltrative 

nature of cancerous tissue can make it difficult for surgeons to remove the entire tumor. The 

lack of differentiation, involvement of critical nerves and vasculature, and the stage of 

disease progression can complicate a tumor resection and lead to either incomplete removal 

or removal with significant morbidity [3]. If the tumor is not removed in its entirety, the 

residual cells at the surgical margin that result in positive margins, can lead to disease 

recurrence [4–6].

Fluorescence image-guided surgery (FIGS) offers a strategy to assist surgeons in delineating 

cancerous tissue through the use of fluorescence. Using this technology to color code the 

surgical field would better equips surgeons with the visual information needed to remove the 

tumor in its entirety or abort if needed, avoid inadvertent injury to non-cancerous tissue, 

confirm cancerous lymph nodes and metastases, and decrease disease recurrence.

FIGS may not be an equally beneficial solution for all cancer types. For example, in both 

ovarian and pancreatic cancers, the disease is often highly advanced and metastatic upon 

detection [7, 8].

Only 20% of pancreatic cancer patients are candidates for resection because of the 

aggressive dissemination of the disease and the high degree of involvement of the 

surrounding vasculature [9–12]. Even pancreatic cancer patients who undergo surgical 

resection, 80% will eventually succumb to disease recurrence [8, 10]. In ovarian cancer, it is 

common that patients undergo debulking surgery to leave less than one centimeter of 

residual disease, but because of the advanced stage of the disease, adjuvant chemotherapy is 

often used in conjunction with resection in an attempt to ablate microscopic disease [7, 13]. 

However, like pancreatic cancer, most patients with ovarian cancer develop recurrent disease 

[14]. To make surgical resection a viable and curative treatment option for highly metastatic 

cancers such as these, the development of early detection biomarkers is essential.

In addition to highlighting the primary tumor, FIGS may play a critical role in detecting 

early peritoneal disease and preventing inadvertent damage to critical and healthy tissue. 

Fluorescent detection of early peritoneal disease can reduce the number of unnecessary 

subsequent surgeries required to remove undetected metastatic disease [15, 16]. Nerve 

damage is a potential complication during surgical resection, especially in prostate and head 

and neck cancers, among others, because the fine innervations are difficult to differentiate 

from the tumor tissue. Damage to nerves during surgical resection can result in increased 
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post–operative morbidity, including increased pain and impaired function [17, 18]. Extensive 

nerve identification during surgery often results in prolonged operation time and possible 

damage to surrounding tissue [19]. However, the use of FIGS has shown efficacy in labeling 

the nerves to avoid this type of injury during resection [17, 20–22].

Contrast Agents

Contrast agents applicable to FIGS generally fall into two categories; either visible or near 

infrared (NIR) dyes. NIR dyes (~700–1000 nm) offer potential advantages compared to 

visible dyes because of increased depth of light penetration, decreased light scattering, and 

lower tissue autofluorescence in the NIR region [23]. The properties of NIR fluorophores 

provide the high signal to noise ratio (SNR) required to aid surgeons in better differentiating 

cancerous tissue from normal tissue. Table 1 summarizes the properties of contrast agents 

that are frequently investigated for FIGS, including methylene blue, 5-aminolevulinic acid 

(5-ALA), cyanine-based dyes, including indocyanine green (ICG), IRDye800, and Dyomics 

dyes, and quantum dots. Fluorescein was an early dye used to illuminate tumors, but it is no 

longer as prevalent for FIGS because of its high autofluorescence and low tissue penetration 

[24]. Additionally, several cases have reported fluorescein causing anaphylactic shock [25, 

26]. Each contrast currently used for FIGS comes with its own considerations, emission 

wavelength, quantum yield, toxicity, accumulation, and regulatory approval.

Methylene Blue

Methylene blue is a widely utilized, FDA approved, visible wavelength dye [27]. This dye 

was developed as an alternative to its predecessor, isosulfan blue (Lymphazurin). Because 

there was a shortage of isosulfan blue when sentinel lymph node mapping was accepted as 

the staging modality for breast cancer and melanoma, methylene blue is now commonly 

used instead. Furthermore, there were reports of a 1–3% incidence rate of anaphylaxis with 

isosulfan blue. There have been reports of anaphylactic shock with methylene blue, but the 

rate is much lower. Regardless, the use of this dye is limited during pregnancy, because of its 

teratogenic potential [28, 29]. Nevertheless, this contrast agent has many applications for 

FIGS, as well as photodynamic therapy for cancer [30]. Previous studies have demonstrated 

the efficacy of this dye in identifying vital structures such as parathyroid glands, nerves, and 

ureters, to avoid injury during cancer resection [31–35]. Additionally, methylene blue has 

been used to identify sentinel lymph nodes and the presence of certain tumors [36–40]. 

However, uptake of this dye is highly variable and dependent on tumor type. Methylene blue 

is further limited because it lacks the favorable properties of NIR dyes, and it requires a high 

dose for detection in order to overcome autofluorescence [27].

5-ALA

5-ALA is a visible wavelength dye that was recently FDA approved for use as a fluorescent 

imaging agent in patients with high grade gliomas. A precursor molecule of the hemoglobin 

synthesis pathway, 5-ALA catalyzes the production and accumulation of the compound 

protoporphyrin IX (PpIX) in cancerous tissue. This compound exhibits fluorescence when 

excited by a violet-blue light source (405 nm), allowing for the visualization of cancerous 

tissue [41, 42]. The use of 5-ALA is associated with high specificity and positive predictive 

values [43]. However, while improved resection with 5-ALA correlates to improved survival 
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rates, there are also limitations to the use of this contrast agent, particularly its inconsistency 

[44]. Visible fluorescence is uncommon in low grade gliomas, and thus the usage of 5-ALA 

guided resection is restricted to solely higher grades. Previous studies have noted variance in 

the type of fluorescence, including both solid red fluorescence in the tumor tissue, and vague 

pink fluorescence at the transition zone between normal and cancerous tissue [45]. In areas 

of lower fluorescence, the ability of the dye to accurately identify cancerous tissue is 

sacrificed, thus poor sensitivity and low negative prediction values remain concerns for the 

use of 5-ALA [27, 41, 43, 44, 46].

ICG

ICG is an FDA-approved NIR tricarbocyanine dye that has many uses in the clinic, and 

expanding uses in FIGS. This dye has very low toxicity, and has been approved for use in 

determining hepatic function, cardiac output, and ophthalmic perfusion for decades [27, 47]. 

ICG has also shown efficacy for FIGS in sentinel lymph node mapping, evaluating blood 

flow in reconstructed organs, and identifying and marking tumors for a variety of different 

solid cancer types [47–52]. Because ICG is a NIR dye, it is able to more deeply penetrate 

tissues, making it a good candidate for real-time FIGS. This dye is widely used across 

clinical trials and patient care settings, and has shown great potential for use with FIGS. 

However, ICG is limited by its aqueous instability, short circulation time, and concentration-

dependent quenching. ICG also lacks the functional groups necessary for conjugation, 

rendering it a non-specific contrast agent. However, studies have shown that encapsulation of 

ICG improves its targeting abilities and circulation time, offering solutions to improve ICG 

for FIGS use. [53, 54].

Dyes on the Rise

While 5-ALA, Methylene Blue, and ICG are the most prominent dyes entering clinics and 

clinical trials, many other contrast agents are showing significant promise in the pre-clinical 

phases. Cyanine derivatives (e.g. Cy7.5) and those developed by Dyomics (Jena, Germany) 

and LI-COR (Lincoln, NE, USA) Dy800, quantum dots, and others have been adapted for 

FIGS use in preclinical investigations (Table 1). IRDye800 (LI-COR) is perhaps the most 

advanced, appearing in current clinical trials, particularly in conjugation with antibodies 

[55–57]. The use of cyanine dyes overall, however, is still mostly restricted to the laboratory, 

but the conjugatable nature, stability, and high fluorescent capabilities of these dyes suggest 

potential for further success and clinical translation in the future [58, 59]. Quantum dots 

have also demonstrated significant potential for use in bioimaging applications, but concerns 

with safety and toxicity, especially the release of heavy metal ions and generation of reactive 

oxygen species, need to be addressed [60]. Development of non-toxic and biocompatible 

quantum dots is the next step towards clinical translation [61].

Instrumentation

FIGS is advantageous to other imaging modalities such as x-ray computed tomography (CT) 

or magnetic resonance imaging (MRI) because it is less expensive, more mobile, and more 

feasible for integration into the surgical theatre [66]. Additionally, FIGS provides surgeons 

with real-time intraoperative feedback. FIGS also lacks the ionizing-radiation used in other 

imaging modalities, and is seen as extremely safe for use with clinically approved contrast 
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agents and probes [30]. A typical FIGS instrument has three main optical components: an 

excitation source, a collection source, and a display (Fig. 1). The excitation source must be 

able to excite the fluorophore at a working distance from the surgical field and emit a light 

that does not overlap with the emission wavelength of the fluorophore. Ideally, excitation 

light should be centered around the peak absorption wavelength for the fluorophore in use 

[67]. Common excitation sources are laser diodes, light-emitting diodes (LED), or filtered 

broadband lamps. Filtered broadband lamps are not ideal for image guided surgery because 

they are inefficient. These lamps produce excessive heat and lose significant optical power 

on the surgical field. Additionally, many photons must be discarded in order to produce a 

narrow enough band of excitation [68–70]. Therefore, LEDs and laser diodes are preferential 

for use in FIGS. However, each of these comes with its own considerations as well. LEDs 

provide a compromise of adequate efficiency, spectral confinement, and cost. However, heat 

dissipation is also a concern for this type of excitation source [67]. Laser diodes are the most 

precise in terms of spatial and spectral confinement, but raise concerns in terms of safety and 

cost [66, 68]. The collection source plays a critical role in FIGS instrumentation in 

transmitting the NIR signal from the excited fluorophore to the camera for interpretation. 

The sensitivity of detection is greatly determined by the background signal. In order to 

achieve a high level of sensitivity for the NIR signal, the FIGS hardware must be able to 

filter out and minimize background light. Differences in hardware design and emission 

filtration techniques can play a critical role in limiting the background signal and improving 

the sensitivity of FIGS instrumentation. [68–70]. Display monitors are the most common 

form of image display that are used to integrate the NIR and surgical field images to provide 

real-time feedback to surgeons. Most current display monitors feature an image of the 

surgical field next to an image of the NIR region on the surgical field. Previous designs have 

suggested developing a more seamless integration by superimposing the NIR image onto the 

image of the surgical field [3]. A recent review by Dsouza, et al. extensively compares 

current FIGS instrumentation systems and their efficacy, as well as features of FIGS systems 

that are most valued for clinical implementation. Increasing sensitivity to low contrast agent 

concentrations, obtaining quantification of fluorophore concentration, and adapting to multi-

fluorophore imaging capabilities, are important considerations for FIGS instrumentation 

development [69].

Tumor Targeting Strategies – Passive

Selective Accumulation

The strategy of passive targeting was derived from the observation that certain 

macromolecules preferentially accumulate in tumors [71–73]. Passive targeting for the 

delivery of both free and conjugated contrast agents for FIGS exploits the enhanced 

permeability and retention (EPR) effect to provide selective and preferential accumulation of 

contrast agents in tumor tissue, as shown in Fig. 2. The biological basis for this phenomenon 

stems from the unique properties of vasculature and lymphatics in the tumor 

microenvironment. As tumors increase in size, inadequate delivery of oxygen and vital 

nutrients create a hypoxic environment in the center of the tumor. This hypoxic condition 

induces the expression of angiogenic growth factors to form neovasculature that will support 

the rapidly proliferating cells [74]. However, the architecture of this new vasculature is 
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irregularly dilated, highly disorganized, and hyper-permeable [75–77]. A loosened 

association between pericytes and endothelial cells further contributes to the vascular 

abnormality and hyper-permeability[78]. In addition to faulty vasculature, poor lymphatic 

distribution and the markedly impaired lymphatic drainage in the tumor [79, 80] create a 

retentive tumor environment that can potentially be utilized in FIGS due to the deposition of 

contrast agents in the tumor tissue [81, 82].

Challenges to Implementation

Despite its proposed efficacy, there are many challenges involved with the implementation of 

EPR as a potential mechanism for contrast agent delivery. One criticism of this method of 

delivery is its relatively modest results, suggesting less than a 2-fold increase in delivery to 

tumor tissues in comparison to normal tissues [83, 84]. Because of the heterogeneity of 

tumors, it is difficult to predict the extent of the EPR in a specific patient. Tumor size, 

location, and organ type all play a role in the magnitude and presence of the EPR effect. 

While the unique characteristics of the tumor microenvironment are credited for the 

generation of the EPR effect, the same biological factors can significantly impede the 

efficacy of the phenomenon. For example, as depicted in Fig. 2b–e, heterogeneous 

perfusion, gradients of tumor cell growth, stress from the tumor stroma (including 

fibroblasts, mesenchymal cells, and immune cells), and high interstitial fluid pressure can 

contribute to the impediment of contrast agent delivery [83–85]. Tumor vasculature 

abnormalities often result in areas of poor and heterogeneous perfusion throughout the 

tumor. While the leaky tumor vasculature may contribute to contrast agent retention, 

heterogeneous blood flow can impede the homogenous delivery of contrast agents in the 

tumor tissue [85]. These variations in blood supply also lead to obscure gradients in tumor 

cell growth. While tumor cells proliferate rapidly near the vasculature, proliferation 

decreases at sites distant to the vasculature. The high density of proliferating cells 

surrounding the vasculature can compress blood vessels and lymphatics, preventing the 

convection of contrast agents in certain regions of the tumor [86–88]. Increasing density of 

tumor cell growth combined with poor lymphatic drainage result in very high interstitial 

pressure inside of the tumor. While the dense tumor center has a very high interstitial fluid 

pressure, there is a significant drop in pressure at the tumor periphery, which may result in 

the leakage of contrast agents into the peritumoral tissue [85, 89, 90]. The dense 

extracellular matrix of the tumor stroma further amplifies the solid stress in the tumor, 

constructing a collagen-rich network that hinders uniform contrast agent deposition [84, 85, 

91]. Given the extent of the biological barriers, the EPR must be validated and improved 

upon. Otherwise, insufficient and unpredictable contrast agent delivery may render passive 

targeting an obsolete strategy for FIGS.

Proposed Strategies for Improved Implementation

While there is significant controversy surrounding the prevalence and usefulness of the EPR 

effect, current research has demonstrated potential strategies to reorganize the tumor 

microenvironment to improve the EPR as well as use the presence of the EPR as a 

biomarker. Microenvironment alteration strategies include modifying tumor vasculature and 

blood flow, increasing vascular permeability, modulating the tumor stroma, and killing 

cancer cells [83, 84, 92–94]. Isolating biomarkers for the presence of the EPR effect has also 
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been suggested to identify potential candidates for receiving nanotherapeutics and passive 

delivery of contrast agents [95–97]. The implications of the EPR in personalized medicine, 

as well as the regulatory appeal, recognize the potential and translational importance of the 

EPR effect. Compared to highly specific targeted probes, passive targeting via the EPR 

effect is advantageous in its use of generic fluorescent probes, such as Methylene Blue and 

ICG. These agents have already been approved for use in the clinic, whereas targeted probes 

have yet to see regulatory approval [98]. Despite the significant barriers to implementation 

of the EPR effect as a delivery strategy for FIGS, current research has validated the potential 

for strategic improvements and clinical translation of utilizing the effect.

Tumor Targeting Strategies – Active

The strategy of active targeting in FIGS is based on the recognition of a fluorescent moiety 

conjugated ligand by its target receptor on a tumor. This technique harnesses the unique 

microenvironment of a tumor, focusing on using ligands to target differentially expressed 

proteins in tumors for increased, and more precise contrast agent delivery. The accessibility 

of the tumor receptor and its level of expression are important factors to consider in active 

targeting. Ligands used to target the overexpressed receptor on the tumor should have a high 

binding affinity and low toxicity, exhibit high specificity, and present groups for conjugation 

to a contrast agent for imaging [99]. As shown in Fig. 3, antibodies, antibody fragments, 

proteins, peptides, aptamers, small molecules, and nanoparticles are examples of commonly 

used ligands used to target tumor receptors for FIGS. While active targeting probes may 

achieve a higher degree of specificity for the tumor target than passive targeting, background 

noise and non-specific binding still occur, suggesting the need for further improvement. 

High background noise and non-specific binding can significantly limit the detection 

capabilities of FIGS, inhibiting the surgeon’s ability to differentiate cancerous tissue and 

metastatic lesions. The pharmacokinetic properties of the probe are a contributing factor to 

the background noise and non-specific binding. Many dyes that are used for FIGS are 

cleared from the body through the liver, which can result in a high level of background 

signal in the gastrointestinal tract. Further investigations to reduce background noise, as well 

as non-specific binding, are important for improving the accuracy and signal of FIGS [100]. 

Finally, one of the biggest limitations of FIGS is that it lacks the ability to image 

preoperatively in most cases, and it cannot image at all clinically relevant depths. It is 

essential to continue developing active targeting methods that can functionally integrate 

preoperative and intraoperative imaging, as well improve the SBR for FIGS.

Antibodies and Antibody Derivatives

The use of antibodies as a FIGS targeting strategy is widely investigated and, while the vast 

majority of these investigations for FIGS are pre-clinical, several antibody-fluorophore 

conjugates are in clinical trials [101–104]. Cetuximab and Panitumumab, targeting human 

epidermal growth factor receptor (EGFR), and Bevacizumab, targeting vascular endothelial 

growth factor (VEGF), are common antibodies used for fluorescence imaging in current 

clinical trials for a variety of different cancers (NCT02583568, NCT02415881, 

NCT03134846) [57, 105]. In addition to imaging, antibodies have the potential to be a 

useful tool for diagnostics, therapeutics, and drug delivery. However, the pharmacokinetic 
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requirements differ for each of these uses [106, 107]. For instance, slow circulation is 

preferential for therapeutic antibodies, but fast clearance is necessary for imaging purposes. 

Therefore, dual function antibody probes must balance the requirements for its desired 

function. The binding sites of antibodies can be modified to achieve high specificity for a 

given target, a favorable trait for an imaging agent. However, antibodies have limitations in 

FIGS. This is in part due to their large size (~150 kDa) and long circulation time, resulting 

in impaired tumor penetration and increased background signal during imaging. Engineered 

antibody fragments provide a compromise to full antibodies. Fragments are smaller in size 

(25–100 kDa), and therefore have faster clearance and decreased background signal during 

imaging, but sacrifice the extent of tumor uptake. These fragments have shown efficacy in 

recent studies of prostate cancer [108, 109]. Nanobodies and affibodies have also shown 

efficacy as alternatives to full antibodies. Affibodies, tiny protein scaffolds, are an 

advantageous alternative to full antibodies because of their small size (2–20 kDa) which 

allows for deeper tissue penetration, as well as their fast circulation time. These 

characteristics in addition to their cheaper cost, make affibodies an excellent candidate for 

imaging [110, 111]. An IRDye800CW labeled synthetic affibody, ABY-029, has recently 

demonstrated success in preclinical studies for labeling EGFR positive regions in gliomas, 

and is currently undergoing microdosing clinical trials for multiple cancer types [112, 113]. 

Nanobodies (~12–15kDa) are typically constructed from the variable region of an antibody’s 

heavy chain. The advantages of nanobodies are similar to affibodies in many regards, 

featuring high penetration and targeting, and rapid clearance [114, 115]. Recent trends in 

antibody-based targeting strategies for FIGS may favor the smaller fragments and derivatives 

of antibodies rather than their fully assembled parents, because of their increased 

compatibility with imaging requirements.

Peptides

Peptides are linear or cyclic amino acid chains linked by peptide bonds. This type of probe is 

advantageous as an imaging agent because of rapid distribution, small size, ease and 

scalability of synthesis, specificity, and stability [116]. Despite their many advantages, 

peptides must be optimized in order to demonstrate translational potential. Their short half-

life and degradation may prevent peptides from reaching their target. To combat this, 

peptides can be chemically modified to slow renal clearance and increase target affinity. 

Methods for modifying peptide probes for FIGS has been previously described [117]. There 

are a wide variety of peptides being investigated in laboratory settings including Arg-Gly-

Asp (RGD), Somatostatin (SST), Gastrin releasing peptide (GRP) and Neurotensin (NT) 

among many others. In a recent study, a cyclic RGD-ZW800–1 was investigated as a generic 

tracer for multiple cancer types, and proved to be efficacious for both tumor and ureter 

identification [118]. The use of a zwitterionic dye such as ZW800 can overcome problems 

with background noise in FIGS. Because this dye is eliminated through renal filtration rather 

than liver clearance, studies have shown improved SBR and decreased background noise, 

especially in the gastrointestinal tract [100, 119] Neurotensin conjugated to IRDye800 also 

showed value as a fluorescence imaging agent for potential use in screening pancreatic 

cancer patients [120]. Another peptide probe of recent interest is the pHLIP derived probe, 

or the pH low insertion peptide probe. This targeting strategy utilizes the characteristic 

acidic pH found in the tumor environment. The probe is designed so that upon sensing a 
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change in pH, the probe is protonated and becomes more hydrophobic, thus folding and 

forming a transmembrane helix inserted in the membrane of the cancerous cells [121].

Recent studies have employed this technology for detecting bladder cancer and improving 

fluorescence signal in a breast cancer model [122, 123].

Aptamers

Aptamers are single stranded DNA or RNA sequences that are capable of binding to targets 

by forming three-dimensional structures. Aptamers are typically selected in vitro using a 

method called systematic evolution of ligands by exponential enrichment (SELEX), as well 

as variations on this technology. Explanations of aptamer selection using these libraries have 

been previously described [124, 125]. Aptamers have shown great potential for serving as a 

targeted probe for FIGS imaging because of the small size (5–40 kDa), ease of synthesis and 

modification, wide range of targets, and stability. Drawbacks to using these sequences as 

targeting agents for FIGS are that aptamers are regularly degraded by nucleases, and not all 

aptamers have a high binding affinity. This can result in weak signal generation for imaging. 

However, this can be improved upon by using scaffolds, such as nanoparticles or quantum 

dots, to improve the binding affinity of the aptamer, thus providing increased specificity and 

enhanced signal [126]. A recent study demonstrated the efficacy of aptamer conjugated 

quantum dots for identifying margins in glioma by binding to EGFR variant III on the tumor 

cell surface [127]. A different study employed the use of silica based nanoparticle and 

aptamer conjugate to act as a theranostic agent to image and inhibit tumor angiogenesis 

[128]. Beyond FIGS, aptamers have shown great potential for use in a variety of 

applications, especially in drug delivery. Aptamers are prevalent in clinical trials, but not yet 

in relation to FIGS. Most of the current clinical trials investigate aptamer use in macular 

degeneration, though recently posted clinical trials propose identifying aptamers to identify 

biomarkers in bladder cancer (NCT02957370), as well as using a Ga-68 aptamer conjugate 

to test its diagnostic capabilities in positron emission tomography (PET)/CT 

(NCT03385148).

Ligand Based targeting

There are several ligand-based targeting strategies that are typically used to functionalize 

and specialize the surface of nanoparticles. Two commonly explored examples of this 

strategy include proteins like transferrin, and small molecules such as folic acid. Small 

molecules are advantageous as a targeting strategy because of their size, cost, and stability. 

However, they are scarce because of the difficulty of finding a ligand, and the intense 

screening process involved [72, 129]. These molecules are typically used to functionalize the 

surface of nanoparticles for more specific targeting. Folic acid is perhaps the most common 

example of a small molecule used in the literature. Folic acid conjugated quantum dots has 

proved successful as a theranostic agent in human cervical carcinoma cells [130]. 

Additionally, OTL38 a folate receptor targeted contrast agent has shown success in multiple 

cancer models [131, 132]. A recent study used a folate targeted contrast agent to identify 

lung cancer in large animal models [133]. Protein ligand-based strategies, such as 

transferrin, are advantageous in their specificity, but present problems because of bulk and 
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ability to trigger an immune response. A recent study implicated the use of holo-transferrin 

ICG nanoassemblies for imaging and photothermal therapy in gliomas [134].

Improving Active Targeting

Despite the wide variety of targeting ligands explored in pre-clinical studies, there are still 

many limitations to active targeting for FIGS. While active targeting exhibits increased 

specificity of the probe for its target, non-specific binding still occurs, as shown in Fig. 3. 

Active probes constantly emit fluorescence with excitation, regardless of their proximity to 

the target, producing elevated background noise in FIGS [135, 136]. Additionally, off-target 

binding can occur if the targeted receptor is expressed in non-cancerous tissues. While each 

type of targeting strategy has its own strengths and weaknesses, there are several widely 

adapted strategies to improve the efficacy of these probes, including the use of nanoparticles 

and activatable probes. Nanoparticles may play a significant role in FIGS, especially in 

acting as a scaffolding system for many of the aforementioned targeting strategies. The large 

surface area to volume ratio of nanoparticles provides a large area to attach a wide range of 

targeting moieties. However, the long-term effects of nanoparticle administration are still not 

fully understood. Biocompatibility, biodegradability and toxicity properties must be 

carefully considered on a case to case basis [137]. Nanoparticle size, shape, charge, and 

hydrophobicity can all influence the conjugation with a ligand [72]. Using a nanoparticle as 

a scaffold for a targeting ligand allows for multiple interactions, and thus increased 

specificity with the target. Nanoparticle entrapped dyes have shown enhanced fluorescence 

and tumor contrast, and nanoparticles are effective carriers for drug delivery [53]. Previous 

studies have also shown that careful modification of nanoparticle size and surface coating 

can alter their biodistribution to favor renal filtration, allowing for increased SBR and 

decreased background noise [138]. Further investigation of nanoparticle modifications to 

alter the pharmacokinetic properties has the potential to improve the detection capabilities of 

FIGS. Given their functionality, current research for FIGS has demonstrated increased use of 

nanoparticles for more effective delivery, as well as brighter contrast.

There are two main categories of active targeting probes: ‘always on’ probes, and 

‘activatable’ probes. Activatable probes offer several advantages over probes that are always 

on, such as higher contrast, lower background noise, and improved sensitivity. As shown in 

Fig. 3, the fluorescent properties of these probes remain quiescent until they receive a signal 

to fluoresce, such as enzymatic cleavage or cellular internalization. Probes such as these that 

are activated by biomolecules in the local tumor environment have the potential to overcome 

some of the pitfalls of FIGS, such as background noise and low SBR, by eliminating non-

specific binding and subsequent off-target fluorescence. Difficulties with implementation of 

these probe types depend on the specifics of the probe. High molecular weight activatable 

probes cannot be sprayed onto the surface of the tumor, and must be injected intravenously. 

It may take days for the necessary tumor to background ratio to be achieved. Molecular 

binding-based activatable probes are typically conjugated to an antibody and are therefore 

significantly large in size. However, enzymatic activity controlled probes can be small in 

size, and therefore some can be applied with a spray [135]. The use of a matrix 

metalloprotease, and γ-glutamyltranspeptidase as agents for inducing probe enzymatic 

cleavage and activating fluorescence have been recently explored for cancer detection [139].
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Many of the aforementioned active targeting mechanisms have potential applications in the 

field of drug delivery, as well as FIGS. For instance, antibody drug conjugates are being 

utilized in both preclinical studies as well as early and late stage clinical trials. These studies 

have shown increased ability to target diseased cells, and increased antitumor potency [140–

143]. Peptide and aptamer based delivery systems have also shown efficacy in reducing off-

target effects and increasing drug delivery to the tumor [144–146]. Therefore there is an 

opportunity for parallel development of imaging probes and drug delivery systems that target 

the same receptor or biomarker. Furthermore, there is an opportunity to improve active 

targeting by incorporating multimodality imaging probes. One of the biggest limitations 

with FIGS is that it can only be used intraoperatively, and cannot be used for preoperative 

planning. However multimodal active targeting probes that use FIGS in conjunction with 

MRI, PET, photoacoustic imaging, or CT can potentially improve preoperative detection, 

and intraoperative resection [147–155]. Current multimodal probes employ many of the 

active targeting strategies to achieve a high level of accuracy for prove delivery, and 

overcome some of the limitations of single modality active targeting.

While the variety of targeted probes continues to expand in versatility and function, 

regulatory restrictions are a significant consideration to successful implementation into 

clinical settings. In addition, each type of probe comes with its own set of developmental 

difficulties. Given the wide successes of different types of probes in the laboratory, it seems 

that there is not one type of probe that exceeds all others in terms of clinical potential. 

Instead, the functional imaging and targeting requirements should dictate the type of probe 

used, as each carry its own advantages. Further toxicity and feasibility studies, as well as 

appearance in clinical trials are needed to progress targeted probes for FIGS into the clinic.

In Vivo vs. Ex Vivo Imaging

Surgical resection of tumors typically consists of three components. The primary tumor is 

assessed before the initial resection, the surgical margin is analyzed for remaining tumor, 

and the surgical field is assessed for regional metastasis [156]. As mentioned previously, 

remaining tumor at the surgical margin can result in disease recurrence. There are several 

strategies available to analyze the surgical margin for the presence of microscopic disease to 

achieve negative margins. Two common methods for intraoperative pathological 

examination of the surgical margin include intraoperative frozen section analysis (IFSA) and 

imprint cytology. Both methods have demonstrated reduced rates of positive margins after 

surgery, but the technology has limitations. IFSA, the current gold standard in margin 

detection, is highly variable in terms of sensitivity, and requires confirmation of negative 

margins on multiple tissue samples by a pathologist, which can add significant time onto the 

surgical procedure [157–159]. Imprint cytology is a faster and more cost effective method of 

analysis in comparison to IFSA. However, it also has variable levels of sensitivity, and has a 

high probability of false-negative results [160]. The use of fluorescence imaging is 

increasingly being considered as an alternative method of histological analysis. Typically, 

FIGS is associated with intravenous administration of contrast agents for tumor detection, as 

the advantages of intraoperative real-time feedback of the surgical field are evident. 

However, significant investigations of fluorescent probe toxicity, dosage, optimal imaging 

time, and accuracy of molecular targeting must be conducted and approved before this 
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technology can become the standard of care for eligible cancer patients. As an alternative 

use of FIGS, recent studies have demonstrated the use of ex vivo contrast agent 

administration to perform real-time fluorescence guided histology [36, 161–163]. This 

technique lacks some of the intraoperative advantages such as preventing excessive tissue 

resection, but avoids some of the rigorous regulatory approval and testing, while still 

providing critical feedback on margin and nodal status. Ex vivo techniques are particularly 

useful for sentinel lymph node and positive margin detection. This strategy is efficacious, 

and avoids extended operating time and potentially re-excision. A recent study employed 

dual probe difference specimen imaging to differentiate between tumor and benign tissue 

using both a targeted and a non-targeted probe, as shown in Figure 4 [161]. Ex vivo analysis 

provides an opportunity to utilize many of the targeted probes being developed in the labs 

into the clinic without extensive regulatory hurdles.

Clinical Translation

The number of new clinical trials involving FIGS has increased dramatically over the past 

decade [164]. The adoption of target-specific probes and NIR dyes requires strict regulatory 

review to ensure patient safety. To fulfill these regulatory requirements, many current 

clinical trials are centralized around investigating the safety and efficacy of the FIGS agents. 

Endpoints to developing successful contrast agents, devices, and procedures need to be well-

defined in order to see faster progress of FIGS into patient care [165]. Current clinical trials 

for FIGS vary widely in terms of contrast agent, device, ligand conjugation, and objective, as 

shown in Table 2. ICG remains the most prominent contrast agent used in clinical trials, 

which is unsurprising due to its low toxicity and current FDA approval status. ICG is also 

significantly less expensive than other available contrast agents. SLN detection is currently 

under investigation for many cancer types, and there are some intriguing implementations of 

new technology. For example, in a fluorescence imaging study for SLN detection in head 

and neck cancer, the use of a hands free goggle system is being explored as an alternative to 

traditional monitor display FIGS devices as shown in Fig. 5 (NCT03297957) [166, 167]. 

IRDye800 has become another prominent contrast agent on the clinical trial stage. Many 

studies utilizing IRDye800 are investigating dosage, safety, and efficacy (NCT03384238, 

NCT02901925, NCT02497599). This dye is used in conjugation with several different 

antibodies across the spectrum of clinical trials, allowing for theoretically more precise 

tumor localization. Besides antibody conjugated IRDye800, there are several clinical trials 

studying IRDye800 conjugated to peptides. Recently a synthetic protease activated peptide 

dye conjugate entitled AVB-620, has entered a phase 2 trial for tumor and lymph node 

detection. Additionally, an anti-EGFR IRDye800 labeled affibody peptide has entered a 

phase 0 trial microdose study for signal detection in patients with recurrent gliomas 

(NCT02901925). In addition to ICG, IRDye800, and 5-ALA fluorescent dye based imaging 

agents in clinical trials, several other investigational probes have shown potential as 

prominent candidates for FIGS and cancer detection. The folate-receptor targeted 

fluorescent moiety, OTL38, has become a successful active targeting probe in clinical trials. 

A phase 2 study is currently underway, to investigate the ability of this imaging probe to aid 

in the detection of pulmonary nodules, as well as study the safety and tolerability of a single 

dose of this imaging agent (NCT02872701). The OTL38 probe is also being investigated in 
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a phase 3 study to detect folate receptor positive lesions in ovarian cancer during 

cytoreduction, interval debulking, or recurrent ovarian cancer surgery (NCT03180307). 

Surgimab, (SGM-101) a fluorescent anti-carcinoembryonic (CEA) monoclonal antibody is 

another promising FIGS probe in phase 1 and 2 clinical trials. This probe is currently being 

investigated for safety and performance in patients with cancer of the colon, rectum or 

pancreas (NCT02973672). Results from this study suggested that the SGM-101 probe was 

safe and efficacious in detecting cancer [168]. A recently completed clinical trial 

investigated the ability of the LUM imaging system and the LUM015 to detect residual 

breast cancer and reduce positive margins (NCT02438358). The LUM015 probe contains a 

Cy5 fluorophore linked to a cathepsin activatable peptide. This probe and the LUM imaging 

system are in several upcoming and currently recruiting clinical trials including a phase C 

clinical trial for residual breast cancer (NCT03321929), a phase ½ study for detection of 

gastrointestinal cancers (NCT02584244) and a feasibility study for detection of prostate 

cancer (NCT03441464). The significant increase in clinical trials for FIGS suggests the 

potential for more rapid regulatory approval and clinical implementation in the future.

Opportunities in Image-Guided Surgery

FIGS has emerged as an imaging technology with significant potential for clinical efficacy, 

especially in the field of surgical oncology. Despite its progress, there are still many 

opportunities for growth in the field. Given below are a few potential examples:

• Multimodal imaging: Using a combination of several imaging modalities to 

diagnose a patient increases diagnostic accuracy. Several recent studies 

investigated the use of targeted nanoparticles for MRI and FIGS, providing the 

surgeon concurrence between preoperative planning and intraoperative resection 

[169, 170]. Combining photoacoustic imaging with FIGS is another area of 

interest for multimodal imaging [171]. It has been demonstrated that the use of 

multiple imaging modalities has a synergistic effect on the ability to detect and 

differentiate cancer both preoperatively and intraoperatively [172].

• Photodynamic therapy: FIGS has theranostic capabilities, especially with using 

NIR contrast agents to induce an immune, chemical, or thermal response in 

cancer cells. Recent photoimmunotherapy to induce immunogenic cell death 

with an antibody-conjugated NIR dye has demonstrated an interesting 

theranostic path to further investigate [173, 174]. Moreover, early studies have 

begun to explore photodynamic therapy and photothermal therapy as combined 

imaging and therapy strategies for cancer treatment [175, 176] (Fig. 6).

• NIR II window: Typical NIR probes fall in the range of 700–1000 nm, whereas 

NIR-II agents emit in the 1000–1700 nm range. This shift in emission spectra 

has demonstrated deeper light penetration depths as well as higher contrast. 

These preliminary successes suggest a need for further NIR-II probe 

development [177, 178].

• Nanotechnology: Nanotechnology continues to play a key role in FIGS, and 

offers significant opportunities in terms of conjugation, targeting, and dye 

encapsulation for enhanced FIGS and multimodality performance. Current 
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research has begun to explore the use of biodegradable nanoparticles for imaging 

and therapy in cancer treatment [179, 180]. Success in these experiments tackles 

the concern of toxicity of non-biodegradable nanoparticles, strengthening their 

potential for translation. [150, 151].

• Refinement of Imaging Probes: Further refinement of contrast agents and bulky 

passive, active, and activatable probes for FIGS is essential to provide the 

precision and clarity necessary for clinical translation.

• Applications in advanced cancer models: In order to apply FIGS technology to 

highly metastatic and advanced cancers like pancreatic and ovarian, the 

discovery of early detection biomarkers to target is of utmost importance. 

Furthermore, the use of large animal models and comparative studies on 

companion animals as part of standard veterinary treatment may be beneficial.

As FIGS technology progresses, so does the conversation of surgical resection in surgical 

oncology. In the interest of providing the most comprehensive and precise patient care, FIGS 

may eventually align with the implementation of highly personalized medicine. The future 

of FIGS may involve isolating specific cancer biomarkers for a patient, and selecting the 

corresponding targeted fluorescence probe that would most effectively detect their cancer 

and metastases. Increased probe specificity and functionality would allow for more complete 

and thus potentially curative surgical resections for many cancer types. Though many 

opportunities for growth in the field still exist, FIGS has the potential for widespread 

implementation as a critical tool for improving surgical resection of cancer.
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Figure 1. 
FIGS instrumentation and potential uses: a FIGS instrumentation consists of three critical 

components: an excitation source, a collection source and a display. The excitation source is 

responsible for exciting the fluorophore, the collection source picks up the fluorophore 

wavelength and discards other light, and the display provides intraoperative real-time 

feedback of the surgical field. Contrast agents for FIGS can be used in several formulations, 

including free dyes, dyes entrapped in nanoparticles, and dyes conjugated to targeting 

moieties. FIGS has many potential uses in the field of surgical oncology. b Surgeons are able 

to detect tumors and tumor margins with FIGS, which can result in a reduction in 

recurrence. c Additionally, FIGS can be used to identify critical nerves during surgery, to 

avoid injurious resection. d FIGS has shown efficacy in detecting metastasis in addition to 

the primary tumor, especially lymph nodes. e Pathologists can use FIGS for rapid ex vivo 

analysis of tissue samples, to confirm negative margins.
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Figure 2. 
Passive targeting mechanisms and barriers: a The strategy of passive targeting for FIGS is 

based on the enhanced permeability and retention effect in tumors. Contrast agents enter the 

tumor through the leaky vasculature, and stay in the tumor because of poor drainage. 

However, there are many barriers to the efficacy of this targeting strategy. b Heterogeneous 

perfusion from abnormal vasculature can result in inadequate perfusion in some areas of the 

tumor. c The presence of a dense tumor stroma can prevent penetration of contrast agents. d 
High gradients of tumor cell growth near to the vasculature can increase pressure and 
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prevent contrast agents from leaking into the tumor. e High interstitial fluid pressure from 

inadequate lymphatic drainage can also prevent contrast agent deposition.
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Figure 3. 
Tumor targeting Strategies: a Passive targeting relies on the selective accumulation of 

contrast agents in the tumor tissue, via leaky vasculature and absent lymph drainage. The 

contrast agents used in this targeting strategy are fluorescent at injection, and can result in 

non-specific binding when the contrast agent is deposited outside the confines of the tumor. 

b Active targeting probes rely on a targeting moiety conjugated to a contrast agent to specify 

fluorescence. c Activatable probes exhibit quenched fluorescence when they are injected, or 

topically applied. Binding to specific antigens, or cleavage by a tumor protease results in the 

activation of these probes. Therefore, only cells that are targeted fluoresce. d There are many 

moieties available to use for active targeting, including but not limited to; antibodies, 

antibody derivatives, nanoparticle scaffolds, peptides, ligands, and aptamers.
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Figure 4. 
Dual probe ex vivo specimen imaging: Representative color, fluorescence, DDSI (dual probe 

difference specimen imaging), H&E, and HER2 targeted IHC images of tumor and adipose 

tissue pairs following staining using a range of dual-stain soak concentrations and incubation 

times for a probe pair A (Herceptin-Cy3b, DkRb-AF647) and b probe pair B (Herceptin-

AF647, DkRb-Cy3b). All images are representative of data collected for n=6 tumor and 

adipose tissue pairs per staining condition. All untargeted and targeted channel images are 

background corrected, normalized by their exposure time and calibration drop intensity. 

DDSI images are displayed with equivalent color scales across staining conditions. H&E and 

IHC images were acquired from serial sections of the same tissue face imaged in the whole 

specimen DDSI images. H&E: hematoxylin and eosin; IHC: immunohistochemistry. Scale 

bars = 5 mm. (Adapted from Barth CW, Schaefer JM, Rossi VM, Davis SC, Gibbs SL. 
Optimizing fresh specimen staining for rapid identification of tumor biomarkers during 
surgery. Theranostics 2017; 7(19):4722–4734. © Ivyspring International Publisher, 2017).
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Figure 5. 
Goggles used for FIGS and cancer detection: Fluorescence-guided SLN biopsy. a The 

surgeon wearing the goggles during SLN visualization in a breast cancer patient. b The color 

image of the excised SLN. c The superimposed color-fluorescence image of the excised 

SLN as seen by the surgeon. (Adapted with permission from Mondal SB, Gao S, Zhu N, et 
al (2017) Optical See-Through Cancer Vision Goggles Enable Direct Patient Visualization 
and Real-Time Fluorescence-Guided Oncologic Surgery. Ann Surg Oncol 24:1897–1903).
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Figure 6. 
Multimodal applications of FIGS: a In vivo NIR fluorescence images after intravenous 

injection of free ICG and DOX@GdMSNs-ICG-TSLs in tumor-bearing mice at 2, 6, 12, 24, 

and 48 h, and the corresponding fluorescence images of different tissues after treated with 

free ICG and DOX@GdMSNs-ICG-TSLs at 24 h. b Relative fluorescence intensity of ICG 

in major organs induced by 808 nm laser (1.5 W/cm2) irradiation at 24 h after i.v. 

administration. c US and PA images of DOX@GdMSNs-ICG-TSLs at various 

concentrations of ICG. d PA images of tumor-bearing mice after 6 and 24 h intravenous 
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injection via tail of free ICG and DOX@GdMSNs-ICG-TSLs, respectively. e PA intensity of 

tumor sites after treatment with free ICG and DOX@GdMSNs-ICG-TSLs at 6 and 24 h. f 
T1-weighted MR images (7 T, spin–echo sequence; repetition time, TR = 500 ms; echo time, 

TE = 14.92 ms) of DOX@GdMSNs-ICG-TSLs nanoparticles at various Gd concentrations. 

And T1-weighted MR images of tumor-beating mice before and after injected with 

DOX@GdMSNs-ICG-TSLs for 24 h. g Relative MR intensity before and after injecting 

DOX@GdMSNs-ICG-TSLs. Data are presented as means ± SD (n = 5); *P < 0.05, **P < 

0.01. (Adapted with permission from Sun Q, You Q, Wang J, et al (2018) Theranostic 
Nanoplatform: Triple-Modal Imaging-Guided Synergistic Cancer Therapy Based on 
Liposome-ConjugatedMesoporous Silica Nanoparticles. ACS Appl Mater Interfaces © 2018 
American Chemical Society).
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Table 1.

Summary of Select Contrast Agents for use in FIGS

Fluorophore Excitation/Emission
(nm)

Target Applications in
FIGS

Approval
Phase

Refer
ences

5-ALA 405/635 Non-specific Glioma detection FDA approved [41–46]

Methylene Blue 665/686 Non-specific Vital structure detection, SLN, 
tumor detection

FDA approved [28–40]

ICG 80/822 Non-specific SLN, reconstruction, tumor 
detection

FDA approved [23,47–54]

IRDye800CW 774/789 Non-specific, 
conjugatable

Tumor detection and imaging Clinical Trials [23,55–57]

Dy800 777/791 Non-specific, 
conjugatable

Tumor detection and imaging Pre-clinical [62–64]

Other Cyanine dyes Cy 5 – 658/666
Cy 5.5 – 679/696
Cy 7 – 747/774
Cy 7.5 – 788/808

Non-specific, 
conjugatable

Tumor detection and imaging Pre-clinical [23,59,65]

Quantum Dots 700–1500 Non-specific, 
conjugatable

Tumor detection and imaging Pre-clinical [23,58]
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Table 2.

Representative Clinical Trials Utilizing FIGS

Objective Trial Identification  Cancer Type

Indocyanne Green (ICG)

Lymph Node Detection

NCT03297957 Head and Neck

NCT02840617 Prostate

NCT02068820 Endometrial

NCT01562106 Endometrial

NCT02209532 Endometrial, Uterine, Cervical

NCT02131558 Endometrial

NCT03321448 Cervical

NCT01818739 Endometrial

NCT02478138 Head, Neck, Oral

NCT02168452 Breast

NCT01673022 Endometrial, Cervical

NCT02316795 Breast, Melanoma

NCT02119858 Prostate

NCT02869152 Rectal

NCT02850783 Colon

NCT02423148 Lung

NCT02817334 Breast

NCT03320772 Cervical

NCT02419807 Breast

NCT01926743 Gastric

Tumor Detection

NCT02611245 Lung, Esophageal

NCT02027831 Head and Neck

NCT01281488 Renal

NCT01738217 Liver

NCT02473159 Breast

NCT02479997 Breast

NCT02172989 Breast

NCT02032485 Colon

Surgical Reconstruction NCT02629029 Head and Neck Neoplasms

5-ALA
Tumor Detection

NCT01837225
NCT03058705

Breast
Bladder

NCT00285701 Colon (dose finding)

NCT00752323 Brain and CNS (dosing)

Spatial Correlation and Modality Agreement NCT00870779 Brain

IRDye800CW

Localization, Safety, Detection NCT01508572 Breast

Signal Detection
NCT03282461 Head and Neck

NCT01972373 Rectal
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Objective Trial Identification  Cancer Type

NCT03154411 Soft tissue Sarcoma

NCT03134846 Head and Neck

NCT02129933 Esophageal

NCT02583568 Breast

Dose/Safety and Detection

NCT03384238 Pancreatic

NCT02901925 Glioma

NCT02497599 Renal

Other

OTL38 Safety and detection
NCT02872701 Lung

NCT03180307 Ovarian

SGM-101 Safety and detection NCT02973672 Colon, rectum, pancreas

LUM015 Safety and Detection

NCT02438358 Breast

NCT03321929 Breast

NCT02584244 Gastrointestinal

NCT03441464 Prostate

Search terms: “fluorescence imaging”

Exclusion criteria: withdrawn, terminated, suspended clinical trials
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