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Abstract

Molecular imaging is nowadays gaining a complementary role in cancer 
therapy, specifically in diagnosis, selection of therapy, monitoring of therapeutic 
efficacy, and also in the surgical setting. Many tumor-targeted tracers have been 
developed for these applications. Optical molecular imaging has been gaining 
more importance, particularly due to the absence of ionizing radiation, rendering 
its use friendlier and safer for patients and medical personnel. Recently, clinical 
trials have been initiated for tumor optical imaging with monoclonal antibodies 
conjugated to the near-infrared fluorophore IRDye 800CW. Yet, preclinical 
studies clearly indicate several aspects that favor smaller tracer formats over 
antibodies, namely, their rapid distribution, efficient penetration, and the rapid 
clearance of unbound tracers. Altogether, these small tracers lead to adequate 
contrast within minutes or hours after administration, instead of days. Here, the 
discussion will be centered on the properties of the different formats of tracers, 
in particular the small formats. Although, the conventional antibody format has 
already reached clinical trials, optical imaging trials with smaller formats are 
eagerly awaited to clarify whether their advantages over antibodies are also 
evident in patients.
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through absorption by tissue components [5]. Currently, methylene 
blue (700 nm) and indocyanine green (800 nm) are the only near-
infrared fluorescent agents approved for human use, where the latter, 
besides being employed for tumor imaging, has particularly been 
explored for sentinel lymph node mapping. This procedure refers to 
the identification of the closest lymph node to the tumor, which is 
then tested for the presence of tumor cells before other lymph nodes 
are resected, as would be done in common practice. Importantly, two 
more near-infrared fluorophores have been subjected to numerous 
pre-clinical studies and are in the process of clinical translation: 
IRDye 800CW (LI-COR Biosciences, Lincoln, NE) and ZW800-1 
(The FLARE Foundation, Wayland, MA) [3], being the former in a 
relatively more advanced stage.

Tumor targeting and contrast
For tumor imaging in particular, the near-infrared fluorophores 

should accumulate specifically and only in tumors, so that high 
tumor-to-background ratios are obtained (at least 2, but as high as 
possible) and images with good contrast are acquired. Nevertheless, 
the intravenous or local administration of these fluorophores leads to 
an inevitable distribution in normal tissues. Thus, higher contrast can 
be obtained by 1) targeting moieties, such as antibodies (e.g. [6]), to 
which these fluorophores are conjugated (active targeting), or 2) by 
systems used for drug delivery, i.e. nanoparticles, such as liposomes 
(e.g. [7]), that are employed to protect normal tissues and favor the 
accumulation of optical tracers in the tumor area (passive targeting). 
In both cases, after the intravenous administration of the tracers, 
these have to extravasate at the tumor and be retained specifically on 
or in tumor cells.

Normal vasculature possesses gaps between endothelial cells 

Introduction
In the current era of increased awareness of the complementary 

role of molecular imaging in cancer therapy, tremendous efforts 
are being made in the development and evaluation of new tumor-
targeted tracers for molecular imaging. Not only can these tracers be 
relevant for diagnosis, they can also be determinant for selection of 
therapy, for monitoring of therapeutic efficacy, as well as for drug 
development [1, 2]. In addition, some of these can be employed in 
the surgical setting, to guide tumor resections. In this particular 
context, optical molecular imaging has been recently gaining more 
importance, due to advances in optical imaging technologies, and due 
to the absence of ionizing radiation, rendering its use friendlier and 
safer for patients and medical personnel [3, 4]. Recently, clinical trials 
have been initiated with monoclonal antibodies (mAbs) targeting 
the tumor markers VEGF or EGFR, that are conjugated to the near-
infrared fluorophore IRDye 800CW. On the other hand, many 
preclinical studies suggest that smaller tracers have advantages in 
molecular imaging, when compared to conventional mAbs. Here, the 
discussion will be centered on the properties of the different formats 
of tracers, in particular highlighting studies in which small tracers 
have been conjugated to the fluorophore IRDye 800CW.

Optical Imaging Principles
In general, optical imaging relies on the detection of fluorescence 

emitted by fluorophores, upon light excitation. For more effective 
imaging of structures below a couple of centimeters from the surface 
of the skin, fluorophores with maximum excitation and emission 
within the near- infrared wavelength should be employed (i.e. 700-
1000 nm). In this range of wavelength, auto fluorescence of tissues is at 
the lowest possible level and the lowest amount of fluorescence is lost 
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of 6-7 nm [8]. Notably, tumor vasculature is in general leakier due 
to the rapid and unorganized growth of tumor blood vessels. With 
pores between endothelial cells that may reach approximately 800 
nm, extravasations becomes possible for molecules or nanoparticles 
in the range of 10-200 nm [9]. Moreover, this property is in the 
‘enhanced permeability and retention’ effect (EPR) [10] combined 
with the lack of proper lymphatic drainage. Together, these lead to 
the accumulation of molecules or nanoparticles at the tumor site, 
by passive targeting, provided that they circulate long enough in 
the bloodstream [11]. Alternatively and simplistically, when tracers 
are smaller and have a short half-life in the bloodstream (e.g. hours 
or minutes), their binding affinity becomes the most important 
parameter, as these molecules may encounter the target only once, 
and thus may have only one chance for specific binding. In this case 
of active targeting, binding affinities in the range of 0.1 – 10 nM have 
been described to be essential for sufficient tumor accumulation [12].

Background and contrast
Next to the specific accumulation at the tumor, the elimination 

of the remaining tracer from the bloodstream and normal tissues 
is essential for low background fluorescence, so that adequate 
contrast is obtained. Two main routes are responsible for clearance 
of unbound tracers: hepatic or renal. The kidneys are mainly 
responsible for clearing small sized particles from the bloodstream, 
through the urine. The glomerular filtration is dependent on the 
size of the molecule, where molecules with an in vivo hydrodynamic 
diameter (HD) under 6 - 8 nm are filtered, which in general is 
related to an average molecular weight cutoff of approximately 60 
kDa [13, 14]. This process is also dependent on the charge or the 
molecules, where positively charged molecules are more likely to 
be cleared. Alternatively, the charge of the molecule may provide 
interactions with plasma proteins, increasing the HD and preventing 
renal clearance. In that case, and for other large particles (HD >10 
- 20 nm) which are not cleared by the kidneys, e.g. antibodies and 
nanoparticles, the liver is the main responsible for clearance. Such 
particles are endocytosed by Kupffer cells and hepatocytes, which are 
then excreted into the bile. In addition, other phagocytic cells, such 
as monocytes and macrophages located in lymph nodes and in the 
spleen, are responsible for clearance of large particles [14, 15].

In principle, the quicker the unbound tracer is removed from 
the normal tissues and blood, the faster the contrast is created and 
the image can be obtained, provided that the tracer is retained at the 
tumor. For diagnosis and selection of therapy, the sooner the image 
is obtained (hours instead of 3 to 7 days), the sooner the patient can 
initiate therapy, the shorter the time period spent in the hospital, and 
likely the lower the costs involved. On the other hand, rapid clearance 
decreases the chance of accumulation at the tumor, and overall tumor 
uptake may be lower, unless such tracers compensate their short half-
life by high binding affinities, as discussed earlier [12].

Formats of Targeting Moieties
Although nanoparticles have very interesting applications in 

imaging, multi-modal imaging, therapy and even combinations of 
these, this section focuses on active targeting by antibodies, their 
fragments and other small targeting moieties (Figure 1). mAbs have 
been used in molecular imaging for their binding specificity, to target 
particular tumor antigens (or tumor markers) that are solely expressed 

or over expressed in tumors, compared to normal tissues. mAbs have 
been conjugated to radio ligands for PET/SPECT or to fluorophores 
for optical imaging [16-18], being the latter addressed here in more 
detail. mAbs targeting EGFR (cetuximab, panitumumab), HER2 
(trastuzumab), and VEGF (bevacizumab) have been conjugated to 
IRDye 800CW and employed pre-clinically to image subcutaneous 
xenografts of breast [6, 19], vulva [20], and ovarian [21] tumors, of 
gliomas [22], and of peritoneally disseminated ovarian or gastric 
tumors [21]. In general, encouraging results have been obtained, 
which combined with the fact that these mAbs are already approved 
for therapy in the clinic, stimulated and accelerated the process for 
clinical translation of antibody-targeted optical imaging. In fact, 
clinical trials have been initiated with Bevacizumab-IRDye 800CW 
(ClinicalTrials.gov: NCT01508572, NCT01972373, NCT02129933) 
and Cetuximab-IRDye 800CW (ClinicalTrials.gov: NCT01987375).

However, the molecular weight of mAbs (~150 kDa) and 
dimensions of 14.2 nm × 8.5 nm × 3.8 nm [23], together with the 
‘binding site barrier’ effect, have been shown to hamper their 
distribution and penetration through tumors [24]. Furthermore, 
and more importantly for imaging, their relative long half-life in the 
bloodstream leads to high background levels, which reduce contrast 
for imaging and thus delays image acquisition for 3 to 7 days after 
tracer administration. To improve tissue penetration and to accelerate 
the imaging procedure, efforts have been made to investigate the 
potential of smaller antibody fragments (Figure 1A). Naturally 
derived or synthetic antigen-binding fragments (Fabs; ~50 kDa), 
variable fragments (Fvs; ~15 kDa) or single-chain variable fragments 
(scFvs; ~30 kDa) have been evaluated for their capacity to overcome 
the drawbacks of mAbs. In general, these studies show improvements 
in tumor penetration with size reduction, concomitantly with earlier 
contrast and more rapid clearance. Unfortunately, to some extent, 
these studies also suggest limitations by the lack of avidity and the 
lower affinities of these fragments, compared to the corresponding 
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Figure 1: Schematic representation of antibodies and smaller targeting 
moieties that have been investigated conjugated to IRDye 800CW: A. 
monoclonal antibody (mAb) and its fragments, i.e. antigen-binding fragment 
(Fab), variable fragment (Fv), and single-chain variable fragment (scFv); B. 
nanobody derived from a heavy chain antibody (HcAb), affibody, and cyclic 
RGD peptide. The approximate molecular weight of each type of molecule is 
depicted for relative comparison.
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mAbs [25]. Alternatively, several studies have been describing smaller 
formats, such as nanobodies (15 kDa) or affibodies (6 kDa) (Figure 
1B), conjugated to IRDye 800CW for optical molecular imaging, 
which in both cases resulted in image acquisition within 30 min or 1 
hour after tracer administration.

Nanobodies are the variable domain of a particular sort of 
antibodies, i.e. the heavy chain antibodies (HcAbs, ~95 kDa) that 
were discovered in animals from the Camelidae family by Hamers-
Casterman in 1993 [26]. The term ‘nanobodies’ was introduced by 
the Belgian company Ablynx®, but these are also referred to as VHHs 
(as they are the variable domain of the heavy chain of a heavy chain 
antibody) or as single domain antibodies (sdAbs) [27]. Although 
smaller than conventional antibodies, nanobodies bind their targets 
with similar specificity and with very high affinities (pM - nM). A 
number of studies have thus far demonstrated the potential of 
nanobodies conjugated to IRDye 800CW in  non-invasive optical 
imaging and also in the surgical setting, to guide tumor resection or to 
detect small metastases [19, 20, 28]. Although none of these tracers has 
to date reached clinical evaluation, this is probably a matter of time, as 
a nanobody targeting HER2 is currently under clinical evaluation in a 
first-in human trial for PET imaging of breast cancer [29].

Affibodies are synthetic protein scaffolds that are very stable 
proteins and have shown potential in preclinical studies [30]. In fact, 
a radiolabelled affibody targeting HER2 is under clinical evaluation. 
Thus far, Phase I studies showed that it is safe for use in humans and 
it is a promising tool for assessing HER2 status of metastatic breast 
cancer non-invasively [31]. In time, other affibodies will likely be 
evaluated in humans, possibly also for optical imaging. Even smaller 
targeting moieties have been investigated, such as ligands (e.g. 
EGF [30]) or peptides (e.g. RGD [32]). For the former, unwanted 
activation of signaling cascades upon EGFR binding has limited its 
exploration for molecular imaging applications. On the other hand, 
the cyclic RGD peptide conjugated to IRDye 800CW has shown its 
potential for intraoperative imaging and resection of glioblastomas 
[32]. Furthermore, this peptide has demonstrated specific binding 
to alpha-v-beta-3 integrin in cancer patients with PET imaging, 
providing good contrast at 72 min post-administration [33], and thus 
its evaluation with optical imaging may be a matter of time.

In general, different formats of tracers have been investigated 
and the examples here highlighted are only a small part of these, 
particularly focusing on the near-infrared fluorophore IRDye 
800CW, which has recently entered clinical trials. Many other tracers 
have been and are being investigated thoroughly in the preclinical 
setting. Although just a small number of these will reach clinical 
evaluation, only then firm conclusions can be drawn on the value and 
the application of each format.

Advantages of Small Tracers
Clinically approved mAbs as targeting moieties for optical 

imaging have recently reached clinical evaluation. In due course 
the value of these tracers will become clear for non- invasive 
imaging (e.g. breast cancers, ClinicalTrials.gov: NCT01508572), 
superficial imaging (e.g. head and neck cancers, ClinicalTrials.gov: 
NCT01987375), gastro-intestinal tract imaging through endoscopes 
(ClinicalTrials.gov: NCT02129933, NCT01972373), or intraoperative 
optical imaging (ClinicalTrials.gov: NCT01987375). Although 

smaller targeting moieties may need more time to reach this stage, 
ongoing clinical trials with small radioactive tracers may accelerate 
optical imaging trials. Preclinical studies clearly indicate several 
aspects that favor smaller targeting moieties over mAbs: rapid 
distribution and efficient penetration, combined with rapid clearance 
of unbound tracers, leading to adequate contrast within minutes 
or hours after administration instead of days (e.g. [19, 20, 30]). As 
a result, in the future, earlier and faster diagnosis could be possible 
and patients could begin their treatments more rapidly after tumor 
detection. In addition, shorter hospital stays could possibly decrease 
healthcare costs. Moreover, monitoring the therapeutic efficacy could 
also be easier and more frequent. Small targeting moieties could be 
employed that  are  not  competing  with  therapeutic  antibodies,  
thereby  enabling  assessment  of therapeutic response concomitant 
with treatment.

Without a doubt, the results obtained with the ongoing optical 
clinical trials will provide crucial insights into the direction optical 
molecular imaging should follow in the next decade. These results 
will clarify whether further clinical trials will be performed with the 
same mAbs conjugated to IRDye 800CW, or whether other tracers 
should be considered for optical imaging in patients. Next to these, 
the outcome of ongoing trials, employing smaller tracers with other 
imaging modalities, will possibly encourage similar trials with optical 
imaging. Although preclinical studies clearly show advantages of 
smaller tracers over mAbs, only when the small formats of tracers 
have been evaluated in the clinic, it will be clear whether their 
advantages are also evident in cancer patients. For scientific purposes, 
the development of new potential tracers for optical imaging can 
certainly be processed in many different directions, employing all 
possible formats. Nevertheless, when the goal is to develop a tracer 
to reach clinical translation, the aspects here discussed are considered 
of importance to guide the selection of the most promising format of 
tracer.
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