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1
Introduction & Outline of the Thesis

This chapter was edited from the following articles: 

Antibody-based Imaging Strategies for Cancer
Warram JM, de Boer E, Sorace AG, Chung TK, Kim H, Pleijhuis RG, van Dam GM, 
Rosenthal EL. 
Published in Cancer Metastasis Rev., 2014 33(2-3):809-22.
DOI: 10.1007/s10555-014-9505-5

On the Horizon: Optical Imaging for Cutaneous Squamous Cell Carcinoma
de Boer E, Moore LS, Warram JM, Conway CH, Brandwein-Gensler MS, van Dam GM, 
Rosenthal EL, Schmalbach CE. 
Head Neck, 2015 [Epub ahead of print]
DOI: 10.1002/hed.24079
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INTRODUCTION 

Accurate tumor localization is of paramount importance for adequate surgical removal of 
squamous cell carcinoma of the head and neck (HNSCC), with an ultimate goal of surgical 
margins that are free of tumor cells. Obtaining tumor free surgical margins are critical, since 
local recurrence rates increase significantly with positive resection margins.1 Local recurrence 
rates up to 22% have been reported when involved margins are found on histology, compared 
to 4% local recurrences in patients with tumor free margins.2 Involved surgical margins in-
crease the risk of death at 5 years up to 90%, indicating that the status of the surgical margin is 
a critical prognostic factor.3 Nevertheless, in current clinical practice, tumor positive margins 
are found in 40% of HNSCC patients on histopathologic review.4,5

Over the years, significant improvements in preoperative imaging modalities, such as com-
puted tomography (CT) and magnetic  resonance imaging (MRI), have resulted in more ac-
curate tumor localization, staging and preoperative planning.6,7 During surgery, however, the 
surgeon continues to rely on visual and tactile information to subjectively discriminate be-
tween tumorous and normal  healthy tissue, which may contribute to the suboptimal survival 
rates after surgery.8 
The pathology report, the gold standard for confirming the success of a surgical resection, 
usually takes 4-7 days to compile and is therefore of limited use to guide intraoperative de-
cision making. Although frozen section analysis of margins are effective, poor quality and 
sampling errors reduces the benefit of these techniques.9 Interpretative error denotes a failure 
to correctly diagnose the tissue present on the frozen section slide. Sampling error refers to 
the collection and subsequently evaluation of non-representative tissue. Whereas errors in 
interpretation are attributable to the pathologist, sampling errors may be the responsibility 
of the surgeon. Furthermore, frozen sections cannot be performed on all tissue types, such 
as bone and fat tissue. It is clear that the development of strategies to allow the surgeon to 
visualize (sub-) clinical foci of cancer with less dependence on subjective measurements of 
tissue density and subtle changes in surface topography is critically needed for more accurate 
resection and has the potential to greatly improve patient prognosis. 

FLUORESCENCE IMAGING
Intraoperative fluorescence imaging is a novel technique that synchronously registers and 
processes a signal for cancer detection and surgical navigation to fill the gap between preoper-
ative imaging, postoperative pathology and intraoperative reality.7 In order to achieve fluores-
cence imaging, a fluorescence signal is generated when the electrons in a fluorescent molecule 
are excited to a higher energy state by activation of a specific wavelength (excitation wave-
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length), and then relaxes to ground state by emitting a photon of light known as the emission 
wavelength (Fig 1a). To utilize this modality for clinical imaging, the fluorescent agent may be 
administered either topically or systemically (Fig. 1b). If a fluorophore is used that is used as 
blood pool agent, lymphatic imaging or specifically taken up at the site of interest, a special-
ized camera system can be used to point out the extent and exact anatomic location (Fig. 1c). 

Although techniques like CT can achieve high-resolution whole body imaging, smaller le-
sions in the surgical field cannot be visualized intraoperatively.10 Fluorescence imaging has 
several favorable qualities, demonstrating the potential to be an exceptionally powerful tool in 
guiding future patient care in surgical oncology. Fluorescence imaging provides direct feed-
back within the natural surgical field of view. Importantly, high spatial and temporal resolu-
tion images can be obtained for real-time measurement, with no involvement of radiation. 
Altogether, it can be concluded that the possibility for real-time measurement, the seamless 
integration in the current workflow, together with the low costs, flexibility and lack of radia-
tion makes fluorescence imaging attractive for intraoperative imaging.

TARGETING STRATEGIES
The appropriate selection of the fluorophore is of the uttermost importance in cancer detec-
tion purposes. The ideal imaging probe enhances demarcation between normal and cancer-
ous tissue to enable clear distinction. Figure 2 summarizes the four main mechanisms to gen-
erate fluorescent contrast in tumor. Non-targeted probes (Fig. 2a), like ICG, have potential to 
improve sentinel lymph node (SLN) mapping in multiple types of cancer. Furthermore it has 
been proposed that ICG can be used in intraoperative imaging of solid malignancies, other 

Figure 1 Mechanism of fluorescence imaging. If light of a specific wavelength is shed onto the subject, 
the photons will excite the extrinsically administered fluorophore by bringing electrons in a high-energy 
state. When these electrons fall back into their normal state, fluorescent light is emitted (a). A fluorescent 
agent may be administered either locally or systemically (b) for real-time feedback during surgery (c).

a b c NIR camera

Emission

Excitation
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than liver metastasis.11 However, as the efficacy of this agents is based entirely upon passive 
accumulation through the more porous and leaky blood vessels formed in and around tumors 
(i.e. the enhanced permeability and retention (EPR) effect), it is not ideal for tumor specific 
delineation.12

The most commonly known biosynthesis targeted probe (Fig. 2b) is 5-aminolevulinic acid 
(5-ALA), which targets the hemoglobin biosynthesis pathway. Upon intravenous adminis-
tration, 5-ALA accumulates in the mitochondria. Excitation of the 5-ALA causes cancerous 
tissues with higher mitochondrial content, compared to healthy tissue, to fluoresce.13 To date, 
5-ALA is approved for fluorescence-guided cancer resection of glioma in Europe. While the 
application of 5-ALA has shown to have clinical benefit, limitations such as natural autoflu-
orescence of brain tissues have made adequate contrast a challenge.14 Furthermore, because 
only  a limited number of malignancies have increased amounts of mitochondria, it is difficult 
to extent 5-ALA beyond malignant gliomas. 

Target activatable probes (Fig. 2c) are fluorescently inactive (quenched) until cleavage by tu-
mor specific proteolytic enzymes. The fluorescence activity of the probes increases significant-
ly upon specific enzymatic cleavage.15,16 Since such activatable probes are undetectable prior 
to enzymatic cleavage, unwanted background signals are minimized thereby significantly im-
proving detection sensitivity. However, targeting of proteolytic enzymes results in imaging of 
the invasive tumor border only, where these enzymes are most abundant, instead of the actual 
tumor mass itself. Either this is disadvantageous, due to diffusion of the fluorescent probe 
from the tumor border leading to impairment of the surgeons’ decision about which tissues 

Non-targeted probes Biosynthesis targeted 
probes

Target activatable 
probes

Targeted fluorescent 
probes

a b c d

Figure 2 Strategies to achieve contrast for fluorescence imaging. Non-targeted probes are generally 
used for visualization of anatomical structures like blood vessels, lymphatic vessels and lymph nodes 
(a). Biosynthesis targeted probes leverage the differential metabolic activity of tumors. 5-AminoLevulinic 
Acid (5-ALA) causes tumorous tissues with high mitochondrial content to fluoresce (b). Target activatable 
probes are inactive (quenched) upon intravenous administration. When cleaved by tumor associated 
enzymes, the agent becomes active (i.e. dequenched; c). Targeted probes are specifically taken up at the 
site of interest, allowing for site-specific imaging and/or treatment (i.e. a theranostic agent) (d). 
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need to be resected and which tissues need to be preserved, or advantageous by providing 
an inherent tumor margin free zone. Several cysteine based proteases have been identified 
which selectively accumulate within the lysosomal compartment of the cell after cleavage and 
may still be able to clearly demarcate tumor from normal tissue. In a Fluorescence Resonance 
Energy Transfer (FRET) based probe, another example of a targeted activatable probe, two 
fluorophores are linked to separate proteins of interest. When in close approximation to one 
another, the donor fluorophore in the excited state can transfer its excitation energy to the 
neighboring acceptor, which will yield the acceptor emission. If the confirmation of the pro-
tein changes (i.e. after cleavage by tumor specific proteolytic enzymes), the re-association of 
the fluorescent protein fragments allows for independent measurement of the fluorescence of 
each fluorophore and thus enabling target detection. 

Targeted fluorescent probes (Fig. 2d), use as a targeting moiety antibodies, peptides or engi-
neered antibody or receptor fragments as carriers to selectively deliver a diagnostic probe or 
therapeutic agent to cancer cells. Differential expression of the target antigen or receptor in 
tumor cells allows a high concentration of the probe to be selectively delivered to cancerous 
tissue relative to normal tissue which is highly appropriate in diagnostic imaging (resulting 
in a high tumor-to-background-ratio (TBR), section I of this thesis), whereas a targeted drug 
as for instance based on a therapeutic antibody that affects only highly specific tumor cells 
and not healthy cells may increase both diagnostic and therapeutic (theranostic) efficacy and 
decrease morbidity (section II of this thesis).

ANTIBODIES AS TARGETING AGENTS
The upregulation of certain genes lead to the overexpression of growth factor receptors, a 
hallmark underlying the onset and limitless replicative potential of cancer.17,18 These molec-
ular changes, selectively exhibited by cancer have been exploited as a target for a wide range 

Antibody Target Type Indication Approval date
Bevacizumab VEGF Humanized Glioblastoma, NSCLC, colorectal, kidney 2004
Cetuximab EGFR Chimeric Colorectal, head and neck 2004
Ipilimumab CTLA-4 Human Melanoma 2011
Panitumumab EGFR Human Colorectal 2006
Pertuzumab HER2 Humanized Breast 2012
Trastuzumab HER2 Humanized Breast, gastric 1998

Table 1 – FDA approved therapeutic monoclonal antibodies for solid malignancies

EGFR = Epidermal growth factor receptor; NSCLC = Non-small cell lung cancer; VEGF = Vascular en-
dothelial growth factor
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of therapeutic antibodies. Over the past couple of decades the European Medicines Agency 
(EMA) and Food and Drug Administration (FDA) has approved more than a dozen antibod-
ies to treat certain cancer for their inhibitory therapeutic effect on tumor-associated growth 
and growth factor signaling receptors. Table 1 summarizes the EMA and FDA-approved an-
tibodies for solid malignancies. 

The advantage of repurposing therapeutic antibodies for imaging is that the pharmacokinetic 
profile, biodistribution, side effects, and potential toxicity of these FDA-approved antibodies 
are generally well known and therefore the safety well defined.  Furthermore, they are avail-
able under GMP conditions and therefore production as imaging agents would have lower 
developmental costs. Moreover, because the dosing of the antibodies as imaging agents often 
requires less than therapeutic levels, the toxicity profile is usually limited to non-dose depen-
dent events such as immunological reactions. This makes the antibody based approach ideal 
for safely pioneering the use of targeted imaging and treatment in the clinic.19,20

Early clinical trials in oncology for antibody based radioactive imaging were performed with 
success, and have demonstrated that image-guided cancer surgery has the potential to be a 
very powerful tool in guiding patient care in surgical oncology.21 While this modality is prom-
ising, to date its clinical value in head and neck oncology has not yet been evaluated. 

Figure 3 Overview. After the tumor mass is identified by the surgeon (a), and debulked (b) fluorescence 
imaging (section I of this thesis) has the potential to be a powerful tool guiding the surgeon in visualizing 
(sub-) clinical foci of cancer (c). Photoimmunotherapy (PIT) is a theranostic concept (section II of this 
thesis), which combines image-guided surgery (d) and intraoperative treatment of residual disease (e). 
Photosensitizers absorb light at a certain wavelength and generate measurable fluorescence as well as 
highly cytotoxic singlet oxygen molecules (f), which leads to cell death of microscopic residual disease

a b c

d e f

Section II

Section I
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OVERVIEW
As outlined in Figure 3, this dissertation presents the systematic evaluation of repurposed 
therapeutic antibodies for antibody based imaging (section I of this thesis) and an antibody 
based theranostic approach (section II of this thesis) to assist surgical treatment.

SECTION I ANTIBODY BASED IMAGING TO ASSIST SURGICAL TREAT-
MENT
Section I of this thesis is focused on utilizing antibodies as carriers to selectively deliver a 
fluorescent agent to cancer cells and exploit disease-specific fluorescence for cancer detec-
tion and surgical navigation. In Chapter 2 of this section, we provide a review of the most 
promising innovative optical imaging methodologies. This review article focuses on optical 
imaging techniques and the potential to shift the field of tumor margin detection from surgi-
cal pathology to the operating theatre for a more efficient and reliable decision-making tool. 
In Chapter 3 we evaluate the ability of a systemically administered antibody-dye conjugate 
(cetuximab-IRDye800CW) to provide sufficient fluorescent contrast for surgical resection of 
disease in both subcutaneous and orthotopic animal models of glioblastoma multiforme. 

In Chapter 4 we report on the first-in-human clinical trial using a fluorescently labeled an-
tibody, cetuximab-IRDye800CW, in patients with head and neck cancer for the purpose of 
fluorescence-guided resection of cancer. We evaluate safety, toxicity and tumor specificity in 
twelve patients with biopsy proven HNSCC in a dose-finding study. Chapter 5 assesses op-
tical molecular imaging (i.e. In vivo fluorescence immunohistochemistry) using fluorescent-
ly labeled cetuximab and determine whether (peri-) tumoral distribution to morphological 
(peri-)tumoral characteristics would help us to evaluate localization of fluorescently labeled 
cetuximab to improve our understanding about true tumoral antibody delivery ad co-local-
ization with (peri-)tumoral characteristics. 

Currently, the use of fluorescence guided surgical resection is rapidly advancing towards 
broader clinical use. However reporting levels of fluorescence intensities remains subjective 
and largely qualitative. In Chapter 6 we introduce a ratiometric threshold methodology to 
provide a strategy for objective assessment of tumor fluorescence during fluorescence-guided 
surgery to accurately and objectively predict presence of cancer in real-time and in a repro-
ducible matter. 

Surgically removing cancer and obtaining tumor free surgical resection margins is obviously 
a collaborative effort between surgeons and pathologists. Currently, surgeons lack adequate 



16

intraoperative tools to distinguish normal from tumorous tissue and consequently determine 
the actual tumor free margin. Although very sensitive in intraoperative margin assessment, 
frozen section consultation is fraught to interpretative and sampling errors. In current clinical 
practice, surgeons lack the tools to accurately evaluate resection margin involvement. Fur-
thermore tissues like bone and fat cannot be analyzed for tumor involvement by frozen sec-
tion analysis. Chapter 7 assesses the potential of fluorescent-guided histopathology to shift 
tumor margin assessment from surgical pathology to the operating room to provide a more 
accurate method for disease localization in frozen room and permanent pathology.

SECTION II ANTIBODY BASED THERANOSTICS TO ASSIST SURGICAL 
TREATMENT
The use of receptor-targeted antibodies conjugated to cytotoxic fluorescence photosensitizers 
is actively being explored to enhance surgical treatment efficacy of for instance microscopic 
residual disease.22 Antibody based photodynamic therapy (i.e. photoimmunotherapy (PIT)) 
combines the tumor specificity of antibodies with the toxicity induced by photosensitizers. 
The use of PIT may be applied to improve detection and treatment of (subclinical) disease in 
a theranostic approach in standardized pre-clinical and clinical settings. Therefore, there is a 
great need to develop and characterize a standardized light source for PIT application for pre-
clinical evaluation in vitro and in vivo. We designed and manufactured a light-emitting diode 
(LED)/PIT device and validated the technical feasibility, applicability, safety, and consistency 
of the system for standardized PIT in cancer treatment in a preclinical setting as a platform 
and methodology serving the clinical development and evaluation. This study is described in 
Chapter 8. 

The objective of the study described in Chapter 9, was to determine if PIT could be used as an 
adjuvant treatment modality to assist in surgical resection of squamous cell carcinoma of the 
head and neck. First, the therapeutic efficacy of PIT in combination with the antibody-pho-
tosensitizer conjugate panitumumab-IRDye700DX in a sub-total resection animal model was 
evaluated. Additionally, we tested this approach ex vivo using freshly excised patient-derived 
squamous cell carcinoma specimen of the head and neck to evaluate the translational poten-
tial of the technique in human tissue. 

As our primary goal of PIT is effective and safe translation for therapy in humans, we further-
more assessed the biodistribution of an EGFR-targeted antibody labeled with the fluorescent 
photosensitizer IRDye700DX cetuximab-IRDye700DX in non-human primates. Non-human 
primates have historically been used in safety evaluation studies for cetuximab since they car-
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ry the EGFR epitope with a high degree of homology to humans, unlike to mice or rats.23 This 
animal toxicology, pharmacokinetic and biodistribution study is described in Chapter 10.
Finally, in Chapter 11 the results of this thesis are summarized and discussed, including the 
advantages and limitations of antibody based imaging techniques and PIT as well as the po-
tential and pitfalls that are likely to be encountered in the future. All results are summarized 
in an English and Dutch Summary, Chapter 11 and Chapter 12 respectively of this thesis.
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ABSTRACT 

BACKGROUND
In the past decade, there has been a major drive towards clinical translation of optical and, 
in particular, fluorescence imaging in surgery. In surgical oncology, radical surgery is char-
acterized by the absence of positive resection margins, a critical factor in improving prog-
nosis. Fluorescence imaging provides the surgeon with reliable and real-time intraoperative 
feedback to identify surgical targets, including positive tumour margins. it also may enable 
decisions on the possibility of intraoperative adjuvant treatment, such as brachytherapy, che-
motherapy or emerging targeted photodynamic therapy (photoimmunotherapy).

METHODS
This article reviews the use of optical imaging for intraoperative guidance and decision-mak-
ing.

RESULTS
Image-guided cancer surgery has the potential to be a powerful tool in guiding future sur-
gical care. Photoimmunotherapy is a theranostic concept (simultaneous diagnosis and treat-
ment) on the verge of clinical translation, and is highlighted as an effective combination of 
image-guided surgery and intraoperative treatment of residual disease. Multispectral opto-
acoustic tomography, a technique complementary to optical image-guided surgery, is cur-
rently being tested in humans and is anticipated to have great potential for perioperative and 
postoperative application in surgery.

CONCLUSION
Significant advances have been achieved in real-time optical imaging strategies for intraoper-
ative tumour detection and margin assessment. Optical imaging holds promise in achieving 
the highest percentage of negative surgical margins and in early detection of micrometastastic 
disease over the next decade.
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INTRODUCTION

For decades, doctors have relied solely on their vision and tactile information for diagnosis 
and treatment monitoring during surgery. After World War II, medical doctors started to use 
lenses and microscopes in the operating theatre to zoom in on the field of interest during a 
procedure.1 At the same time fluorescein was used in combination with an ultraviolet lamp 
to enhance contrast in tumour tissue.2 Since then contrast agents have been used for several 
procedures during surgery, such as 5-aminolevulinic acid in neurosurgery3 and blue dye in 
detection of sentinel lymphnodes4 (Fig. 1).2-5  During the past decade there has been increased 
interest in the clinical application of optical imaging techniques in the operating theatre. The 

surgeon’s eyes and hands are useful instruments for detecting anatomical structures, but un-
fortunately cannot detect the precise molecular processes related to a particular disease stage. 
For example, in patients with peritoneal metastases it is often difficult to distinguish healthy 
scar tissue from malignant lesions. Moreover, there are no scientific data available on the sen-
sitivity and specificity, nor diagnostic accuracy, of the detection of cancer by human inspec-
tion and palpation. The volume of publications in the field of intraoperative optical imaging 
has doubled in the scientific literature in the past 20 years, particularly in the last 10 years (Fig. 
2). The standard for the direct result of a surgical resection is the pathology report. This usu-
ally takes 4–7 days to obtain, while the patient is recovering from surgery. In the event of in-
complete resection, this is not an ideal time for reintervention. Ideally, a surgeon needs direct 
feedback during an operation, so there is still the possibility to adjust the procedure in order 

Figure 1 Development of clinical optical imaging. The first contrast agents were used by Moore1 
between 1940 and 1950. Other milestones were the introduction of a blue dye for localizing the sentinel 
lymph node in breast cancer treatment2, the introduction of 5-aminolevulinic acid (5-ALA) in brain surgery3 
and, more recently, targeted imaging using folate–fluorescein isothiocyanate (FITC) in a human ovarian 
cancer4. UV, ultraviolet. (Reproduced from Intraoperative Imaging and Image-Guided Therapy, Jolesz FA 
(ed.), 2014, with permission from Springer Science and Business Media)
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to improve the outcome. Several 
clinical studies have used optical 
contrast agents (non-targeted 
and targeted) during surgical 
procedures. The non-targeted, 
clinically available dye indo-
cyanine green (ICG) has been 
used for lymph node detection6, 
intraoperative angiography7, in-
traoperative cholangiography8 

and visualization of liver metas-
tasis9. As the efficiency of this 
agent is based on perfusion or 
the enhanced permeability and 
retention effect, it is not ideal 

for tumour-specific delineation. More recently, targeted optical probes have been introduced, 
which are based on existing targeted therapies.

OPTICAL IMAGING IN SURGERY
There are many imaging modalities available for preoperative staging. The introduction of 
ultrasonography, CT, MRI and PET has made a big impact on preoperative staging and thera-
peutic decision-making, which has significantly affected how patients with cancer are treated 
and monitored. Unfortunately, these modalities cannot easily be used in the operating the-
atre. For detection of small lesions, the resolution of CT (millimetres) is low compared with 
human vision (approximately 50 μm). Techniques like CT achieve high resolution in whole-
body imaging but cannot detect small lesions in the surgical field during operation. Optical 
imaging methods can detect lesions smaller than 10 μm.10 Optical imaging can also provide 
direct feedback and is related to the natural surgical field of view. Together with relatively low 
costs and flexibility, optical imaging modalities fit well in the operating theatre (Fig. 3; Video 
S1, supporting information).
Ultrasonography, portable high-energy (ionizing) detectors, such as a handheld γ probe or 
handheld PET detector, and optical methods are more suitable in the operating theatre. Ul-
trasound imaging can achieve relatively high resolution (less than 30 μm), combined with a 
penetration depth of up to several centimetres. The disadvantages of ultrasonography are the 
relatively small field of view and the need for contact with the tissue. It is often used in liver 
surgery and recently has been applied successfully in breast-conserving therapy, reducing 

Figure 2 Publications related to optical imaging from 1990 to 
2013, based on the search terms intraoperative, optical or fluores-
cence imaging and English language.
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Figure 3 Current and future image-guided surgery. During surgery, minimally invasive (laparoscopy, 
endoscopy) and invasive (open surgery, intraoperative optoacoustic imaging) optical imaging can guide 
the surgeon for detection purposes, such as sentinel lymph node(s), tumour tissue and residual disease 
after resection, or provide information on tissue viability by measuring perfusion and oxygenation status

the rate of positive margins.11 The γ probe can be used to detect a target with a much higher 
penetration depth, although the resolution cannot be compared with that of the human eye 
or optical methods. Moreover, the use of ionizing isotopes needs strict standard operating 
procedures and prevention of overexposure to irradiation, a potential hazard for the surgeons 
and scrub nurses working with these patients. In contrast, optical or fluorescence imaging 
has near-perfect features for intraoperative use; it has good correlation with human vision, is 
non-ionizing, and open-air systems can be built into laparoscopes with relatively low costs. 
A limitation of optical imaging is the penetration depth (1–2 cm) of the near-infrared (NIR) 
light into the tissue owing to scattering and absorption of photons.12 Superficial activity can 
be detected with high sensitivity, which is an advantage during an operation such as removal 
of peritoneal metastases from ovarian or colorectal cancer. The principles of the technique, 
together with its recent and future applications, are described below. 

PRINCIPLES OF INTRAOPERATIVE OPTICAL IMAGING 
Humans can detect light in the visual spectrum (± 400–750 nm) with a high resolution of ap-
proximately 50 μm. Humans can see depth and are therefore able to reconstruct shape and ar-
chitectural features, although the human eye is not able to differentiate between spectra with 
a small separation in wavelengths. This implies that it is difficult to differentiate between two 
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different objects that are almost 
the same colour. For example, it 
is more difficult to count green 
apples in a tree with green leaves; 
if the apples are red it is easier to 
count them owing to enhanced 
contrast. This phenomenon to 
mislead the eye is employed in 
battle by the use of camouflage, 
or in nature as showcased by the 
octopus (Video S2, supporting 
information). The eye cannot 
detect molecular changes if the 

colour remains the same, which is often the case. During surgery, for instance, it is difficult 
to differentiate visually between tumour growth and benign scar tissue. Nor is it possible for 
the eye to detect microscopic residual disease in a resection plane. Light in the visible light 
range of 350–740 nm does not penetrate deep into tissue; NIR wavelengths ranging from 750 
to 1000 nm penetrate up to 2 cm deep (Fig. 4). Red light penetrates deeper into tissue than 
green light, which is right in the middle of the visible spectrum (Fig. 5). Besides absorption 
and scattering properties of light, inherent autofluorescence of tissue is significantly higher in 
the visible spectrum, compared with the NIR region, clearly defining the optimal diagnostic 
window for optical imaging.13 Reduced tissue absorption, scattering and autofluorescence, 
combined with image reconstruction algorithms such as the Born normalized ratio,14 result in 
improved signal-to-noise ratios. The higher this ratio, the better the diagnostic performance 
of the imaging system combined with a NIR fluorescent probe. Fluorescence imaging has 
advantages that need to be considered. Fluorescence itself is a phenomenon that occurs when 
a molecule absorbs a photon (excitation) activated at a certain wavelength that triggers the 
release of photons at a longer wavelength (emission). These photons can be detected with a 
sensitive charged-coupled device camera. Such cameras can inspect the entire operating field 
in real time, with colour and fluorescence imaging, either separately or on an overlay pseudo-
colour image. Interpretation of the images is straight forward by the amount of fluorescence 
detected. Simple optical methods, such as use of magnifying glasses and microscopes, and 
more complex instrumentation, such as two-photon microscopy and optical coherence to-
mography, can be used in surgery, but these are beyond the scope of the review. The NIR 
imaging set-up that can be used during surgery is as follows. The field of view (operating field) 
is illuminated with two different light sources. First, a white light source is used for colour 

Figure 4 Optical imaging related to the electromagnetic 
spectrum. The visible spectrum (400–750 nm) and the near-in-
frared (NIR) spectrum (750–1000 nm) are highlighted. NIR is not 
visible to the human eye and can be detected only by sensitive 
charge-coupled device cameras. UV, ultraviolet; IR, infrared. (Re-
produced from Intraoperative Imaging and Image-Guided Thera-
py, Jolesz FA (ed.), 2014, with permission from Springer Science 
and Business Media)
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Figure 5 a Light dependency on tis-
sue scattering and absorption proper-
ties. The absorption coefficient of light 
in tissue is dependent on wavelength, 
and results from absorbers such as 
haemoglobin, lipids and water. The 
graph is calculated assuming normal-
ly oxygenated tissue (saturation 70 
per cent), a haemoglobin concentra-
tion of 50 mmol/l, and a composition of 
50 per cent water and 15 per cent lip-
ids. It also shows the emission range 
of several common fluorochromes 
and luciferases used for imaging. 
GFP, green fluorescent protein; ICG, 
indocyanine green. b Mouse images 
show experimentally measured pho-
ton counts through the body of a nude 
mouse at 532 and 670 nm. The exci-
tation source was a point illumination 
placed on the posterior chest wall. 
Signals in the near-infrared (NIR) 
range are about four orders of magni-
tude stronger compared with illumina-
tion with green light under otherwise 
identical conditions, illustrating the 
advantages of imaging with NIR pho-
tons. (Reproduced from reference 13, 
with permission from Macmillan Pub-
lishers, copyright 2003)

Figure 6 Clinical prototype of image-guided surgery system. a Multispectral fluorescence camera 
system in the operating theatre. b Schematic of a multispectral fluorescence camera system capable of 
capturing three imaging channels in real time simultaneously: colour reflectance, fluorescence and intrin-
sic excitation. A halogen light source is used for white light illumination and a diode laser for fluorescence 
excitation. CCD, charge-coupled device. (Adapted from reference 5)
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Figure 7 Hallmarks of can-
cer and their targets for 
optical imaging. EGF, epi-
dermal growth factor; NIRF, 
near-infrared fluorescence; 
PEG, polyethylene glycol; 
cRGD, cyclic arginine–gly-
cine–aspartate; VEGF, vas-
cular endothelial growth fac-
tor. IRDye®800CW (LI-COR 
Biotechnology, Lincoln, Ne-
braska, USA); AngioSense™, 
IntegriSense™, MMP-
Sense™ and ProSense™ 
(PerkinElmer, Waltham, Mas-
sachusetts, USA). (Adapted 
from reference 18, with per-
mission from Keereweer and 
colleagues)

registration of the tissue combined with a filtered white light source (light-emitting diode or 
laser) in the wavelength(s) needed for excitation of the fluorescent optical contrast agent to be 
used to detect the tumour. The light emitted from the field of view is guided through optics 
and divided to different detectors. Computer software can reconstruct the fluorescence signal, 
predominantly in a pseudocolour overlay on the colour image (Fig. 6). This set-up can be 
adapted to a NIR laparoscope or endoscope for evaluation of the oesophagus, stomach, distal 
small bowel and colon.15,16 Besides a sensitive camera system, the fluorescent dye, or contrast 
agent, often termed the probe, is of the utmost importance. Different types of optical contrast 
agent can be used. For example, fluorescein can be used as an angiography blood pool agent 
in the retina. ICG can be used for detection of lymph nodes6 or for perfusion of different or-
gans such as the liver, or skin/muscle grafts in reconstructive surgery.17 ICG has advantages 
over fluorescein related to the absorption and scattering properties of NIR. The European 
Medicines Agency (EMA) and the US Food and Drug Administration (FDA) has approved 
ICG and fluorescein for clinical use. More recently, the development of tumour-specific op-
tical contrast agents in oncology has changed the field dramatically. These probes enable vi-
sualization of biological processes by targeting important biomarkers of cancer (Fig. 7)18,19, 
inflammation20, neuro-degenerative diseases21, infectious diseases22 and cardio-vascular dis-
ease.23 The imaging agents in surgical oncology can be selected by using the TArget Selection 
Criteria (TASC) (Fig. 8, Table 1).24 This is a helpful method for selecting the most suitable 
biomarker for different types of malignancy, based on their characteristics and score. A total 
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score of 18 or over indicates that the biomarker is potentially suitable for tumour-targeted 
imaging. The following biomarkers were selected for colorectal cancer based on the TASC 
system: vascular endothelial growth factor (VEGF) A, carcino embryonic antigen, epidermal 
growth factor receptor, matrix metalloproteinases (MMPs), epithelial cell adhesion molecule, 
mucin 1 and CXC chemokinereceptor 4. After selecting the biomarkers, preferably an existing 
drug needs to be conjugated with a fluorescent dye. This needs to achieve optimal pharmaco-
kinetics and biodistribution without any toxicity, resulting in high signal-to-noise ratios and 
a homogeneous distribution within the tumour. Successful clinical examples are folate–fluo-
rescein isothiocyanate (FITC) targeting the folate receptor α5, bevacizumab–IRDye®800CW 
(LI-COR Biotechnology, Lincoln, Nebraska, USA) (NTR4632, http://www.trialregister.nl) 
and cetuximab–IRDye®800CW (NCT01987375, http://www.clinicaltrials.gov).

IMAGING STUDIES FROM BENCH TO BEDSIDE
Use of optical imaging in the clinic enhances surgical vision, but the extent depends on the 
site of application. Superficially located tumours are easily visualized, such as head and neck 
cancer, skin cancer, melanoma, bladder cancer and peritoneal metastases resulting from col-
orectal and ovarian cancer, whereas deeper-seated tumours, such as breast cancer and sarco-

Figure 8 Biomarker selection tool: TArget Selection Criteria (TASC) (Table 1). Biomarker characteris-
tics are scored in the examples shown; the blue flag represents the biomarker of interest. I - Extracellular 
localization of biomarker, cell membrane bound or in close proximity to tumour cell (score 3–5). II - Diffuse 
upregulation of the target throughout tumour tissue (score 4); the red cross indicates absence of biomark-
er. III - Tumour-to-normal ratio greater than 10; tumour cells are shown in blue and normal cells in green 
(score 3). IV - Upregulation of biomarker in the majority of patients (score 0–6). V - A biomarker that has 
previously been used successfully in in vivo imaging studies (score 2). VI Enzymatic activity facilitating the 
use of activatable probes. Cleaving enzymes that activate the imaging agent are shown in yellow (score 
1). VII - Internalization of probe for accumulation of imaging agent (score 1). (Adapted from reference 24, 
with permission)
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Figure 9 Optical imaging for detection of residual disease in a xenograft mouse model of breast 
cancer. A human breast cancer tumour cell line (MDA-MB-231-luc-D3H2LN) was injected into the mam-
mary fat pad of a nude mouse. a Colour image after removal of the skin. b Corresponding fluorescence 
image. c Haematoxylin and eosin histopathology after resection of 90 per cent of the tumour (original 
magnification ×10). d Colour image of the planned residual tumour tissue (approximately 10 per cent). 
e Corresponding fluorescence image showing an additional spot proximal to the 10 per cent that was 
intentionally left behind; this spot was not visible on the colour image and was sampled separately. f Hae-
matoxylin and eosin histopathology revealed a small rim of tumour tissue on top of the pectoral muscle 
(original magnification ×5). Also see Video S3 (supporting information). (Reproduced from reference 25, 
with permission from Springer Science and Business Media)
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mas, are more challenging owing to the significant overlay of fat, muscle or glandular tissue. 
However, progression to the clinic has been limited primarily because the development of 
clinical-grade optical contrast agents is expensive and time-intensive with regard to risk reg-
ulatory aspects, financial and administrative procedures. Despite these barriers, experimental 
data have provided evidence in preclinical animal models that detection, margin control and 
survival can be improved by use of fluorescently labelled tumour-targeting contrast agents 
in a variety of cancer types; there are also early clinical data in humans (Fig. 9).25 Videos S3 
and S4 (supporting information) illustrate intraoperative use in an experimental set-up. In 
these experiments, a real-time resection of a breast cancer tumour and ovarian cancer was 
undertaken in a xenograft mouse model.25,26 Multiple strategies have been proposed to target 
tumour cells in vivo, using probes that can be considered in three broad categories: non-tar-
geted fluorescent probes, targeted fluorescent probes, and targeted activatable probes (Fig. 
10). Each of these has been studied extensively in vivo for potential clinical translation, and 
some probes have recently reached the operating theatre in the context of clinical trials, as 
mentioned above. 

NON-TARGETED FLUORESCENT PROBES 
Among the various non-targeted fluorescent probes currently available for research and clin-
ical use are fluorescein, ICG, cresyl violet acetate, toluidine blue and Lugol’s iodine. ICG has 

Figure 10 Mechanism of action of fluorescent probes. a Contrast agent: the probe is fluorescent by 
itself (after illumination) and, depending on the site of injection, will give contrast to the structure. For 
example, when injected into the circulation it will produce fluorescence contrast in areas with vasculariza-
tion. b Targeted probe: the probe is fluorescent by itself (after illumination) and will attach to receptors on 
the cell surface of interest. An example is folate receptor α in combination with fluorescein isothiocyanate. 
c Targeted activatable probe: the probe is not fluorescent by itself but becomes fluorescent following 
enzymatic cleavage (after illumination). This type of probe needs to be injected intravenously. When the 
probe passes the region of interest it will be cleaved by enzymes and become fluorescent. An example 
is the commercially available probe MMPsense™, which is activated by matrix metalloproteinases. (Re-
produced from Intraoperative Imaging and Image-Guided Therapy, 2014, Jolesz FA (ed.), with permission 
from Springer Science and Business Media)
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optical properties (805 nm excitation, 835 nm emission) favourable for NIR imaging, be-
cause absorbance by haemoglobin and lipid, the predominant absorbers, occurs less in the 
NIR range. Promising results have been reported for imaging of angiogenesis, sentinel lymph 
node mapping (Fig. 11), and investigating blood perfusion in various organs.27–29 Recently, 
real-time demarcation of unidentifiable liver cancers has been described using ICG, as it is 
thought that cancer and non-cancerous liver tissue compressed by the tumour exhibit disor-
dered biliary excretion of ICG.30 In general, however, these agents are not tumour-specific and 
therefore not optimally suited to enhance visual demarcation between normal and cancerous 
tissues. 

TARGETED FLUORESCENT PROBES
Tumour cells differ significantly from normal adjacent cells owing to dysregulation of certain 

Figure 11 Optical imaging for sentinel lymph node detection in the axilla after injection of indo-
cyanine green around the breast tumour. a Fluorescence signal. b Pseudocolour image of a. c Cor-
responding colour image. d Overlay of the pseudocolour image on the colour image. (Reproduced from 
Intraoperative Imaging and Image-Guided Therapy, Jolesz FA (ed.), 2014, with permission from Springer 
Science and Business Media)
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genes, which ultimately contribute to increased expression rates of growth signalling recep-
tors (Fig. 7).31 Numerous preclinical studies have demonstrated that targeting a tumour-spe-
cific receptor with fluorescence-labelled antibodies32–35, nanobodies36, affibodies37 or small 
peptides (such as arginine–glycine–aspartate, RGD) may have high potential for visualizing 
cancer in real time. Antibody-labelled fluorophores can be visualized either in the visible 
spectrum or in the NIR spectral range by using fluorophores such as FITC and IRDye®800CW 
respectively.5,38

The first in-human proof of principle of the potential benefit of intraoperative optical imaging 
was provided in 2011.5 Here it was shown that the use of tumour-specific fluorescence imag-
ing following systemic administration of the folate receptor α-targeted agent, folate–FITC, of-
fered specific and sensitive real-time identification of tumour tissue during surgery in patients 
with peritoneal carcinomatosis resulting from ovarian cancer (Fig. 12; Video S5, supporting 
information). The authors showed that seven times more malignant lesions could be detected 
by fluorescence imaging compared with visual observation alone. Subsequent research, how-
ever, has focused on fluorescent dyes that emit in the NIR spectrum, which allows identifica-
tion of deeper tumours, owing to the stronger penetration properties of NIR dyes compared 
with FITC (Fig. 12). Another approach uses the application of a therapeutic antibody such as 
bevacizumab, with a soluble ligand, VEGF-A, commonly involved in tumour-induced angio-
genesis.35,38 For imaging purposes in preclinical and clinical experiments, bevacizumab has 
been conjugated with single-photon emission CT and PET isotopes.39,40 More recently, the 
conjugation of a NIR fluorescent dye, IRDye®800CW, with bevacizumab was achieved, and 
the conjugate demonstrated the ability to detect tumour lesions in vivo with high specificity 
and sensitivity.35 Several key preclinical findings in head and neck cancer (such as use of cetux-
imab–IRDye®800CW and panitumumab–IRDye®800CW to target epidermal growth factor 
receptor)32,34 and breast cancer (such as use of trastuzumab–IRDye®800CW to target Her2/
neu, and bevacizumab–IRDye®800CW to target VEGF-A)35,38 have resulted in the swift pro-
gression from preclinical animal studies towards human applications. The firstclinical studies 
are currently under way to assess feasibility in patients with breast cancer (NCT01508572), 
colorectal cancer (NCT01972373, NTR4632) and head and neck cancer (NCT01987375). The 
introduction of a new optical disease-specific contrast agent for clinical use has to overcome 
significant regulatory and safety concerns, but is feasible and safe. This process is challenging 
and often needs a long time path of Good Laboratory Practice, Good Manufacturing Practice 
(GMP) and Good Clinical Practice before approval by the responsible governing board (In-
vestigational Research Board, FDA and/or EMA).



36

Figure 12 First human imaging of ovarian cancer, targeting folate receptor α by systemic injection 
of folate–fluorescein isothiocyanate. a Colour image showing peritoneum with small tumour deposits; 
some spots are hardly visible to the naked eye. b Fluorescence image of the same field; a multitude of 
tumour spots light up. c Overlay of fluorescence image on colour image. d Colour image of four excised 
specimens, containing tumour tissue and healthy tissue. e Fluorescence image of the four excised spec-
imens. f Overlay of the fluorescence image on top of the colour image. g Quantitative representation of 
the number of spots detected by the naked eye compared with fluorescence imaging. Scoring by five 
independent surgeons was based on three different colour images and their corresponding fluorescence 
images (Graph reproduced with permission from reference 5). Error bars denote 2 s.d. *P < 0·001. (Re-
produced from Intraoperative Imaging and Image-Guided Therapy, Jolesz FA (ed.), 2014, with permission 
from Springer Science and Business Media)
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TARGETED ACTIVATABLE PROBES
The advantages of antibody-based fluorescence optical imaging seem obvious; however, target 
finding itself is often complex. The chance of finding a universal generic receptor that targets 
all tumours equally is small, and probably unrealistic. Besides the increased expression rates 
of growth signalling receptors, the upregulation of certain proteolytic enzymes is another 
hallmark underlying the invasive character of cancer (Fig. 7).31 Using these proteolytic en-
zymes as targeting markers for more general phenomena in cancer invasive growth may be 
a promisingway to circumvent the intratumour and, even more so, inter tumour heteroge-
neity. Detection of the homogeneous tumour margin is more important than homogeneous 
whole-tumour painting, including its core. Typically, these agents are injected in an inactivat-
ed state and become active upon cleavage by proteases such as cathepsins and MMPs, from 
which the resulting fluorescence can be measured. Mahmood and Weissleder41 and Wunder-
baldinger et al.42 have developed a number of such activatable NIR probes. The mechanism 
involves macromolecules loaded with multiple fluorochromes that, owing to their close prox-
imity to one another, exhibit self-quenching. However, after enzymatic cleavage by MMPs 
the fluorochromes become detached and are free to fluoresce. Jiang and colleagues43 recently 
introduced a different quenchingmechanism based on activatable cell-penetrating peptides 
(CCPs). Activatable CCPs are small peptides that areable to facilitate cellular uptake of cargo, 
such as fluorochromes and therapeutic agents after linkage with the peptide. CCP uptake 
is effectively inhibited when an inhibitory domain made up of negatively charged residues 
is fused to the CCPs. Fusing the anionic residues to the CCPs (linked to the NIR probe) by 
means of a photolytic substrate allows visualization of proteolytic enzymes that are abundant 
in malignant tissue, thereby increasing the cancer-to-background contrast for sensitive in-
traoperative real-time tumour detection. A second generation of such activatable CPPs are 
known as ratiometric activatable CPPs, in which the tumour-to-background signals are sig-
nificantly enhanced.44 No clinical prototype camera systems are currently available for clinical 
translation of this concept.

FUTURE DIRECTIONS

PHOTOIMMUNOTHERAPY
High rates of positive margins, and thus locoregional recurrence after curative surgical re-
section, occur in many cancer types, and highlight the importance of improving the ability 
to define tumour margins during surgery. Among the array of imaging modalities currently 
being investigated to localize microscopic disease, fluorescence optical imaging seems the 
most promising for real-time image-guided surgery.10,45 The efficacy of optical imaging is 
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based largely on the detection of photons.46 Owing to the complex geometry and density of 
tissues being imaged, fluorescence images display various intensities. Because light travelling 
through tissue is subject to various amounts of absorption and scattering, detecting fluores-
cence signals in an environment dominated by heterogeneous optical absorption is challeng-
ing.47 In these cases, photoimmunotherapy (PIT),  comprising antibody-based photodynamic 
therapy (PDT), is a promising approach as photoimmunodetection in combination with PDT 
can be achieved.48 Conventional PDT has been a therapeutic modality for decades.49 In PDT, a 
photosensitive dye (photosensitizer), with both diagnostic and therapeutic applications, is ad-
ministered intravenously, after which it accumulates selectively in metabolically active tissues. 
On exposure to light of the appropriate wavelength, the photosensitizer is excited to enable 
fluorescence imaging, but also generates cytotoxic singlet oxygen molecules that directly kill 
the surrounding cells.50 However, progress has been limited, mainly because the off-target 
uptake of photosensitizers in surrounding tissue results in significant damage to normal tis-
sue. Furthermore, determining treatment depth and successful tumour removal can be very 
difficult. Therefore, this is not considered an appropriate primary treatment modality and is 
currently used only for palliative treatment of cancers that are not amenable to curative ther-
apy. PIT uses photosensitizers coupled to monoclonal antibodies directed at tumour-specific 
antigens. Targeting tumour-specific antigens by using monoclonal antibodies as vehicles for 
delivery of photosensitizers has the potential to be much more efficient and cause less damage 
to surrounding normal tissue than conventional PDT.48 Although generally not considered ef-
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Figure 13 Intraoperative photoimmunotherapy. a Photoimmunotherapy allows intraoperative photo-
immunodetection of tumour. b Visually undetectable or microscopic tumour strands can be treated with 
phototherapy during surgery. NIR, near-infrared
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fective for single-modality treatment because of the known limitations of conventional PDT, 
it may be highly effective as an adjuvant intraoperative wound bed treatment after resection 
for detection and treatment of positive margins. As such, PIT may be a very promising ther-
apeutic approach for future NIR fluorescence-guided surgery. Integrating real-time imaging 
and selective destruction of tumour cells in the operating room can shift the standards of care 
in surgical oncology, offering the unique opportunity to visualize tumour borders and treat 
residual invasive disease with adjuvant PIT (Fig. 13). 

OPTOACOUSTIC IMAGING
Ultimately, NIR optical imaging is limited by the strong scattering of light in biological tissue, 
which severely degrades the spatial resolution from targets deeper than first few hundred 
microns beneath the illuminated tissue surface.51 Optoacoustic imaging has been developed 
to allow high-resolution optical imaging at depths of up to several centimetres. Optoacous-
tic imaging detects optical absorption by means of the ultrasound emitted as a result of 
thermal expansion.51,52 In particular, the use of multiple optical wavelengths and spectral 
unmixing algorithms, referred to as multispectral optoacoustic tomography (MSOT), pro-
vides the ability to recognize specific absorbers, including endogenous tissue chromophores 
(such as haemoglobin, melanin, lipids), organic dyes also used in fluorescence imaging (ICG, 
IRDye®800CW),and a range of novel light-absorbing nanoparticles (gold nanorods, carbon 
nanotubes).53,54 Optoacoustic imaging is experiencing a surge of interest in clinical investi-
gation following technological developments that have enabled imaging systems suitable for 
clinical use. The development of real-time hand held operation has allowed systems that are 
similar to clinical ultrasound technology in form and handling55,56 (Fig. 14a). Such systems al-
low rapid imaging at the bedside or in the operating theatre, and provide immediate feedback 
in the form of live images. Furthermore, multiple-wavelength light sources, capable of tuning 
rapidly to several distinct wavelengths, enable spectrally resolved detection of tissue absorb-
ers or exogenous imaging agents, which is crucial for robust understanding of the source 
of optoacoustic image contrast.55 Miniaturized systems capable of endoscopic imaging have 
been described for use in the gastrointestinal tract in animal studies, and can be expected to 
reach human investigation in the near future.57 The diverse sources of optoacoustic image 
contrast promise a range of clinical applications. Haemoglobin contrast can be used to as-
sess tumour vasculature58,59 (Fig. 14c), as well as tissue or organ perfusion.60,61 Melanin con-
trast can be used to detect melanoma metastasis in lymph nodes62,63 and to measure primary 
melanoma depth.64 The detection of lipids provides the potential for atherosclerotic plaque 
characterization and improved risk stratification.65,66 Breast cancer has long been considered 
a potential target, as breast tissue is relatively easily penetrated by NIR light, independent of 
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breast density.67 Tumours can be detected by means of haemoglobin contrast resulting from 
their increased vascular density.67–69 Optoacoustic imaging therefore has the potential to offer 
increased sensitivity compared with mammography in patients with dense breasts, and im-
proved specificity compared with ultrasonography. Exogenous contrast agents for MSOT in-
clude those investigated for fluorescence imaging (Fig. 14d). ICG and methylene blue detec-
tion has been described in many different scenarios.54 MSOT-based molecular imaging using 
NIR dyes combined with targeting ligands has been demonstrated in animal models,58,59,70 and 
it is therefore likely that agents under investigation in clinical trials for fluorescence imaging 
will also be studied by optoacoustic imaging in the near future. In addition, a wide range of 
novel nanoparticles have been considered for optoacoustic imaging.71 –76 However, because 
safety would have to be assessed for each form of nanoparticle agent under complex regula-

Figure 14 Multispectral optoacoustic tomography (MSOT). 
a Handheld imaging probe of a real-time MSOT system for non-invasive imaging. b Opto-
acoustic imaging principle. A short pulse of light (nanosecond range) is absorbed inside tis-
sue, resulting in the generation of ultrasound waves that can be detected non-invasively. c 
Haemoglobin imaging to visualize tumour vasculature in a mouse cancer model.5 Red indi-
cates oxyhaemoglobin and blue shows deoxyhaemoglobin. d Imaging of near-infrared (NIR) 
dye (IRDye®800CW carboxylate) shown in a green overlay in mouse kidneys; the greyscale 
background is based on haemoglobin contrast. AU, arbitrary units
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tory processes, it is unlikely that these agents will see human use in the short term. Overall, 
whereas fluorescence imaging provides a map of surface contrast over a wide field of view, 
emerging optoacoustic imaging enables high-resolution optical assessment of subsurface tar-
gets.

DISCUSSION

Imaging is an essential element in the daily practice of surgeons. Modalities such as ultraso-
nography, CT, MRI and PET all have their disadvantages. Their unsuitability for real-time 
feedback with regard to detection of (metastatic) tumour deposits is a major drawback for 
intraoperative surgical use. Achieving real-time intraoperative tumour visualization could 
improve patient outcome and survival by assisting the surgeon in a more complete resec-
tion of the tumour followed by an adjuvant (intraoperative) treatment. Therefore, alternative 
innovative optical imaging methods for intraoperative tumour assessment are being stud-
ied. Tumours can be detected by targeting various hallmarks of cancer. Non-targeted agents 
are used to visualize tumour by exploiting the enhanced permeability and retention effect. 
Overall, however, the majority of research is focused on exploiting the intrinsic properties 
inherent to tumours to enhance visual demarcation between normal and cancerous tissues. 
Invasive tumour borders can be imaged using NIR fluorescence agents that become activated 
by proteolytic enzymes involved in degradation of the extracellular matrix, a prerequisite for 
tumour invasion. Tumour cells differ from normal cells owing to different expression rates of 
their respective growth factor receptors. Targeting a tumour-specific receptor yields a high 
signal-to-noise ratio in diagnostic imaging. The first steps of translation of optical imaging 
to the clinic are being made in Europe as well as North America. Image-guided cancer sur-
gery has the potential to be a very powerful tool in guiding patient care in surgical oncology. 
However, during the process of implementation, attention must be paid to the efficacy, ac-
curacy and standardization of imaging systems and probes, in terms of clinical grade GMP 
production, quality control and standard operating procedures related to stability. Complex 
geometric and variable densities of tissues might compromise the detection of fluorescence 
signal. PIT and, in particular, optoacoustic imaging might be promising innovative imaging 
techniques to circumvent these issues. PIT allows both photoimmunodetection and photo-
therapy of undetectable fluorescence. Optoacoustic imaging is based on the absorbance of 
light inside tissue, which results in the generation of ultrasound waves that can be detected, 
enabling high-resolution optical assessment. It is anticipated that the next 5 years will deliver 
many clinical studies in the field of image-guided surgery in various cancer types, with in-
creased use in certain routine procedures, such sentinel lymph node detection.
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ABSTRACT 

The standard treatment for Glioblastoma Multiforme (GBM) remains maximal safe surgical 
resection. Here, we evaluated the ability of a systemically administered antibody-dye probe 
conjugate (cetuximab-IRDye 800CW) to provide sufficient fluorescent contrast for surgical 
resection of disease in both subcutaneous and orthotopic animal models of GBM. Multiple 
luciferase positive GBM cell lines (D-54MG, U-87MG, U-251MG; n=5) were implanted in 
mouse flank and tumours fluorescently imaged daily using a closed-field NIR system after 
cetuximab-IRDye 800CW systemic administration. Orthotopic models were also generated 
(n=5) and tumour resection was performed under white-light and fluorescence guidance us-
ing an FDA-approved wide-field NIR imaging system. Residual tumour was monitored using 
luciferase imaging. Immunohistochemistry was performed to characterize tumour fluores-
cence, epidermal growth factor receptor (EGFR) expression, and vessel density. Daily imaging 
of tumours revealed an average tumour-to-background (TBR) of 4.5 for U-87MG, 4.1 for 
D-54MG, and 3.7 for U-251MG. Fluorescence intensity within the tumours peaked on day-1 
post cetuximab-IRDye 800CW administration, however the TBR increased over time in two 
of the three cell lines. For the orthotopic model, TBR on surgery day ranged from 19 to 23 
during wide-field, intraoperative imaging. Surgical resection under white-light on day 3 post 
cetuximab-IRDye 800CW resulted in an average 41% reduction in luciferase signal while flu-
orescence-guided resection using wide-field NIR imaging resulted in a significantly (P=0.001) 
greater reduction in luciferase signal (87%). Reduction of luciferase signal was found to cor-
relate (R2=0.99) with reduction in fluorescence intensity. Fluorescence intensity was found to 
correlate (P<0.05) with EGFR expression in D-54MG and U-251MG tumour types but not 
U-87MG. However, tumour fluorescence was found to correlate with vessel density for the 
U-87MG tumours. Here we show systemic administration of cetuximab-IRDye 800CW in 
combination with wide-field NIR imaging provided robust and specific fluorescence contrast 
for successful localization of disease in subcutaneous and orthotopic animal models of GBM.
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INTRODUCTION

Maximal safe surgical resection remains the primary standard of care for the treatment of 
Glioblastoma Multiforme (GBM). Retrospective studies have provided substantial evidence 
that extent of resection is a predictor of survival with anywhere between a 70% and 98% 
extent of resection required to positively impact survival and a maximum post-resection re-
sidual volume of 5cm3 required to reach a threshold that increases median survival.1-3 In one 
clinical study, researchers found that total resection (>95%) led to a median survival of 19 
months compared to a median survival of 15.9 months for patients that received partial re-
section.4 GBM is characteristically infiltrative with poorly defined margins. Neoplastic cells 
often migrate along axonal fibers and perivascular spaces deep within the tissue and beyond 
the preoperatively mapped disease site,5 such that discernment of the tumour border zone is 
challenging even at the histopathological level.6,7 While ongoing refinements in surgical tech-
niques are encouraging, a major methodological limitation has remained the inability of the 
surgeon to visualize cancer from normal tissue during microscopic resection. Compounding 
this limitation is the inability of the surgeon to mechanically palpate potential disease areas 
during microsurgical procedures. In some cases, the lack of sufficient contrast to delineate 
infiltrative tumour borders in eloquent areas has discouraged surgical treatment altogether.8,9 
These limitations illustrate the need for novel intraoperative techniques to improve tumour 
residual visualization during surgical resection of malignant glioma.

Optical-assisted surgery is gaining ground in the clinical arena with several clinical trials un-
derway to evaluate the performance of fluorescence-guided resection in several cancer types. 
The advantage of fluorescence-guided surgery is that it localizes diseased tissue that would 
otherwise remain undetected under white light. In phase III clinical trials, oral administra-
tion of 5-aminolevulinic acid (5-ALA), which is converted in metabolically active cells to a 
fluorescent compound (protoporphyrin IX), preferentially accumulates in tumour cells and 
can be measured in the red range. Clinical application using 5-ALA for fluorescent-guided 
surgical resection of GBM has shown positive results with 54-70% of cases achieving total 
resection10,11 and an improved 9.5 month progression free survival.12,13 While these results 
are promising, there may be significant room for improved tumour imaging given that there 
is potential for greater tissue attenuation when imaging with the 5-ALA derivative, pro-
toporphyrin IX because it absorbs blue light (approximately 400 nm) and emits in the red 
range (approximately 640 nm). In this bandwidth, there is significantly less tissue penetra-
tion and higher autofluorescence compared to working in the near-infrared (NIR) range 
(~800 nm).  Despite these limitations, 5-ALA in malignant glioma surgery was one of the 
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first  ‘proof-of-principle’ agents to confirm that fluorescent-guided surgery could be used to 
improve surgical resections. 

With the frequent overexpression of epidermal growth factor receptor (EGFR) in GBM and 
the safety and specificity of FDA-approved monoclonal antibodies (mAbs), antibody target-
ing of aberrantly expressed EGFR offers great potential to provide robust tumour localization 
in GBM.14, 15 The feasibility of mAb use for targeting glioma is based on the several clini-
cal trials currently ongoing to evaluate mAb therapy in glioma (clinicaltrials.gov identifier: 
NCT01475006, NCT01884740, NCT01238237). EGFR is overexpressed or mutated in 40% of 
GBM, and is expressed at very low levels in normal brain.16 Recent studies have demonstrat-
ed sensitive and specific cancer imaging for fluorescent-guided resection using NIR probes 
conjugated to FDA approved mAb in several cancer types.17-25 Recently, the technique was 
translated into patients with a phase I dose-escalation trial to determine the safety profile of 
cetuximab-IRDye 800CW in subjects with head and neck cancer (PI: E. Rosenthal, clinical-
trials.gov identifier: NCT01987375).

The objective of the current study was to determine if cetuximab-IRDye800CW (henceforth 
referred to as cetuximab-IRDye800) can be used to detect and assist cancer resection in ani-
mal models of GBM. A wide-field, intraoperative NIR imaging device (Luna, Novadaq, Boni-
ta Springs, FL), which is currently FDA-approved for imaging vascular perfusion, was used to 
localize IRDye800 fluorescence in situ. In addition, a closed-field NIR imaging device (Pearl, 
LI-COR Biosciences, Lincoln, NE) and fluorescence scanner (Odyssey, LI-COR) was used to 
validate accumulation of cetuximab-IRDye800 in tumour and normal tissue via fluorescence 
localization. Fluorescence-guided surgical resection of cancer using FDA-approved agents 
and instrumentation accelerates the translation of this approach. 

METHODS

CELL LINES AND ANIMAL MODELS 
Cell lines and animal models were maintained and generated by the UAB Brain Tumour An-
imal Models Core Facility (USPHS NIH P20 CA151129). Human glioma cell lines D-54MG 
and U-251MG were gifts from Darell D. Bigner (Duke University, Durham NC), and U-87MG 
was procured from the American Tissue Type Collection (Manassas, VA) and maintained in 
Dulbecco’s Modified Eagle’s Medium (DMEM)/F12 with 7% fetal bovine serum and 2.6mM 
L-glutamine. Cells were cultured at 37°C and 5% CO2, passaged at 70-90% confluence, and 
harvested with 0.05% trypsin/0.53mM EDTA. For the animal models, athymic female nude 
mice (aged 6-8 weeks) were obtained from Frederick Cancer Research (Frederick, MD). Cell 
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lines were genetically modified with a luciferase-expressing construct (Addgene, Cambridge, 
MA). For subcutaneous inoculation, 2x106 D-54MG, U-251MG, or U-87MG cells (n=5) 
were implanted in the right midsection. Three weeks post implant (average tumour size: 
188.3±15mm3), mice were stratified into equal groups based on tumour luciferase expression 
by bioluminescence imaging (BLI, IVIS-100, Caliper Life Sciences, Waltham, MA). For intra-
cranial inoculation, approximately 5x105 D-54MG or U-251MG cells (n=5) in 5μl of methyl-
cellulose were injected 2mm anterior and 1mm lateral to the bregma at a depth of 2mm over 
2min for adequate perfusion. Tumour formation and growth was monitored every three days 
via BLI. Approximately 2 weeks post implant, mice were stratified into equal groups based 
on tumour BLI. Institutional Animal Care and Use Committee (IACUC) at the University of 
Alabama at Birmingham approved all animal protocols (APN 130908793; 140310064).
 
CETUXIMAB-IRDYE800 CONJUGATION
Conjugation of cetuximab to IRDye800 was performed under cGMP conditions as previously 
reported (Zinn et al, Mol Imaging Biol, In Press). Briefly, cetuximab® (ImClone LLC, subsid-
iary of Eli Lilly and Company, Branchburg, NJ) was concentrated and pH adjusted by buffer 
exchange to a 10mg/ml solution in 50mM potassium phosphate, pH 8.5. IRDye800CW NHS 
ester (LI-COR) was conjugated to cetuximab for 2hrs at 20ºC in the dark, at a molar ratio of 
2.3:1. After column filtration to remove unconjugated dye and exchange buffer to phosphate 
buffered saline (PBS), pH 7, the final protein concentration adjusted to 2mg/ml, the product 
was sterilized by filtration and placed into single use vials and stored at 4°C until used.

Image acquisition and analysis: All groups received 0.1mg cetuximab-IRDye800 (25mg/m2, 
1/10 therapeutic cetuximab dose) intravenously (tail vein) prior to daily imaging with the 
NIR wide-field Luna system (Novadaq) and NIR closed-field Pearl system (LI-COR). Imaging 
was performed for 11 days post agent injection. During injections and imaging procedures, 
mice were anesthetized using vaporized isoflurane. For closed-field image analysis, mean flu-
orescent intensity (MFI), defined as total counts/region of interest (ROI) pixel area, was cal-
culated using custom ROI generated for each specimen using integrated instrument software 
(ImageStudio, LI-COR). Tumour-to-background ratio (TBR) was calculated using MFI from 
tumour divided by MFI of peritumoural tissue. For BLI acquisitions, animals were injected 
intraperitoneally (IP) with 2.5mg D-luciferin (122796, Perkin Elmer, Waltham, MA) followed 
by a 15min perfusion period. All animals were then imaged for bioluminescence expression 
using the IVIS-100 system. Instrument acquisition settings were kept constant throughout 
study. For quantification of BLI signal, integrated instrument software was used to create size-
matched ROIs, which were placed over tumour and total counts recorded. 
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SURGICAL PROCEDURES
All surgical procedures were performed by a UAB surgical resident (M. Korb). Twelve days 
post (subcutaneous model) or three days post (orthotopic model) cetuximab-IRDye800 in-
jection; animals received 2.5mg D-luciferin IP 15min prior to sacrificing for tumour resec-
tion. After euthanasia by cervical dislocation, the skin (covering the tumour) and/or skullcap 
was removed and exposed tumour mass or brain was imaged (pre-resection acquisition) with 
closed-field and wide-field systems. After pre-resection imaging, tumours were excised using 
white light followed by BLI imaging of the wound bed. Using wide-field imaging, residual 
fluorescence tumour was removed and BLI imaging was again performed to confirm the pres-
ence of luciferase-positive cancer cells. For final BLI measurement, a luciferin reagent with 
ATP-Mg2+ (Promega, E1483, Madison, WI) was bathed and incubated on the wound bed for 
10min prior to imaging. 

IMMUNOHISTOCHEMISTRY
Fluorescence immunohistochemistry was performed as previously described.20 Five μm sec-
tions were cut from the paraffin blocks and antigen retrieval was accomplished by heating 
in 1mM EDTA, pH 9.0, for 10min at 90°C. Samples were cooled to room temperature and 
blocked with 5% BSA in TBST for 5min at room temperature. A rabbit anti-EGFR antibody 
(ab2430, abcam, Cambridge, MA) was used to characterize EGFR expression and a mouse 
anti-factor VIII (ab139391, abcam, Cambridge, MA) was used to characterize vessel density 
via factor VIII. Primary antibodies were applied at the recommended concentrations and 
incubated overnight at 4°C. After washing, an anti-rabbit IgG-Alexa 546 antibody (A-11035, 
Life Technologies, Carlsbad, CA) was applied followed by an anti-mouse IgG-Alexa 488 an-
tibody (A-11001, Life Technologies, Carlsbad, CA) at manufacturer recommendation. After 
washing, slides were imaged by a blinded operator (J. Kovar) using an Olympus IX81 Invert-
ed Microscope equipped with a halogen bulb and following filters (Alexa 488: EX 488/20, 
DC495LP; EM 525/50; Alexa 546: EXET545/30x, T570LP, EM ET620/60M; IRDye800: EX: 
HQ760/40x, 790DCXR, EM: HQ830/50m; Chroma Technology Corp., Rockingham, VT).   

STATISTICAL ANALYSIS 
All statistical analyses were performed using SPSS 21.0 (SPSS Inc, Chicago, IL, USA). De-
scriptive statistics were calculated for variables of interest. A Student’s t test was used to deter-
mine the statistical significance unless otherwise stated. Linear regression was used to assess 
associations between described metrics (i.e. EGFR/factorVIII or bioluminescence/fluores-
cence). P-values <0.05 were considered statistically significant. Data with error bars represent 
mean ± SD.
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Figure 1 Cetuximab-IRDye 800CW in a subcutaneous xenograft model of malignant glioma. Cetux-
imab-IRDye 800CW was systemically injected (tail vein) in athymic nude mice bearing (a) D-54MG tu-
mours, (b) U-251MG tumours, and (c) U-87MG tumours. Mice were imaged using closed-field system 
over 11 days. Tumour mean pixel intensity, background mean pixel intensity, and tumour-to-background 
ratio (TBR) were recorded. (d) Fluorescent images using the closed-field system are shown of respective 
tumours receiving cetuximab-IRDye 800CW on day 3 post administration. (e-h) Fluorescent images of 
representative luciferase positive D-54MG tumour resection shows (e) skin removed, (f) tumour resection 
revealing positive fluorescence margins, (g) residual tumour confirmed using bioluminescence imaging, 
and (h) complete resection of positive margins as determined by fluorescent imaging. Values are mean 
fluorescence intensity and TBR ± SD.

RESULTS

CETUXIMAB-IRDYE800 IN A SUBCUTANEOUS XENOGRAFT MODEL OF 
MALIGNANT GLIOMA
To evaluate the potential of Cetuximab-IRDye800 to provide sufficient fluorescence contrast 
to differentiate between disease and surrounding normal tissue, a subcutaneous model was 
used due to the improved tolerance of the animals, permitting longer study duration for op-
timal characterization of fluorescence changes over time. As shown in Figure 1a, D-54MG 
xenograft tumours exhibited a 2.7-fold increase in fluorescence, or TBR, compared to sur-
rounding normal tissue at 24hrs post cetuximab-IRDye800 injection, when imaged using the 
closed-field Pearl system. The same results were also seen for the U-251MG (Fig. 1b) and 
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U-87MG (Fig. 1c) cell lines, with a TBR of 2.5 and 4.0, respectively, at 24hrs post injection. 
This trend continued at each imaging time point with a significantly (P<0.05) greater MFI in 
the tumour compared to normal surrounding tissue. Additionally, the TBR was also shown 
to increase over time for the D-54MG and U-251MG tumours with a significantly (P<0.05) 
greater TBR at day 11 versus day 1 post cetuximab-IRDye800 injection. For the U-87MG 
cell tumour, there was no significant difference in TBR over time. However, the average TBR 
between the cell lines was not significantly (P=0.35) different at day 11. When the TBR values 
were averaged across the study duration, U-87MG had the highest (4.5) followed by D-54MG 
(4.1) and U-251MG (3.7). Representative images are shown in Figure 1d of mice bearing 
D-54MG, U-251MG, and U-87MG tumours acquired using the closed-field fluorescence in-
strument on day 3 post cetuximab-IRDye800 injection.   

On day 11, tumours were surgically resected from the mouse flank using white light. As shown 
in Figure 1e, once the skin was removed from each tumour, fluorescence imaging was per-
formed using the wide-field instrument. Figure 1f shows wide-field fluorescence imaging of 
post-resection wound bed revealing presence of residual fluorescence, which was confirmed 

Figure 2: Fluorescence immunohistochemistry and cell staining of malignant glioma. (a) Quantification of histological sections of resected D54, U251, and U87 
flank tumors fluorescently probed for EGFR and factorVIII. Values are mean fluorescence counts +/- standard deviation. Representative 40x microscopic 
images are shown of fluorescence immunohistological staining for (b) cetuximab-IRDye800 accumulation, (c) EGFR expression, (d) factor VIII expression, and 
(e) corresponding composite from a U251 tumor.  
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Figure 2 Fluorescence immunohistochemistry and cell staining of malignant glioma. (a) Quan-
tification of histological sections of resected D54, U251, and U87 flank tumors fluorescently probed for 
EGFR and factorVIII. Values are mean fluorescence counts +/- standard deviation. Representative 40x 
microscopic images are shown of fluorescence immunohistological staining for (b) cetuximab-IRDye800 
accumulation, (c) EGFR expression, (d) factor VIII expression, and (e) corresponding composite from a 
U251 tumor. 
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to be tumour using bioluminescence imaging (Fig. 1g). In Figure 1h, wide-field fluorescence 
imaging was used to remove residual tumour tissue.  

COMPARISON OF EGFR EXPRESSION, VESSEL DENSITY, AND FLUORES-
CENCE AMONG CELL LINES 
To evaluate cellular and intratumoural characteristics affecting cetuximab-IRDye800 tumour 
accumulation, as determined using fluorescence imaging, relative EGFR expression and 
vessel density were measured. As shown in Figure 2a, U-87MG tumours (8.4x105 ± 1.2x104 

MFI) had significantly (P=0.009) greater EGFR expression over D-54MG tumours (5.6x105 

± 1.3x104 MFI) when EGFR expression was measured in resected tumours using immu-
nohistochemistry. Likewise, D-54MG EGFR expression was significantly (P=0.04) greater 
than U-251MG EGFR expression (4.3x105 ± 1.1x104 MFI). When vessel density was evalu-
ated, U-87MG had the highest expression of factor VIII relative to U-251MG (P=0.22) and 
D-54MG (P=0.001). When IRDye800 fluorescence was measured in slide-mounted tumour 
sections, D-54MG (4.3x105 ± 1.2x105 MFI) and U-251MG (4.3x105 ± 1.2x105 MFI) were not 
significantly (P=0.78) different while U-87MG (2.5x105 ± 8.8x104 MFI) was significantly 
(P=0.04) lower than D-54MG. Univariate analysis showed a strong association between the 
EGFR expression and fluorescence intensity in D-54MG and U-251MG tumours (P<0.001 
and P=0.02, respectively). No association between the EGFR expression and fluorescence in-
tensity in U-87MG tumours were seen (P > 0.05). U-87MG vascular density, however, showed 
a strong association with the fluorescence intensity (P<0.001), while D-54MG and U-251MG 
did not (P>0.05). Representative fluorescence microscopy (40x) images from a U-251MG 
tumour reveal cetuximab-IRDye800 accumulation (Fig. 2b), EGFR expression (Fig. 2c), and 
factor VIII expression (Fig. 2d). Figure 2e shows composite image of each fluorescent channel. 

FLUORESCENCE-GUIDED TUMOUR RESECTION IN AN ORTHOTOPIC 
MODEL OF MALIGNANT GLIOMA USING D-54MG CELLS
To evaluate the fluorescence contrast of systemically administered cetuximab-IRDye800 for 
disease delineation in a surgical setting with human glioma; an orthotopic animal model was 
generated using luciferase positive D-54MG or U-251MG cells. In Figure 3a, representative 
images are shown of BLI, wide-field fluorescence imaging, and closed-field fluorescence im-
aging of skin and skullcap removed in a mouse bearing D-54MG orthotopic tumour. The 
tumour, which is localized using BLI, is shown to be brightly fluorescent during imaging 
acquisition using the respective instruments. A pre-resection (skin and skullcap removed) 
TBR of 8.6 ± 3.4 was calculated for the closed-field system while a TBR of 23.2 ± 5.1 was cal-
culated for the wide-field, intraoperative system. Figure 3b shows BLI, wide-field, and closed-
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Figure 3: Qualitative analysis of cetuximab-IRdye800 in an orthotopic xenograft model of malignant glioma using D54 cells. Cetuximab-IRDye800 was 
systemically injected (tail vein) in athymic nude mice bearing orthotopic bioluminescent positive D54 tumors. Fluorescence (Luna and Pearl imaging 
systems) and bioluminescent images were acquired during (a) pre-resection (skin and skullcap removed), (b) post-optical resection, and (c) post-
fluorescence resection at day 3 post cetuximab-IRDye800 injection. (d) Percent of signal reduction from pre-resection was calculated using fluorescent and 
bioluminescent imaging at post-optical imaging and post-fluorescent imaging time points. (e) Regression analysis was performed by plotting fluorescence 
signal (y-axis) against luminescence signal (x-axis) at (i) pre-resection, (ii) post-optical resection, and (iii) post-fluorescent resection. Error bars are standard 
deviation and asterisks denote p<0.05.   
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Figure 3 Qualitative analysis of cetuximab-IRdye800 in an orthotopic xenograft model of malig-
nant glioma using D54 cells. Cetuximab-IRDye800 was systemically injected (tail vein) in athymic nude 
mice bearing orthotopic bioluminescent positive D54 tumors. Fluorescence (Luna and Pearl imaging sys-
tems) and bioluminescent images were acquired during (a) pre-resection (skin and skullcap removed), (b) 
post-optical resection, and (c) post-fluorescence resection at day 3 post cetuximab-IRDye800 injection. 
(d) Percent of signal reduction from pre-resection was calculated using fluorescent and bioluminescent 
imaging at post-optical imaging and post-fluorescent imaging time points. (e) Regression analysis was 
performed by plotting fluorescence signal (y-axis) against luminescence signal (x-axis) at (i) pre-resec-
tion, (ii) post-optical resection, and (iii) post-fluorescent resection. Error bars are standard deviation and 
asterisks denote p<0.05.

field imaging acquired post conventional white-light resection of the orthotopic tumour. BLI, 
wide-field, and closed-field imaging post fluorescence-guided resection is shown in Figure 
3c. Quantification of BLI and fluorescence (Fig. 3d) revealed a 41% reduction in biolumines-
cence signal and 22% reduction in fluorescence signal, relative to pre-resection values, was 
achieved using white-light resection. However, there was a significantly greater reduction in 
luminescence (87%, P=0.001) and fluorescence (62%, P=0.004) observed when using fluo-
rescence-guided resection. In Figure 3e, regression analysis revealed a significant correlation 
(R2=0.99) between fluorescence and luminescence signal at (i) pre-resection, (ii) post-optical 
resection, and (iii) post-fluorescent resection. Importantly, a significant decrease in lumines-
cence (P=0.02) and fluorescence (P=0.04) signal was observed after fluorescence resection, 
but not white-light resection (P>0.05). 



63

FLUORESCENCE-GUIDED TUMOUR RESECTION IN AN ORTHOTOPIC 
MODEL OF MALIGNANT GLIOMA USING U-251MG CELLS
Using a cell line of contrasting EGFR expression relative to D-54MG, similar results were 
observed for the U-251MG tumours. In Figure 4a, representative images are shown of BLI, 
wide-field fluorescence imaging, and closed-field fluorescence imaging of a mouse bearing 
U-251MG orthotopic tumour with skin and skullcap removed. The tumour, which is localized 
using BLI, is shown to be brightly fluorescent during imaging acquisition using the respec-
tive instruments. A pre-resection (skin and skullcap removed) TBR of 7.2 ± 2.6 was calcu-
lated for the closed-field system while a TBR of 19.5 ± 4.2 was calculated for the wide-field, 
intraoperative system. Figure 4b shows BLI, wide-field, and closed-field imaging acquired 
post conventional white-light resection of the orthotopic tumour. BLI, wide-field, and closed-
field imaging post fluorescence-guided resection is shown in Figure 4c. For the U-251MG 
tumour, white-light resection achieved a 70% reduction in bioluminescence signal and 20% 

Figure 4: Qualitative analysis of cetuximab-IRdye800 in an orthotopic xenograft model of malignant glioma using U251 cells. Cetuximab-IRDye800 was 
systemically injected (tail vein) in athymic nude mice bearing orthotopic bioluminescent positive U251 tumors. Fluorescence (Luna and Pearl imaging 
systems) and bioluminescent images were acquired during (a) pre-resection (skin and skull-cap removed), (b) post-white-light resection, and (c) post-
fluorescence resection at day 3 post cetuximab-IRDye800 injection. (d) Percent of signal reduction from pre-resection was calculated using fluorescent and 
bioluminescent imaging at post-optical imaging and post-fluorescent imaging time points. (e) Regression analysis was performed by plotting fluorescence 
signal (y-axis) against luminescence signal (x-axis) at (i) pre-resection, (ii) post-optical resection, and (iii) post-fluorescent resection. Error bars are standard 
deviation and asterisks denote P<0.05.   
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Figure 4 Qualitative analysis of cetuximab-IRdye800 in an orthotopic xenograft model of malignant 
glioma using U251 cells. Cetuximab-IRDye800 was systemically injected (tail vein) in athymic nude mice 
bearing orthotopic bioluminescent positive U251 tumors. Fluorescence (Luna and Pearl imaging systems) 
and bioluminescent images were acquired during (a) pre-resection (skin and skull-cap removed), (b) post-
white-light resection, and (c) post-fluorescence resection at day 3 post cetuximab-IRDye800 injection. 
(d) Percent of signal reduction from pre-resection was calculated using fluorescent and bioluminescent 
imaging at post-optical imaging and post-fluorescent imaging time points. (e) Regression analysis was 
performed by plotting fluorescence signal (y-axis) against luminescence signal (x-axis) at (i) pre-resec-
tion, (ii) post-optical resection, and (iii) post-fluorescent resection. Error bars are standard deviation and 
asterisks denote P<0.05.  
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reduction in fluorescence signal, relative to pre-resection values (Figure 4d). Just as with the 
previous cell line, there was a significantly greater reduction in luminescence (88%, P=0.008) 
and fluorescence (45%, P=0.007) observed for U-251MG tumour resection when using fluo-
rescence-guidance. Regression analysis revealed a significant correlation (R2=0.99) between 
fluorescence and luminescence signal at (i) pre-resection, (ii) post-optical resection, and (iii) 
post-fluorescent resection (Figure 4e). For the U-251MG tumours, there was a significant 
decrease in luminescence (P=0.03) and fluorescence (P=0.02) signal that was observed after 
fluorescence resection.

DISCUSSION

The objective of this study was to evaluate the capacity of systemically administered cetux-
imab-IRDye800 to provide sufficient contrast for fluorescence-guided resection of GBM. The 
optical probe consists of a commercially available NIR dye conjugated to an FDA-approved 
mAb to specifically target and optically localize cancer. We have previously shown that the 
covalent conjugation of these molecules does not alter the dye properties or binding affinity of 
the antibody and the conjugate remains intact post systemic administration.26 When evaluat-
ing the fluorescence-guided resection strategy in an orthotopic model, luciferase positive cells 
were used to permit real-time localization of residual tumour during post-mortem resections 
of GBM in situ. Utilizing this dual-modality approach, we demonstrated that a significantly 
greater amount of tumour was removed using fluorescence-guided resection compared to 
white-light resection in both the D-54MG and U-251MG tumours, as determined by biolu-
minescence signal reduction. When results from fluorescence and bioluminescence imaging 
were compared at each imaging time point, there was a significant correlation between the 
two signals, demonstrating that the fluorescence generated from the cetuximab-conjugated 
IRDye800 molecule was associated with the luciferase positive tumour tissue. The results 
from the orthotopic models also confirmed the ability of the antibody-dye conjugate to ex-
travasate and invade the diseased tissue due to the breakdown of the blood brain barrier 
commonly associated with glioma.27 While it was not practicable to perform survival surgery 
on the orthotopic mouse model for this proof-of-principle study, the size of these tumours 
represents an excellent example of residual tumour following a more extensive resection that 
would likely be performed in patients.  As such, the ability to identify intraoperatively what 
would represent residual tumour in patients readily suggests the obvious potential of this 
adjunct. 
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During the study, multiple GBM cell lines were used in both subcutaneous and orthotopic 
animal models. The subcutaneous model was used due to the improved tolerance of the an-
imals for this tumour location, permitting longer study duration to identify the optimal day 
to perform surgery. Results of the subcutaneous modeling showed that TBR increased over 
time for the D-54MG and U-251MG tumours with a significantly greater TBR at day 11 ver-
sus day 1 post cetuximab-IRDye800 injection. Considering the tumour fluorescence did not 
increase over time, the observed increase in TBR was due to a slower rate of fluorescence 
clearance within the tumour compared to surrounding normal tissue. In the U-87MG tu-
mour, the rate of fluorescence clearance was similar between the tumour and background 
tissue leading to no significant difference in TBR over time. This was due to the higher tu-
mour fluorescence observed in the U-87MG tumours at earlier time points relative to the 
D-54MG and U-251MG tumours. Univariate analysis showed a strong association between 
EGFR expression and fluorescence intensity for D-54MG and U-251MG tumours while no 
association between the EGFR expression and fluorescence intensity was seen for U-87MG 
tumours. U-87MG vascular density, however, showed a strong association with the fluores-
cence intensity, while D-54MG and U-251MG did not. These results suggest that the increase 
in vessel density within the U-87MG tumours led to relatively higher fluorescence due to a 
higher blood-pool volume found within these tumours. The greater vessel density observed 
in the U-87MG tumours is consistent with similar studies evaluating vascularity and anti-an-
giogenic treatments.28-30 However, the average TBR between the cell lines was not significantly 
(P=0.35) different at day 11. When the TBR was calculated during daily imaging, albeit at-
tenuated by skin, values were averaged across the study duration revealing U-87MG to have 
highest (4.5) followed by D-54MG (4.1) and U-251MG (3.7).

With new fluorescence-guided resection strategies quickly being introduced, the success of 
the strategy does not solely depend on the achieved signal intensity targeted within the tissue 
of interest. Successful approaches must achieve greater accumulation of the respective probe 
in the tumour relative to normal surrounding tissue. The TBR (3-5) produced during the 
study was sufficient to assist in tumour localization in subcutaneous models. In the orthotopic 
models, the TBR was calculated to range from 19-23 for the intraoperative instrument (Luna) 
on the day of surgery. TBRs in this range have been proven successful for disease localization 
in situ when using NIR imaging strategy.17-20,26,31 In a similar study evaluating an integrin-tar-
geted peptide conjugated to IRDye800, investigators measured an average TBR of 2.5 during 
intravital daily imaging of multiple GBM animal models.32 Ex vivo imaging of tumour-bear-
ing brains showed an average TBR of 42 between the multiple cell lines tested. While the 
generation of this ratio of tumour to normal tissue fluorescence is subject to background 
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value origin, similar studies evaluating antibody-based approaches to fluorescence-guided 
resection in other cancer types have shown similar TBR values sufficient for successful delin-
eation and surgical resection of disease.19,22,31,33

In the orthotopic fluorescence images produced during the study, low-level fluorescence in-
tensity is shown in normal areas of the brain surrounding the tumor. This may be perceived 
as non-specific fluorescence due to antibody accumulation in uninvolved areas of the brain. 
However, as with most photon based imaging techniques, the perception of specificity can be 
adjusted using thresholding of the color map using onboard instrument software. By adjust-
ing the thresholding, the upper and lower limits of photon intensity per pixel can be gated 
for the entire image. The threshold values (upper and lower limits on the color look up table) 
were maintained constant for all images shown. In order to keep these values consistent be-
tween cell lines, the lower limit value had to be low enough to demonstrate fluorescence signal 
in the weakest cell line. When this value was applied to the higher fluorescing cell line, the 
scattering of fluorescence intensity is shown in the surrounding normal tissue. If the thresh-
olding was tailored for each cell line, the lower intensity pixels would not be assigned color 
and the signal would appear specific to the tumor. The authors chose keep the thresholding 
constant throughout the study in order to show the differences in fluorescence intensity be-
tween cell lines.

This approach to fluorescence-guided resection of GBM is a viable candidate for entry into 
the clinical arena for multiple reasons. Firstly, the monoclonal antibody is FDA-approved 
and targets a receptor with the greatest overexpression in GBM.14, 15 In addition, clinical trials 
evaluating cetuximab in GBM have been performed34 and are ongoing (clinicaltrials.gov iden-
tifier: NCT01884740, NCT01238237). Secondly, the toxicity of IRDye800 has been evaluated 
in a preclinical model and the FDA currently holds a drug master file for the NIR molecule.35 
In addition, current neurosurgery microscopes (Zeiss and Leica brands) are designed to im-
age NIR dyes and are already in place in most operating rooms. Lastly, the toxicity of cetux-
imab-IRDye800 has been assessed in non-human primates (Zinn et al, Mol Imaging Biol, In 
Press) and is currently being evaluated in a phase 1, open label study assessing the safety and 
pharmacokinetics of escalating doses (clinicaltrials.gov identifier: NCT01987375). A second-
ary objective of this phase 1 study is to evaluate cetuximab-IRDye800 as an optical imaging 
agent to detect head and neck squamous cell carcinoma during surgical procedures.
The use of cetuximab-IRDy800 to target glioma for fluorescence-guided surgery is viable 
strategy considering EGFR has the unique classification of being the most aberrantly ex-
pressed gene in glioma, making it a robust target for fluorescence-guided surgery.14, 15 By tar-
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geting EGFR for imaging, therapeutic barriers, such as KRAS mutation, are not a limitation 
considering constitutive tyrosine kinase signaling does not affect the ability of a mAb to target 
and bind EGFR. Additionally, It has been shown that expression levels of EGFR (both wild 
type and mutant) directly correlate with the grade of the tumour. For example, studies have 
revealed that 60% of primary GBMs display an overexpression of EGFR compared to 10% 
prevalence for secondary GBM.36, 37 Also, more than 90% of GBMs are primary GBMs, mean-
ing they developed without evidence of an earlier lower-grade astrocytoma.37

CONCLUSION

Here, cetuximab-IRDye800 was shown to provide sufficient contrast for disease localization 
in mouse models of GBM. This study represents the first full antibody-based approach to 
fluorescence-guided surgical resection of GBM in preclinical models. Implementation of this 
strategy would introduce the first immuno-based approach to fluorescence-guided surgery 
in GBM resection, utilizing the most aberrantly expressed molecular marker and a superior 
fluorescence probe leading to higher signal contrast than what is currently available. 
The authors have no conflict of interest
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ABSTRACT

PURPOSE
Positive margins dominate clinical outcomes after surgical resections in most solid cancer 
types including head and neck squamous cell carcinoma. Unfortunately, surgeons remove 
cancer in the same manner they have for a century with complete dependence on subjective 
tissue changes to identify cancer in the operating room. To effect change, we hypothesize 
that epidermal growth factor receptor (EGFR) can be targeted for safe and specific real-time 
localization of cancer. 

EXPERIMENTAL DESIGN
A dose escalation study of cetuximab conjugated to IRDye800 was performed in patients 
(n=12) undergoing surgical resection of squamous cell carcinoma arising in the head and 
neck.  Safety and pharmacokinetic data were obtained out to 30 days post-infusion. Multi-in-
strument fluorescence imaging was performed in the operating room and in surgical pathol-
ogy. 

RESULTS
There were no grade 2 or higher adverse events attributable to cetuximab-IRDye800. Fluo-
rescence imaging with an intraoperative, wide-field device successfully differentiated tumor 
from normal tissue during resection with an average tumor-to-background ratio of 5.2 in the 
highest dose range. Optical imaging identified opportunity for more precise identification of 
tumor during the surgical procedure and during the pathological analysis of tissues ex-vivo.  
Fluorescence levels positively correlated with EGFR levels.  

CONCLUSION
We demonstrate for the first time that commercially available antibodies can be fluorescently 
labeled and safely administered to humans to identify cancer with sub-millimeter resolution, 
which has the potential to improve outcomes in clinical oncology.
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INTRODUCTION

The primary treatment for many solid cancers remains surgical resection with negative mar-
gins which requires accurate identification of cancer in real-time. Patients with squamous 
cell carcinoma arising in the head and neck region often undergo surgical extirpation as part 
of their primary or salvage treatment.1 The incidence of involved or close surgical margins 
approaches 40% on histopathological review,2,3 resulting in a significantly worse outcome.4 
Positive margins rates have not significantly changed over the past several decades because 
surgeons cannot successfully differentiate normal and diseased tissue.

Failure to identify residual disease in this patient population is not surprising considering 
that the surgeon must rely on non-specific visual changes and manual palpation of subtle 
irregularities to guide successful excision. The most common method of intraoperative mar-
gin control remains frozen section analysis, however this technique is time intensive and can 
sample only a small fraction of the wound bed. To address the need for intraoperative cancer 
identification, conventional anatomical imaging modalities have been adopted for use in the 
operating room. Unfortunately, these are neither real-time nor tumor specific, and do not 
allow surgical field of view.  Cancer-specific navigation has been successfully introduced in 
glioma surgery with improvement in outcomes,5-7 but this strategy lacks specificity and ap-
plicability to other cancer types.8 Adapting therapeutic antibodies for intraoperative cancer 
imaging leverages the known safety profile of the antibody to facilitate the clinical translation 
of the technique for surgical navigation in oncology.9,10

Based on extensive preclinical data establishing the feasibility of antibody-based imaging,11,12 
we hypothesize that fluorescently labeled anti-epidermal growth factor receptor (EGFR) anti-
body would be safe and enable detection of squamous cell cancer in humans.13,14 Over 90% of 
head and neck tumors are known to overexpress EGFR.15-17 We selected IRDye800 for optical 
labeling for this study because previous rodent studies show a lack of toxicity,18 the dye is 
manufactured under conditions suitable for human use, and preclinical studies in non-hu-
man primates comparing cetuximab-IRDye800 to cetuximab alone showed no clinically sig-
nificant toxicities.19    

The safety and tumor specificity of optically labeled antibodies has not been previously as-
sessed in humans.  To this end, we evaluated escalating doses of cetuximab-IRDye800 in a 
phase I clinical trial to localize microscopic fragments of cancer during operative and patho-
logical tumor assessment (Figure 1).  
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METHODS

STUDY DESIGN
Patients scheduled to undergo surgical extirpation were identified in the otolaryngology clin-
ic at the University of Alabama at Birmingham. Of the 14 individuals aged 40–84 years with 
biopsy proven squamous cell carcinoma of the head and neck that were evaluated for trial el-
igibility, 12 were enrolled.  Patients were not enrolled if they had an allergic reaction to either 
a 10mg or 100mg test dose of unlabeled cetuximab. Karnofsky score of greater than 70% and 
normal electrolyte parameters were required. All patients were given informed consent and 
the UAB Institutional Review Board approved the study.  The FDA approved the study proto-
col (NCT01987375) and the manufacturing process of the cetuximab-IRDye800 by the UAB 
Vector Production Facility as previously described.19 Because this was a first in human study 
with the conjugated antibody, it was unknown whether immunological reaction may limit 
dosing and optimal tumor to background ratio.  Sample size was based on traditional 3+3 
phase I dose escalation model to identify the optimal tumor to background ratio. Consented 
patients meeting study criteria were admitted to the infusion center for study drug adminis-
tration.  A pretreatment dose of 10mg or 100mg unlabeled cetuximab was administered prior 
to the study drug to differentiate between a cetuximab reaction and a cetuximab-IRDye800 
reaction.  During and after cetuximab-IRDye800 infusion, hemodynamic measurements and 
ECG data were obtained.  The escalating doses were based on the therapeutic dose of cetux-
imab (250mg/m2).  The first three patients (cohort 1) were given a microdose (1% of thera-

Figure 1. Trial Imaging Workflow.  Real-time imaging was performed with a wide-field near-infrared imaging system in 
the clinic on (1) Day 0, 1, and in the (2) operating room on day 3 post cetuximab-IRDye800 infusion. (3) During post-
resection processing, resected tissues were imaged with a closed-field near-infrared imaging system. (4) Following 
histologic preparation, a corresponding slide was imaged in surgical pathology using a fluorescence scanning system.  

Figure 1 Trial Imaging Workflow. Real-time imaging was performed with a wide-field near-infrared imag-
ing system in the clinic on (1) Day 0, 1, and in the (2) operating room on day 3 post cetuximab-IRDye800 
infusion. (3) During post-resection processing, resected tissues were imaged with a closed-field near-in-
frared imaging system. (4) Following histologic preparation, a corresponding slide was imaged in surgical 
pathology using a fluorescence scanning system.
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peutic dose), cohort 2 received 10% of therapeutic dose, and cohort 3 received 25% therapeu-
tic dose (Table 1). No outliers were excluded from the study analysis.

CETUXIMAB-IRDYE800 CONJUGATION
Conjugation of cetuximab-IRDye800 was performed under cGMP conditions, as previously 
described.19 Briefly, cetuximab® (ImClone LLC, Eli Lilly and Company, Branchburg, NJ) was 
concentrated and pH adjusted by buffer exchange to a 10mg/ml solution in 50mM potassium 
phosphate, pH 8.5. IRDye800CW NHS ester (LI–COR Biosciences, Lincoln NE) was conju-
gated to cetuximab for 2hr at 20ºC in the dark, at a molar ratio of 2.3:1.   

OPTICAL IMAGING
Wide-field near-infrared (NIR) imaging: Routine imaging of the tumor, cervical skin, and fore-
arm skin was performed in the clinic on day 0 and 1 post cetuximab-IRDye800 infusion 
using a wide-field optical imaging device (Luna Imaging System, Novadaq, Toronto, Canada) 
designed for intraoperative imaging of indocyanine-green (ICG). For surgical imaging, the 
protocol stipulated that the imaging data would not be used to guide the surgical procedure. 
Routine intraoperative equipment was used.  The existing equipment could easily be wheeled 
into the OR and requires mere minutes to acquire fluorescence imaging. The tumor was im-
aged using the wide-field system prior to resection and ex vivo at post-resection. The wound 
bed was also imaged after removal of tumor and margins.  During wide-field acquisition, 
video (30s at 7.5f/s and 1/15s or 1/4s integration) of specimen in field of view (30cm or 15cm 
from camera) was collected at each time-point. Quantitative analysis was performed using 
integrated instrument software (SPY-Q, Novadaq). Relative fluorescent units (RFU) were 
measured for tumor and background (area surrounding tumor) and averaged among six in-
dividual frames per imaging time-point.  Tumor-to-background ratio (TBR) was calculated 
by dividing tumor RFU by respective background RFU as described previously.13 For quali-
tative analysis, exported DICOMs were used to produce videos and images in SPY-Q using 
standardized threshold values. 

Closed-field NIR imaging: The Pearl Impulse imaging platform (LI–COR Biosciences, Lincoln, 
NE) was used to image fresh tissues obtained in the operating room prior to paraffin embed-
ding. For cohort 1 (2.5mg/m2), there were three primary tumors resected from three patients 
yielding 42 bread-loafed specimens. Multiple wound-bed margins (n=27), muscle (n=6), and 
skin samples (n=6) were also collected and imaged.  In cohort 2 (25mg/m2), there were four 
primary tumors were imaged from three patients yielding 46 individual specimens.  Imaging 
was also performed on the wound-bed margins (n=26), muscle (n=6), and skin (n=6) sam-
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ples. In cohort 3 (62.5mg/m2), there were three primary tumors from three patients yielding 
22 individual specimens.  Imaging was also performed on the wound-bed margins (n=12), 
muscle (n=6), and skin (n=6) samples. Only one intraoperative frozen margin, produced in 
cohort 3 by patient 12, was histologically-confirmed positive for disease. Tissue thickness of 
fresh tissue samples was maintained at 4–5mm to normalize for attenuation. For quantitative 
analysis, mean fluorescent intensity (MFI), defined as total counts/region of interest (ROI) 
pixel area, was calculated using custom ROI generated for each specimen using integrated 
instrument software (ImageStudio, LI–COR Biosciences). 

HISTOLOGICAL ASSESSMENT
Routine H&E staining was done for histological assessment performed by a board-certified 
pathologist and then correlated with fluorescence intensity. The Odyssey imaging platform 
(LI–COR Biosciences) was used to determine fluorescence in slide-mounted sections ob-
tained from paraffin-embedded blocks. To quantify the fluorescence signal, ROIs were drawn 
in the tumor region (determined by pathologist) and compared with fluorescence of adjacent 
normal tissue and muscle from remote sites (collected during standard-of-care surgery). This 
was repeated in three tumor-containing areas of the same slide resulting in an average MFI for 
each specimen. Immunohistochemistry on unstained tissue sections of tumor, normal, and 
muscle was performed to evaluate EGFR expression (anti–EGFR Ab–10, Thermoscientific, 
Waltham, MA) and tumor density (anti-pan Cytokeratin Ab-961, Abcam, Cambridge, MA). 
Stained slides were imaged using the Bioimagene (Ventana Medical Systems, Tucson, AZ) 
optical scanner. 

ADVERSE EVENTS
Adverse events were classified according to the National Cancer Institute Common Terminol-
ogy Criteria (Version 4.0).  Plasma chemistry profiles (sodium, potassium, chloride, magne-
sium, calcium, BUN, creatinine, phosphorus, albumin, alkaline phosphatase, ALT, AST, total 
bilirubin, total protein) for analysis were obtained up to 14 days before surgery and at the 
following time points: day 0, day 3–4 (date of surgery) and as needed for adverse event assess-
ment. Complete blood count with differential and platelets were obtained at baseline along 
with coagulation lab values and thyroid stimulating hormone.  General physical exam and 
Karnofsky performance status were assessed prior to enrollment and at days 0, 1, 3–4 (date of 
surgery), 15, and 30.  Adverse events were recorded for up to 30 days beyond the infusion of 
cetuximab-IRDye800.
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< Figure 2 Quantification of wide-field fluorescence imaging. Relative fluorescent units (RFU) ac-
quired during wide-field fluorescent imaging of tumor, background and tumor-to-background ratio (TBR) 
are shown for (a) 2.5mg/m2 cohort, (b) 25mg/m2 cohort, and (c) 62.5mg/m2 cohort. White light and fluores-
cence images acquired using wide-field imaging device are shown for (d) 2.5mg/m2 cohort, (e) 25mg/m2 
cohort, and (f) 62.5mg/m2 cohort. Asterisk denotes significant (p<0.05) increase in tumor RFU compared 
to background for respective day. Data are RFU and TBR ± SD.2

STATISTICAL ANALYSIS
The biostatistician examined the data graphically and calculated descriptive statistics for vari-
ables of interest. Differences in fluorescence by tissue type (cancerous versus normal margins; 
and cancerous versus distal muscle) were tested separately for each dose. Because patients 
contributed multiple tissue samples and some measurements of cancerous and normal mar-
gin fluorescence were made on the same histologic slide, formal testing of differences was 
done with linear mixed models, incorporating patients and slides as random effects and ac-
counting for the nesting of slides within patients. Descriptive statistics and graphical summa-
ries were done using SAS, SPSS, Excel, and R v 3.0.1.  Mixed modeling was done using the 
lme4 package in R.

RESULTS

PATIENTS AND SAFETY DATA
There were 14 patients who met study criteria, of which two had an infusion reaction to an 
unlabeled cetuximab test dose prior to receiving cetuximab-IRDye800 and were not enrolled.  
There were 12 patients (Table 1) who received the study drug; three at the 2.5mg/m2 and 
62.5mg/m2 dose, and six at the 25mg/m2 dose. All patients had biopsy proven squamous cell 
carcinoma originating in the head and neck.  There were no grade-2 or higher adverse events 
attributable to cetuximab-IRDye800 and four possibly related grade-1 adverse reactions oc-
curred in the first cohort, seven in the second cohort, and two in the third cohort (Table 1). 
Most common adverse events included tumor-site symptoms (n=4) and cardiovascular-relat-
ed findings (n=4). Patient-specific adverse events are listed in Table 1. Although sample size 
was limited, at no time point did paired t-tests indicate that the mean QTc was significantly 
prolonged compared to baseline, either overall or within each cohort (smallest P = 0.10). 
Also, graphical examination of changes in QTc over time did not suggest a coherent pattern 
of prolongation. As shown in Supplementary Figure S1A, the total plasma concentration of 
cetuximab-IRDye800 for 25mg/m2 was significantly (P<0.05) greater than the 2.5mg/m2 total 
plasma concentration at each time point. Additionally, the total plasma concentration for 
the 62.5mg/m2 was significantly (P<0.05) greater than the 25mg/m2 total plasma concentra-
tion at each time point. For all doses, the calculated half-life for the study drug was: 25hr in 
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cohort 1, 24hr in cohort 2, and 32hr in cohort 3 (Supplementary Fig. S1A).  Fluorescent gel 
electrophoresis also confirmed that the antibody-dye bioconjugate remained intact in serum 
(Supplementary Fig. S1B).

CLINICAL AND OPERATIVE FLUORESCENCE IMAGING
Wide-field NIR imaging (Luna Imaging System, Novadaq, Toronto, Canada) was performed 
post-cetuximab-IRDye800 infusion on day 0, 1, and the day of surgical resection. As shown 
in Fig. 2A, limited fluorescent signal was detectable by wide-field imaging above background 
in the first cohort (microdose level, 2.5mg/m2). In patients receiving 25mg/m2 and 62.5mg/
m2, quantitative analysis of wide-field imaging revealed significantly (P<0.05) greater fluo-
rescence detected in the tumor compared to surrounding normal tissue at each imaging time 
point (Fig. 2B, C). TBR was also shown to improve from day 1 to surgery with an average TBR 
increase of 2.2 for cohort 3.  Representative images of white light and fluorescence are shown 
in Fig.2d–f for respective patients at each cohort on surgery day.  Fluorescence imaging of the 
primary tumor in situ demonstrated fluorescence with an average TBR of 4.3 (2.1 – 7.8) for 
cohort 2 and an average TBR of 5.2 (4.8 – 6) for cohort 3. 

FLUORESCENCE IMAGING OF PRIMARY TUMOR RESECTION
During the trial, intraoperative imaging of the primary tumor prior to resection was per-
formed using the wide-field device. As shown in Figure 3, grayscale (Fig. 3A, D) and color 
(Fig. 3B, E) fluorescence imaging provided robust contrast between tumor and surrounding 
tissues during near-total glossectomy (Fig. 3C) and wide local excision (Fig. 3F) procedures 

Figure 3. Intraoperative fluorescence imaging. Shown are (A,D) grayscale fluorescence, (B,E) color map fluorescence, 
and (C,F) corresponding brightfield acquired using the wide-field device prior to primary tumor resection from patients in the 
25mg/m2 dose group undergoing a total glossectomy (A-C) and a wide local excision of the buccal mucosa (D-F).  

E D F 

A B C 

Figure 3 Intraoperative fluorescence imaging. Shown are (A,D) grayscale fluorescence, (B,E) color 
map fluorescence, and (C,F) corresponding brightfield acquired using the wide-field device prior to prima-
ry tumor resection from patients in the 25mg/m2 dose group undergoing a total glossectomy (A-C) and a 
wide local excision of the buccal mucosa (D-F). 



83

from the 25mg/m2 dose group. Quantitative analysis revealed TBR values of 3.2 for Figure 
3A-B and 4.1 for Figure 3D-E. The intraoperative imaging performed in these cases is shown 
in Supplementary Video 1, 2.  

CORRELATION OF FLUORESCENCE WITH HISTOLOGICAL DISEASE
To evaluate relationship between fluorescence intensity and tumor deposition, wide-field flu-
orescence imaging and pathological processing of the primary specimen was mapped to his-
tology (Fig.4). Closed-field fluorescence imaging of freshly processed, whole tissue sections 
(4-5mm thick, mapped with roman numerals) was performed and fluorescence intensity was 
shown to correlate with disease areas as determined by board-certified pathologist using H&E 
stain (marked with black dotted line in adjacent histological sections). The tumor border is 
clearly visualized using fluorescence, which correlates with disease border during H&E anal-
ysis. 
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Figure 4 Correlation of fluorescence and disease margin. Wide-field fluorescence (A) and brightfield 
(B) image are shown of resected primary tumor. Gridlines represent whole tissue (4-5mm) sections cut 
during pathological processing of specimen. Breadloaf sections were fluorescently imaged using closed-
field imaging device, then formalin-fixed, sectioned, and H&E stained. Black outline represents tumor 
deposition as determined by board-certified pathologist. Fluorescent images of whole tissue sections and 
corresponding H&E stained sections are oriented with mucosal side at top. 
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TUMOR MAPPING EX VIVO
Tumor mapping of the surgical specimen was performed ex vivo with a closed-field NIR imag-
ing system, the Pearl Impulse (LI–COR Biosciences, Lincoln, NE). Localization of IRDye800 
fluorescence in freshly resected tissue prior to paraffin embedding was performed to deter-
mine the ability of tumor fluorescence to differentiate tumor from normal tissues and identi-
fication of positive margins. To achieve this we first performed a quantitative comparison of 
MFI from bread-loafed tissue specimens was performed (Fig. 5A) to validate the preferential 
uptake of IRDye800 fluorescence in cancer tissue.  Fluorescence in histologically confirmed 
tumor tissue was significantly greater (P<0.001) than negative epithelial margins, muscle, and 
skin for each dose. Using peripheral histologically confirmed negative margins to represent 
background, the calculated TBR for cohort 2 (9.5) was significantly (P<0.05) higher than the 
TBR for both cohort 1 (5.9) and cohort 3 (5.7). Representative white light and fluorescence 
images are also shown for tumor, margins, skin, and muscle for the 2.5mg/m2 (Fig. 5B–E), 
25mg/m2 (Fig. 5F–I), and 62.5mg/m2 (Fig. 5J-M) doses.  Although this first in human study 
was designed not to interfere with standard of clinical care, several observations indicated 
the clinical benefit of ex vivo tumor fluorescence tumor mapping.  In one case the tumor was 
under-resected and ex vivo fluorescence imaging of tumor margins identified a single deep 
margin from patient 12 (Supplementary Fig. S2A) in cohort 3 that was pathology-confirmed 
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Figure 5. Fluorescent imaging of resected tissues. (a) Mean fluorescent intensity (MFI) are shown for freshly 
resected tumor, margin, skin, and muscle for the 2.5mg/m2, 25mg/m2, 62.5mg/m2 dose groups acquired using 
closed-field imaging system. Representative bright field and fluorescence images of tumor, margins, skin, and 
muscle are shown for the (b-e) 2.5mg/m2 dose group,  (f-i) 25mg/m2 dose group, and (j-m) 62.5mg/m2 dose 
group. Image scaling was kept consistent for representative images at each dose. Asterisk denotes significant 
(p<0.05) increase in tumor MFI compared to margins, skin, and muscle for respective dose. Scale bars 
represent 0.5cm or 0.25cm. Data are MFI ± SD.  
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Figure 5 Fluorescent imaging of resected tissues. (a) Mean fluorescent intensity (MFI) are shown for 
freshly resected tumor, margin, skin, and muscle for the 2.5mg/m2, 25mg/m2, 62.5mg/m2 dose groups ac-
quired using closed-field imaging system. Representative bright field and fluorescence images of tumor, 
margins, skin, and muscle are shown for the (b-e) 2.5mg/m2 dose group,  (f-i) 25mg/m2 dose group, and 
(j-m) 62.5mg/m2 dose group. Image scaling was kept consistent for representative images at each dose. 
Asterisk denotes significant (p<0.05) increase in tumor MFI compared to margins, skin, and muscle for 
respective dose. Scale bars represent 0.5cm or 0.25cm. Data are MFI ± SD. 
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positive for cancer during intraoperative frozen section assessment. The relative fluorescent 
counts of the positive margin were 2-fold higher (Supplementary Fig. S2B) than the nega-
tive margins (Supplementary Fig. S2C-E) when imaged using the wide-field, intraoperative 
instrument. In another patient the tumor was over resected; the surgeon committed to the 
resection margin (Supplementary Fig. S3A) prior to optical imaging.  Post-resection optical 
imaging (Supplementary Fig. S3B, brightfield) of a primary cutaneous squamous cell carci-
noma from cohort 1 (2.5mg/m2 dose) demonstrated that the surgical margin, as determined 
by pathological assessment, extended significantly (greater than 3 cm) beyond the optical 
margin, which was also predicted using closed-field (Supplementary Fig. S3C) and wide-field 
(Supplementary Fig. S3D) imaging. In this case, the surgical margins were overestimated by 
the surgeon based on non-specific changes associated with previous surgery and radiation 
in this patient.  Unfortunately, in the current study, inadequate number of positive margins 
prohibited statistical analysis. 

MOLECULAR CORRELATIONS
Because the IRDye800 survives pathological processing and can be localized with high reso-
lution in unstained paraffin sections, fluorescence intensity was correlated with the presence 
of histologically confirmed tumor, normal adjacent tissue, or muscle containing areas. In Fig. 
6A, a representative H&E stain is shown from the 25mg/m2 dose. Areas of tumor and nor-
mal tissue, as determined by board-certified pathologist, are annotated. Regions that were 
histologically positive for tumor were found to have significantly (P<0.001) higher fluores-
cence compared to normal tissue (Fig. 6B). Furthermore, univariate analysis within all doses 
showed a strong correlation (P<0.001) with EGFR expression (Fig. 6C) and tumor density 
(P<0.05).  In multivariate models, EGFR expression remained significantly associated with 
fluorescence intensity (P<0.001) but tumor density did not (P>0.05). MFI of pathology-pos-
itive tumor was significantly greater (P<0.001) than normal and muscle for each dose (Fig. 
6D). There was no correlation (P>0.05) between fluorescence and tumor stage, tumor site, or 
adverse events. 
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Figure 6 Histopathology and fluorescence localization. (a) Representative H&E image of tumor sec-
tions from the 25mg/m2 dose group. Pathology-positive areas of cancer are outlined: T=Tumor, N=Normal 
adjacent tissue. (b) Fluorescence image of fixed, unstained tumor section shown in panel (a) acquired 
using fluorescent scanner with inset magnified area of pathology-positive cancer and (c) EGFR stain. (d) 
Mean fluorescent intensity (MFI) acquired using fluorescent scanning of fixed unstained tissue sections is 
shown for tumor, normal adjacent, and muscle. Data are MFI ± SE. Asterisk denotes significant (p<0.001) 
increase in tumor MFI compared to normal and muscle for respective dose.
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DISCUSSION

Successful fluorescent labeling of commercially available antibodies for human use to localize 
disease with high resolution may represent a unique opportunity in oncologic imaging. We 
demonstrate for the first time that tumor overexpression of EGFR can be safely exploited for 
diagnostic imaging and this targeting approach produces tumor-to-background ratio suffi-
cient for surgical decision-making. Several important observations could be made based on 
this trial data, which will be highly relevant for the field. First, microdosing provides limited 
contrast and strategies that target tumor receptors should not be constrained to an explorato-
ry approach (Phase 0 trials). Second, tumor mapping ex vivo identified suspicious areas on 
the specimen and on peripheral margins to reduce sampling error. Third, adverse events of 
the labeled antibody were consistent with the known toxicity profile of unlabeled cetuximab. 
And finally, this optical labeling technique could be safely applied to other protein-based 
therapeutics to confirm successful targeting or assess off-target activity during early phase 
trials.

While the current study was a phase 1 safety trial and therefore did not alter the standard of 
care, the disease margin was correlated with the fluorescence margin generated from specific 
probe emission where feasible and examples of this process are provided. In figure 4, the 
pathological processing was registered with the whole specimen image and then correlated 
with the histopathological-determined disease margin, which is annotated in the adjacent 
H&E image. As shown in figure 6, this degree of correlation was also performed at the micro-
scopic level with representative H&E images of tumor sections from the 25mg/m2 dose group. 
Additionally, the supplementary intraoperative videos and figure 3 images demonstrate the 
level of real-time resolution afforded when using the fluorescence information compared to 
the adjacent brightfield images, which serve as current standard of care.
Systemic administration of cetuximab-IRDye800 had grade-1 toxicities in each cohort that 
occurred in a dose independent manner.  Fluorescent imaging using a wide-field, intraoper-
ative device could differentiate tumor from normal tissue with an average TBR of 5.2 in the 
higher dose range.  Over the 3–4 days post-infusion, a gradual increase in TBR was visible 
over time, suggesting that achieving peak TBR may require longer periods between infusion 
and surgical intervention, which is consistent with preclinical data.14,20 Tumor EGFR expres-
sion was strongly associated with fluorescence intensity and was an independent predictor 
of fluorescence when compared to tumor density. As a first in human trial, the protocol was 
designed not to alter the standard of care, however, in this limited study opportunities were 
identified to improve delivery of surgical ablation and pathological processing. 
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As a dose ranging study, the results support the middle dose of 25mg/m2. Evidence of receptor 
saturation at the highest dose was demonstrated among each imaging platform. For wide-
field imaging, which would guide intraoperative decision making, there was no significant 
difference in TBR between the 25mg/m2 and 62.5mg/m2 doses (4.3 to 5.2, respectively). For 
the closed-field system imaging, which was performed for fluorescence guided tumor map-
ping to validate tumor localization of IRDye800, the TBR was highest in the 25mg/m2 group 
(9.9) versus the 2.5mg/m2 group (5.9) and the 62.5mg/m2 group (5.7). When slide-mount-
ed sections were imaged for fluorescence, the TBR (determined using MFI values from pa-
thology positive tumor and adjacent normal areas) was highest for the 25mg/m2 group (2.9) 
compared to the 2.5mg/m2 (2) and 62.5mg/m2 groups (1.7). Due to the loss in optimal TBR 
associated with the highest dose, the 25mg/m2 cetuximab-IRDye800 dose was considered 
optimal among the nine patients evaluated.

Although this is the first in human use of fluorescently labeled antibodies for detection of 
microscopic disease, tumor-specific optical imaging has been applied in humans for surgical 
navigation of gliomas21,22 and ovarian cancer.23  The use of 5–ALA for glioma surgery has 
advanced to phase 3 clinical trials where it was shown to improve oncologic and function-
al outcomes.5 Although 5–ALA imaging has significant limitation for application outside of 
glioma surgery (dependent on a high tumor metabolic rates, possesses wavelengths with sub-
optimal tissue penetration), approval in Europe and subsequent studies have demonstrated 
that fluorescence-based surgical navigation can improve outcomes. The only other in human 
study was administration of folate-fluorescein agent, which was shown to identify metastatic 
peritoneal disease in three out of ten patients tested.24 Tumor detection was limited to patients 
with peritoneal metastasis with high folate receptor expression.

Labeling cetuximab with IRDye800 as an oncologic contrast agent has several unique advan-
tages including the ability to image multiple cancer types and develop other antibodies for 
optical imaging.  The known pharmacokinetics can be applied to manufacturing and trial 
design to achieve cost-effective and safe clinical translation.  Furthermore, use of an optical 
dye with excitation and emission wavelengths that overlap with ICG allows access to a large 
pool of existing intraoperative imaging devices for early-phase trials, which can reduce cost 
of widespread adoption of this technology.19 Clinical translation of novel probes has been 
limited because development of imaging agents is expensive, toxicities are unknown, and 
there is limited expected return compared to therapeutic agents.  Although the long half-life 
of antibodies may result in increased background several days following administration, the 
long circulating times may also increase cellular incorporation thereby achieving higher tu-
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mor penetration over time compared to normal tissues.25,26 Despite the spectrum of targeting 
vectors proposed in preclinical studies, therapeutic antibodies applied to diagnostic purposes 
might provide the most straightforward path to the clinic.  
Here we demonstrate for the first time that antibodies can be fluorescently labeled for high res-
olution of identification of cancer for clinical application. We show that cetuximab-IRDye800 
can be safely administered as a tumor-specific contrast agent, which may be helpful for sur-
gical navigation to identify subclinical disease in EGFR-expressing tumors.  Fluorescently 
labeled therapeutic antibodies may also be valuable to measure tumor-specific uptake, phar-
macokinetics, and biodistribution in early phase clinical trials of these agents.  Furthermore, 
high-resolution localization of antibody-dye conjugates within tumor tissues (stroma, vas-
culature, and cancer cells) and within the cell using confocal microscopy may provide novel 
methodology for determining patients likely to respond to antibody-based therapeutics.  
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ABSTRACT 

Anti-EGFR (epidermal growth factor receptor) antibody based treatment strategies have 
been successfully implemented in head and neck squamous cell carcinoma (HNSCC). Un-
fortunately, predicting an accurate and reliable therapeutic response remains a challenge on 
a per-patient basis. Although significant efforts have been invested in understanding EG-
FR-mediated changes in cell signaling related to treatment efficacy, the delivery and histolog-
ical localization in (peri-)tumoral compartments of antibody-based therapeutics in human 
tumors is poorly understood nor ever made visible. In this first in-human study of a sys-
temically administered near-infrared (NIR) fluorescently labeled therapeutic antibody, cetux-
imab-IRDye800CW (2.5 mg/m2, 25 mg/m2, and 62.5 mg/m2), we show that by optical molec-
ular imaging (i.e. denominated as In vivo Fluorescence Immunohistochemistry) we were able 
to evaluate localization of fluorescently labeled cetuximab. Clearly, optical molecular imaging 
with fluorescently labeled antibodies correlating morphological (peri-)tumoral characteris-
tics to levels of antibody delivery, may improve treatment paradigms based on understanding 
true tumoral antibody delivery. 
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INTRODUCTION

The application of antibody-based therapies has significantly grown in the past 15 years; it is 
currently one of the most important targeted treatment strategies for hematological and solid 
malignancies.1 Recently, cancer immunotherapy was announced to be the breakthrough of 
the year 2013. Targeting specific signaling pathways or immune effector functions has a num-
ber of advantages over conventional cytotoxic chemotherapeutics, such as reduced systemic 
off target effects and more specific cell killing.2 Furthermore, antibody-based therapies can 
also be rationally combined with conventional chemotherapy to synergistically enhance cell 
killing with non-overlapping toxicities.3,4 The development of anti-EGFR (epidermal growth 
factor receptor) strategies has been one of the most successful targeted therapies, especially 
for head and neck squamous cell carcinoma (HNSCC).5 Cetuximab is an FDA approved an-
ti-EGFR human-murine chimeric monoclonal antibody (mAb) that is currently used in com-
bination with radiotherapy in the treatment of HNSCC, or as a single agent in patients with 
recurrent/metastatic disease for whom prior platinum-based therapy has failed.6

However, only 10-13% of patients with HNSCC are expected to benefit from EGFR inhibitors 
due to occurrence of reactivation downstream signaling despite the presence of the EGFR 
inhibitor, and predicting a patient response in terms of complete, partial or no (pathological) 
response remains challenging.7 Appropriate patient selection would limit the considerable 
costs and significant morbidity associated with unnecessary delivery of antibody based ther-
apeutics, and thus overtreatment without the target of choice being present. EGFR inhibitors 
block ligand-binding, abrogating activation of downstream tumor-promoting pathways in-
cluding apoptosis evasion (PI3K-Akt), proliferation (Ras-Raf-MEK-MAPK), and transcrip-
tion (STAT3).8 Constitutive activation of STAT3 is considered the predominant promoter of 
EGFR inhibitor resistance.9 However interrogation of these pathways in human disease has 
not led to reliable prediction of patients likely to respond to therapy. Although there have 
been substantial efforts to evaluate relationships between various molecular markers (such as 
levels of EGFR and angiogenesis) and clinical outcome by using diagnostic biopsy materials, 
these efforts have not been successful, which is thought to be in part due to the variability in 
tissue penetration and delivery of these large proteins of ~150kD.10

Because of difficulties in quantitating distribution and penetration of antibody-based ther-
apeutics in human solid tumors, there is limited understanding of peri- and intratumoral 
delivery, and how this might impact patient response, together with local and systemic tox-
icity. In this study, we evaluate, for the first time in humans, the distribution of intratumoral 
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anti-EGFR antibody using cetuximab conjugated to the near-infrared fluorescent dye IRDye-
800CW (cetuximab-IRDye800CW), which does not alter the binding capacity of cetuximab, 
pharmacokinetics or biodistribution, as previously shown. Correlating tumor and stromal 
characteristics with fluorescence labeled antibody delivery to the tumor may serve as an op-
portunity to provide additional information about predictors of clinical response and toxicity 
to therapeutic antibodies, but also to resistance patterns by labeling other effector proteins 
with different fluorescent wavelengths providing multispectral (NIR) antibody and effec-
tor imaging in situ. To this end, we evaluated systemically administered cetuximab-IRDye-
800CW and its in situ fluorescence as a correlate of antibody distribution in surgical resection 
specimens, in the context of a Phase I safety and toxicity trial in patients with HNSCC (Clini-
caltrials.gov Identifier: NCT01987375). We tested the hypothesis that EGFR density, vascular 
density, and tumor proliferation are directly associated with tumor cetuximab-IRDye800CW 
fluorescence localization and intensity. 

METHODS

Patients and patient tissue samples. Surgical resection specimens were collected from nine 
consented patients enrolled in a dose escalation (2.5 mg/m2, 25 mg/m2, and 62.5 mg/m2) clin-
ical trial (Clinicaltrials.gov Identifier: NCT01987375) evaluating the safety and tumor-spec-
ificity of systemically injected cetuximab-IRDye800CW for surgical navigation in patients 
with HNSCC. As previously reported by us, IRDye800CW was conjugated to cetuximab at 
a molar ratio of (dye:protein) 2.3:1.11 Per trial design, patients received respective systemic 
intravenous infusion of cetuximab-IRDye800CW 3-4 days prior to the scheduled surgical 
procedure. Pharmacokinetics assessments were performed prior to infusion and 2 hr, 24 hr, 
3-4 days, 15 days and 30 days after study drug infusion. Aliquots of plasma samples (2.5 μL) 
were resolved by NuPAGE 4-12% Bis-Tris gel (Invitrogen Corporation; Carlsbad, CA). Mean 
fluorescence intensity (MFI) from size-matched regions of interest (ROIs) was recorded. A 
regression line was generated to determine plasma clearance of cetuximab-IRDye800CW. In-
formed consent was obtained from all patients and the University of Alabama Institutional 
Review Board approved the study. Patient data were anonymized and all experiments using 
the specimens were conducted in accordance with the rules and regulations approved by the 
University of Alabama Institutional Review Board.

FLUORESCENCE DETECTION
Study patients received preoperative systemic intravenous infusions of cetuximab-IRDye-
800CW. As fluorescence is fairly undiminished by histological processing, fluorescence in-
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tensity remains measurable in the pathological specimens.12 The fluorescence intensity of 
IRDye800CW was measured using unstained formalin fixed paraffin-embedded on glass 
slides sections (5 μm) of interest with a fluorescence flatbed scanner specifically designed 
for imaging IRDye800CW (Odyssey, LI-COR Biosciences); slides are left unstained to avoid 
interference with fluorescent measurements. MFI was measured within six regions of interest 
(ROIs) of squamous cell carcinoma (SCC) and also healthy surrounding tissue. Sodium do-
decyl sulfate polyacrylamidegel electrophoresis (SDS-PAGE) was performed on blood sam-
ples of the included patients at day 15 to ensure association between cetuximab and IRDye-
800CW as a complete cetuximab-IRDye800CW conjugation as described previously by us.13

SAMPLE PREPARATION AND IMMUNOHISTOCHEMISTRY 
Slides of interest were digitalized by whole slide scanning (Bioimagene, Ventana Medical Sys-
tems). Five μm sections were cut from respective formalin-fixed paraffin embedded speci-
mens for fluorescence imaging, as stated above and immunohistochemistry (IHC). IHC was 
performed to evaluate: EGFR (anti-human EGFR Ab-10, (1:100) Thermoscientific, Waltham, 
MA); density of carcinoma cells (anti-pan Cytokeratin Ab-961, (1:100) Abcam, Cambridge, 
MA); blood vessel density (anti-factor VIII-R, (1:100) Cellmarque, Rocklin, CA) and tumor 
proliferation (anti-Ki67 clone SP6, (1:100) Thermoscientific, Waltham, MA). Briefly, sam-
ples were de-paraffinized with EZ-DEWAX bath two times for 5 min. Antigen retrieval was 
achieved by heating for 10 min at 100°C then cooled at room temperature and blocked with 
5% BSA (Bovine Serum Albumin) in TBS (Tris Buffered Saline) for 5 min at room tempera-
ture. Slides were incubated with the primary antibodies per manufacturer recommendations. 
Secondary antibody (goat anti-mouse, for EGFR and cytokeratin, and goat anti rabbit, for 
Ki67 and Factor VIII; 1:100) was applied for 1 h in a humidified chamber at room tempera-
ture. Peroxidase activity was visualized with 3,3-diaminobenzidine (DAB+) and mounted 
with mounting medium and coverslipped. 

ANALYSIS OF IMMUNOHISTOCHEMISTRY
Six regions ROIs from SCC and healthy surrounding tissue were selected. Staining intensi-
ties and distributions for Ki67, EGFR, cytokeratin and Factor VIII in each of the six ROIs 
were acquired using SPOT camera on an Olympus 1 x 70 microscope (Olympus Optical Co.), 
interfaced with a personal computer and SPOT software (Olympus Optical Co.). Positive-
ly staining areas were segmented by the signal intensity difference between the target cells 
and background in each photograph (x20), whereas the intensity and minimum particle size 
thresholds were set manually. Next, antigen stained cells were counted and the amount of 
cells per field of view (x20) reported. The ratio of EGFR, Ki67, cytokeratin and factor VIII 
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Figure 1 Localization of cetux-
imab-IRDye800CW in histologic sec-
tions of tissue with tonsil, tongue and 
cutaneous squamous cell carcinoma 
(SCC). (a) Representative 150kD (= in-
tact cetuximab-IRDye800CW) and 1kD (= 
IRDye800CW) bands are shown by SDS-
PAGE of individual patient blood samples 
of each dosage cohort. (b) Representative 
haemotoxylin/eosin (H&E), cytokeratin and 
fluorescence image of SCC sections of ton-
sil, tongue and cutaneous origin. (c) Mean 
Fluorescence Intensity (MFI) quantified 
in pathology-positive areas of tumor and 
healthy surrounding for nine patients (n=3 
at each dosage cohort) for respectively 2.5 
mg/m2, 25 mg/m2, and 62.5 mg/m2. Data 
are presented as mean ± SD, * = P < 0,001. 
Scale bars in all images represent 100 µm.
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stained areas related to the total area of specimen were calculated (EGFR-stained area/to-
tal area; Ki67-stained area/total area; cytokeratin-stained area/total area; factor VIII-stained 
area/total area) representing EGFR expression, cell proliferation, tumor and vascular density, 
respectively as described previously by us.13 Image analysis was conducted by using ImageJ.

SIGNAL-TO-TUMOR RATIO FOR DETERMINATION OF MARGIN DIS-
TANCE TO TUMOR
All tumor containing slides from each of the three dose groups were tested for the following 
inclusion criteria; i) tumor size of at least 5 mm, as determined by a board-certified pathol-
ogist, ii) intact tissue (i.e. no cuts, tears and minimal presence of adipose fat tissue), and iii) 
normal adjacent tissue of at least 5 mm. A ROI (3 x 1 mm) was drawn at the tumor edge with 
subsequent ROIs placed 1 mm situated out of the previous region. Equal sized ROIs, dis-
tant from the tumor site, were used to calculate background fluorescence intensities for each 
patient and subsequently subtracted from the MFI determined from each ROI. The MFI of 
adjacent normal tissue (i.e. 1 – 5 mm) was divided by the MFI of the tumor edge to determine 
the signal-to-tumor ratio at the predefined distances. 

STATISTICAL ANALYSIS
Descriptive statistics were calculated for variables of interest. Statistical differences between 
SCC, normal tissues in terms of MFI were tested separately at each of the three cetux-
imab-IRDye800CW dosage levels. Mixed modeling was performed using the lme2 package in 
R v 3.0.1, adjusting for the number of repeated measurements per patient sample. Univariate 
and multivariate analysis was performed using SPSS 21.0 to separate out independent vari-
ables. Pearson correlation was performed to measure the strength of the linear relationships. 
Statistical significance was set at P ≤ 0.05. 

RESULTS

There were a total of 9 patients with advanced squamous cell carcinoma arising in the head 
and neck that were systemically injected with cetuximab-IRDye800CW prior to curative sur-
gical resection of their tumor. To confirm the integrity of the antibody-dye conjugate after 
systemic injection, SDS-PAGE of blood samples by imaging gels at the near infrared range 
demonstrates fluorescence bands at the expected molecular weight of 150kD while free, un-
bound dye could not be detected (Fig. 1a). A toxicology study performed in non-human pri-
mates has demonstrated that cetuximab-IRDye800CW has the same serum half-life as cetux-
imab (i.e. 2.5 days) and retains similar antigen binding specificity.11 Our study demonstrated 
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the cetuximab-IRDye800CW serum half-life to be 1.2 days, 1.3 days and 1.6 days for the 2.5 
mg/m2, 25 mg/m2 and 62.5 mg/m2 doses, respectively. Surgical pathology specimens of the 
tumor and normal tissues were imaged using a closed field imaging system (Odyssey, LI-COR 
Biosciences) prior to histological sectioning and the differential fluorescence measured (Fig. 
1b). Cetuximab-IRDye800CW localized specifically in tumor regions, as confirmed by histol-
ogy and cytokeratin immunohistochemistry. Analysis of the histological sections with equal 
thresh holding demonstrated that the mean fluorescence intensity (MFI) was significantly 
higher in SCC compared to corresponding adjacent tissues (P < 0.001) across all three dosing 
cohorts (Fig. 1c). The tumor-to-normal-ratio of cetuximab-IRDye800CW MFI was 2.2, 2.5, 
and 1.9 at 2.5 mg/m2, 25 mg/m2 and 62.5 mg/m2 doses, respectively. A 10-fold increase in 
single infusion dose (25 mg/m2 vs. 2.5 mg/m2) resulted in an almost 7-fold increase in MFI. 
Yet, further 25-fold increase in infusion dose (2.5 mg/m2 vs. 62.5 mg/m2) yielded only 8.8-fold 
increase in the MFI, with decreased tumor/normal ratio due to higher background (i.e. from 
2.5 to 1.9).

MOLECULAR CORRELATES.
Using fluorescence intensity as a readout for cetuximab-IRDye800CW accumulation within 
the tissues, the MFI was correlated with biological characteristics of the tumor that might also 
influence antibody (peri-)tumoral distribution and binding into the tumor including cyto-

Mean Fluorescence Intensity
Univariate Multivariate

R Square 95% CI P (n) 95% CI P

2.
5 

m
g/

m
2 Cytokeratin

EGFR-Density
Factor-VIII
Ki67

0.282
0.526
0.090
0.158

1.1 - 3.4
1.6 - 3.1

-2.2 - 25.8
0.1 - 0.3

<0.001 (44)
<0.001 (40)
0.048 (32)
0.007 (37)

-0.5 - 2.3
1.1 - 3.2

-1.9 - 18.9
-0.2 - 0.1

0.211
<0.001
0.106
0.435

25
 m

g/
m

2 Cytokeratin
EGFR-Density
Factor-VIII
Ki67

0.217
0.525
0.144
0.027

5.1 - 19.1
13.8 - 25.6
4.2 - 51.2
-0.3 - 0.7

<0.001 (46)
<0.001 (43)
0.011 (36)
0.165 (37)

-6.6 - 10.8
8.6 - 26.7
-8.2 - 37.5
-0.7 - 0.3

0.619
<0.001
0.200
0.340

62
.5

 m
g/

m
2 Cytokeratin

EGFR-Density
Factor-VIII
Ki67

0.291
0.422
0.388
0.058

9.6 - 26.6
9.0 - 20.9

43.2 - 90.9
-0.1 - 0.5

<0.001 (47)
<0.001 (38)
0.003 (28)
0.105 (29)

-7.1 - 24.4
-15.5 - 27.3
-11.1 - 20.9
-0.5 - 1.4

0.255
0.559
0.058
0.362

Table 1 – Mean Fluorescence intensity in univariate and multivariate analysis

The ratio of EGFR, Ki67, cytokeratin and factor VIII stained areas related to the total area of 
specimen. Uni- and multivariate regression analysis.
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keratin (tumor density), EGFR expression, Factor VIII (vascular density) and Ki67 (prolifer-
ation) for each dose group (Table 1). Univariate analysis with respect to SCC demonstrated 
that tumor density, EGFR expression, and vascular density were directly associated with MFI 
(P < 0.05) in all three dosing cohorts, whereas Ki67 and MFI were significantly associated 
(P < 0.05) at the lowest dose concentration group (2.5 mg/m2). EGFR expression was inde-
pendently associated with MFI, when adjusted for cytokeratin, Factor VIII and Ki67, at doses 
of 2.5 mg/m2 and 25 mg/m2, (P < 0.001).

EGFR FLUORESCENCE IMMUNOHISTOCHEMISTRY 
Further analysis to correlate EGFR expression with MFI showed a strong correlation of 
squamous cell carcinoma (SCC) with EGFR expression (Fig. 2a). Clearly, cetuximab-IRDye-
800CW uptake within SCC was specifically localized to areas that expressed EGFR. The uni-
variate association between EGFR density and MFI was observed at all three dosing cohorts 
(P < 0,001, Fig. 2b). A 6-fold increase in MFI was seen at the two higher doses compared to 
the lower dose concentration (P < 0,001); no significant increase in MFI was seen when com-
paring the highest dose (62.5 mg/m2) with the middle dose 25 mg/m2 (P > 0.05).

FLUORESCENCE INTENSITY CORRELATES WITH DISTANCE TO TUMOR
Representative H&E with tumor (T) and normal (N) are outlined in Figure 3a and the cor-
responding tissue slide quantified in the fluorescence image (Fig. 3b). As demonstrated in 
Figure 3c, a significant correlation between distance from tumor and signal-to-tumor ratio 
was shown (P < 0.001, P = 0.02 and P < 0.001; R square 0.996, 0.891 and 0.994 for the 2.5, 25 
and 62.5 mg/m2 dosing cohorts, respectively) throughout all three dosing cohorts. A signifi-
cant decrease in MFI (P < 0.001; 2.9, 2.4 and 2.1-fold reduction for the 2.5, 25 and 62.5 mg/m2 
dosing cohorts, respectively) was shown at a distance of 1 mm from the tumor. Importantly, 
MFI significantly decreased when comparing the values between 5 mm and 1 mm from the 
tumor edge (P < 0.001; 8.3, 4.0 and 6.3-fold reduction for the 2.5, 25 and 62.5 mg/m2 dosing 
cohorts, respectively).

INTRATUMORAL CETUXIMAB RESISTANT AREAS. 
Despite overall strong correlation between EGFR and SCC, there were discordant areas with-
in tumors with high EGFR-expression that demonstrated low fluorescence. Histologically, 
these areas correspond to mature, differentiated keratinizing cancer cells that expressed mod-
erate levels of EGFR, yet did not incorporate the antibody-dye conjugate (Fig. 4a). Comparing 
MFI of mature, differentiated keratinizing cancer cells to non-differentiated cancer area show 
enormous reduction in MFI, despite equal EGFR expression levels (Supplementary Fig. 1). 
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Figure 2 Co-localization of fluorescence signals of cetuximab-IRDye800CW and Epidermal Growth 
Factor Receptor (EGFR) expression. (a) Representative haemotoxylin/eosin (H&E) image indicating 
tumor (T) and normal (N) with corresponding EGFR expression immunohistochemistry stain and fluores-
cence image. (b) Increase in Mean Fluorescence Intensity (MFI) as a function of EGFR Density (% area 
EGFR positive). Data are presented as mean ± SD, * = P < 0,001. Scale bars in all images represent 100 
µm. 
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Figure 3 Fluorescence from adjacent normal tissue correlates with distance from tumor. Repre-
sentative H&E image tumor (T) and normal (N) regions outlined by a board-certified pathologist (a). Sig-
nal-to-tumor ratio is determined at predefined distances from tumor (1-5 mm) as depicted by rectangular 
regions-of-interest (ROI) at 0, 1, 2, 3, 4 and 5 mm margin distance (b) graphed (c). Data are presented as 
mean ± SD. Scale bar represent 50 µm.

a b

c
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Figure 4 Effect of tissue properties on cetuximab-IRDye800CW uptake. (a) Representative haemo-
toxylin/eosin (H&E) image and corresponding fluorescence image. Differentiated keratinizing cancer cells 
are outlined by black arrows. (b) White arrows outline tumor necrosis. (c) Regression analysis between % 
Area keratinized and Mean Fluorescence Intensity (MFI) (P<0.003). (d) Regression analysis between % 
Area necrosis and Mean Fluorescence Intensity (MFI). Data are presented as mean ± SD, * = P < 0,001.  
Scale bars in all images represent 100 µm.
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Additionally, tumor necrosis was also clearly associated with areas of low fluorescence (Fig. 
4b). Regression analysis collapsing the two groups with middle and highest doses (25 mg/m2 
and 62.5 mg/m2) revealed an inverse relationship between cancer keratinization (Fig. 4c), and 
tumor necrosis (Fig. 4d) with MFI (P = 0.003 and P < 0.001 respectively). SCC with ≥ 50% 
keratinization, or ≥ 50% necrosis demonstrated a larger than 2-fold, and 1.7-fold decreased 
MFI.

EXTRATUMORAL IN VIVO FLUORESCENCE IMMUNOHISTOCHEMISTRY
EGFR is expressed in a wide range of normal tissues and anti-EGFR antibody targeting of 
these tissues influences the dose-dependent toxicities of therapy. In epidermal tissues, EGFR 
expression and corresponding cetuximab-IRDye800CW fluorescence was observed on the 
cell membrane of the basal cells and in the superficial cells undergoing terminal differenti-
ation (Supplementary Fig. 2). Conversely, limited cetuximab-IRDye800CW uptake was ob-
served in the more superficial differentiated epithelium. Sebaceous glands exhibited areas of 
high EGFR expression, which correlated with increased localization of cetuximab-IRDye-
800CW (Supplementary Fig. 2).

DISCUSSION

Although anti-EGFR therapies have been in clinical use for almost a decade in patients with 
squamous cell carcinoma, there are no biomarkers that successfully predict patient response 
to treatment. Furthermore, there is minimal understanding of antibody penetration within 
the heterogeneous histological intratumoral and peritumoral compartments. In the first ap-
plication of this technology in humans, we show that in vivo fluorescence immunohistochem-
istry (systemic injection of a near-infrared fluorescent monoclonal therapeutic antibody) can 
be used to localize cetuximab-IRDye800CW. This provided evidence that cetuximab delivery 
correlated with the expression of EGFR in almost all of the tumor tissues excised and pro-
vided significant insight into antibody compartmentalization not previously known or ob-
servable in humans. Interestingly, well-differentiated keratinizing tumor cells expressed high 
levels of EGFR by immunohistochemistry, yet had significantly lower local fluorescence. This 
suggests that well-differentiated, keratinizing regions within squamous cell carcinomas may 
not be as effectively targeted with anti-EGFR therapies, although downstream effector pro-
teins thought to be responsible for resistance, such as constitutive activation of STAT3, are 
not yet possible to track down in vivo. Other molecular markers that have been considered 
important for drug delivery and tumor penetration such as vascular density or tumor cell dis-
tribution surrounding (neo-)vasculature was not demonstrated in this cohort of nine patients 
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and does not support the Enhanced Permeability and Retention (EPR) effect to be responsible 
for the distribution but more towards target-specific binding of cetuximab-IRDye800CW, as 
shown previously.11

Cetuximab-IRDye800CW specifically localized to SCC tumor cells arising in the head and 
neck and does not accumulate in non-epithelial tissues. Significantly higher mean fluores-
cent intensities (MFIs) were consistently noted within the carcinomas compared with normal 
tissues in all three dosing cohorts. When using a diagnostic dose of cetuximab, rather than 
repeated therapeutic delivery, higher cetuximab dosing may not correspond to greater cetux-
imab delivery in tumor tissues. Instead, more off-target uptake may be expected with less 
intratumoral uptake due to receptor saturation at the highest dose, as demonstrated using 
escalating doses of cetuximab-IRDye800CW.
 
We demonstrated that fluorescence was strongly correlated with the location of tumor and 
fell precipitously at a distance of 1 mm from the tumor edge (P < 0.001) in MFI intensity. This 
very sharp demarcation between tumor and normal adjacent tissue was consistently mea-
sured throughout all three dosing cohorts. In vivo fluorescence immunohistochemistry could 
be used during frozen section analysis as a part of intraoperative fluorescence guided pathol-
ogy, so that the surgeon could determine whether they are at an optimal distance.
 
We used in vivo fluorescence immunohistochemistry to provide insight into the mechanisms 
determining antibody delivery in SCC. To this end, we evaluated a number of biomarkers 
which are thought to modulate drug delivery or and peri- and intratumoral distribution. It 
was not surprising that fluorescence intensity correlated significantly with EGFR expression 
density, since cetuximab-IRDye800CW accumulation depends upon EGFR expression as 
shown earlier.11  However, earlier reports have mentioned that EGFR expression level is a poor 
predictor of response to cetuximab.14 While we did not assess therapeutic response, we did 
observe that EGFR expression strongly correlated with overall fluorescence intensity, howev-
er, EGFR expression was associated with discordantly lower fluorescence intensity in regions 
of well-differentiated, keratinizing SCC. 

We demonstrate that in tumor areas with ≥ 50% well differentiated tumors, these areas are 
associated with 2-fold decreased fluorescence compared with non-keratinizing foci within the 
same carcinoma. While reduced uptake in well-differentiated areas within the tumor could 
be attributed to reduced accessibility or vascular permeability, the findings reported here are 
consistent with previous work demonstrating that EGFR loses ligand-binding affinity during 
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maturation and differentiation.15,16 We hypothesize that tumor maturation and keratinization 
contributes to decreased ligand affinity of EGFR or tissue penetration of the antibody, and 
may promote EGFR-inhibitor resistance. In addition, we also confirm tumor necrosis does 
not allow for cetuximab-IRDye800CW accumulation, which has also been recently noted by 
others in preclinical models17, and might be due to increased intratumoral pressure prevent-
ing influx of the cetuximab-IRDye800CW. For imaging and therapeutic purposes this might 
not be a limiting factor as the majority of vital tumor cells are situated around the periphery of 
tumor necrosis, which are of particular interest for image-guided surgery. Moreover, surgical 
margins are related to outgrowing vital tumor cells and not hypoxic, necrotic tumor cores.

Localization of our cetuximab-IRDye800CW bioconjugate in normal healthy tissues does ex-
plain some of the known toxicities associated with anti-EGFR therapy. Papulopustular erup-
tion is an adverse reaction of the skin commonly seen in cancer patients treated with EGFR 
inhibitors.18 The underlying mechanism, however, is still poorly defined. However, some have 
speculated that sebaceous glands might be the primary target of EGFR inhibitors and, as such, 
play a major role in the pathophysiology of papulopustular eruption.19 Consistent with this 
hypothesis, we have clearly demonstrated strong fluorescence intensity in sebaceous glands. 
These data support the hypothesis that papulopustular eruption results from accumulation 
of cetuximab as can be extrapolated from the data derived by the diagnostic agent cetux-
imab-IRDye800CW. Significant fluorescence levels were also found in the submandibular 
glands and sublingual glands, which showed the same intensity levels as vital tumor cells, 
suggesting significant antibody targeting of the normal mucous glands. It is unclear if this 
results in clinically significant xerostomia since cetuximab is commonly given in conjunction 
with radiotherapy and as such the drug related toxicity is hard to differentiate from xerosto-
mia caused by radiotherapy but very likely to result also by cetuximab off-site targeting.

Histological analysis of human tumors presented here suggests that the antibody-dye bio-
conjugate is highly specific for cancer cells and does not aspecifically accumulate within the 
stromal components of the tumor as might be the case when there is a profound EPR effect. 
The time interval between cetuximab-IRDye800CW and surgical resection was approximate-
ly 3-4 days, which provided sufficient opportunity for the agent to circulate, as shown in both 
animal and human immunoPET and antibody-IRDye800CW studies.20 Moreover, the shorter 
half-life of cetuximab-IRDye800CW (1.2 days, 1.3 days and 1.6 days for the 2.5 mg/m2, 25 
mg/m2 and 62.5 mg/m2 doses, respectively), compared to the original cetuximab helped to 
minimize background fluorescence signal.
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CONCLUSION 
 
This is the first clinical study to evaluate peri- and intratumoral localization of an anti-EGFR 
fluorescently labeled antibody after systemic administration and denominated as in vivo flu-
orescence immunohistochemistry. Although EGFR expression correlated clearly with fluo-
rescence intensity, further analysis of well-differentiated tumors with high levels of EGFR 
expression demonstrated near absent fluorescence suggesting poor uptake of the antibody in 
this histological subtype. As a spin-off of using therapeutic monoclonal antibodies as optical 
tracers in image-guided surgery, in vivo fluorescence immunohistochemistry provides un-
surpassed information of biodistribution and correlates with standard histopathology which 
can be of great value in drug development of cancer immunotherapy Finally, this platform of 
using fluorescently labeled antibodies may be helpful to further elucidate effector proteins by 
multispectral fluorescent in situ labeling. 
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ABSTRACT

BACKGROUND & OBJECTIVE
Fluorescence-guided imaging to assist in identification of malignant margins has the poten-
tial to dramatically improve oncologic surgery. However a standardized method for quanti-
tative assessment of disease-specific fluorescence has not been investigated. Introduced here 
is a ratiometric threshold derived from mean fluorescent tissue intensity that can be used to 
semi-quantitatively delineate tumor from normal tissue. 

METHODS
Open-field and a closed-field imaging devices were used to quantify fluorescence in punch 
biopsy tissues sampled from primary tumors collected during a phase 1 trial evaluating the 
safety of cetuximab-IRDye800 in patients (n=11) undergoing surgical intervention for head 
and neck cancer. Fluorescence ratios were calculated using mean fluorescence intensity (MFI) 
from punch biopsy normalized by MFI of patient-matched tissues. Ratios were compared to 
pathological assessment and a ratiometric threshold was established to predict presence of 
cancer. 

RESULTS
During open-field imaging using an intraoperative device, the threshold for muscle normal-
ized tumor fluorescence was found to be 2.7, which produced a sensitivity of 90.5% and speci-
ficity of 78.6% for delineating disease tissue. The skin-normalized threshold generated greater 
sensitivity (92.9%) and specificity (81.0%). 

CONCLUSION
Successful implementation of a semi-quantitative threshold can provide a scientific meth-
odology for delineating disease from normal tissue during fluorescence-guided resection of 
cancer.
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INTRODUCTION

Over the past decade, fluorescence-guided imaging to navigate cancer resection has been 
shown to significantly improve the number of complete resections and progression free sur-
vival.1-7 While this imaging strategy has yielded promising results during initial trials, many 
elements of the approach must be validated more rigorously before successful clinical appli-
cation can occur.8,9 Selective imaging data presentation from clinical cases has been sufficient 
to show proof of principle, however, clinical implementation will require a reproducible sci-
entific methodology for determining the positivity of cancer using fluorescent-guided tech-
niques. Clinical trials for cancer specific imaging report ambiguous and subjective values for 
determining the amount of fluorescence contained within tissue during surgical assessment. 
Typical classifications used to define the extent of fluorescence within imaged tissue include 
“solid”, “moderate”, or “vague”.3,10-13 These values will be insufficient to guide surgical care in 
advanced stage trials and need to be supported by specific criteria for determining positive 
fluorescence. The bulk of computable data collected for analysis in these clinical trials illus-
trates the subjective nature of fluorescence-guided imaging where the surgeon forms a sub-
jective assessment in real-time based on the florescence intensity observed in the field of 
view. Data reporting in this manner will be confounded by variations in tumor heterogeneity, 
differences between surgeons, and time interval between dosing and imaging. Additionally, 
this non-standardized reporting makes intertrial comparisons challenging, which hampers 
the long-term advancement of the strategy. While tumor-to-background ratio (TBR) or sig-
nal-to-background ratio (SBR) has been used to describe fluorescence intensity in some stud-
ies,14-16 the “background” is poorly defined and can include multiple tissue types ranging from 
muscle, skin, fat, stroma, connective tissue, etc.  These ratios are helpful to differentiate the 
intensity of the fluorescence contrast between patients, but do not provide a specified optical 
diagnostic value for delineating disease from normal tissue. As this promising modality is 
widely adopted and enters routine clinical use, tumor detection techniques must advance 
beyond subjective observation. 

To be successful, fluorescence guided optical imaging will need to objectively detect a sub-
clinical volume of tumor embedded within normal tissue. To this end, we propose the use of a 
ratiometric threshold to objectively diagnose the tumor/normal interface in real-time, when 
the modality can have the greatest impact on complete resection. Comparison of fluorescence 
intensity produced from the positive tissue divided by the fluorescence of patient-matched 
muscle or skin, which serves as a standardized background or negative value. Use of patient 
derived skin or muscle serves as an internal anatomical control for subsequent imaging of 
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tumor margins, wound bed, and unknown resected tissues during “back-table” imaging. This 
formula controls for variations between fluorescent uptake in stromal tissue and variations 
between patients. Once a threshold is established, the ratiometric value can be used to reliably 
identify subclinical disease embedded within normal tissue. Additionally, it is hypothesized 
that the value can be applied universally across patient populations, similar to standardized 
uptake value (SUV) used during positron emission tomography.  

We develop a repeatable ratiometric threshold for detection of small fragments (<2 mm) 
within normal tissue using patient-derived tissues from a recent clinical trial (ClinicalTrials.
gov Identifier: NCT01987375) evaluating the safety of cetuximab-IRDye800 in patients un-
dergoing surgical intervention for squamous cell carcinoma (SCC) arising in the head and 
neck. Imaging was performed on fresh tissue using an intraoperative fluorescence-imaging 
device (Luna, Novadaq, Canada), a closed-field fluorescence-imaging device for back-table 
assessment (Pearl, Li-Cor, Lincoln Nebraska), and slide-mounted sections using a fluores-
cence scanner (Odyssey, Li-Cor) for pathological evaluation. The presence of cancer in tissues 
was confirmed during histological analysis by a board-certified pathologist, which served as 
the gold standard. 

METHODS

TISSUE COLLECTION
Punch biopsies (4mm) of tumor, surrounding tissue, muscle, and skin were collected by the 
ablative surgeon from 11 consented patients enrolled in a dose escalation (2.5 mg/m2, 25 mg/
m2, and 62.5 mg/m2) clinical trial (Clinicaltrials.gov Identifier: NCT01987375) evaluating the 
safety and tumor-specificity of systemically injected cetuximab-IRDye800 for surgical navi-
gation in patients with SCC. For cohort 1 (2.5mg/m2 dose), 14 punch biopsies were collected 
(9 malignant, 5 normal) from three patients with tumors originating from the lateral tongue 
and floor of mouth. For cohort 2 (25mg/m2 dose), 71 punch biopsies were collected (32 ma-
lignant, 39 normal) from five patients with tumors originating from floor of mouth, lateral 
tongue, and neck metastasis. For cohort 3 (62.5mg/m2 dose), 16 punch biopsies were collected 
(10 malignant, 6 normal) from three patients with tumors originating from the floor of mouth 
and septum. All patients were diagnosed with conventional SCC. Per trial design, patients 
received respective infusion of cetuximab-IRDye800 3-4 days prior to scheduled surgical pro-
cedure. Informed consent was obtained from all individual participants included in the study. 
All patient data were anonymized and all experiments using the specimens were conducted 
in accordance with the rules and regulations approved by the University of Alabama Institu-
tional Review Board.
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Figure 1 Imaging of tissue-derived punch biopsies. (a) Resected specimen from 25mg/m2 dose group 
containing primary tumor with wide surgical margin is shown with (b) imaging on back-table using wide-
field imaging system. Annotated areas denote origin of punch biopsies I-IV. (c) Wide-field and closed-field 
fluorescent imaging of punch biopsy is shown with corresponding pathology status as determined by 
histological evaluation. Colorimetric threshold was fixed between images.
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FLUORESCENCE IMAGING AND ANALYSIS
Imaging of collected punch biopsies and normal tissue was performed using an FDA-ap-
proved open-field fluorescence imaging device (LUNA, Novadaq, Ontario, Canada) and a 
closed-field fluorescence device (Pearl Impulse, LI-COR, Lincoln, NE). Samples were imaged 
in the operating room and in surgical pathology within 1 hour of tissue resection. Using in-
tegrated instrument software (LUNA: SPY-Q, Pearl: Image Studio), areas of high fluorescence 
were quantified with custom regions of interest and mean fluorescence intensity (MFI) were 
recorded. Similarly, MFI was determined for skin and muscle samples. From these MFI val-
ues, a ratio was calculated by dividing MFI of punch biopsy tissue by MFI of patient-matched 
muscle or skin. The ratiometric values were recorded for each punch biopsy sampled and 
correlated with pathological determination (gold standard) performed by a board-certified 
pathologist. 

HISTOLOGY
After imaging, punch biopsy tissue was formalin fixed and embedded in paraffin. Multiple 
sections (5μm) were obtained and a board-certified pathologist performed histological anal-
ysis using haematoxylin and eosin (H&E) staining. Punch biopsies were determined positive 
for presence of cancer (denoted as tumor) or negative for presence of cancer (denoted as 
normal). Adjacent unstained sections were imaged using a fluorescence scanner (Odyssey, 
LI-COR) specifically optimized for IRDye800. 

STATISTICS
A receiver operator characteristic (ROC) curve was generated to determine the diagnostic 
performance of the ratiometric threshold in both devices and normalizing tissue types. ROC 
curves were estimated for fold-increase in fluorescence separately for reference tissue type 
(skin and muscle) and for instrumentation (open-field and closed-field) systems using the 
package pROC in R version 3.1.1. The area under the curve (AUC) was estimated with boot-
strapped 95% confidence intervals and DeLong’s test was used to compare the results between 
tissue types for each device.

RESULTS

COLLECTION AND IMAGING OF PUNCH BIOPSY TISSUE
In order to determine the optimum diagnostic threshold for predicting the presence of cancer 
using fluorescence-guided navigation, the resected primary tumor was sampled using punch 
biopsy tissue obtained from random intratumoral and adjacent areas, as determined by the 
ablative surgeon. As shown in Figure 1, punch biopsy (4mm) tissue was obtained from a 



121

primary tumor mass with 2cm+ margins (Fig. 1a) resected from a patient in the 25mg/m2 
dose group. After punch biopsy samples were collected, the primary specimen was fluores-
cently imaged (Fig. 1b) using the open-field device prior to pathological processing. Figure 
1c shows open-field and closed-field fluorescent imaging of resected punch biopsy tissue and 
corresponding pathological determination. Roman numeral annotations denote origin of re-
spective punch biopsy sample. 

OPEN-FIELD FLUORESCENT IMAGING
Open-field near-infrared (NIR) fluorescent imaging was performed on punch biopsy tissues 
to determine a diagnostic threshold specific to the imaging device. For comparison, both 
muscle and skin MFI were used as the respective ratiometric denominator to determine an 
independent threshold specific to the normalizing factor. Figure 2a shows the dose-specific 
distribution of ratiometric values for tumor-positive and normal punch biopsy tissue (deter-
mined using gold standard) normalized by muscle for the 25mg/m2 dose group (32 tumor, 
39 normal) and the 62.5mg/m2 dose group (10 tumor, 6 normal). Comparatively, Figure 2b 
shows the ratiometric values for the respective tissue when MFI of patient-matched skin is 
used as the denominator. Each data point represents the ratiometric value (punch biopsy 
tissue MFI / patient-matched muscle MFI) calculated for each punch biopsy sampled. When 
imaging using the open-field intraoperative device, a sensitivity of 90.5%, specificity of 78.6%, 
positive predictive value of 80.9%, and negative predicative threshold of 89.2% was calculated 
using the optimal ratiometric threshold of 2.7 against muscle (Table 1). When using the MFI 
of patient-matched skin to generate the ratio, a sensitivity of 92.9%, specificity of 81.0%, pos-
itive predictive value of 83.0%, and negative predicative threshold of 91.9% was determined 
when using the optimal ratiometric threshold of 1.1 (Table 1). Representative brightfield and 
open-field fluorescence images are shown for tumor (Fig. 2c) and normal (Fig. 2d) punch bi-
opsy tissues for the 25mg/m2 dose group and 62.5mg/m2 dose group (Fig. 2e-f, respectively). 
For the open-field device, fluorescence was not detected in tissues sampled from the micro-
dose (2.5mg/m2) group.

Device Standardizing 
tissue

Ratiometric 
threshold Sensitivity Specificity

Positive 
predictive 
threshold

Negative 
predictive 
threshold

Open-
field

Muscle 2.7 90.5% 78.6% 80.9% 89.2%
Skin 1.1 92.9% 81.0% 83.0% 91.9%

Closed-
field

Muscle 3.2 92.0% 74.5% 79.3% 89.7%
Skin 1.5 92.0% 83.0% 85.2% 90.7%

Table 1 – Accuracy of disease detection among devices and ratios tested.
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Figure 2 Open-field fluorescent imaging of punch bi-
opsy tissue. Using an intraoperative fluorescent imag-
ing device, the ratio of mean fluorescent intensity (MFI) 
for pathology-confirmed tumor or normal tissue over the 
MFI of (a) patient-matched muscle or (b) patient-matched 
skin is shown for the 25mg/m2 and 62.5mg/m2 dose 
groups. Representative white-light and fluorescent im-
ages are shown for (c) tumor 25mg/m2 dose, (d) normal 
25mg/m2 dose, (e) tumor 62.5mg/m2 dose, and (f) normal 
62.5mg/m2 dose groups. Each data point represents MFI 
ratio for a single punch biopsy. Colorimetric threshold 
was fixed between images.

CLOSED-FIELD FLUORESCENT IMAGING
In Figure 3a, the distribution of ratiometric values calculated for each tissue punch biopsy is 
shown for the 2.5mg/m2, 25mg/m2, and 62.5mg/m2 dose groups when patient-matched mus-
cle is used as the normalizing factor during closed-field device imaging. As shown in Table 
1, a sensitivity of 92.0%, specificity of 74.5%, positive predictive value of 79.3%, and negative 
predictive value of 89.7% was determined at the optimal ratiometric threshold of 3.2 for the 
muscle-normalized ratios. In Figure 3b, distribution of ratiometric values are shown for the 
respective dose groups when MFI of patient-matched skin is used as the denominator. When 
using a skin-normalized, optimal ratiometric threshold of 1.5, a sensitivity of 92.0%, speci-
ficity of 83.0%, positive predictive value of 85.2%, and negative predictive value of 90.7% was 
determined when imaging with the closed-field device. Representative brightfield and fluo-
rescence images are shown of tumor-positive and normal punch biopsy tissues for the 2.5mg/
m2 (Fig. 3c-d), 25mg/m2 (Fig. 3e-f), and 62.5mg/m2 (Fig. 3g-h) dose groups.
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Figure 3 Closed-field fluorescent imaging of 
punch biopsy tissue. Using a closed-field fluores-
cent imaging device, the ratio of mean fluorescent in-
tensity (MFI) for pathology-confirmed tumor or normal 
tissue over the MFI of (a) patient-matched muscle or 
(b) patient-matched skin is shown for the 2.5mg/m2, 
25mg/m2, and 62.5mg/m2 dose groups. White-light 
and fluorescent images acquired using closed-field 
system are shown for (c) tumor 2.5mg/m2 dose, (d) 
normal 2.5mg/m2 dose, (e) tumor 25mg/m2 dose, (f) 
normal 25mg/m2 dose groups, (g) tumor 62.5mg/m2 

dose, and (h) normal 62.5mg/m2 dose. Colorimetric 
threshold was fixed between images.



124

HISTOLOGICAL LOCALIZATION OF FLUORESCENCE
To determine the cancer-specific nature of the observed fluorescence, cancer-containing ar-
eas were co-localized with areas of high fluorescence using H&E staining and fluorescence 
images acquired from adjacent unstained sections using a fluorescence scanner (Odyssey, 
LI-COR). Representative H&E (Fig. 4a) and fluorescence (Fig. 4b) images are shown from a 
cancer-containing punch biopsy obtained from the 25mg/m2 dose group. Zoomed inset areas 
demonstrate the cancer-specific fluorescence observed for punch biopsies containing tumor 
tissue.  

RECEIVER OPERATOR CHARACTERISTIC
To statistically evaluate the performance of the ratiometric threshold to differentiate tumor 
from normal tissue, a receiver operator characteristic curve was generated for the open-field 
(Fig. 5a) and closed-field (Fig. 5b) imaging devices with empirical 95% confidence intervals 
for the AUCs, each generated from 2000 bootstrapped replications to summarize expected 
variability in the AUC. Analysis was performed using both skin and muscle as ratiometric 
denominators to assess the power of these tissues to serve as normalizing factors for cetux-
imab-IRDye800 imaging. For the open-field device, the AUC for skin-normalized tissue was 
0.842 (0.691-0.994) while muscle-normalized tissue was 0.835 (0.689-0.981). When ratiomet-

a b 

Figure 4 Fluorescence localization in tumor-containing tissue. (a) Representative H&E stain of tu-
mor-containing punch biopsy from the 25mg/m2 dose group is shown with (b) corresponding fluorescence 
scan of adjacent section.
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ric values were plotted for the closed-field device, the AUC for skin-normalized tissue was 
0.895 (0.832-0.958) while muscle-normalized tissue was 0.840 (0.757-0.923). For each of the 
ROC curves, there was a significantly (P<0.01) greater AUC than the chance diagonal with a 
95% confidence interval.     
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Figure 5 Receiver operating characteristic analysis. (a) A receiver operating characteristic curve was 
generated for the wide-field imaging device using mean fluorescence intensity ratios determined using 
skin (AUC: 0.842, P<0.01) and muscle (AUC: 0.835, P<0.01). (b) Analysis was also performed for the 
closed-field imaging device using skin (AUC: 0.946, P<0.01) and muscle (AUC: 0.835, P<0.01).



126

DISCUSSION

Fluorescent guided-surgery using cancer specific contrast agents remain a unique opportuni-
ty to significantly improve outcomes in the management of patients with solid malignancies. 
This is the first study to apply a rigorous scientific model to assist in detection of tumor tissue 
using fluorescence imaging. We demonstrate that the use of a ratiometric threshold after sys-
temic injection of cetuximab-IRDye800 can be used for successfully delineating tumor from 
normal tissue.  While this proof of principle study was performed in SCC of the head & neck, 
this approach may be applied to reliably determine the presence of malignancy in any tumor 
type during real-time assessment of unknown tissues that are normalized for inter-patient 
and intra-tumoral variances. To achieve this broad application in tumor types of any anatom-
ical location, the patient-specific fluorescence of an internal anatomical control (muscle or 
skin) is used to account for these differences. During open-field fluorescence imaging with an 
intraoperative imaging device, the threshold for muscle normalized tumor fluorescence was 
found to be 2.7. This threshold was shown to be sensitive (90.5%) for delineating disease tis-
sue, however high background in skin occurring at the 62.5mg/m2 dose confounded the ratio 
thereby reducing specificity (78.6%). When a skin-normalized threshold was used to stan-
dardize fluorescence in punch biopsy tissues, the sensitivity (92.9%) and specificity (81.0%) 
improved. For the closed-field device, sensitivity and specificity was relatively similar to the 
open-field device for muscle-normalized (92.0% and 74.5%, respectively) and skin-normal-
ized (92.0% and 83.0%, respectively) punch biopsy tissues when a threshold of 3.2 was used 
for muscle-normalized tissue and 1.5 for skin-normalized tissue. These results showed that 
the ratiometric threshold varied slightly between normalizing tissues and imaging devices. 
This suggests that agent and device-specific thresholds need to be uniquely determined as 
the combinations of agent and device are approved and introduced into patient use. When 
determining the appropriate normalizing tissues, probe pharmacokinetics and offsite targets 
need to be considered in order to provide an unbiased, tumor-specific threshold for detection. 
In the current study, skin and muscle were compared to account for inherent properties of 
cetuximab to target EGFR in normal skin, which affected the specificity at the higher dose.

During fluorescence-guided surgery, a fluorescence contrast agent is administered to provide 
real-time definition between disease and normal tissue during intraoperative imaging. The 
strategy was initially evaluated for resection of malignant glioma using orally administered 
5-aminolevulinic (5-ALA) to identify borders of malignant disease.10 During a phase 3 tri-
al, fluorescence-guided resection using 5-ALA produced a significantly greater number of 
complete resections compared to white-light resection.7 The approach has been expanded 



127

to include other cancer types in combination with various fluorescent probes. Examples of 
probes being evaluated in patients include: indocyanine green (ICG) for sentinel lymph node 
detection,1,2 fluorescein (FITC) labeled peptides for ovarian cancer resection,3 and methylene 
blue for fluorescence-guided resection of breast,6 and cervical cancer.4,5 

It is clear that the use of fluorescence imaging to guide surgical navigation is advancing to-
wards approved use in multiple cancer types. However, there is a great need for widespread 
standardization of multiple components associated with this technique before routine clinical 
use can be fully implemented. To this end, a recent assembly was held by a fluorescence-guid-
ed surgery study group during the 2013 European Molecular Imaging Meeting to identify 
obstacles in the advancement of this modality.8 Specific issues discussed during the meeting 
included regulatory approval for trial design, imaging device standardization, quality control 
for agent manufacture, and the requirement for good clinical and scientific practice. Among 
issues critical in the advancement of the technique is to incorporate a scientific methodology 
for delineating disease from normal tissue in order to circumvent the subjective nature of 
optical imaging. Here, we introduce a strategy to overcome these limitations. 

For the current study, two NIR fluorescence-imaging devices were used to image and quan-
tify levels of fluorescence in the punch biopsy tissues. The open-field device can be used in 
the operative field to localize fluorescence in real-time with malignant margins in the wound 
bed. The closed-field device, which is specifically optimized for the NIR IRDye800 molecule 
used in the study, was utilized in a “back-table” setting with resected tissues. As the utility of 
fluorescence-guidance advances, it is not clear which setting will provide the greatest benefit. 
It is envisioned that the intraoperative device will be used to localize tumor for resection 
and wound bed scanning in a post-resection setting to ensure no residual cancer remains. 
The “back-table” device affords greater sensitive detection of microscopic disease due to the 
low background associated with a black-box system and can be utilized to detect residual 
cancer during margin analysis or to assist the pathologist in localizing areas for histological 
assessment during frozen section analysis. These two devices can work in concert to provide a 
synergistic benefit leading to cancer-free resection. When the ratiometric threshold approach 
is incorporated, the color look-up table threshold can be adjusted to permit tumor-specific 
scanning where the ratio is gated to color only those areas greater than the pre-determined 
ratio threshold. In addition, the ratiometric formula can act as a standardized fluorescence 
value, similar to standardized uptake value used in positron emission tomography, for com-
parison between patients and institutions.
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One limitation of the current study is the small sample size and absence of a validation group. 
This small proof of principle study cannot expect to provide thresholds and measures of dis-
crimination that can be generalized with confidence to a broader population. However, this 
study does provide an estimate of the method’s potential to discriminate between normal 
tissue and tumor thereby introducing a desperately needed tool for standardization during 
fluorescence-guided surgery. The values reported here were compiled using optimal ratios 
from our specific data set. Ultimately, determining thresholds for general use will require a 
larger and more general sample.

Here, a ratiometric threshold was introduced to provide a method for objective assessment 
of tumor fluorescence during fluorescence-guided surgery. This formula produced a highly 
sensitive, instrument-specific threshold for predicting presence of cancer in the punch biopsy 
tissues tested. ROC analysis revealed the ratiometric threshold approach to be a powerful di-
agnostic tool. While the method was shown to be highly sensitive, artifacts inherent to EGFR 
binding in the skin confounded the specificity. However, considering the consequences of a 
false negative during cancer localization in the surgical setting, the optimal threshold should 
be leveraged towards the greatest sensitivity to confidently identify true positive tissues. 
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ABSTRACT

Accurately identifying close or positive margins in real-time permits re-excision during sur-
gical oncology procedures. Intraoperative pathologic assessment of margins via gross exam 
and frozen section is a widely used tool to assist the surgeon in achieving complete resection. 
While this methodology permits diagnosis of freshly resected tissue, the process is fraught 
with misinterpretation and sampling errors. As fluorescence-guided surgery quickly advances 
into clinic, we hypothesize that the disease-specific fluorescence inherently contained within 
the resected tissues can be used to guide histopathological assessment. To evaluate feasibility 
of the fluorescence-guided pathology approach, we evaluated head and neck squamous cell 
carcinoma tumor specimens and margins resected from animals and patients after system-
ic injection of cetuximab-IRDye800CW. In a preclinical model of luciferase-positive tumor 
resection using bioluminescence as the gold standard, fluorescence assessment determined 
by closed-field fluorescence imaging (Pearl, LI-COR Biosciences) of fresh resected margins 
accurately predicted the presence of disease in 33/39 positive margins yielding an overall 
sensitivity of 85%, specificity of 95%, positive predictive value (PPV) of 94%, and a nega-
tive predictive value (NPV) of 87%, which was superior to both surgical assessment (54%, 
61%, 57%, and 58%) and pathological assessment (49%, 95%, 91%, and 66%), respectively. 
When the power of the technique was evaluated using human derived tumor tissues, as lit-
tle as 0.5mg (1mm3) of tumor tissue was identified (tumor-to-background ratio: 5.2) when 
patient-matched muscle was used as background. When the sensitivity and specificity of 
fluorescence-guided pathology was determined using traditional histological assessment as 
the gold standard in human tissues obtained during a clinical trial of fluorescence-guided 
surgery, the technique was strongly accurate with a sensitivity of 91%, specificity of 85%, PPV 
of 81%, and a NPV of 93% through 90 human-derived samples. This approach can be used 
as a companion to the pathologist, eliminating confounding factors while impacting surgical 
intervention and patient management. 
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INTRODUCTION

Currently, surgeons and pathologists lack the adequate and reliable intraoperative tools to 
consistently discriminate tumor and normal tissue in real-time. This has resulted in high rates 
of positive or close margins in head and neck squamous cell carcinoma (HNSCC), which is 
associated with high local rates of recurrence.1  Positive margins are associated with a 22% lo-
cal recurrence rate, compared to 3.9% local recurrences in patients with tumor free margins.2 

Moreover, involved surgical margins increase the risk of death at 5 years by 90%, indicating 
that surgical margin status remains a primary predictor for survival and local recurrence.3 
Nevertheless, in current clinical practice, tumor positive margins are found in up to 40% of 
patients on histopathological review,4, 5 for which there is clear need for improvement. 

Currently, intraoperative frozen section analysis of margins is a widely used tool to assist the 
surgeon in achieving complete tumor resection. While this methodology permits rapid turn-
around for diagnosis of freshly resected tissue, the process is not real-time and there is a poor 
correlation of frozen and permanent margin status in HNSCC. In a recent study, discordance 
between frozen and permanent margins was identified in 20% of cases.6 More specifically, the 
false-negative rate for poorly differentiated carcinoma, lymphovascular invasion, and peri-
vascular invasion was 14%, 36%, and 26%, respectively. In addition to misinterpretation and 
specimen under-sampling, these histopathologic features are associated with a higher rate 
of discrepancy between frozen and permanent assessment.7-9 Considering HNSCC has the 
highest rate of intraoperative consultations,10 investigating alternative more accurate method-
ologies for margin assessment is of greatest relevance to this tumor type. However, discordant 
final diagnosis affects patient management in all tumor types, both at the surgical interven-
tion and long-term treatment stages.

In response to limited improvement of survival rates in surgical oncology, there have been 
several landmark clinical trials demonstrating that cancer can be accurately identified in re-
al-time using fluorescence-guided surgical techniques.11-13 As a result, the field of fluores-
cence-guided surgery has grown significantly and additional clinical trials are underway to 
evaluate a range of fluorescently labeled, cancer-specific contrast agents to guide surgical abla-
tion in multiple cancer types. The advantage of fluorescence-guided surgery is that it localizes 
diseased tissue that would otherwise remain undetected during traditional standard of care. 
For example, in phase III clinical trials, oral administration of 5-aminolevulinic acid (5-ALA) 
was shown to improve progression free survival.12, 14 Recently, our group conducted a phase 
I dose-escalation study in twelve patients using cetuximab-IRDye800CW in squamous cell 
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carcinoma arising in the head and neck (clinicaltrials.gov identifier: NCT01987375). During 
the intraoperative imaging, disease-specific fluorescence generated high levels of contrast (tu-
mor-to-background ratios average of 5.2) to delineate cancer from normal tissues in the op-
erative field.11, 15 During this clinical trial, it became apparent that identification of disease by 
fluorescence imaging of the surgical specimen had significant advantages for the pathologist, 
such as identifying areas in the gross specimen where the margins are likely to be close or 
positive, thus allowing efficient and focused tumor sampling for histologic sections.   

Considering the challenges of appropriate sampling and time required for intraoperative con-
sultation, we hypothesize that a cancer-specific fluorescent contrast agent, systemically inject-
ed prior to the surgical procedure, could be used to guide pathological assessment of close or 
positive margins. Imaging the primary specimen in the frozen section room prior to sampling 
the tumor periphery may help guide the pathologist to identify suspicious areas for frozen 
section, which, if positive for carcinoma, would allow the surgeon to re-excise this area at the 
time of the original procedure. We setup a translational experimental approach in which we 
evaluated the technique in a preclinical model of cancer where bioluminescence was utilized 
as the gold standard for detection of microscopic disease. To evaluate clinical feasibility of this 
fluorescence-guided pathology approach, we evaluated HNSCC tumor specimens resected 
from animals and humans after systemic injection of cetuximab-IRDye800CW. To determine 
the sensitivity and specificity of fluorescence-guided pathology, we compared the approach 
to traditional histological assessment using human tissues obtained during a clinical trial of 
fluorescence-guided surgery in HNSCC. 

METHODS

CETUXIMAB-IRDYE800CW CONJUGATION
Conjugation of cetuximab to IRDye800CW (excitation: 778nm, emission: 798nm) was per-
formed under cGMP conditions as previously reported.16 Briefly, cetuximab® (ImClone LLC, 
subsidiary of Eli Lilly and Company, Branchburg, NJ) was concentrated and pH adjusted by 
buffer exchange to a 10mg/ml solution in 50mM potassium phosphate, pH 8.5. IRDye800CW 
NHS ester (LI-COR Biosciences, Lincoln, NE) was conjugated to cetuximab for 2hrs at 20ºC 
in the dark, at a molar ratio of 2.3:1. After column filtration to remove unconjugated dye and 
exchange buffer to phosphate buffered saline (PBS), pH 7, the final protein concentration ad-
justed to 2mg/ml, the product was sterilized by filtration and placed into single use vials and 
stored at 4ºC until used.
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CELL LINE AND ANIMAL MODELS
The human head and neck squamous cell carcinoma cell line SCC1 was obtained from the 
University of Michigan and maintained in Dulbecco’s Modified Eagle’s Medium (DMEM) 
with 10% fetal bovine serum and 2.6mM L-glutamine. Cells were cultured at 37°C and 5% 
CO2, passaged at 70-90% confluence, and harvested with 0.05% trypsin/0.53mM EDTA. 
Cell lines were genetically modified with a luciferase-expressing construct (pCMV pGL3 
Luciferase, Addgene, Cambridge, MA). Athymic female nude mice (aged 6-8 weeks) were 
obtained from Frederick Cancer Research (Frederick, MD). For subcutaneous inoculation, 
2x106 SCC1-luc cells were bilaterally implanted in the right and left hind flank of each mouse. 
Institutional Animal Care and Use Committee (IACUC) at the University of Alabama at Bir-
mingham approved all animal protocols (APN 130908793; 140310064).

IN VIVO MARGIN STUDY
Three weeks post implant (average tumor size: 188.3±15mm3), athymic nude mice (n=10) 
bearing bilateral subcutaneous flank tumors received 225μg (62.5mg/m2, one-quarter cetux-
imab therapeutic dose) of cetuximab-IRDye800CW (excitation: 778nm, emission: 798nm) 
intravenously via tail vein. Five days post injection, mice were sacrificed, tumors resected and 
four margins (1cm x 0.5cm x 0.5cm, each) collected from each wound bed (80 margins to-
tal). An otolaryngology surgery resident (EMW) assessed the resected margins to determine 
the presence of tumor. Fluorescence imaging of each margin was performed using the Pearl 
Impulse (LI-COR Biosciences, Lincoln, NE) at the 800nm channel (emission filter 810nm-
830nm). After addition of a luciferase assay agent (E1500, Promega, Madison, WI) biolumi-
nescence imaging (BLI, IVIS-100, Caliper Life Sciences, Waltham, MA) was performed on 
each resected margin using the 500nm-570nm-emission filter setting. Margins were formalin 
fixed and processed into paraffin blocks, 5µm tissue sections cut 100µm apart, placed on glass 
slides, and stained with haematoxylin & eosin (H&E). A UAB board-certified pathologist 
(TMS) was blinded to the bioluminescence and fluorescence grading and examined the slides 
by light microscopy to determine if tumor cells were present or absent in the margins by 
conventional analysis. The blinded fluorescence assessment was performed using onboard 
instrument software (ImageStudio, LI-COR Biosciences). For the assessment, the threshold 
was uniquely adjusted for each sample to reveal heterogeneity in fluorescence intensity with-
in each sample, as previously described.17-19 Areas of high signal relative to the surrounding 
tissue were considered positive. Margins were given a binary assignment (+/–) determined by 
the presence or absence of tumor by each test. The diagnostic accuracy of the surgeon’s assess-
ment, fluorescence prediction, and conventional histological evaluation using H&E stain was 
compared to the bioluminescence (gold standard) results to calculate the sensitivity, specific-
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ity, positive predictive value (PPV), and negative predictive value (NPV).

IN VITRO MARGIN STUDY
To produce surrogate margins using a xenograft mouse model, athymic nude mice (n=5) 
bearing subcutaneous flank tumors (SCC1) received 225μg (62.5mg/m2, one-quarter cetux-
imab therapeutic dose) of cetuximab-IRDye800CW intravenously via tail vein. Five days 
post injection, mice were sacrificed, tumors resected, grossly sectioned and weighed. Muscle 
(2cm x 1cm x 0.5cm) was excised from contralateral flank to serve as normal tissue. Serially 
sectioned tumor fragments ranging from 5mg to 0.5mg in size were then placed onto the 
excised muscle bed and then imaged using the Pearl Impulse. For evaluation using clini-
cally obtained tissue, human tissue obtained during a clinical trial evaluating the safety of 
cetuximab-IRDye800CW in patients undergoing surgical intervention for squamous cell car-
cinoma arising in the head and neck (clinicaltrials.gov identifier#NCT01987375) were exam-
ined. Three to four days prior to surgery, patients received intravenous infusion of 62.5mg/m2 
cetuximab-IRDye800CW. Tumor tissue excised from the bulk tumor by the ablative surgeon 
was serially sectioned and weighed to produce sections ranging from 5mg to 0.5mg. These 
sections were then placed on patient-matched muscle and imaged using the Pearl Impulse. 
Informed consent was obtained from participating patients and the University of Alabama at 
Birmingham Institutional Review Board previously approved the research.  

SURROGATE MARGIN STUDY
During a clinical trial evaluating the safety of cetuximab-IRDye800CW in patients undergo-
ing surgical intervention for squamous cell carcinoma arising in the head and neck (clinical-
trials.gov identifier#NCT01987375), 45 punch biopsies (1cm x 4mm) were collected by the 
ablative surgeon from resected primary tumor specimens excised from three patients (n=15). 
Biopsies were then bisected to produce 90 tissue samples, imaged with Pearl Impulse, and 
histologically processed. After H&E staining, University of Alabama at Birmingham pathol-
ogists examined the slides by light microscopy to determine if tumor cells were present or 
absent in the margins by conventional analysis. Each specimen was subdivided into quadrants 
and a binary assignment given to each quadrant based on the presence or absence of cancer 
by histological analysis and fluorescence assessment. The result of fluorescence prediction 
using fluorescence imaging was compared to conventional histological evaluation using H&E 
staining (gold standard) to calculate the sensitivity, specificity, PPV, and NPV. Informed con-
sent was obtained from participating patients and the University of Alabama at Birmingham 
Institutional Review Board previously approved the research.  
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Figure 1 Fluorescence localization of disease is compared to histopathological assessment and 
surgeon assessment using luciferase imaging as gold standard. 
(A) Sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV) 
are shown for surgeon, pathologist, and fluorescence assessment of tumor wound bed mar-
gins compared to bioluminescence, which served as the gold standard. Representative imag-
es are shown of the margins assessed for (B) bioluminescence, (C) haematoxylin and eosin 
staining, and (D) matching fluorescence acquisition.
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FLUORESCENCE MICROSCOPY
Unstained slide-mounted sections of patient-derived tissues were imaged (400x) using a flu-
orescence microscope (Leica DMI6000B) equipped with a DFC365FX near-infrared camera 
and an XCite200 light source and onboard LAS X software. After fluorescence acquisition, 
slides were H&E stained and matching brightfield images (400x) were acquired using an 
Olympus IX70 equipped with a DP72, 12.8 megapixel cooled digital color camera.

RESULTS

FLUORESCENCE ASSESSMENT ACCURATELY PREDICTS PRESENCE OF 
RESIDUAL DISEASE IN AN ANIMAL MODEL OF SURGICAL MARGINS
To evaluate feasibility of the fluorescence-guided pathology to detect subclinical disease, an 
animal model of diseased margins was used to compare fluorescence assessment to conven-
tional assessment using bioluminescence, in lieu of histology as the gold standard. For the 
experiment, 80 margins were collected from post-resection wound beds of 20 luciferase pos-
itive SCC1-luc tumors resected from the subcutaneous flank of mice that received a systemic 
administration of cetuximab-IRDye800CW. As shown in Figure 1A, the fluorescence assess-
ment determined by closed-field fluorescence imaging (Pearl, LI-COR Biosciences) of fresh 
resected margins accurately predicted the presence of disease in 33 of 39 positive margins 
yielding an overall sensitivity of 85%, specificity of 95%, PPV of 94%, and a NPV of 87%. 
More importantly, fluorescence successfully predicted the absence of disease in 39 out of 41 
negative margins, as determined by bioluminescence imaging. For the histological assess-
ment, all 80 tissue margins were sectioned (5μm full-face thickness), slide-mounted for H&E 
staining (2 per margin, cut 100μm apart) and then examined by a board-certified patholo-
gist and a binary (+/–) value was assigned for each margin based on the presence of tumor. 
During the assessment, the pathologist accurately predicted presence of tumor in 21 out of 39 
disease containing margins (TMS) yielding an overall sensitivity of 49%, specificity of 95%, 
PPV of 91%, and a NPV of 66%. However, similarly to the fluorescence assessment group, the 
pathologist correctly predicted the absence of disease in 39 out of 41 negative margins. The 
surgeon assessment was also evaluated and found to have a sensitivity of 54%, specificity of 
61%, positive predictive value of 57%, and a negative predictive value of 58%. To demonstrate 
the disease localization between the various modalities evaluated, a bioluminescence image 
(Fig. 1B), matching H&E stained histological section (Fig. 1C), and fluorescence acquisition 
(Fig. 1D) of a representative margin containing residual disease is shown.  



141

SUBCLINICAL RESIDUAL TUMOR WAS SUCCESSFULLY LOCALIZED US-
ING FLUORESCENCE IMAGING IN A MODEL OF POSITIVE SURGICAL 
MARGINS USING MOUSE TISSUES 
To evaluate the potential of fluorescence-guided pathology to localize subclinical tumor 
during margin assessment, human xenograft tumors were subcutaneously grown in mice that 
received a systemic injection of cetuximab-IRDye800CW. Tumors were resected (day 5 post 
cetuximab-IRDye800CW injection) and serially sectioned to produce 5mg, 1mg, and 0.5mg 
pieces of tumor. To create surrogate margins of residual disease, muscle, skin, and adipose 
tissue were excised and used as normal tissue backgrounds. The ability to discern between 
tumor and normal tissue was quantified using tumor-to-background ratios (TBR) of mean 
fluorescence intensity. When each tumor tissue fragment was serially placed on a respective 
background tissue, the tumor was successfully fluorescently localized (Figure 2) with TBRs 
ranging between 14.4 for the muscle background and 9.8 for the skin background using the 
5mg tumor fragment. When evaluating the sensitivity of the approach to detect subclinical 
disease using the 0.5mg tumor fragment, TBR values ranged from 4.7 to 2.3 when adipose and 
muscle tissue, respectively, were tested. 

ASSESSMENT OF SUBCLINICAL DISEASE USING FLUORESCENCE IMAG-
ING IN A MODEL OF POSITIVE SURGICAL MARGINS USING HUMAN TIS-
SUES 
To demonstrate the translatability of the fluorescence-guided pathology approach, resected 
tumor tissue (squamous cell carcinoma) from a clinical trial patient, who received cetux-
imab-IRDye800CW (62.5mg/m2 dose) three days prior to undergoing a total glossectomy, 

Figure 2 Minimum disease detectable in mouse tissues. Representative fluorescence and brightfield 
images are shown for 5mg, 1mg, and 0.5mg tumor fragments on a bed of muscle, skin, or adipose tissue 
from mice infused with cetuximab-IRDye800CW five days prior to tumor resection. Inset values represent 
tumor to background ratios for the respective tissue.
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was serially sectioned to produce 5mg, 1mg, and 0.5mg tumor fragments. Patient-matched 
tissues (muscle, skin, and adipose) were used as background and individual tumor fragments 
were serially placed on each background tissue type to mimic surgical margins. As shown in 
Figure 3, the human tumor fragments were successfully visualized (TBR>1) at each tumor 
fragment weight and tissue background. For the 5mg fragment, TBRs ranged between 9.2 
for the muscle background and 3.7 for the skin background. Likewise, the subclinical 0.5mg 
fragment (1mm3) exhibited TBR values ranging between 5.2 for the muscle background and 
2.5 for the skin background. Matching brightfield images are also shown to demonstrate the 
difficulty in localizing the subclinical diseased tissue under white light conditions.  

FLUORESCENCE-GUIDED PATHOLOGY IS HIGHLY SENSITIVE WHEN 
COMPARED TO TRADITIONAL HISTOLOGICAL METHODS 
To compare the reliability of fluorescence-guided pathology to the current standard of care, 
4mm tissue punch biopsies (n=45) collected from resected primary tumor specimens (n=3, 
Figure 4A, B) from patients who received cetuximab-IRDye800CW (62.5mg/m2 dose) three 
days prior to undergoing ablative surgery were bisected and imaged with the closed-field 
fluorescence imaging device prior to formalin-fixation and paraffin embedding. Images ob-
tained of the whole tissues samples were subdivided into quadrants and a binary +/– grade 
was assigned to each quadrant based on the presence of disease as determined by fluorescence 
assessment (Figure 4C). The samples were then processed for histology and the histological 
assessment of each biopsy quadrant using H&E stained sections of each punch biopsy was 
performed by a board-certified pathologist in a blinded fashion (Figure 4D). Biopsies were 
bisected to reduce potential sample error during the histological processing. A fluorescence 
image of a representative primary specimen annotated with the locations of punch biopsy 

Figure 3 Minimum disease detectable in human tissues. Representative fluorescence and brightfield 
images are shown for 5mg, 1mg, and 0.5mg human-derived tumor fragments on a bed of patient-matched 
muscle, skin, or adipose tissue from a patient infused with cetuximab-IRDye800CW three days prior to 
tumor resection. Inset values represent tumor to background ratios for the respective tissue.



143

samples is shown in Figure 4B. Using histological assessment as the gold standard, fluores-
cence assessment accurately predicted presence of disease in 137 out of 151 tumor containing 
quadrants to yield an overall sensitivity of 91%, specificity of 85%, PPV of 81%, and a NPV of 
93% through 90 punch biopsy samples and 360 quadrants. 

Figure 4 Fluorescence assessment of patient-derived surrogate margins. Fluorescence (A) and 
brightfield (B) image are shown of representative resected primary tumor specimen from a patient who 
received cetuximab-IRDye800CW three days prior to undergoing ablative surgery. Areas sampled with 
4mm punch biopsy are annotated with histological grade (+/–). Specimens were subdivided into quad-
rants and a binary +/– grade was assigned to each quadrant based on the presence of disease as 
determined independently by (C) fluorescence assessment of whole tissue and histological assessment 
and (D) histological assessment of slide-mounted, H&E stained section. Using histological assessment 
as the gold standard, results from fluorescence assessment were correlated with with the gold standard 
to determine sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV).



144

FLUORESCENCE MICROSCOPY CONFIRMED DISEASE-SPECIFIC FLUO-
RESCENCE INTENSITY 
To confirm the disease-specific nature of the fluorescence intensity observed in the human 
tissues tested, fluorescence microscopy was performed. In Figure 5A, an H&E stained section 
of a primary tumor specimen of oral (tongue) squamous cell carcinoma from a patient who 
received cetuximab-IRDye800CW (62.5mg/m2 dose) three days prior to undergoing abla-
tive surgery. A board-certified pathologist annotated the image (green line) to outline the 
cancer-containing areas, which precisely correlated with the fluorescence microscopy image 
shown in Figure 5B. A nuclear stain image (DAPI) is also shown in Figure 5C.

Figure 5 Fluorescence microscopy of cetuximab-IRDye800CW infused patient-derived tumor. (A) 
Representative H&E microscopy image (400x) with pathology-positive areas of cancer outlined in green. 
(B) Fluorescence microscopy (400x) acquired using custom IRDye800CW filter sets is shown with cor-
relating (C) DAPI nuclear stain.
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DISCUSSION

In this proof-of-principle study, we evaluated the potential of disease-specific fluorescence to 
positively identify subclinical tumor within the post-resection wound bed and within surgical 
margins. To recreate surgical margins for testing, surrogate margins were generated using a 
translational experimental design with both mouse and human tissue. The ability of fluores-
cence assessment to localize disease in these margins was shown to be highly sensitive and 
specific with a NPV of 87%, which was superior to both surgical assessment (58%) and patho-
logical assessment (66%), when using bioluminescence imaging as the gold standard. Using 
both mouse and human tissues, we found that as little as 0.5mg of human tumor tissue was 
identified (TBR: 5.2) when patient-matched muscle was used as background. In the clinical 
setting, a 0.5mg tumor is equivalent to less than 105 cells with a tumor diameter of ~ 1mm.20 
This would be considered subclinical disease, since it is smaller than what is currently detect-
able. When the fluorescence-guided pathology technique was used to assess subclinical dis-
ease fragments (surrogate margins) collected from primary tumor specimens from patients 
who received cetuximab-IRDye800CW prior to undergoing ablative surgery, the approach 
was shown to be highly effective to localize cancer-containing quadrants with a NPV of 93%. 
Importantly, fluorescence microscopy of the surrogate margins demonstrated the cancer-spe-
cific nature of the fluorescence, which confirmed that the fluorescence signal correlated with 
tumor-containing areas. 

Although the limit of fluorescence detection was found to be approximately 0.5mg of tumor, 
it far exceeded current detection modalities.  The fluorescence assessment (sensitivity: 85%) 
strongly outperformed the surgeon (sensitivity: 54%) and the pathologist (sensitivity: 49%) 
at identifying positive margins (Figure 1). There is a possibility that sampling error during 
tissue block sectioning (unsectioned tumor present deeper in the tissue block) played a role 
in the low sensitivity of the pathology assessment. However, when the ability of pathologi-
cal assessment to correctly identify negative margins was evaluated, fluorescence assessment 
(specificity: 95%) and pathology assessment performed identically, while the surgeon assess-
ment remained low (specificity: 61%).  This comparison illustrates the success of pathological 
assessment when tumor-containing tissue is captured on the slide for analysis. However, if 
sampling error occurs and the tumor region is not identified for sectioning, the margin will 
be erroneously graded negative. Using fluorescence assessment, the pathologist or surgeon is 
able to perform directed or fluorescent-guided sampling which may limit the false negative 
result from sampling error, particularly in larger specimens. For example, if initial levels from 
a tissue block containing a tissue section from a fluorescently “hot” area are negative for tu-
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mor, the pathologist would be prompted to obtain deeper levels from this block where tumor 
is likely hiding, thereby turning a potentially false negative margin into a true positive margin. 
This underlines the benefit of fluorescence to localize suspicious areas of the margin for more 
accurate histopathological assessment. 

For exogenously administered fluorescence imaging agents, target-specific differences with-
in tissues may limit the widespread application of fluorescence-guided pathology. During 
the study, epidermal growth factor receptor (EGFR), which served as the targeted epitope of 
cetuximab-IRDye800CW, in the skin led to a 50% reduction in TBRs when patient-matched 
skin was used as the background. Likewise, restraints in fluorescence penetration may limit 
the application when larger margins (>1cm) are assessed. Lower wavelength dyes are limited 
in sensitivity due to the high attenuation and scattering effects that are associated with these 
dyes. For the current study, the near infrared IRDye800CW was utilized due to the superior 
penetration (1cm) provided by this dye.21 As the fluorescence-guided pathology approach is 
developed, it will be critical for the pathologist to be aware of the off-target accumulation and 
the fluorescence potential of the imaging agent.  
  
This report provides evidence that tumor-specific fluorescence can be used by the surgeon 
or pathologist to guide sampling for frozen sections, but does not replace the need for histo-
logical diagnosis. Although fluorescence guidance may be better then conventional sampling 
techniques, which include inspection and palpation, it does not allow for histopathological 
analysis of tissue to confirm margins on frozen sections. With the substantial increase in clin-
ical trials evaluating fluorescence-guided surgery, it is not difficult to imagine the future of 
surgical oncology incorporating such technology. These tools serve to enhance the surgeon’s 
ability to successfully identify and resect tumor while eliminating over resection to retain 
normal function. Fluorescence-guided pathology can then be easily implemented into the 
clinical care workflow and used in adjunct to fluorescence-guided surgery to help guide the 
pathologist when assessing margins for both intraoperative assessment and staging.
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ABSTRACT 

INTRODUCTION
Antibody based photodynamic therapy, i.e. photoimmunotherapy (PIT), is an ideal modality 
to improve cancer treatment due to its selective and tumor specific mode of therapy. As the 
use of PIT for cancer treatment is continuing to be described, there is great need to charac-
terize a standardized light source for PIT application. In this work, we designed and manu-
factured a Light Emitting Diode (LED) / PIT device and validated the technical feasibility, 
applicability, safety and consistency of the system for cancer treatment. 

METHODS
To outline the characteristics and photo biological safety of the LED device multiple optical 
measurements were performed in accordance with the IEC62471 photo biological safety stan-
dard. A luciferase-transfected breast cancer cell line (2LMP-Luc) in combination with panitu-
mumab-IRDye700DX (pan-IR700) was used to validate the in vitro and in vivo performance 
of our LED device. 

RESULTS
Testing revealed the light source to be safe, easy-to-use, and independent of illumination and 
power output (mW cm-2) variations over time. For in vitro studies, a LED-dose (2 J cm-2, 4 
J cm-2, 6 J cm-2) dependent cytotoxicity was observed using propidium iodide exclusion and 
Annexin V staining. Dose-dependent blebbing was also observed during microscopic analy-
sis. Bioluminescence signals of tumors treated with 0.3 mg pan-IR700 and 50 J cm-2 decreased 
significantly (>80%) compared to BLI signals of contralateral non-treated sites at 4 h and 1 
day post PIT. 

CONCLUSION
To our knowledge, a normalized and standardized LED device has not been explicitly de-
scribed nor developed. Here, we introduce a standardized light source and validate its usabil-
ity for PIT applications. 
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INTRODUCTION

The ultimate goal of cancer treatment is obtaining complete removal of tumor tissue while 
minimizing damage to surrounding healthy tissue.1,2 Antibody based photodynamic thera-
py (PDT), i.e. photoimmunotherapy (PIT) can become an ideal modality to improve cancer 
treatment due to its inherent selectivity for targeting tumors. The application can be used 
for both initial treatment and eliminating residual (microscopic) disease during incomplete 
resection, which is common in pancreatic cancer (~75% positive margins) or locally advance 
rectal cancer (~35% positive margins).3,4 PIT employs a nontoxic light-sensitive compound 
(i.e. a photosensitizer) bound to a tumor-targeting antibody, which can serve as both a diag-
nostic and therapeutic agent.5 A near-infrared (NIR) light-emitting diode (LED) is then used 
to excite the antibody-bound photosensitizer resulting in cell apoptosis and tumor ablation. 
Numerous preclinical studies have described the therapeutic potential of PIT in multiple can-
cer types.6-8 Its clinical relevance and application is mainly for superficial spreading cancers 
like skin cancer, melanoma, head and neck cancer, peritoneal metastases (ovarian or colorec-
tal) or (microscopic) residual after an incomplete resection. However, the scientific standard-
ization, performance, tuning, and validation of a light source for PIT has yet to be developed. 
 
Over the past few years, the use of NIR high power LEDs for PIT applications has become 
more desirable due to the inexpensive and safe nature of the modality.6 However, recent find-
ings have shown that the performance can be compromised by illumination variations due 
to ineffective heat dissipation; especially considering the emitted peak wavelength is highly 
dependent upon the core temperature of the LED.9 With an increase in core temperature, the 
emitted peak wavelength will be at a higher, less favorable wavelength for photosensitizer 
excitation of IRDye700DX, a commonly used preclinical PIT agent.7,10 
 
The primary objective of this study was to design and manufacture a standardized, validated 
and safe Light Emitting Diode (LED) / photodynamic therapy (PDT) device for IRDye700DX 
based PIT cancer treatment. Our secondary objective was to provide a framework for stan-
dardization of in future studies, in which other new developed photosensitizers will be eval-
uated. 
 
The key design parameters of the system developed were: To select a light source suitable for 
excitation of the IRDye700DX, illuminate a large field of view, obtain sufficient cooling to sus-
tain light source within operating temperature, and achieve manageable power output levels 
(20 mW cm-2 – 200 mW cm-2) for application in various in vitro and in vivo conditions. To 
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reach these functional specifications, a system, hereafter referred to as ‘LED device’, was devel-
oped. The device was characterized using the standardized testing environment of domestic 
appliances, in vitro models, and in vivo xenograft mouse models of breast cancer. 

MATERIALS & METHODS

SIMULATION AND NORMALIZATION
IRDye700DX (LiCor Biosciences) was utilized as the fluorescent photosensitizer. Illumina-
tion was provided by a 690nm (SMBB690D-1100-02) high output light-emitting diode (LED) 
for fluorochrome excitation (Marubeni). The LED specifications are shown in Table 1. 

To ensure homogenous illumination of the area of interest to be photosensitized in the surgi-
cal field, predefined as 5 x 3 cm, with a power output ranging 20–200 mW cm-2, a total of 126 
individual LED bulbs were needed. To verify the design of the LED device, shown in Figure 
1A, the optical design simulation tool ‘LightTools’ of Synopsys was used (Synopsys). 
As demonstrated in Figure 1B, unlike power output, peak wavelength is highly dependent 
upon the LED temperature, therefore to assure optimal heat dissipation, 690nm high output 
LEDs (126 total) were mounted on Metal Core Printed Circuit Board (MCPCB) attached to 
the semiconductor-mounting surface of the heatsink (Fischer elektronik), after exact optical 
alignment. The special heat sink geometry, consisting of a hollow fin, optimizes the airflow 
for guaranteed effective heat dissipation, and as such will keep the temperature of the light 
sources within the operating temperatures to stabilize the peak wavelength. The LED system 
is provided with a tunable LED power supply module (HLG-240H-54B), which enables the 
user to adjust the emitted power output (mW cm-2) (Meanwell).
 
To outline the capabilities and photo biological safety of the LED device multiple optical mea-
surements were performed (Optonic Laboratories) by Philips Lighting in accordance with the 
IEC62471 photo biological safety standard (Philips Lighting B.V). The LED device was tested 

Item Symbol Condition Minimum Typical Maximum Unit

Forward Voltage
VF IF=600 mA 2.6 (3.0) V

VF-PEAK IFP=2 A 4.0

Power Output PO

IF=600 mA 490
mW

IFP=2 A 1560
Peak Wavelength λP IF=600 mA (680) 690 (700) nm
Viewing Half Angle ^½ IF=600 mA +/- 9 deg.

Table 1 – System specifications
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for 3 potential hazards by calculating the Emission Hazard Value (EHV), which represents the 
ratio between the ‘emission level’ and the ‘emission limit’. The EHV classifies related risk into 
four groups, ranging from no photo biological hazard (exempt) to hazardous for momentary 
exposure (risk groups 3). 
 
CELL LINE AND CULTURE
To validate the in vitro and in vivo performance of our LED system, 2LMP-Luc (a 2x lung 
metastatic pooled subclone of MDA-MB-231, a gift from Dr. Donald Buchsbaum, UAB), hu-
man breast carcinoma cell line was used. The 2LMP-Luc cells were previously transformed 
using the ViraPort retroviral vector (Stratagene). Cells were grown in Dulbecco’s Modified 
Eagles Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) in tissue culture 
flasks in a humidified incubated in an atmosphere of 37°C, 95% air and 5% carbon dioxide.   

PANITUMUMAB-IRDYE700 CONJUGATION
The antibody used, panitumumab (Vectibix, Amgen; 177 kDa) is a fully humanized mono-
clonal antibody (mAb) directed specifically to the epidermal growth factor receptor (EGFR). 
The photosensitizer IRDye700DX NHS ester (IR700; 2,0 kDa) was purchased from LI-COR 
Bioscience. Panitumumab was diluted to 5 mg mL-1 in PBS and incubated with the IR700 for 
2 h at room temperature, according to manufacturer instruction. The mixture was purified 
with a desalting column (Pierce). After purification, the protein concentration and the num-
ber of dye molecules per protein were determined by absorption with UV-Vis spectroscopy 
(ThermoScientific). 
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In order to determine in vitro immunoreactivity of the panitumumab-IR700 (pan-IR700) 
after conjugation, a binding assay was performed. Briefly, 3.0x105 cells were resuspended in 
phosphate buffer solution (PBS) containing 5% FBS. Pan-IR700 was added (10 μg mL-1) and 
incubated for 1 h at 37°C. Cells were washed 3x and resuspended in 200 μL of PBS followed by 
flow cytometry (Accuri C6, BD Biosciences). Nonspecific binding to the cells was examined 
by adding a 100-fold excess of cold nonlabeled panitumumab. This was repeated three times 
to obtain a Mean Fluorescence Intensity (MFI) ± Standard Error of the Mean (s.e.m.). 

IN VITRO CELL VIABILITY ASSAY
To assess PIT effects using the LED device in vitro, cells were harvested and seeded into two 
24 well, black welled plates (Wallac) at 2.0x105 cells per well for the following treatments: (1) 
no treatment; (2) PIT at 2 J cm-2, 4 J cm-2 and 6 J cm-2; (3) pan-IR700 only; (4) pan-IR700 and 
PIT at 2 J cm-2, 4 J cm-2 and 6 J cm-2; (5) pan-IR700 with blocking panitumumab (100-fold 
excess) and PIT at 2 J cm-2, 4 J cm-2 and 6 J cm-2. Pan-IR700 dose was 10 μg mL-1. Light micros-
copy (40x: Olympus IX70) was used to visualize morphological changes between groups. To 
determine the cell viability after PIT cells were harvested and resuspended in 0.1 mL of flow 
cytometry staining buffer containing propidium iodide (PI) (Southern Biotech) and Annexin 
V-FITC (Southern Biotech). The samples were then incubated for 15 min on ice, protected 
from the light and analyzed by flow cytometry (Accuri C6, BD Biosciences).

IN VIVO STUDY DESIGN
Athymic NCr-nu/nu female mice, aged 5-6 weeks (Frederick Cancer Research) were obtained 
and housed in accordance with the guidelines of the Institutional Animal Care and Use Com-
mittee (IACUC). All animal experiments were conducted according to approved IACUC pro-
tocols. Mice received a 0.1 mL subcutaneous bilateral flank injection of 2LMP-Luc cells (2x106 
cells per flank) suspended in FBS-free base media. Tumor growth was monitored by biolu-
minescence imaging (BLI) using IVIS 100 Imaging System (Caliper Life Sciences) and visual 
inspection of the flank 2 times a week. At day 21 baseline BLI measurements were collected 
and mice were sorted into 2 groups (n=3) based on BLI counts to achieve equal distribution 
of tumor size. For the treatments, group 1 received 0.1 mg pan-IR700 (intravenous via tail 
vein) 24h prior to LED treatment while group 2 received 0.3 mg pan-IR700. Twenty-four 
hours post injection, LED treatment was applied to left and right flank tumors, respectively 
receiving 0 J cm-2 and 50 J cm-2. Untreated tumor was shielded during contralateral tumor 
LED treatment. To monitor PIT effects on tumor size, BLI was performed at 4 h and 24 h post 
PIT. Quantitative analysis of total luciferase counts was calculated using tumor-specific ROI 
analysis performed using integrated instrument software. Therapeutic effect is expressed as 
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the percentage BLI reduction compared to baseline measurements.

Prior to LED treatment, all animals were imaged using Pearl Impulse Small Animal Imaging 
System (LI-COR Biosciences) in the 700nm fluorescence emission channel. Average group 
tumor fluorescence (mean fluorescence intensity: defined as total counts / ROI pixel area) 
was calculated for each group using integrated instrument software. To evaluate histological 
changes after PIT, a standard hematoxylin/eosin stain (H/E) microscopic study (serial 20 μm 
slice sections) was performed. Tumors were surgically removed and fixed in 10% formalin 
overnight at day 4 post-PIT treatment of both the internal negative control and the treated 
tumor within the same animal.  

STATISTICAL ANALYSIS 
Data are expressed as means ± s.e.m. from triplicate experiments, unless otherwise indicated. 
Independent- and paired samples T-tests were used to compare treatment effect with that of 
control. For statistical analysis, SPSS version 21.0 was used. P < 0.05 was considered to indi-
cate a statistically significant difference. 

RESULTS

SYSTEM CHARACTERIZATION 
After placing a receiver at various distances from the light source the peak and average light 
intensities were simulated (Synopsys). Figure 2A demonstrates that at a distance of 20 cm on 
an area of 5 x 3 cm both the peak and average power output were 200 mW cm-2. Furthermore, 
the simulation shows an equal energy distribution (Fig. 2B) at the predefined area of interest 
(5 x 3 cm), making this device suitable for in vitro and in vivo applications of PIT. Moreover 
the special heat sink geometry was able to keep the temperature within the necessary operat-
ing temperature of 50°C (Fig. 2C) to stabilize the peak wavelength over time (Fig. 2D).
To verify the optical design and safety of the LED device, a series of system and safety char-
acterizations was performed. LED system specifications are shown in Table 1. The measured 
maximum light output was concordant with the simulation and was determined to be 206 
mW cm-2, with the detector at a distance of 20 cm of the light source. As demonstrated in 
Table 2, there was no potential hazard concerning the eye or skin to disclose. The EHV for 
retinal thermal- and thermal skin injury were respectively at 34% and 49% of the emission 
limit for exempt. Moreover, the EHV for potential hazard caused by infrared exposure to the 
eye was below the measuring capability range of the used system, and therefore far below the 
emission limit for exempt. 
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Hazards Emission 
Level

Emission Limit 
for Exempt

Emission 
Level Unit

Risk 
Group

Emission 
Hazard Value

Retinal thermal 9.49x104 2.80x105 W/m2/sr Exempt 0.34
InfraRed Eye <2.3 100 W/m2/ Exempt <0.023
Thermal Skin 2.12x103 3.5x103 W/m2/ Pass 0.49

Table 2 – Hazards
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SYSTEM VALIDATION
Pan-IR700 Conjugate. Conjugation of panitumumab to the fluorescent photosensitizer 
IRDye700DX, resulted in a Dye to Protein ratio (D/P) of 1:3 (data not shown). The immu-
noreactivity of the EGFR targeting pan-IR700 conjugate was validated in vitro by a binding 
assay (Fig. 3A). Direct staining of the cell surface epitope of the EGFR 2LMP-Luc cells by 
the pan-IR700 conjugate caused a significant increase in Mean Fluorescence Intensity (MFI: 
4.6x103 ± 51.8) compared to the MFI of the control (0.4x103 ± 11.6: P < 0.001). Additionally, 
after saturating the EGFR antigen binding sites by adding an excess native unconjugated pa-
nitumumab, non-specific binding was considered neglectable (MFI 0.7x103 ± 51.8). 
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Pan-IR700 Mediated PIT Using Standardized LED System Leads to Rapid Cell Death In Vitro. 
As demonstrated in Figure 3B, 2 J cm-2, 4 J cm-2 and 6 J cm-2 LED exposure of 2LMP-Luc cells 
incubated with pan-IRD700 (10 μg ml-1) induced a significantly higher percentage of cell 
death (32.4% ± 1.4%; 68.5% ± 1.5%; 89.2% ± 2.4% respectively) in comparison to untreated 
control cells (5.7% ± 1.0%: P < 0.001). We did not observe significant cytotoxicity without 
pan-IR700 due to light exposure of 2 J cm-2 (5.3% ± 1.0%), 4 J cm-2 (3.9% ± 0.5%), and 6 J cm-2 
(5.3% ± 0.6%). Treatment with pan-IR700 in absence of light from the LED device induced no 
significant cytotoxicity (9.9% ± 0.2%) relative to the PIT treated groups. 

To confirm binding-specific pan-IR700 mediated phototoxicity, 2LMP-Luc cells were incu-
bated with an excess of unlabeled panitumumab to saturate the EGFR target antigen, prior to 
incubating the cells with the pan-IR700 conjugate (10 μg mL-1) and exposure to light of the 
LED device. Blocking the EGFR antigen-binding site significantly (P < 0.001) reduced the 
percentage of cytotoxicity at PIT energy of 2 J cm-2 (9.6% ± 0.9%), 4 J cm-2 (11.3% ± 0.8%) 
and 6 J cm-2 (11.8% ± 0.9%) after LED illumination. Microscopy studies directly following a 
6 J cm-2 treatment dose revealed cellular bleb formation and swelling, which are indicators of 
necrotic cell death induced by PIT (Fig. 3C).11  

Pan-IR700 Mediated PIT by the LED System In Vivo. To examine the distribution of pan-
IR700 in bilateral 2LMP-Luc tumors, fluorescence imaging was performed at day one after 
intravenous injection of the conjugate. There was a dose dependent distribution of pan-IR700 
with 2 fold higher MFI signals of 0.3 mg versus 0.1 mg injection (Fig. 4A). Representative flu-
orescent imaging at the 700nm channel is shown in Figure 4B. 2LMP-Luc tumors treated with 
0.3 mg pan-IR700 showed a significant decrease in percentage change of BLI signals in treated 
tumors compared with contralateral non-treated control tumors (Fig. 4C). Figure 4D shows 
representative BLI signals. No significant decrease in BLI signals was observed in mice that 
received a 0.1 mg pan-IR700 treatment dose with 50 J cm-2 PIT. Histopathological analysis 
performed 4 days post PIT, revealed that only a small amount of viable 2LMP-Luc cells were 
present after 0.3 mg pan-IR700 mediated PIT (Supplemental Figure 1). 
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DISCUSSION

The use of PIT for treatment of solid tumors is highly relevant for either superficially located 
cancer types (primary tumor and locoregional metastases) such as skin cancer, melanoma, 
head and neck cancer, or colorectal or ovarian peritoneal metastases and also for treatment 
of (microscopic) residual disease after an incomplete microscopic R1 resection or macro-
scopic R2 resection. As PIT advances rapidly from pre-clinical validation towards clinical 
use, there is great need for a standardized light source to be introduced. A viable candidate 
for FDA-consideration will be safe, cheap, easy-to-build, robust, reliable, and independent of 
(illumination) and temperature variations. To our knowledge, a normalized and standardized 
LED device has never been explicitly described, developed, or validated. 
 
We developed a device appropriate for IR700 excitation that is safe, universal and standard-
ized. While high output laser devices are getting cheaper with costs ranging from $10,000 to 
$25,000, we were able to build a cost friendly and easy to build LED (prototype) device for 
less than $1,500. We anticipate that in next generation build devices this will be even cheaper 
due to reduction in costs of manufacturing larger quantities of components such as LEDs and 
electronic constituents. 

Light in the NIR suffers from little attenuation, with penetration depth up to 1 cm.12 There-
fore the skin and eyes of the human body are most at risk when exposed to optical radiation. 
Although these hazards have been recognized for laser light for many years, its implication 
in LED light is relatively new, though necessary since the introduction of high-power LEDs.13 
Hazard test confirmed that there were no potential hazards concerning the eye or skin to 
disclose for the device as tested. Moreover, we found that the multiple LEDs mounted on 
heat exchanger guarantees optimal thermal management of the LEDs, permitting the device 
to remain within its operating temperatures to deliver consistent peak wavelength at IR700 
optimal peak excitation wavelength (nm). 
 
Consistent with literature, we show that target-specific killing by the LED device was achieved 
in response to a single dose of pan-IR700 and PIT for both in vitro and in vivo studies.5-7 Pan-
IR700 localized specifically in EGFR-positive 2LMP-Luc tumors as determined by non-inva-
sive optical imaging. This study demonstrates furthermore, that target-selective accumulation 
of pan-IR700 in the EGFR-positive 2LMP-Luc tumors was dose dependent. In vivo decrease 
in tumor growth was confirmed after one dose of 0.3 mg pan-IR700 followed by one single 
bolus exposure to light from the LED device (50 J cm-2). 
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Numerous reports have been published about the clinical implications of fluorescence imag-
ing, providing the surgeon with real time visualization of tumors deposits in order to improve 
resection rates and thus positively influence prognosis. Nevertheless, due to anatomical re-
straints such as vital tissues, the risk of minimal residual disease remains after an incomplete 
microscopic resection (R1 resection) or even a macroscopic irradical resection (R2 resection). 
PIT can provide clinical applicability not solely for superficial spreading tumors but also as an 
adjuvant treatment modality after surgery for irradiating the remaining tumor cavity and its 
in situ resection margins. We envision the application used for treatment of localized disease, 
such as in peritoneal metastases, with a hand-held device or in an outpatient clinic setting, 
such as treatment for superficial cutaneous metastases. A highly advantageous feature of the 
IR700 photosensitizer is that upon excitation it also generates fluorescence. Extending our 
LED device with a specialized camera system (sensitive charge-coupled device: CCD) enables 
simultaneous registration and processing of the signal for intraoperative real-time imaging 
purposes combined with PIT capabilities. Moreover making several technical adjustments 
may optimize the efficacy of our LED device even more. For example, the bandwidth of the 
LED presented here is 20nm. Including additional cut-off filters or selecting LEDs with a nar-
rower bandwidth may be able to increase specificity. Moreover further research is necessary 
to evaluate whether employing a pulse controller will increase the efficacy of our LED device. 
We envision that PIT allows for delineation of tumor margins through optical imaging, and 
subsequent light based phototherapy to eliminate residual microscopic disease thereby aiding 
the surgeon in obtaining a more radical resection while preserving as much as possible func-
tionality with minimal collateral damage. 

CONCLUSION 

To our knowledge, a normalized and standardized LED device has not been explicitly de-
scribed nor developed. Here, we introduced a standardized light source and validated its us-
ability for PIT applications.
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ABSTRACT 

Antibody-based photodynamic therapy, or photoimmunotherapy (PIT) is a novel targeted 
cancer therapy, which can serve as both a diagnostic and a therapeutic agent. The primary ob-
jective of this study was to evaluate the capacity of panitumumab-IRDye700DX (Pan-IR700) 
to eliminate microscopic tumor remnants in the post-surgical setting, which was accom-
plished using in vitro assays, in vivo mouse models and human-derived tissues. To determine 
a threshold for cellular regrowth after PIT, an in vitro assay was performed using luciferase 
positive SCC-1-Luc cells. 

Long-term growth inhibition was induced after Pan-IR700 mediated PIT treatment of 5x103 
and 1x104 cells at 6 J. An in vivo mouse model of subtotal tumor resection was used to assess 
the effectiveness of Pan-IR700 mediated PIT to eliminate residual disease and recurrence in 
the post-surgical wound bed. Mice receiving surgical treatment plus adjuvant PIT showed a 
3-fold and 4-fold reduction in tumor regrowth at 30 d post PIT in the 50% and 90% subtotal 
resection groups respectively (as measured by BLI), demonstrating a significant (P<0.001) 
reduction in tumor re-growth. To determine the translatability of EGFR-targeted PIT in hu-
mans we obtained SCCHN human tissues (n=12) and treated with Pan-IR700. A significant 
reduction (P<0.001) in ATP levels was observed after treatment with Pan-IR700 and 100 J 
cm-2 (48% ± 5%) and 150 J cm-2 (49% ± 7%) when compared to baseline. Targeting EGFR 
with Pan-IR700 has robust potential to provide a tumor-specific mechanism for eliminating 
residual tumor in the surgical setting, thereby increasing therapeutic efficacy, prolonging pro-
gression-free survival, and decreasing morbidity.
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INTRODUCTION

Obtaining complete removal of tumor tissue while minimizing damage to surrounding 
healthy tissue with improved disease-free and overall survival is the ultimate goal of surgical 
treatment of squamous cell carcinoma of the head and neck (SCCHN).1,2 The completeness 
of tumor excision is one of the few prognostic factors that can be actively influenced by the 
surgeon. However, despite efforts utilizing more advanced surgical and medical therapeu-
tic technologies with curative intent, the 5-year survival rate has had modest improvement 
over the past three decades in the range of 50-55%, with locoregional recurrence being the 
most common cause for treatment failure.3,4 The prevalence of positive tumor margins is ap-
proximately 30% of surgical resections in current clinical practice.5 Besides surgical failure, 
severe side effects related to current adjuvant chemotherapeutic and radiation schedules have 
also limited advances in treatment success. As a result, significant attention has been given 
to targeted treatment modalities that eliminate cancer cells in order to improve the balance 
between the efficacy and toxicity of systemic anticancer therapy to limit collateral damage. 

Antibody-based photodynamic therapy, or photoimmunotherapy (PIT) is a novel targeted 
cancer therapy, which can serve as both a diagnostic and a therapeutic agent.6 In this ap-
proach, antibodies are conjugated to a fluorescent photosensitizer, such as IRDye700DX, and 
act as targeting vectors that specifically deliver the photosensitizer to the tumor. Upon an-

Visible lesion
A

B

C

Figure 1 PIT-guided surgery. The mAb-photosensitizer construct is administered systemically. A-B. The 
tumor-targeted mAb will allow for real-time fluorescent-guided surgery, C. but will also generate highly 
reactive singlet oxygen molecules, which directly kills unresectable microscopic residual disease. 
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tibody binding to cancer cells, a relatively brief exposure from an external light source can 
be used for fluorescence imaging to localize the tumor for diagnostic purposes (Fig. 1AB), 
while high-energy excitation from an external light source produces cytotoxic light emission 
from the photosensitizer that leads to localized cell death (Fig. 1C).7,8 In the intraoperative 
or endoscopic setting, this technique can be applied to the post-resection woundbed as a 
surgical adjuvant to specifically treat unrecognized positive margins or microscopic residual 
disease. There is currently limited data to describe the therapeutic potential of PIT using 
IRDye700DX conjugated to monoclonal antibodies (mAb) from a single laboratory.9,10 Fur-
thermore, limited research has been conducted to demonstrate its applicability and feasibility 
to improve surgical resections as a combined treatment modality.

In squamous cell carcinomas (SCCs), epidermal growth factor receptor (EGFR) is the most 
commonly overexpressed biomarker, which can be found in over 90% of SCC tumors.11 
Targeting EGFR with the anti-EGFR mAb panitumumab conjugated to the photosensitiz-
er IRDye700DX (panitumumab-IRDye700DX; Pan-IR700) has robust potential to provide 
a tumor-specific mechanism for eliminating residual tumor in the surgical setting, thereby 
increasing therapeutic efficacy in terms of radical resection while reducing local recurrence 
rates and overall morbidity. The objective of the current study was to determine if PIT can 
be used as an adjuvant treatment modality and to assist in surgical resection of SCCHN in 
xenotransplants in mice and fresh patient-derived SCC specimen. 

MATERIAL AND METHODS

CELL LINES AND ANIMAL MODELS
For this study, the luciferase-expressing SCCHN 1 (SCC-1-Luc) was used. The cell line was 
obtained from Dr. Thomas Carey (University of Michigan, Ann Arbor, MI, USA) and main-
tained in Dulbecco Modified Eagle’s Medium (DMEM) supplemented with 10% fetal bovine 
serum (FBS) and 1% L-glutamine. The cell line was cultured at 37°C in a humid atmosphere 
with 5% CO2. Cells were passaged at 80-90% confluence and harvested with 0.05% trypsin. A 
hemocytometer with trypan dye exclusion was used to quantify cell numbers.

For the animal models, athymic female nude mice, aged 5-6 weeks (Frederick Cancer Re-
search, Frederick, MD) were obtained and housed in accordance with guidelines and reg-
ulations of the Institutional Animal Care and Use Committee (IACUC). For subcutaneous 
inoculation, 2x106 cells/100 μL Dulbecco’s modified Eagle medium (without FBS) were sub-
cutaneously implanted in the left flank. Tumor growth was monitored by bioluminescence 
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imaging (BLI, photons/sec/cm2/sr; IVIS-100, Caliper Life Sciences, Waltham, MA) and vi-
sual inspection two times per week. Eight weeks post-implantation, mice were sorted into 
4 groups (n=3) based on tumor luciferase expression as determined by BLI to achieve equal 
distribution of tumor size and growth rate. All animal experiments were performed according 
to approved IACUC protocols.

PANITUMUMAB-IRDYE700DX CONJUGATION
Conjugation of the fully humanized anti-EGFR mAb panitumumab to the photosensitizer 
IRDye700DX was performed as previously described.8 Briefly, panitumumab (Pan; Vectibix, 
Amgen, Thousand Oaks, CA, USA; 177 kDa) was diluted to 5 mg mL-1 in PBS. IRDye700DX 
NHS ester (IR700; LI-COR Biosciences, Lincoln NE; 2,0kDa) was conjugated to panitumum-
ab for two hours at room temperature in the dark, at a molar ratio of 2:1. After purification 
using a desalting spin column (Pierce Biotechnology, Rockford, IL, USA) to remove uncon-
jugated dye, the final protein concentration and number of dye molecules per protein were 
measured by UV-Vis spectroscopy (Nanodrop 200-c, ThermoScientific, Wilmington, DE).

IN VITRO PROLIFERATION ASSAY
SCC-1-Luc cells were seeded into a 24 well, black welled plates (Wallac) at a concentration of 
5x103, 1x104, 2.5x104 and 5x104 cells per well. One day after seeding, cells were treated accord-
ingly: (1) no treatment; (2) PIT at 6 J cm-2; (3) Pan-IR700 and PIT at 6 J cm-2. Pan-IR700 dose 
was 10μg mL-1. Cell viability was determined by BLI at 8 h, 1, 2, 4 and 5 d after PIT mediated 
or not mediated Pan-IR700 treatment.

PARTIAL SCCHN RESECTION IN MICE
Mice were sorted into four groups (n=3): subtotal surgical resection of 90% or 50% + 300 μg 
Pan-IR700 + 100 J; subtotal surgical resection of 90% or 50% + 300 μg Pan-IR700 alone as 
previously described.12 Pan-IR700 was dosed intravenously via tail vein. In mice in the 90% 
subtotal resection group, 10% of the tumor was left in the wound cavity; and in mice in the 
50% subtotal resection group, 50% of the tumor was left in the wound cavity, as determined 
by weight. All mice underwent identical surgical procedures. Briefly, one day post Pan-IR700 
injection mice received 2.5 mg D-luciferin intraperitoneally (IP) 10 min prior to tumor re-
section. After anesthetizing the mice, the tumors were removed and appropriate amounts of 
tumor (i.e. 90% or 50%) was removed from the resected tumor, and remaining amounts (resp. 
10% and 50%) placed back in the woundbed. BLI was then performed on the woundbed to 
confirm the presence of luciferase-positive cancer. Fluorescence imaging of the woundbed 
was also performed using a closed-field imaging system (Pearl, LI-COR Biosciences, Lincoln, 



176

NE) specifically designed for the IR700 fluorescent spectrum. Following tumor imaging, de-
pendent on the group, the woundbed was exposed to 100 J or 0 J. Subsequently, the woundbed 
was closed using 6-O fast-absorbing plain gut suture using a PC-1 conventional cutting 3/8 
circle needle (1916, Ethicon, San Angelo, TX, USA). Mice were subcutaneously injected with 
a 100 μg cocktail of 1 mg mL-1 carprofen and 20 μg mL-1 buprenorphine to relieve residual 
pain from surgery. Mice were allowed to heal for 4 d before follow-up BLI began. All applica-
ble institutional guidelines for the care and use of animals were followed. 

EX VIVO PIT WITH HUMAN TISSUE
Tumor specimens (n=12) were obtained from histologically confirmed SCCHN patients at 
time of resection and placed in complete culture media (DMEM supplemented with 10% FBS, 
1% penicillin-streptomycin, and 1% gentamycin). Within 1 h post specimen retrieval, multi-
ple tissue slices (3-6 replicate slices per treatment group) measuring approximately 4 mm in 
diameter and 1 to 2 mm in thickness were obtained via biopsy punches and sharp dissection. 
Tumor slices were weighed and randomly placed into individual wells of 24-well plates in 
0.5 mL of complete media supplemented with unlabeled panitumumab (0.02 mg mL-1), Pan-
IR700 (0.02 mg mL-1), or no antibody and incubated at 37°C in 5% CO2 for 24 h. Tumor slices 
were then washed three times in PBS. Complete media was added to the specimens and LED 
illumination was applied at 50 J cm-2, 100 J cm-2  or 150 J cm-2 to individual antibody-treated 
groups. 24 h post PIT, an ATP viability assay was performed on sonicated tissue slices as 
previously described.13 Therapeutic effect is expressed as percent ATP level compared to the 
control. All patients were given informed consent and the Institutional Review Board approv-
al was obtained for procurement and ex vivo treatment of tissue specimens.

FLOW CYTOMETRY 
Patient-derived tumor slices were incubated with Pan-IR700 in a 1:10 serial dilution (20 μg 
mL-1 – 0.02 μg mL-1) in triplicate. After washing, wells were fluorescently imaged using a fluo-
rescence scanner (Odyssey, LI-COR). After imaging the tumor slices in the fluorescent scan-
ner, specimens were homogenized to generate single cell suspensions that were subsequently 
analyzed for fluorescent count in the 700 channel using a flow cytometer (Accuri Cytometers 
inc, Ann Arbor, MI).

HISTOLOGY
Patient-derived tumor slices were incubated with Pan-IR700 at a concentration of 20 μg 
mL-1 in triplicate. After washing, specimens were formalin-fixed, paraffin embedded, cut and 
mounted on glass slides. IR700 fluorescence intensity was measured on specimen-mount-
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ed slides using a fluorescence scanner (Odyssey, LI-COR). Immunohistochemistry was per-
formed to evaluate EGFR density (anti-human EGFR Ab-10, Thermoscientific, Waltham, 
MA). Subsequently, a board-certified pathologist confirmed presence of tumor within EGFR 
stained sections (MBG). 

STATISTICS 
Data are expressed as means ± standard error of the mean (s.e.m.). Independent- and paired 
samples T-tests were used to compared treatment effects with that of control. For statistical 
analysis, SPSS (version 21.0) was used. P-value <0.05 was considered to indicate a statistically 
significant difference. 
 
RESULTS

CELL ASSAY 
To determine a threshold for cellular regrowth after PIT, an in vitro assay was performed 
using luciferase positive SCC-1-Luc cells. Cells were treated with 10 μg mL-1 Pan-IR700 fol-
lowed by 6 J of LED illumination. Significant cytotoxicity was achieved with treatment of 6 J 
and Pan-IR700, but no cytotoxic affect was observed with 6 J alone in all cell concentrations 
(Fig. 2A). Longer term growth inhibition was seen in lower density cell plating treated with 
Pan-IR700 mediated PIT (Fig. 2B; P<0.05 at 4 d and 5 d post PIT). At day 5 a 47-fold and 10-
fold increase in luminescent counts was observed for the 2.5x104 and 5x104 cells compared 
to the 5x103 and 1x104 cells, respectively. However, in the groups with 5x103 and 1x104 cells 
long-term growth inhibition was observed in response to Pan-IR700 mediated PIT.

1E+00

1E+01

1E+02

1E+03

1E+04

1E+05

5.0E+03 1.0E+04 2.5E+04 5.0E+04

0 J 6 J 10 ug/mL Pan-IR700, 6 J

*
*

*

*

A B

B
LI

 s
ig

na
l (

ph
ot

on
s/

se
c/

cm
2/

sr
)

Amount of cells

Fo
ld

 in
cr

ea
se

0

1

2

3

4

5

6

7

8

9

10

Time post treatment
8 h 1 d 2 d 4 d 5 d

5.0E+03
1.0E+04

2.5E+04

5.0E+04

1E+06

Figure 2 Pan-IR700 mediated photoimmunotherapy in vitro. A. A significant reduction in viability was 
obtained with the treatment of 10 μg/mL Pan-IR700 mediated PIT at 6 J compared to control cells ex-
posed to 0 J and 6 J only (P<0.001). b. Proliferation assay after Pan-IR700 (10 μg/mL) mediated PIT at 6 
J shows long-term growth inhibition in 5x103 and 1x104 cells (P < 0.001). BLI BioLuminescence Imaging 
(photons/sec/cm2/sr).
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PIT SIGNIFICANTLY REDUCES RECURRENCE OF TUMOR IN AN ANIMAL 
MODEL OF SUBTOTAL RESECTION 
Mice receiving surgical treatment plus adjuvant PIT on the surgical woundbed, showed a 
significant (P<0.001) reduction in growth over the 4 weeks observation period compared 
to mice that received surgical therapy only (Fig. 3). No significant change in tumor size was 
observed over time in mice receiving surgical treatment plus adjuvant PIT (P<0.05). However 
in mice that received surgical therapy only, starting at day 15 to 20, a significant increase in 
tumor size was observed in both subtotal resection groups (P<0.05). As detailed in Figure 
3, mice that underwent postoperative PIT on the woundbed showed a 3-fold and 4-fold re-
duction in tumor regrowth at 30 d post PIT in the 50% and 90% subtotal resection groups 
respectively, as measured by BLI.

PIT MEDIATES ATP REDUCTION USING SCCHN HUMAN-OBTAINED 
TISSUES
To determine translatability of EGFR-targeted PIT in humans we obtained SCCHN human 
tissues (n=12) and treated ex vivo with Pan-IR700 (Fig. 4). Values are reported as mean per-
centage ATP levels of untreated controls (0 J cm-2, 0 μg mL-1). Tissue specimens exposed to 
light exposure alone (50 J cm-2, 100 J cm-2 or 150 J cm-2) did not demonstrate a significant 
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Figure 3 Bioluminescence imaging of tumor viability after surgical resection. Mice treated with PIT 
exhibit significantly less tumor regrowth in each group compared with mice exposed to Pan-IR700 alone 
(P<0.05).
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difference from baseline (P>0.05). Moreover, tissue treated with Pan-IR700 alone did not 
demonstrate a significant difference from baseline in tissue viability (P>0.05). However, we 
observed a significant reduction (P<0.001) in ATP levels after treatment with Pan-IR700 and 
100 J cm-2 (48% ± 5%) and 150 J cm-2 (49% ± 7%) when compared to baseline.

PAN-IR700 LOCALIZES TO EGFR+ TUMOR REGIONS IN HUMAN-DE-
RIVED SCCHN TUMOR SPECIMENS
Human SCCHN were incubated with Pan-IR700 as above and the fluorescence localized.  
Fluorescence was shown to stain the tissue in a dose-dependent manner when imaged in 
wells, using a fluorescent flatbed scanner (Fig. 5AB; Odyssey, LI-COR). We analyzed fluores-
cence contained in whole tissue and in single-cell suspension. When tumor specimens were 
homogenized and cellular fluorescence was quantified using flow cytometry, a dose depen-
dent expression of fluorescence was observed (Fig. 5B). When specimens were analyzed his-
tologically, tumor-containing areas, shown using H&E stain (Fig 5C; annotated by board-cer-
tified pathologist (MBG)), contained relatively higher levels of EGFR (Fig 5D). Highest areas 
of fluorescence were shown to co-localize with areas of high EGFR when imaged (Fig. 5E; 
Odyssey, LI-COR).
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DISCUSSION

Surgical resection and adjuvant treatment consisting of radiotherapy or chemoradiation in 
particular cases is generally considered the gold standard for treatment of SCCHN.1,2 Howev-
er, in many instances (50-55%), cancer recurs because of residual viable cancer cells being left 
in the wound cavity during surgery.3,4 Part of the problem is the complex geometry often faced 
in the clinic, which compromises the visualization of the surgeon for precisely outlining the 
tumor margins. Moreover, the presence of vital structures, such as nerves and vasculature in 
the head and neck region that cannot be damaged nor removed limit the surgeon in achiev-
ing an adequate radical complete resection. Furthermore, the devascularized and hypoxic 
woundbed after surgery highly compromises delivery of any adjuvant systemic drug or ra-
diotherapy respectively and thus as such treatment efficacy. A modality such as photoimmu-
notherapy, which offers simultaneous real-time insight of localization (i.e. fluorescence) and 
treatment (i.e. photosensitizing effect) of residual disease during surgery has great potential 
to overcome these limitations and improve surgical outcomes. 

The primary objective of this study was to evaluate the capacity of preoperatively adminis-
tered Pan-IR700 to eliminate microscopic tumor remnants in the post surgical setting as a 
step up towards PIT-guided surgery. The application of this technique in particular in the 
woundbed is ideal considering the superficial location of residual cancer. Artifacts of fluores-
cence application, such as attenuation and scattering, limit the use in deep tissue imaging,14 
which is of less concern for this particular application. In the surgical setting, the target tissue 
is relatively highly exposed and therefore easily amendable to fluorescence detection and sub-
sequently PIT light application. 

We demonstrate that Pan-IR700 mediated PIT is an attractive treatment modality for post-
operative woundbed treatment of SCCHN. In the in vitro model we demonstrated long-term 
growth inhibition after Pan-IR700 mediated PIT treatment of 5x103 and 1x104 cells. More 
important, long-term growth inhibition was observed after treating the woundbed of mice 
that underwent a subtotal surgical resection, in which 10% and 50% of the tumor mass was 
left in the wound cavity. Therapy by a single NIR light irradiation was effective in inducing 
long-term growth inhibition. Ultimately however, local recurrences were seen in treated mice 
similarly as reported by Mitsuanga et al.15 Indicating that repeated administration of the ther-
apy (agent + NIR light) could lead to improved local tumor control. 

The majority of studies describing efficacy of PIT have been performed using in vitro and 
in vivo xenograft studies.7-10 The major disadvantage, however, is that the tumor is growing 
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in a physiological environment very different from the human model for which most of the 
research is intended.13 The tumor and its surrounding may have significant influence on the 
therapeutic potential of PIT. Therefore, in the present study, PIT-induced cytotoxicity was 
determined in patient derived specimens. Human SCCHN specimens were incubated with 
Pan-IR700 and shown to stain EGFR in a dose-dependent manner, indicating target-specific 
binding. A significant reduction in ATP levels was demonstrated for 12 patient specimens fol-
lowing Pan-IR700 mediated PIT. No significant reduction in ATP levels were seen in untreat-
ed tissue slices, indicating that slice viability was well maintained over 24 hours of culture. 

In conclusion, our results indicate that PIT may have great potential as an adjuvant treatment 
modality to intraoperatively eliminate residual (microscopic) disease, thereby aiding the sur-
geon in obtaining a more radical resection while preserving as much functionality as possible 
with minimal collateral damage.
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ABSTRACT

Antibody-based photodynamic therapy (i.e. PhotoImmunoTherapy; PIT) is a novel tar-
geted cancer therapy, which can serve as both a diagnostic and a therapeutic agent. In this 
approach, antibodies are conjugated to a fluorescent photosensitizer, such as IRDye700DX 
(IR700), and act as targeting agents to specifically deliver the photosensitizer to the tumor. 
Preclinical rodent studies have explored endothelial growth factor receptor (EGFR) targeted 
antibodies conjugated with IR700 to provide a tumor-specific mechanism to improve detec-
tion and treatment of (subclinical) disease. As our goal is human translation for therapy, we 
assessed the biodistribution of an EGFR-targeted antibody (cetuximab-IR700) in non-human 
primates (NHP) since the antibody binds endogenous EGFR in NHP tissues, and not rodent 
EGFR.

METHODS
Total IR700 and intact cetuximab-IR700 were measured in 51 tissues at 2 d and 14 d after in-
travenous injection of 40 mg/kg and 80 mg/kg cetuximab-IR700, respectively, and compared 
with an unlabeled cetuximab-dosed control group (2 each per sex per time point per group).

RESULTS
The IR700 retrieved from all tissues at 2 d and 14 d after dosing was estimated at 34.9 ± 1.8 % 
and 2.53 ± 0.67 % of the total dose, respectively. The tissues with the highest levels of intact 
cetuximab-IR700 at 2 d after dosing were blood, lung, skin (inner forearm), eye and trachea. 
Formalin fixed paraffin-embedded tissue sections at 2 d after dosing showed highest IR700 
signals in axillary lymph node, mammary gland, gall bladder and skin (inner forearm).

CONCLUSION
Both IR700 and intact cetuximab-IR700 biodistribution were consistent with known EGFR 
expression, and changes between 2 d and 14 d were consistent with rapid metabolism and 
excretion of the cetuximab-IR700.
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INTRODUCTION

Fluorescence imaging of receptor-targeted antibodies conjugated to fluorophores is actively 
being explored for real-time localization of cancer cells.1,2 Preclinical findings in head and 
neck cancer, using cetuximab-IRDye800CW and panitumumab-IRDye800CW to target epi-
dermal growth factor receptor (EGFR)3,4 and breast cancer, using trastuzumab-IRDye800CW 
and bevacuzimab-IRDye800CW to target VEGF-A and Her2/neu respectively5,6 have resulted 
in the swift progression from preclinical animal studies towards human applications. The first 
clinical studies are currently under way to assess the feasibility of fluorescence imaging in 
patients with breast cancer (NCT01508572), colorectal cancer (NCT01972373), and head and 
neck cancer (NCT01987375).  

Antibody-based photodynamic therapy, or PhotoImmunoTherapy (PIT) is a novel targeted 
cancer therapy that combines imaging with therapy that has robust potential for theranos-
tic application.7 For PIT, antibodies are conjugated to a fluorescent photosensitizer, such as 
IRDye700DX, and serve as targeting vectors that specifically deliver the photosensitizer to 
the tumor. Upon antibody binding to cancer cells, a relatively brief exposure from an external 
light source permits fluorescence imaging for tumor localization and diagnostic purposes, 
while simultaneously localized cell death is induced for therapeutic applications by activation 
of the cytotoxic photosensitizer.8,9 This technique can be applied to the post-resection wound 
bed as a surgical adjuvant treatment to specifically treat residual cancer that potentially would 
have been missed due to sampling error from conventional frozen margin analysis. Numer-
ous preclinical studies have described the therapeutic potential of PIT using IRDye700DX 
conjugated to several monoclonal antibodies (mAb) in multiple cancer types10,11 The full clin-
ical potential of this technique is yet to be determined. 

Cetuximab is a mAb targeting the endothelial growth factor receptor (EGFR) that is over-
expressed in a large number of cancers12 and has robust potential to provide a tumor-specif-
ic mechanism to improve detection and treatment of (subclinical) disease during oncologic 
procedures. Since cetuximab is FDA-approved for the treatment of head and neck cancer, and 
colorectal cancer,13 the repurposing of cetuximab from a solely therapeutic agent to a ther-
anostic agent (i.e. both diagnostic and therapeutic) could streamline the clinical translation 
of IRDye700DX- labeled cetuximab (cetuximab-IR700). Historically cynomolgus monkeys 
have been used for toxicology studies for FDA approval of cetuximab,2 because of homology 
between cynomolgus EGFR and human EGFR.
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The current study was performed to evaluate the biodistribution of cetuximab conjugated 
with IRDye700DX (cetuximab-IRDye700DX), hereafter called cetuximab-IR700, when ad-
ministered via a 2 h intravenous infusion to cynomolgus macaques. Four monkeys (2 each 
per sex per time point) were administered cetuximab-IR700 at 40 mg/kg and terminated 2 d 
after dosing or 80 mg/kg terminated 14 d after dosing. One group of animals was adminis-
tered cetuximab alone and terminated 14 d after dosing and served as a control for autofluo-
rescence for the biodistribution measurements. 

MATERIALS & METHODS

CETUXIMAB, IR700, AND CONJUGATION 
IRDye700DX (IR700; LI-COR Biosciences) was conjugated to the cetuximab (cetux-
imab-IR700) using succinimidyl chemistry. Lithium dodecyl sulfate polyacrylamidegel elec-
trophoresis (LDS-PAGE) was performed to measure free IR700 in the cetuximab-IR700 sam-
ple. The number of IR700 molecules per cetuximab molecule was determined by UV-Vis 
spectroscopy (NanoDrop-200C; ThermoScientific). 

IMMUNOREACTIVITY ASSAY
The binding characteristics of the cetuximab-IR700 conjugate was analyzed as previously 
described.2 Conjugates were assayed in triplicate for binding to EGFR-coated beads. Brief-
ly, biotinylated human EGFR protein (EGFR-H82E7, ACROBiosystems) was suspended in 
binding buffer (0.1% BSA in Dulbecco’s phosphate buffered saline (DPBS), pH 7.0 with Ca2+ 
and Mg2+) at a concentration of 5 μg mL-1, and immobilized to streptavidin-modified poly-
styrene beads (10041, Epitope Diagnostics). Excess EGFR was removed, and the beads were 
incubated in assay buffer (DPBS, pH 7.4 without Ca2+ and Mg2+; Mediatech #21-031-CV) 
with, and without cetuximab in excess. After 1 h, solutions were aspirated from the beads and 
cetuximab-IR700 conjugates (200 ng mL-1) were added. Triplicate aliquots (0.5 mL each) of 
cetuximab-IR700 were incubated with EGFR-coated beads, with and without blocking by 1.5 
μg unlabeled cetuximab for 1 h at room temperature. Thereafter, the supernatants were col-
lected and the beads washed three times with DPBS, pH 7.4. The beads (representing bound 
cetuximab-IR700) and supernatants (representing unbound cetuximab-IR700) were imaged 
and quantified for fluorescence using the Pearl Impulse Imaging System (LI-COR Bioscienc-
es). Data was analyzed to determine the total binding or the percentage of the sample bound 
to the EGFR-coated beads (emissions of the beads divided by the emission from the beads 
plus supernatant emission) and compared to a reference standard. Nonspecific binding was 
calculated as the emission of the blocked beads divided by the emission from the blocked 
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beads plus supernatant emission. Specific binding (or immunoreactivity) was calculated as 
the percent of sample bound minus the nonspecific binding divided by the percent of sample 
bound.

ANIMALS AND TREATMENTS
Male (n = 6) and female (n = 6) cyonomolgus macaques were obtained from Charles River 
Laboratories (Wilmington, MA). Animals were between 2 to 4 years old at initiation of study. 
Weights ranged between 2-5 kg at dosing. Animals were fed Harlan Teklad Global 20 % Pro-
tein Primate biscuits (Harlan Laboratories) and tap water except when fasted overnight before 
clinical pathology sampling, and before scheduled necropsy.
Animals were divided into three groups (four/group; two animals/sex). Group one was dosed 
with cetuximab-IR700 at 40 mg/kg and terminated 2 d after dosing; group two was dosed with 
cetuximab-IR700 at 80 mg/kg and terminated 14 d after dosing; and group three was dosed 
with cetuximab at 16 mg/kg and terminated 14 d after dosing. Cetuximab-IR700 was admin-
istered as a single dose via a 2 h intravenous infusion. 
The animals were euthanized via high anesthetic overdose of pentobarbital followed by ex-
sanguination. Table 1 summarizes the tissues collected. Blood samples from all animals were 
taken prior to animal termination. Plasma and tissue samples were frozen at -80 °C prior to 
analyses. Histology samples were placed in buffered formalin, fixed, then embedded in par-
affin for cutting in 4-6 micron sections. Institutional and national guidelines for the care and 
use of laboratory animals were followed during the study.

BIODISTRIBUTION
Biodistribution of cetuximab-IR700 was determined at 2 d and 14 d after dosing and com-
pared with background autofluorescence from tissues collected from macaques dosed with 
cetuximab alone. Fluorescence levels of IR700 in tissue pieces (20-30 mg) were measured 
on a Pearl Impulse Imaging System (LI-COR Biosciences). For each acquisition, five tissue 
samples from each group were measured simultaneously in the same field of view. IR700 
was assumed to be cetuximab-IR700 for purposes of this calculation.  A standard curve that 
plotted fluorescence counts versus known amounts of cetuximab-IR700 was used to convert 
fluorescence counts to μg of cetuximab-IR700.  These values were subsequently normalized 
by tissue weight to yield μg/g. The total microgram of cetuximab-IR700 in the total blood 
(μg total blood) was calculated by multiplying the microgram per mL of blood by the total 
mL of blood (7 % of body weight). Both non-haired (inner forearm) and haired skin (outer 
forearm) were estimated as 8 % of body weight (total 16 % estimate for skin); muscle was 
estimated as 40 % of body weight; while bone was estimated as 15 % of body weight and the 
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Organ or tissue
1. Liver 
2. Lung
3. Spleen
4. Kidney
5. Tongue
6. Larynx - Vocal cord
7. Salivary gland
8. Lip 
9. Cheek mucosa
10. Skin (inner Forearm)
11. Skin (outer Forearm)
12. Nipple 
13. Thyroid
14. Trachea
15. Thymus
16. Pancreas
17. Adrenal glands
18. Heart 
19. Stomach
20. Duodenum
21. Jejunum
22. Ileum
23. Cecum
24. Mammary gland
25. L.N., mesenteric

26.  L.N., inguinal 
27.  L.N., axillary 
28.  L.N., mandibular
29. Cervix
30. Fallopian tube 
31. Ovary
32. Uterus
33. Vagina
34. Eye
35. Brain – cortex 
36. Brain – cerebellum
37. Brain – midbrain
38. Spinal cord
39. Fat – omental 
40. Fat – scalp 
41. Bladder 
42. Colon
43. Rectum
44. Leg muscle 
45. Mandible
46. Bone marrow – sternum
47. Femur
48. Seminal vesicles 
49. Testicle
50. Prostate
51. Gallbladder

Table 1 – List of tissues collected for whole-body biodistribution 

L.N = Lymph node
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average of femur, sternum, and mandible used to determine total bone level. The brain was 
weighed at termination while the intestines (stomach to rectum) was estimated at 7.6 % of 
body weight.2 The estimates for intestines were averages from a prior cynomologus study 
at UAB with animals (n = 9) of similar body size (3.2 kg), where these tissues were actually 
weighted at necropsy.14 Subsequently, the same tissue pieces were homogenized to determine 
the level of intact cetuximab-IR700 and metabolized fraction, using gel electrophoresis (LDS-
PAGE) followed by gel scanning. 

LDS-PAGE
To determine intact levels of cetuximab-IR700 LDS-PAGE analysis was performed. Briefly, all 
tissues, except sera samples, were homogenized using sonication in RIPA Lysis buffer (Ther-
mo Fisher). Homogenate was centrifuged and supernatant aspirated, and pellet and super-
natant were imaged with the Pearl Impulse System. Protein standards and known amounts 
of cetuximab-IR700 were loaded on each gel (NuPAGE 4-12% Bis-Tris Gel, Invitrogen). The 
gel was imaged on the Pearl Impulse Imaging System using the 700-nm acquisition channel 
to verify cetuximab-IR700 at the 150-kDa marker. Image studio software was used for anal-
ysis. Briefly, regions of interest (ROI) were drawn around the cetuximab-IR700 fluorescence 
signal at the 150-kDa marker, as well as well as everything below the 150-kDa marker of 
the gel where metabolites and the free dye (FD) were found. A separate background ROI 
outside of the lane was also drawn. The obtained signal was converted to microgram of cetux-
imab-IR700 based on running known cetuximab-IR700 amounts and establishing a standard 
curve. The fraction of fluorescence associated with the 150-kDa marker was determined by 
dividing the fluorescence intensity measured at the 150-kDa marker by the total fluorescence 
measured from both ROI’s, with both ROI’s subtracting the background ROI. 

IMMUNOHISTOCHEMISTRY (IHC) 
IHC was performed to identify EGFR (anti-EGFR Ab-10, (1:100) Thermoscientific) and to 
compare with binding of cetuximab-IR700 (5 μg mL-1). Briefly, saved cynomolgus skin sec-
tions from another study not involving cetuximab were deparaffinized with EZ-DEWAX bath 
two times for 5 min. Antigen retrieval was achieved by heating for 10 min at 100°C then 
cooled at room temperature and blocked with 5% BSA (Bovine Serum Albumin) in TBS (Tris 
Buffered Saline) for 5 min at room temperature. Slides were incubated with the anti-EGFR 
antibody and the cetuximab-IR700 for 3 h at room temperature. Secondary antibody (goat 
anti-mouse HRP; 1:100) was applied for 1 h in a humidified chamber at room temperature. 
Sections were incubated in 3,3-diaminobenzidine (DAB+) until appropriate color developed, 
mounted with a permanent mounting media and coverslipped. For determining colocaliza-



194

Figure 1 Cetuximab-IR700 biodistribution. Biodistribution in tissues as mean microgram (μg) of anti-
body per gram of tissue at day 2 (A) and day 14 (B) post cetuximab-IR700 intravenous infusion. Error bars 
are mean ± SEM, with n = 4/tissue, except female or male tissues that have n = 2/tissue. L.N. Lymph node
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tion of fluorescence with EGFR, areas of the skin tissue were selected and digitalized by whole 
slide scanning (Bioimagene Medical Systems). Subsequent EGFR and fluorescence images 
were overlayed using InDesign version 9.0 (Adobe Systems Inc.). 

FLUORESCENCE IMAGING OF TISSUE SECTIONS ON SLIDES  
Fluorescence can be measured in fixed pathological specimens.15 Separate tissue samples 
were collected from all animals, fixed in buffered formalin, embedded in paraffin, cut with 
a microtome into sections of 4-6 micron thickness, and analysed after placement on slides. 
Paraffin-cut tissue sections on slides from animals dosed with cetuximab-IR700 and matched 
control tissue pairs (from cetuximab-dosed animals) were imaged on the Odyssey (LI-COR 
Biosciences) fluorescence imaging system using the same acquisition settings. Side by side 
presentations of the fluorescence images adjacent to high resolution scans of the hematoxy-
lin-eosin (H&E) stained slides allowed the precise localization of IR700 fluorescence in each 
tissue, as determined by comparing directly with control tissues. Fluorescence signal in each 
tissue section was further analyzed by drawing ROIs around the tissues and measuring the 
mean counts per pixel. H&E staining was performed to determine anatomic locations of 
IR700 fluorescence in each tissue section.

STATISTICAL ANALYSIS
Statistical analysis was performed using SAS software version 9.4 on a X64_7PRO platform 
(SAS Institute Inc., Cary, NC, USA). The general linear model (proc GLM) was used to con-
duct two-way analyses of variance (ANOVA). A p level of < 0.05 was considered to indicate a 
statistically significant difference.

RESULTS

CETUXIMAB-IR700 CONJUGATE
The IR700:cetuximab ratio of the conjugate was 2.9. LDS-PAGE confirmed that IR700 was 
primarily bound to cetuximab. There was only 2.7 % free dye in the final product based on 
LDS-PAGE (data now shown). The binding assay showed 82 ± 2 % immunoreactivity of the 
cetuximab-IR700 (Supplemental Figure 1A). Specificity of the binding was confirmed by 
blocking with excess cetuximab; nonspecific binding was 10 ± 3 %. Cetuximab-IR700 binding 
was correlated with EGFR expression in cynomolgus skin (Supplemental Figure 1B). 

BIODISTRIBUTION OF CETUXIMAB-IR700 IN TISSUE PIECES
Mean tissue levels of cetuximab-IR700 in tissue samples are presented in Figure 1. At 2 d after 
dosing, the highest levels of cetuximab-IR700 were found in liver, gall bladder, and axillary 
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lymph node; the lowest levels in this group were found in brain and spinal cord (Fig. 1A). At 
2 d, the cetuximab-IR700 levels in all tissues except muscle and prostate were significantly 
(p<0.05) higher than the levels in matched tissues from cetuximab-dosed control animals. 
At 14 d after dosing the highest levels of cetuximab-IR700 (different from background) were 
found in mesenteric lymph node, inguinal lymph node and prostate (Fig. 1B).  At day 14 the 
cetuximab-IR700 levels in the majority of tissues were significantly (p<0.05) higher than the 
levels in matched tissues from cetuximab-dosed control animals.  However, 18 tissues were 
not statistically different (p>0.05) at 14 d as follows:  nipple, lymph nodes (mesenteric, ingui-
nal, and mandibular), female organs (fallopian tube, ovary, uterus, vagina), eye, brain tissues 
(cortex, cerebellum, midbrain), spinal cord, rectum, muscle, male organs (seminal vesicles, 
prostate), and blood.   
When quantitative fluorescence analysis was performed, as shown in Figure 2A, the total 
cetuximab-IR700 from all tissues at 2 d after dosing was estimated at 45,925 μg, or 38.4 ± 1.6 
% of the dose (total mean dose 119,350 μg). Similarly, the total cetuximab-IR700 accounted 
for in all tissues at 14 d after dosing was estimated to be 7,130 μg, or 2.84 ± 0.75% of the dose 
(total mean dose 237,050 μg; Fig. 2B). The total background of cetuximab-IR700 (683 μg) as 
determined from measurements of tissues from the cetuximab group, was not subtracted in 
order to show the fluorescence signal relative to background in each tissue. 
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Figure 2 Total Retention. Estimated total microgram (μg) of cetuximab-IR700 and background in select-
ed tissues and organs at day 2 (A) and day 14 (B) post cetuximab-IR700 intravenous infusion. Error bars 
are mean ± SEM, with n = 4/tissue, with the exception of gender-specific tissues that have n = 2/tissue.
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^ Figure 3 Intact levels of cetuximab-IR700. Cetuximab-IR700 in tissues as mean microgram (μg) 
of antibody per gram of tissue at day 2 (A) and day 14 (B) post cetuximab-IR700 intravenous infusion. 
Error bars are mean ± SEM, with n = 4/tissue, except female or male tissues that have n = 2/tissue. L.N. 
Lymph node
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> Figure 4 Mean % of total fluorescence in the cetuximab-IR700 (150 kDa) on day 2 (A) an day 14 (B) 
post cetuximab-IR700 dosing. A representative LDS-PAGE of (from left to right) Mammary gland, Mandib-
ular L.N., Mesenteric L.N., Inguinal L.N, and Axillary L.N is shown. High amounts of fluorescence could 
be appreciated in the sinuses (enclosed by black arrows) of the L.N. Error bars are mean ± SEM, with 
n = 4/tissue, except female or male tissues that have n = 2/tissue. L.N. Lymph node *cetuximab-IR700.
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Figure 5 Mean fluorescence signal per pixel, corrected for background, in tissue sections. Histol-
ogy tissue sections quantified with a fluorescent flat bad scanner with tissues arranged from lowest to 
highest for tissues sections at day 2 (A) and day 14 (B) after dosing with cetuximab-IR700. Error bars are 
mean ± SEM, with n = 4/tissue, except female or male tissues that have n = 2/tissue. L.N. Lymph node
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Figure 6 Histology. Representative H&E of skin, liver, L.N., axillary and cerebrum is shown with corre-
sponding fluorescence image of an animal dosed with cetuximab-IR700 at 40 mg/kg and cetuximab at 16 
mg/kg. L.N. Lymph node
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LDS-PAGE FOR INTACT CETUXIMAB-IR700 IN TISSUES
Mean tissue levels of intact cetuximab-IR700 are presented in Figure 3. Values are reported as 
μg cetuximab-IR700 per gram of tissue (± s.e.m). As shown in Figure 3A, at 2 d after dosing 
the highest levels of cetuximab-IR700 were in blood, lung, liver, gall bladder, and skin (inner 
forearm). The lowest levels were found in brain tissues and femur marrow. By 14 d after dos-
ing the cetuximab-IR700 levels declined to less than 1 μg/g in almost all tissues (Fig. 3B).  The 
levels of cetuximab-IR700 levels in the majority of tissues at 14 d were significantly (p<0.05) 
lower than at 2 d.  A total of 15 tissues were not statistically different (p>0.05) for 2 d versus 
14 d, as follows: liver, inner forearm skin, thymus, adrenal glands, duodenum cecum, ovary, 
uterus, cortex, cerebellum, spinal cord, scalp fat, seminal vesicles, testicle, and prostate. The 
fraction of intact cetuximab-IR700 was accurately assessed based on LDS-PAGE. As shown 
in Figure 4A-B, the percentage of cetuximab-IR700 of the total fluorescence in all tissues 
dropped between 2 d and 14 d after dosing. At 2 d after dosing greater than 50 % of the total 
dose has been metabolized in every tissue except blood. By 14 d approximately 90 % of total 
dose has been metabolized in every tissue. Moreover, the lymph nodes had 10 % or less intact 
cetuximab-IR700 even at 2 d (Fig. 4C). 

IMAGING OF TISSUE SECTIONS 
As shown in Figure 5A, at 2 d after dosing the axillary lymph node, mammary gland, gall 
bladder, and skin (inner forearm) had the highest fluorescence signal. At this time the brain 
tissues, spinal cord, and bone had the lowest signal above background. Gall bladder, bladder, 
duodenum, and skin (outer forearm) had the highest fluorescence signal at 14 d (Fig. 5B). At 
this time the brain tissues, uterus and lung had the lowest signal above background. Figure 6 
presents a representative H&E image of skin, liver, L.N., axillary and cerebrum and the cor-
responding fluorescence image of a animal dosed with cetuximab-IR700 at 40 mg/kg and the 
fluorescent images of a monkey dosed with cetuximab at 16mg/kg to show background levels 
of fluorescence.
Overall, there were no apparent differences in IR700 distribution in tissues collected from 
animals terminated at 2 d after dosing with cetuximab-IR700 versus tissues collected from 
animals at 14 d after dosing with cetuximab-IR700. Hence the descriptions described below 
apply to both time points. IR700 accumulation in the skin, when present, was predominantly 
in the dermis and was multifocal to diffuse in distribution and mild to strong in intensity (as 
indicated by color). In some sections, there were multiple foci of strong intensity that could be 
hair follicles or other adnexae, blood vessels, or artifacts. The fact that each provided pseudo-
color image of skin fluorescence was a different section from the same tissue block as the H&E 
stained section did not allow the multiple foci of strong intensity in skin to be determined. In 
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general, IR700 accumulation in other organs also was predominantly located in connective 
tissue, such as the submucosa of the larynx and trachea, digestive tract, urinary bladder, male 
urethra, and female reproductive tract; perivascular and peribronchial connective tissue of 
the lung; perivascular and peripelvic connective tissue of the kidney; wall of the gall bladder; 
and stroma of the salivary gland, thymus, and testis; and the medulla of lymph nodes. The 
liver was a singular exception to this pattern; strong IR700 accumulation was indicated in 
portal areas, and moderate diffuse accumulation in the hepatic parenchyma. Other tissues 
with significant accumulations included the retina and pigment epithelium of the eye and, 
less intensely, the cornea; the marrow and trabecular bone of the sternum; trabecular bone 
of the femur; the red pulp of the spleen; and renal tubules. In general, modest or no IR700 
accumulation was found in other tissues.

DISCUSSION

The purpose of this study was to evaluate the biodistribution of cetuximab-IR700 upon in-
travenous infusion in four monkeys dosed at 40 mg/kg (2 each per sex per time point) and 
four monkeys (2 each per sex per time point) dosed at 80 mg/kg terminated at day 2 and 14 
after dosing, respectively. One group of animals was administered a single dose of cetuximab 
alone. The IR700 could be accurately quantified in all tissues. Cetuximab was not measured 
in the tissue, rather the tissues of cetuximab treated animals was measured concurrently with 
cetuximab-IR700 to determine background fluorescence levels in all tissues. 
Three different analyses were performed. The level and biodistribution of the IR700 in intact 
pieces of collected tissue samples were measured. The same tissue pieces were homogenized 
to determine the level of intact cetuximab-IR700 and metabolized fraction, using gel electro-
phoresis followed by gel scanning. Finally, fixed and paraffin embedded tissue sections were 
scanned to determine the levels and locations of fluorescence. During fluorescence analyses 
for all 3 subparts (tissue pieces, gels, and tissue sections) the samples from animals dosed 
with cetuximab-IR700 were simultaneously compared with identically treated samples from 
a control group dosed with cetuximab. 

This is the first study to assess the biodistribution and toxicity of an IR700 conjugated an-
tibody. The advantage of repurposing FDA-approved therapeutic antibodies for PIT is that 
the pharmacokinetic profile and potential toxicities of these FDA-approved antibodies are 
generally well known. Identification of a photosensitizer that can be used to label a wide array 
of FDA-approved therapeutic antibodies currently available, without added toxicity, would 
permit a swift transition to the use of PIT in the clinic. 
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At 2 d after dosing, the highest levels of cetuximab-IR700 were found in liver, gall bladder, 
and axillary lymph node. The lowest levels were found in brain tissues, bone and spinal cord 
(Fig. 1). For determining the levels of cetuximab-IR700 in the tissue pieces it was assumed 
that the IR700-cetuximab remained intact, and therefore IR700 was a measurement of cetux-
imab-IR700. Based on this assumption, the total cetuximab-IR700 recovered in all tissues at 
day 2 after dosing was estimated at 38.4 ± 1.6% of the dose. At day 14 after dosing the total 
recovered cetuximab-IR700 was estimated to be 2.84 ± 0.75% of the total dose (Fig. 2). The 
tissue levels of intact cetuximab-IR700 as determined by LDS-PAGE were much higher at 2 d 
after dosing, compared to 14 d after dosing (Fig. 4). By day 14 the cetuximab-IR700 represent-
ed approximately 10% or less of the total fluorescence that was detected in the gels, suggesting 
a high level of metabolism and excretion of the IR700. 

Fluorescence analyses of fixed and paraffin embedded tissue sections showed that the axillary 
lymph node, gall bladder, skin, and liver had the highest fluorescence signal. While brain 
tissues, spinal cord, and bone had the lowest signal (Fig. 5). Moreover, a huge drop in fluo-
rescence signal between 2 d and 14 d for all tissues was appreciated, again indicating a high 
level of metabolism and excretion of the IR700 conjugate. Because of variable delivery and 
nonspecific uptake of fluorescent imaging tracers in lymph nodes, it may not be possible to 
detect cancer in diseased lymph nodes. Recently, a paper in Nature Medicine published by 
Tichauer et.al. developed a method for correcting for nonspecific uptake.16 However, until 
now, it was unclear what caused this nonspecific dye uptake. While the lymph nodes do ex-
press low to moderate levels of EGFR, the IR700 and cetuximab-IR700 levels were found to be 
consistently high in many different lymph nodes in our study.2 This is consistent with known 
EGFR expression in these tissues as well as access of cetuximab-IR700 to the lymph nodes due 
to the antibody component of cetuximab-IR700 and the metabolism of cetuximab-IR700 and 
elimination of IR700 via the lymphatic route.

The IR700 and cetuximab-IR700 tissue distribution and levels were consistent with EGFR lo-
cations and expression levels that are known in the cynomolgus macaque. In particular, mod-
erate to high levels of EGFR are expected in cynomolgus mammary gland, ovary, uterus, fal-
lopian tube, skin, bladder, prostate, kidney, GI tract, lung, liver, testis, adrenal gland, salivary 
gland, thymus, and eye. These were tissues displaying moderate to higher levels of IR700 and 
cetuximab-IR700. Another tissue where EGFR level and levels of IR700 and cetuximab-IR700 
were consistent was muscle.  Cynomolgus muscle has very low to no EGFR and was one of 
the tissues with the lowest levels of IR700 and cetuximab-IR700.2 Cynomolgus brain tissues 
and spinal cord are known to express low levels of EGFR. These tissues displayed low levels 
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of IR700 and cetuximab-IR700. Altogether, these results demonstrate that the biodistribution 
of cetuximab-IR700 is largely dependent upon its EGFR-target expression, indicating that the 
cetuximab-IR700 conjugate retained its target binding specificity. Our results led to the IND 
approval of cetuximab-IRDye700DX for clinical testing (IND identifier NCT02422979) in a 
phase 1 study in patients with recurrent head and neck cancer.  

CONCLUSION

There was a strong correlation for the results of fluorescence measured in intact tissue pieces, 
homogenized samples (using gel electrophoresis), and tissue sections; the locations and rela-
tive levels were consistent with expected locations of cynomolgus EGFR.
Taken together, these results suggest that IR700 bioconjugates can be safely translated to the 
clinic to provide a tumor-specific mechanism to improve detection and treatment of (subclin-
ical) disease during oncologic procedures. 
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Summary, Conclusions and Future 
Perspectives 
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SUMMARY

In current clinical intraoperative practice surgeons continue to rely on the subjective visual 
and tactile cues to differentiate diseased versus healthy tissues. Consequently, the ability to 
adequately assess the extent of tumor spread and the status of resection margins is difficult 
and objectively challenging to estimate. Conventional anatomical imaging modalities such as 
ultrasound (US), computed tomography (CT) and magnetic resonance imaging (MRI) are 
currently neither real-time nor tumor specific, and therefore of limited value for intraoper-
ative surgical use. Although frozen section analysis remains the most common method of 
intraoperative margin assessment this technique is highly subjective to ‘interpretation errors’ 
by the pathologist and ‘samplings errors’ by the surgeon, since it only provides information on 
the small area of the wound bed of which the sample was taken. Given that the primary treat-
ment modality for most solid tumors is surgery and complete tumor removal with tumor free 
margins is of eminent importance for curative intent, real-time intraoperative strategies to 
distinguish between tumor and normal tissue would most certainly result in a significant im-
provement in surgical outcomes, as well as in terms of disease-free survival as overall survival. 

The thesis is subdivided into two sections. Section I addresses the development of using ther-
apeutic antibodies for optical imaging to improve detection of subclinical disease. Section II 
of this thesis is focused on antibody based photodynamic therapy (i.e. photoimmunothera-
py (PIT)). For PIT, antibodies are conjugated to a fluorescent photosensitizer and serve as 
targeting vectors that specifically deliver the photosensitizer to the tumor. A relatively brief 
exposure from an external light source permits fluorescence imaging for diagnostic tumor 
localization and cell death by prolonged light activation of the cytotoxic photosensitizer.

A general introduction on cancer surgery using optical imaging and PIT as an effective com-
bination of image-guided surgery and intraoperative treatment of residual disease is provided 
together with the outline of the thesis in Chapter 1. Chapter 2 provides an overview of the 
various techniques and contrast agents that are currently used for image-guided cancer sur-
gery. Also its future perspectives are described. As well as in Europe and in the US, the first 
steps of translation of optical imaging to the clinical are made successfully by collaborating 
scientific teams. It is anticipated that image-guided surgery has the potential to be a very pow-
erful tool in guiding future patient care in surgical oncology.

Chapter 3 describes a feasibility study of systemically administered cetuximab-IRDye800CW 
to evaluate whether fluorescence contrast could aid the surgeon to discriminate cancerous 
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from normal surrounding tissue in a surgical setting for treatment of GlioBlastoma Multi-
forme (GBM). Retrospective studies have provided substantial evidence that completeness of 
resection is an important predictor of survival. Here, we evaluated the ability of a systemically 
administered antibody-dye probe conjugate (cetuximab-IRDye800CW) to provide sufficient 
fluorescent contrast for surgical resection of disease in both subcutaneous and orthotopic 
animal models of GBM using luciferase positive D-54MG, U-87MG and U-251MG (n=5). 
To assess whether cetuximab-IRDye800CW would provide sufficient fluorescence contrast 
to differentiate between tumorous and normal tissue, the subcutaneous model was elabo-
rated due to its permitted longer study duration for optimal characterization of fluorescence 
changes over time. We showed that fluorescence intensity within the tumors peaked on day-1 
post cetuximab-IRDye800CW administration and the tumor-to-background-ratio (TBR) in-
creased over time in two of the three cell lines. Daily imaging of tumors revealed an average 
TBR of 4.5 for U-87MG, 4.1 for D-54MG, and 3.7 for U-251MG. For the orthotopic model, 
TBRs on the day of surgery ranged from 19 – 23 during wide-field intraoperative imaging. 
Utilizing this dual-modality approach we demonstrated that the reduction of luciferase signal 
was found to correlate well with reduction in fluorescence intensity (R2=0.99, p-value). More 
importantly, fluorescence-guided resection using wide-field NIR imaging resulted in an 87% 
greater reduction in luciferase signal (P=0.001) ) when compared to conventional surgical 
resection under white-light (i.e. 41%).

In Chapter 4 we report the results of a first in-human clinical trial using a fluorescently la-
beled antibody cetuximab-IRDye800CW in patients with HNSCC for the purpose of fluores-
cence-guided resection of cancer. Twelve patients with biopsy proven HNSCC were included 
in our study. The first three patients (cohort 1) were given cetuximab-IRDye800CW intra-
venously at a microdose (1% of therapeutic dose of cetuximab), cohort 2 received 10% of 
therapeutic dose of cetuximab, and cohort 3 received 25% of therapeutic dose of cetuximab, 
2.5 mg m-2, 25 mg m-2 and 62.5 mg m-2 cetuximab-IRDye800CW, respectively. Multi-instru-
ment fluorescence imaging was performed in the operating room and in surgical pathology 
examination. We demonstrated that the overexpression of EGFR could be safely exploited for 
diagnostic imaging. Wide-field NIR imaging intraoperatively showed a significantly greater 
fluorescence intensity in the tumor compared to surrounding normal tissue at each imaging 
time point in cohort 2 and cohort 3 (P<0.05). Pathological processing of the primary speci-
men was mapped to histology to evaluate the relationship between fluorescence intensity and 
tumor deposition. Fluorescence was shown to correlate well with disease areas using hema-
toxylin and eosin staining. Additionally, fluorescence intensity correlated well with EGFR 
expression independently from tumor density (P<0.001). Overall, this study demonstrated 
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that cetuximab-IRDye800CW can be safely administered as a tumor-specific contrast agent, 
which may be helpful for surgical navigation to identify subclinical disease in EGFR-express-
ing tumors. Further clinical studies are needed to establish the detection accuracy in terms of 
sensitivity and specificity and the definitive clinical value for intraoperative decision making. 

As a therapeutic modality, anti-EGFR antibodies have been successfully implemented in the 
treatment of locally advanced HNSCC. However, predicting therapeutic response remains a 
challenge on a per-patient basis. Although significant efforts have been invested in elucidat-
ing EGFR-mediated cell signaling pathways in relation to treatment efficacy, the delivery and 
histologic localization of antibody based therapeutics in human tumors is poorly understood 
nor ever made visible. Appropriate patient selection would minimize the considerable costs 
and significant morbidity associated with unnecessary administration of antibody based ther-
apeutics. In Chapter 5 we present the first in-human study demonstrating that by optical mo-
lecular imaging, denominated as in vivo fluorescence immunohistochemistry, it is possible to 
evaluate the localization of fluorescently labeled cetuximab for reasons of therapeutic efficacy. 
Correlating morphological (peri-)tumoral characteristics to levels of (fluorescently labeled) 
therapeutic antibody delivery, may improve our understanding on true antibody delivery. We 
demonstrated that fluorescence intensity is highly dependent upon EGFR expression levels, 
as might be expected. Further analysis of well-differentiated tumors, however, demonstrated 
high levels of EGFR with near absent fluorescence suggesting poor uptake of the antibody 
in this histological subtype, indicating that less sensitivity to cetuximab of this histological 
subtype might be expected. Moreover, we provided insight in the distribution of the fluores-
cently labeled therapeutic antibody in normal healthy tissues, which might help explain some 
of the known toxicities associated with anti-EGFR therapy. Moderate to strong fluorescence 
intensities in the sebaceous gland was observed, which might explain the adverse skin reac-
tion commonly seen in patients treated with EGFR inhibitors. Moreover, significant elevated 
fluorescence levels were also found in the submandibular and sublingual glands. It is unclear, 
however, if this results in clinically significant xerostomia since cetuximab is commonly given 
in conjunction with radiotherapy and as such hard to differentiate from radiotherapy induced 
xerostomia. 

In conclusion, this study demonstrates how in vivo fluorescence immunohistochemistry can 
be used for drug development of cancer immunotherapy based on understanding true tumor-
al antibody delivery.
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The use of fluorescence to guided surgical resection of cancer is rapidly advancing towards 
routine clinical use. However, the subjective nature of reporting levels of fluorescence con-
tained within tissues has remained largely qualitative, lacking a more standardized approach 
for reporting. Obviously, there is an urgent need for establishment of diagnostic accuracy and 
definition of clinical value for intraoperative decision making. 

In Chapter 6 a ratiometric threshold is introduced as a potential solution to provide a method 
for objective assessment of tumor fluorescence during fluorescence-guided surgery. The de-
veloped formula produced a highly sensitive and specific threshold for predicting presence of 
cancer in the tissues tested, when normalized for inter-patient and intra-tumoral variances by 
using muscle or skin as an internal anatomical control. 

Chapter 7 assesses the potential of fluorescent-guided histopathology to shift tumor margin 
assessment from surgical pathology to the operating room to provide a more accurate meth-
od for disease localization in frozen room and permanent pathology. A preclinical model of 
luciferase-positive tumor resection, using bioluminescence as the gold standard, was creast-
ed. Fluorescence assessment determined by closed-field fluorescence imaging (Pearl, LI-COR 
Biosciences) of fresh resected margins accurately predicted the presence of disease in 33/39 
positive margins yielding an overall sensitivity of 85%, specificity of 95%, positive predictive 
value (PPV) of 94%, and a negative predictive value (NPV) of 87%, which was superior to 
both surgical assessment (54%, 61%, 57%, and 58%) and pathological assessment (49%, 95%, 
91%, and 66%), respectively. The report provides strong evidence that tumor-specific fluores-
cence can be used by the surgeon or pathologist to guide sampling.

Among the array of modalities currently being investigated to localize subclinical islands of 
tumor during cancer surgery, intraoperative fluorescence imaging seems the most promising 
for real-time image-guided surgery. Often, however, fluorescence images display various in-
tensities due to the complex tissue geometry and densities of tissues being imaged. Since light 
travelling through tissues is subject to various amounts of absorption, scattering and reflec-
tion, detection of fluorescence signals in a heterogeneous optical absorption environment is 
challenging. Photoimmunotherapy (PIT) comprising antibody-based photodynamic therapy 
(PDT), the subject of part II of this thesis, is a promising approach as photoimmunodetection 
in combination with PDT can be achieved for treatment of undetectable and/or irresectable 
disease.  
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Over the past few years the use of near-infrared high-power light-emitting diodes (LEDs) 
for PIT applications has become desirable because of the inexpensive and safe nature of the 
modality. Recent findings however, have shown that performance can be compromised by 
illumination variations caused by ineffective heat dissipation. Chapter 8 describes the devel-
opment and manufacturing of a LED device for PIT application. In this work we validated the 
technical feasibility, applicability, safety and consistency of the system for cancer treatment. 
Moreover we provided a framework for standardization for future studies in which other 
newly developed photosensitizers will be evaluated. 

In Chapter 9, the use of PIT to assist in surgical resection of HNSCC is assessed. We demon-
strated that PIT significantly delayed occurrence of tumor regrowth after subtotal surgical 
resection, and therefore should be considered as an efficient adjuvant treatment modality. 
Since murine models often do not reflect the complex stromal elements found in human tu-
mors and cell line data has significant limitations, we assessed therapeutic efficacy of PIT in ex 
vivo freshly excised human head and neck specimens. In order to determine cell viability, an 
assay based on the presence of adenosine triphosphate (ATP) in metabolically active cells was 
applied since a rapid decrease may reflect necrosis and apoptosis. Our results demonstrate a 
significant reduction in ATP levels for twelve patient specimens following PIT. To the best 
of our knowledge, this was the first study evaluating the treatment efficacy of PIT on fresh 
tissues slices where the multiple tumor components that can influence therapeutic outcomes 
were maintained. 

PIT has been extensively studied in the laboratory setting in preclinical models, but it has 
not yet been translated to the clinic because the toxicity profile, nor pharmacokinetics and 
biodistribution of the fluorescently labeled antibody are unknown. In Chapter 10 we evalu-
ated the biodistribution of cetuximab conjugated with IRDye700DX when administered via 
intravenous infusion to cynomolgus monkeys. In the study, four monkeys (2 each per sex per 
time point) received systemically cetuximab-IRDye700DX at 40 mg/kg and were terminated 
2 days after dosing. The second group received cetuximab-IRDye700DX at 80 mg/kg and 
were terminated 14 days after dosing, whereas a control group of two animals received cetux-
imab alone (without conjugated to IRDye700DX) and terminated 14 days after dosing. This 
group serves as a control for autofluorescence levels for the biodistribution measurements. 
Fluorescence levels and tissue distribution of the cetuximab-IRDye700DX in intact pieces of 
tissue samples were measured (n=51) as well as the amount of intact cetuximab-IRDye700DX 
using gel electrophoresis followed by LDS-PAGE. Finally, fixed and paraffin embedded tissue 
sections were scanned by using a fluorescence flat bed scanner in order to determine fluo-
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rescence intensity levels and tissue distribution of fluorescence. During fluorescence anal-
ysis for all three subparts (tissue pieces, gels, and tissue sections) the samples from animals 
dosed with cetuximab-IRDye700DX were simultaneously compared with identically treated 
samples form a control group dosed with cetuximab. Our results demonstrate that there was 
a strong correlation for the results of fluorescence measured in intact tissue pieces, homog-
enized samples (using gel electrophoresis), and tissue sections; the locations and relatively 
levels were consistent with expected locations of cynomolgus EGFR. Taken together, these 
results suggest that IRDye700DX bioconjugates can be translated to the clinical to provide 
a tumor-specific mechanism to improve detection and treatment of (sub-) clinical disease 
during oncologic procedures.

CONCLUSIONS

In this thesis we have demonstrated that tumor-targeted intraoperative imaging has po-
tential clinical advantages for localization and treatment of head and neck cancer. We have 
demonstrated that commercially available antibodies can be fluorescently labeled and safely 
administered to humans after preclinical testing in cynomolgus monkeys. Several important 
observations could be made based on this first in-human trial. First, microdosing of cetux-
imab-IRDye800CW provided limited contrast intraoperatively and as such strategies that 
target EGFR tumor receptors should not be constrained to an exploratory approach (Phase 0 
trials). Depending on the affinity for the target and the clearance characteristics for an optical 
imaging probe, in combination with limited tissue penetration and scattering and absorption 
properties, the microdose approach may not be useful for optical probes in general. Second, 
tumor mapping ex vivo identified suspicious areas on the specimen and on peripheral mar-
gins, which demonstrated potential for reducing sample error after systemic administration of 
cetuximab-IRDye800CW. Third, observed adverse events of the labeled antibody in humans 
were consistent with the known toxicity profile of unlabeled cetuximab1, demonstrating that 
this antibody based optical labeling technique can be safely applied to other protein-based 
therapeutics in the future. 

Furthermore, we introduce in vivo fluorescence immunohistochemistry, defined as a sys-
temic injection of near-infrared fluorescent monoclonal therapeutic antibodies, as a highly 
suitable, straightforward and unique methodology to provide insights into (peri-) tumoral 
antibody delivery. We foresee that as the importance of antibody based therapies continues to 
grow, that further definition of the platform of “in vivo fluorescence immunohistochemistry” 
may have great potential to guide future antibody-based treatment strategies for a more pa-
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tient specific tailored approach2 
which fits in novel strategies like 
precision medicine or precision 
surgery.3 

Fluorescence imaging can be 
‘threshold adjusted’ along a con-
tinuum of intensities that must 
be standardized to an acceptable 
baseline to fully appreciate its 
diagnostic value and in order 
to compare data among differ-
ent institutions, studies, camera 
systems and tumor types. There-
fore, a widely adopted meth-
odology for immediate objec-
tive identification of unknown 
samples in the operating room 
is highly recommended. We 
introduced, to the best of our 
knowledge, the first standard-
ized method (based on a rati-
ometric threshold derived from mean fluorescent tissue intensities) to objectively identify 
disease tissue intraoperatively in real-time. A ratiometric threshold for positive disease can 
be experimentally developed and integrated into the camera imaging system software to ob-
jectively distinguish diseased tissue from normal. However, we anticipate that calibration of 
the threshold should be performed uniquely for each patient taking into consideration the 
differences in tumor physiology, tissue properties, timing, molecular target expression, and 
clearance.4 

We demonstrate that ‘Fluorescence-guided pathology’ can be used by the surgeon or patholo-
gist to guide sampling for frozen sections, but does not replace the need for histological diag-
nosis. Although fluorescence guidance may be better then conventional sampling techniques, 
which include inspection and palpation, it does not allow for histopathological analysis of 
tissue to confirm margins on frozen sections.

a b c

Figure 1 Light propagation through tissue (red arrows and green ar-
rows) is largely subject to absorption (a), reflection (b) and scattering 
(c).
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We have designed and manufactured a standardized, validated, and safe LED/photodynamic 
therapy device for IRDye700DX-based PIT cancer treatment. Moreover, a framework was 
provided for standardization for future studies in which other newly developed photosen-
sitizers can be evaluated for in vitro and in vivo experimental setups. We have shown that 
photoimmunotherapy offers significant advantages over more traditional methods of imaging 
due to the ability for photodetection of the targeted tissue of interest as well as phototoxicity 
induced by photosensitizers after exposure to near infrared light. 

We performed, the first study to assess the pharmacokinetic, biodistribution and toxicity pro-
file of an IRDye700DX-conjugated antibody. We showed a strong correlation for the fluores-
cence measured in intact tissue pieces, homogenized samples (using gel electrophoresis), and 
histologic tissue sections in cynomolgus macaques infused with cetuximab-IRDye700DX. 
Moreover, we demonstrated that the tissue distribution and relative levels of cetux-
imab-IRDye700DX accumulation were consistent with the expected biodistribution of 
EGFR indicating target specific binding. Taken together, these results strongly suggest that 
IRDye700DX may be safely translated to the clinic to provide tumor specific antibody based 
surgical imaging and phototherapy for cancer to improve detection and treatment of (sub-) 
clinical disease during oncologic procedures.  

FUTURE PERSPECTIVES

Successful translation of modalities for medical use typically follows three broad phases 
ranging from; I) system development and early feasibility studies, to II) regulatory approval 
and larger clinical trials, and eventually to III) adoption as the standard of care.5 Progression 
through the phases is largely dependent upon the demonstration of safety and efficacy. In the 
following paragraphs, fundamental barriers that may impede clinical translation are expand-
ed and suggestions for future developments are discussed. 

Tumor heterogeneity
Using antibodies, previously developed for therapeutic reasons, for surgical imaging and pho-
totherapy of cancer has multiple advantages, including the fact that the targeting moiety is 
already FDA- and EMA approved with a well-known toxicity, pharmacokinetic and biodistri-
bution record and therefore will allow for a more rapid development in a more cost effective 
manner. However, tumor heterogeneity also creates a challenge for antibody based surgical 
imaging and phototherapy.6 Due to genomic instability combined with high cell turnover, 
tumor cells can show different genotypical and phenotypical profiles, which ultimately lead 
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to different biological profiles within tumors, and thus antigen expression rates. Even in a 
tumor originating from a single initiation clone, these processes can make the genome differ 
significantly from one another, highly impairing uniform antigen expression rates, and thus 
consistent antibody based imaging and treatment strategies for both detection and treatment 
strategies.6

To a certain extend, variability in antigen expression can be assessed by immunohistochem-
istry on a core needle biopsy prior to surgery. However, one should realize that such a biopsy 
might be compared with taking a sample of the world population in New Zealand and claim-
ing that the world population consists of Maori’s. Moreover, it may be possible that targeting 
a panel of antigens by administering a cocktail consisting of multiple fluorescently labeled 
antibodies with different emission wavelengths in the NIR spectrum might yield better results 
instead of focusing on a single tumor associated antigen and a single wavelength. Implemen-
tation of such an approach is considered an important step towards personalized medical 
imaging and precision surgery.  

Influence of optical tissue properties
Quantification of fluorescence signals remains a challenging task. Since the targeted fluoro-
phore is embedded within the tissue, the excitation and emission wavelength is subject to 
three influencing parameters, which are used to characterize the interaction of photons with 
tissue, including; I) light absorption (Fig. 1a), II) reflection (Fig. 1b), and scattering (Fig. 1c). 
These all results in the attenuation of the fluorescent signal, ultimately limiting optical imag-
ing by the strong scattering of light in biological tissue, which severely degrades the spatial 
resolution from targets situated deeper in the tissues. 
Absorption and scattering of light are largely dependent on the wavelength of the excitation 
source and tissue properties. Light absorption and scattering increase with decreasing wave-
lengths. Below 750 nm, light is absorbed to a great extent by physiologically abundant mole-
cules such as hemoglobin and lipids, thus reducing the tissue penetration to only a few milli-
meter. As such, future progress in fluorescence imaging should focus on the development of 
new fluorescent agents that fluorescence in the near infrared range (750 – 1000 nm), or other 
deeper penetrating optical imaging techniques like optoacoustic imaging in cancer applica-
tions.7 Optoacoustic imaging is a new technique on the horizon, that allows for detection of 
fluorescence signals up to several centimeters that could be of substantial use in the (peri-) 
and intraoperative setting.8  Photoimmunotherapy (PIT) comprising antibody-based photo-
dynamic therapy (PDT) may be a promising approach as photoimmunodetection in combi-
nation with PDT can be achieved for treatment of undetectable and/or irresectable disease in 
a primary or (neo-)adjuvant setting. 
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Towards standardized reporting and standardized imaging
The current intraoperative imaging systems superimpose the fluorescent signal on a color 
video of the surgical view, thereby providing the surgeon with anatomical positioning of 
the fluorescent signal. Due to the fact that nowadays surgeons are used to working with 2D 
screens during laparoscopic procedures, visualizing the fluorescent signal on an operating 
room monitor seems reasonable and straightforward. Moving forward, however, there is a 
high need for a widely adopted more standardized method for fluorescence assessment, since 
current fluorescence imaging can be threshold adjusted along a continuum of intensities. A 
ratiometric threshold that is integrated in to the imaging software to objectively separate dis-
eased tissue apart from normal may be highly advantageous to the surgeon. Several insti-
tutions are already developing attenuation correction algorithms.8-10 Incorporation of these 
algorithms in the imaging systems may be great way to correct and manage for the effects of 
optical tissue properties and deliver the tools for exchange and comparison of data derived 
from separted studies, multiple institutions and camera systems.
In summary, although challenges will continue to arise we anticipate that antibody based 
imaging and phototherapy for cancer will be important strategies to improve the efficacy of 
oncologic surgery.
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INTRODUCTIE

Voor een complete verwijdering van tumorweefsel is het van essentieel belang dat de chirurg 
tijdens de operatie over accurate informatie beschikt, aangaande de omvang en lokalisatie 
van de tumor. Het verkrijgen van ‘negatieve’ tumor vrije snijvlakken is cruciaal, omdat het 
aantal lokale recidieven significant toeneemt wanneer deze niet vrij van tumor zijn.1 Bij sni-
jvlakken positief voor tumor komt in 21.9% van de patiënten hergroei van de tumor voor, 
terwijl bij 3.9% van de patiënten een recidief optreedt wanneer de snijvlakken vrij van tumor 
zijn.2 Het risico op overlijden na 5 jaar stijgt tot 90% wanneer positieve marges gevonden 
worden.3 Bovenstaande gegevens bewijzen dat de status van de snijvlakken na de chirurgische 
ingreep een cruciale indicator vormt betreffende de prognose van de patiënt. Desalniettemin 
worden in de huidige praktijk, bij 40% van de patiënten die een chirurgisch resectie van een 
plaveiselcel carcinoom in het hoofd-hals gebied ondergaan, positieve snijvlakken gevonden.4,5 

Beeldvormingstechnieken zoals echografie, positron emissie tomografie (PET) computer-
tomografie (CT), computertomografie met enkelvoudige fotonen (SPECT) en magnetische 
resonantie imaging (MRI) vormen een essentieel onderdeel bij het pre-operatief in kaart 
brengen van tumor lokalisatie, omvang en plaats van uitzaaiingen.6,7 Tijdens de operatie daar-
entegen, maken de veranderde positie van de patiënt en het weefsel het onderscheid tussen 
tumorweefsel en normaal weefsel vaak lastig tot onmogelijk voor de chirurg. De door de 
chirurg intra-operatief verkregen tactiele en visuele informatie zijn vaak niet voldoende om 
tumoreus veranderd weefsel van normaal weefsel te onderscheiden, nodig voor een volledige 
resectie. Aangezien een tumorresectie met tumorvrije snijvlakken een van de belangrijkste 
voorspellende factoren is op overleven, is het kunnen onderscheiden van tumoreus weefsel 
van gezond weefsel een van de belangrijkste aspecten van de oncologische chirurgie.8 

Histopathologisch onderzoek van het resectie preparaat vormt de meest nauwkeurige meth-
ode om de volledigheid van de chirurgische resectie te beoordelen. Helaas duurt dit onder-
zoek 4 tot 7 dagen, waardoor de chirurg tijdens de operatie van weinig steun wordt voorzien 
aangaande de status van de snijvlakken. Hoewel het vriescoupe-onderzoek de chirurg tijdens 
de operatie pathologische ondersteuning kan bieden, is deze techniek tijdrovend en onder-
hevig aan ‘sampling errors’. Aangezien het enkel informatie geeft over dat kleine gedeelte van 
de snijvlakken waaruit een sample genomen is.9 Bovendien kunnen weefsels als bot en vet niet 
door middel van deze techniek onderzocht worden. Er is daarom een grote noodzaak aan een 
beeldvormingstechniek die de chirurg tijdens de operatie kan ondersteunen in het realiseren 
van een preciezere tumor detectie, met als resultaat een meer radicale resectie en dus betere 
prognose voor de patiënt.
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FLUORESCENTIE BEELDVORMING
De ontwikkeling van intra-operatieve fluorescentie beeldvorming heeft in de laatste decennia 
een grote vlucht genomen en zou een zeer waardevolle bijdrage kunnen leveren aan de chiru-
rg voor het beoordelen van de snijvlakken en de mate van uitbreiding van de tumor.7 Bij flu-
orescentie beeldvorming wordt een fluorescentie signaal gegenereerd wanneer de elektronen 
in een fluorescentie molecuul vanuit hun aangeslagen geactiveerde toestand, terugvallen naar 
de grondtoestand (Fig. 1a). De fluorescente stof kan zowel lokaal als systemisch toegediend 
worden (Fig. 1b). Indien een fluorescente stof gebruikt wordt die specifiek opgenomen wordt 
op de plaats van interesse, kan door middel van een speciaal camerasysteem de exacte om-
vang en anatomische locatie van de ziekte weergeven worden (Fig. 1c). De combinatie van 
geschikte tumor specifieke fluorescente stoffen met een geschikt camerasystemen maakt het 
mogelijk om tijdens de operatie in ‘real-time’ de grens tussen kwaadaardig en gezond weefsel 
beter te kunnen bepalen.  

Fluorescentie beeldvorming heeft diverse gunstige eigenschappen, waardoor het de potentie 
heeft een krachtig instrument te zijn in het begeleiden van toekomstige patiëntenzorg binnen 
de chirurgische oncologie. Hoewel technieken zoals CT hoge resolutie scans van het hele 
lichaam kunnen maken, is het ongeschikt om kleinere laesies real-time in het chirurgische 
veld te visualiseren.10 Fluorescentie beeldvorming biedt directe feedback binnen het natu-
urlijke gezichtsveld van de chirurg. Al met al kan worden geconcludeerd dat de mogelijkheid 
van real-time meting, samen met de lage kosten en flexibiliteit fluorescentie beeldvorming 
aantrekkelijk maakt voor intra-operatieve beeldvorming. Bovendien wordt geen gebruik ge-
maakt van radioactieve stoffen, wat fluorescentie beeldvorming veilig maakt voor zowel de 
patiënt als de zorgverlener. 

FLUORESCENTE STOFFEN
Het kiezen van de juiste fluorescente stof is van uiterst belang. De ideale fluorescente stof 
verbetert het onderscheid tussen tumoreus en normaal weefsel. In Figuur 2 worden verschil-
lende fluorescente stoffen beschreven die aangrijpen op de verschillende kenmerkende eigen-
schappen van kanker. Niet-specifieke fluorescente stoffen (Fig. 2a), zoals indocyanine groen 
(ICG) worden voornamelijk gebruikt voor het visualiseren van anatomische structuren zoals 
bloedvaten, lymfevaten en lymfeklieren. Echter, niet-specifieke fluorescente stoffen binden 
niet gericht aan kanker cellen en zijn daarom minder geschikt voor diagnostische beeldvorm-
ing.11,12 
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De meest bekende biosynthese gerichte fluorescente stof (Fig. 2b) is 5-aminolevulinezuur 
(5-ALA). 5-ALA accumuleert in de mitochondria. Doordat tumoren beschikken over een 
relatief verhoogd aantal mitochondria maakt het tumor specifieke imaging mogelijk.13 Bij 
activeerbare fluorescente stoffen treedt een fluorescent signaal op na contact met specifieke 
doeleiwitten (Fig. 2c).14,15 Echter, de mate van fluorescentie hangt in hoge mate af van de en-
zymatische activiteit van de tumor. 

Specifieke fluorescente stoffen (Fig. 2d) daarentegen binden specifiek aan de tot verhoogde 
expressie komende groeifactor-receptoren op kankercellen. Specifieke fluorescente stoffen 
gebruiken antilichamen als vectoren om fluorescente stoffen specifiek naar de tumorcellen 
te vervoeren en zijn daarom zeer geschikt voor diagnostische beeldvorming (deel I van dit 
proefschrift). Specifieke tumor gerichte medicijnen die alleen tumorcellen en niet gezonde 
cellen behandelen verhogen de therapeutische werkzaamheid en verlagen de morbiditeit 
(deel II van dit proefschrift). 

ANTILICHAAM GEBASEERDE FLUORESCENTIE BEELDVORMING  
Kankercellen onderscheiden zich op verschillende punten van normale cellen.16,17 Deze ver-
schillen hebben geleid tot de ontwikkeling van doelgerichte therapieën zoals monoclonale an-
tilichamen, waarbij anders dan de klassieke chemotherapie gericht de kankercellen behandeld 
worden. Mutaties van genen leiden tot een verhoogde aantal groeifactor-receptoren (de ont-
vanger voor groeifactoren) op kankercellen. Monoclonale antilichamen blokkeren de binding 
van groeifactoren aan de receptoren en remmen zo de groei van kankercellen. Tabel 1 geeft 
een overzicht van de huidige European Medicine Agency (EMA) en Food and Drug Adminis-
tration (FDA) goedgekeurde antilichamen voor de behandeling van solide tumoren. Het grote 
voordeel van het gebruik van EMA en FDA-goedgekeurde antilichamen voor fluorescentie 
beeldvorming is dat het farmacokinetische profiel, biodistributie, bijwerkingen en potentiele 
toxiciteitsprofiel reeds goed onderzocht zijn. Bovendien wordt bij fluorescentie beeldvorming 
een substanieel lagere dosis gebruikt dan bij immuuntherapie met dezelfde antilichamen. 
De eerste klinische studies laten zien dat fluorescentie beeldvorming de potentie heeft om een 
krachtig hulpmiddel te zijn bij het begeleiden van de patiëntenzorg binnen de chirurgische 
oncologie.18 Hoewel deze modaliteit veelbeloved is, is de klinische waarde binnen de dageli-
jkse praktijk van de hoofd-hals oncologie nog niet geëvalueerd. 

OVERZICHT VAN HET PROEFSCHRIFT
In Figuur 3 wordt de inhoud van het proefschrift schematisch weergegeven. In deel I wordt 
het hergebruik van therapeutische antilichamen voor antilichaam gebaseerde fluorescentie 
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beeldvorming geëvalueerd. De potentie van een antilichaam gebaseerde theranostische mo-
daliteit, fotoimmunotherapie, waarbij zowel beeldvorming als therapie bereikt wordt, wordt 
in deel II van dit proefschrift beschreven. 

DEEL I ANTILICHAAM GEBASEERDE FLUORESCENTIE BEELDVORMING
Deel I van dit proefschrift is gericht op het verkennen van de tumor specificiteit van fluores-
cente contrastmiddelen gebonden aan antilichamen voor fluorescentie geleide chirurgie van 
tumoren. Hoofdstuk 2 behandelt de meest veelbelovende innovatieve optische beeldvorming 
methodieken. Het review focust zich op optische beeldgeleide technieken en de grote impli-
caties die deze techniek heeft voor een meer efficiënte intra-operatieve besluitvorming door 
de chirurg. Ook de potentie van fotoimmunotherapie, een innovatief theranostisch concept, 
waarbij gestreefd wordt naar simultane detectie en eliminatie van tumorcellen wordt bespro-
ken. Deel II van dit proefschrift is gericht op dit onderwerp.

Hoofdstuk 3 beschrijft een haalbaarheidsstudie waarin onderzocht wordt of systemisch 
toegediend cetuximab-IRDye800CW voldoende contrast biedt voor fluorescentie geleide re-
sectie van glioblastoma multiforme (GBM). Retrospectieve studies hebben aangetoond dat 
de mate van resectie een belangrijke voorspeller van overleven is. Om te testen of cetux-
imab-IRDye800CW voldoende contrast zou kunnen creëren om de chirurg te helpen beter 
onderscheid te maken tussen gezond en kankerweefsel werden twee orthotope proefdier-
modellen met D-54MG en U-251MG humane GBM gebruikt. De cellen waren verrijkt met 
luciferase om bioluminescente beeldvorming (BLI) mogelijk te maken. BLI biedt een geschikt 
systeem voor het snel en non-invasief bepalen van tumorlokalisatie en omvang. Daarnaast 
biedt het model een platform om de tumor specificiteit van het fluorescente contrastmiddel, 
cetuximab-IRDye800CW te testen. Cetuximab-IRDye800CW signaal toonde sterke overlap 
met het luciferase positieve tumorweefsel. Bovendien werd er een aanzienlijk grotere hoev-
eelheid tumor verwijderd met behulp van fluorescentie geleide resectie in vergelijking met wit 
licht resectie bij zowel D-54MG als U-251MG.

In hoofd-hals tumoren is de expressie van de Epidermale GroeiFactor Receptor (EGFR) sterk 
verhoogd. In Hoofdstuk 4 laten we zien dat de fluorescente stof IRDye800CW, gebonden aan 
het antilichaam cetuximab (gericht tegen EGFR), veilig en succesvol benut kan worden voor 
het visualiseren van de primaire tumor. Twaalf patiënten met een plaveiselcelcarcinoom in 
het hoofd-hals gebied werden geïncludeerd in deze studie. 
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Het antilichaam cetuximab wordt veelvuldig gebruikt in de behandeling van hoofd-hals tu-
moren. Door binding aan EGFR wordt deze receptor geblokkeerd en dus de tumor in groei 
en activiteit geremd. Echter, slechts 10-15% van de hoofd-hals patiënten die deze receptor 
tot expressie brengen hebben baat bij deze therapie. Optische beeldvorming met fluorescent 
gelabelde antilichamen biedt een ideaal platform om de distributie van het therapeutische 
antilichaam te analyseren en correleren met (peri-)tumorale karakteristieken (zoals morfol-
ogie, vascularisatie en proliferatie). Onze resultaten beschreven in Hoofdstuk 5 laten zien 
dat de fluorescentie intensiteit in hoge mate afhangt van de EGFR expressie. Gedifferentieerd 
plaveiselcelcarcinoom daarentegen, hoewel EGFR aanwezig was, demonstreerde matige tot 
geen antilichaam binding. De hier beschreven studie is een opstap naar in vivo fluorescentie 
immuunhistochemie waarin het doel is om beter te kunnen voorspellen welke patiënten baat 
hebben bij immunotherapie. 

Voordat fluorescentie geleide chirurgie routinematig toegepast kan worden in de klinische 
praktijk is het noodzakelijk dat er meer objectieve kwantificeringsmethoden ontwikkeld 
worden. In Hoofdstuk 6 wordt een unieke kwantificeringstrategie geïntroduceerd die objec-
tieve informatie zou kunnen verschaffen aangaande de aanwezigheid van kanker. Hoofdstuk 
7 beoordeelt de potentie van fluorescentie geleide pathologie om een brug te slaan tussen het 
post-operatief pathologisch onderzoek en de intra-operatieve realiteit. 

DEEL II ANTILICHAAM GEBASEERDE THERANOSTICS 
Er wordt volop onderzoek gedaan naar het gebruik van fototoxische stoffen gebonden aan 
antilichamen (i.e. fotoimmunotherapie) om de therapeutische effectiviteit en efficiëntie van 
conventionele fotodynamische therapie te verhogen.19  Fotoimmunotherapie combineert de 
tumor specifieke binding capaciteit van antilichamen met de fluorescentie en fototoxiciteit 
aanwezig na activatie van de aan het antilichaam gebonden licht gevoelige fototoxische stof. 
De combinatie van generatie van fluorescent licht samen met de toxiciteit maakt het mogelijk 
om gezond en aangedaan weefsel tijdens de operatie in ‘real-time’ van elkaar te onderscheiden 
als ook door de adjuvante therapeutische activiteit de mogelijkheid om tumor beter in zijn 
geheel te kunnen verwijderen. 

We hebben een gestandaardiseerde lichtbron light-emitting diode (LED) apparaat ontwikkeld 
voor fotoimmunotherapie. Deze studie wordt beschreven in Hoofdstuk 8. Het doel van de 
studie beschreven in Hoofdstuk 9 was om te bepalen of fotoimmunotherapie gebruikt kon 
worden als een adjuvante behandelmodaliteit om de chirurg te assisteren in het bereiken van 
een volledigere resectie. 
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Het doel is dat fotoimmunotherapie de experimentele fase zal ontstijgen en onderdeel uit 
gaat maken van de dagelijkse oncologische zorgpraktijk. Daarom hebben wij de biodistributie 
en toxiciteit van het antilichaam cetuximab gelabeld met de fluorescente fototoxische stof 
IRDye700DX (cetuximab-IRDye700DX) onderzocht in primaten (makaken). Deze studie is 
beschreven in Hoofdstuk 10.

CONCLUSIE 

In dit proefschrift hebben we laten zien dat door middel van fluorescentie beeldvorming snel 
en accuraat onderscheid gemaakt kan worden tussen gezond en tumoreus weefsel. Bovendien 
bleek dat commercieel beschikbare monoclonale antilichamen veilig en efficiënt gekoppeld 
kunnen worden aan fluorescente stoffen, en na systemische toediening met een speciaal cam-
erasysteem zichtbaar gemaakt kunnen worden. 

Enkele belangrijke conclusies kunnen getrokken worden uit de eerste klinische studie uit-
gevoerd met de tumor specifieke fluorescente stof cetuximab-IRDye800CW in patiënten met 
plaveiselcel carcinoom in het hoofd-hals gebied. Ten eerste, het gebruik van een microdosis 
cetuximab-IRDye800CW, waarbij 1/100ste van de standaard therapeutische dosis wordt geb-
ruikt, blijkt geen geschikte dosis voor fluorescentie beeldvorming. Afhankelijk van de affi-
niteit van de receptor en de farmacokinetische en farmacodynamische eigenschappen van 
de tumor specifieke fluorescente stof, kan het zo zijn dat microdosering niet de gewenste 
hoeveelheid contrast in de tumor voor fluorescentie beeldvorming oplevert. Ten tweede, kan 
fluorescentie beeldvorming het vriescoupe-onderzoek ondersteunen en zo mogelijk het aan-
tal sampling en interpretatie fouten verkleinen. Ten derde, bijwerkingen van het fluorescent 
gelabelde antilichaam (cetuximab-IRDye800CW) waren consistent met het bekende toxicite-
itsprofiel van cetuximab.20 Wat aantoont dat deze labelings techniek in de toekomst veilig kan 
worden toegepast met een breed scala aan antilichamen gericht tegen andere tumor geasso-
cieerde receptoren.

In dit proefschrift introduceren wij het concept ‘in vivo fluorescentie immuunhistochemie’, 
een geschikte en zeer unieke methode op inzicht te krijgen in de distributie van (fluorescent 
gelabelde) antilichamen in en rond tumor weefsel. Wij voorzien dat, omdat het belang van an-
tilichaam gebaseerde kankerbehandeling blijft groeien, verdere definitie van het platform van 
‘in vivo fluorescentie immuunhistochemie’ een belangrijke rol kan spelen in het realiseren 
van een meer patiënt specifieke afgestemde behandel strategie.21 
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De fluorescentie intensiteit in fluorescentie beeldvorming kan langs een continuüm van in-
tensiteiten aangepast worden. Standaardisatie van de intensiteit tot een aanvaardbare base-
line moet gerealiseerd worden om de intra-operatieve diagnostische waarde van fluorescentie 
beeldvorming volledig te benutten. Daarom wordt een methodologie die in de operatiekamer 
objectief in onbekende samples onderscheid kan maken tussen gezond en tumoreus weef-
sel sterk gewaardeerd. In dit proefschrift hebben wij een gestandaardiseerde kwantificering-
methode geïntroduceerd die op basis van een ratiometrische waarde objectief intra-operatief 
ziek weefsel identificeert. Wij verwachten dat de kalibratie van deze ratiometrische waarde 
voor iedere patiënt uniek moet worden uitgevoerd aangezien iedere patiënt verschilt in tumor 
fysiologie, weefsel eigenschappen, receptor expressie en farmacokinetiek.22

Wij hebben een LED lichtbron ontworpen, gestandaardiseerd en gevalideerd voor 
IRDye700DX gebaseerde fotoimmunotherapie van kanker. Bovendien wordt met dit concept 
van een kader voorzien waarbinnen in de toekomst andere nieuw ontwikkelde fototoxische 
stoffen en lichtbronnen geëvalueerd en gevalideerd kunnen worden. We hebben aangetoond 
dat fotoimmunotherapie significante voordelen biedt boven de meer traditionele wijzen van 
beeldvorming. Deze omvatten de mogelijkheid voor fotodetectie van doelweefsel en fototox-
iciteit geïnduceerd door activatie van de fototoxische stof met licht in het nabij infrarood. 

We hebben, voor zover bekend de eerste studie uitgevoerd die de biodistributie en toxiciteit van 
het antilichaam cetuximab gekoppeld aan IRDye700DX beoordeelt in niet humane primaten 
(makaken). Een sterke correlatie was te zien tussen de fluorescentie gemeten in intacte stuk-
ken weefsel, gehomogeniseerde samples (met behulp van gelelektroforese), en histologische 
weefselcoupes van makaken. De locaties en relatieve niveaus van cetuximab-IRDye700DX ac-
cumulatie waren consistent met de verwachte locaties van EGFR in makaken, wat impliceert 
dat cetuximab zijn specifieke bindingscapaciteit behoud na koppeling aan de fototoxische stof 
IRDye700DX. Bovenstaande resultaten suggereren dat IRDye700DX veilig gekoppeld kan 
worden aan monoclonale antilichamen en door middel van fotodetectie en fototherapie de 
zorg binnen de chirurgische oncologie sterk zou kunnen verbeteren. 

TOEKOMSTPERSPECTIEF 

Voor succesvolle implementatie van fluorescentiegeleide chirurgie in de dagelijkse oncolo-
gische praktijk zullen een drietal fasen doorlopen moeten worden, variërend van; I) ontwik-
keling van de methodiek en het uitvoeren van haalbaarheidsstudies, tot II) regelgeving en 
opzet van klinische studies, en uiteindelijk tot III) implementatie in de dagelijkse klinische 
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praktijk.23 Het succesvol kunnen doorlopen van de fasen is grotendeels afhankelijk van het 
aantonen van veiligheid en werkzaamheid in de voorgaande fase. In de volgende paragrafen, 
worden fundamentele barrières, die de klinische vertaling van fluorescentiegeleide chirurgie 
kunnen belemmeren beschreven en suggesties voor toekomstige ontwikkelingen besproken. 

Tumor heterogeniteit
Het grote voordeel van het gebruik van EMA- en FDA goedgekeurde antilichamen voor an-
tilichaam gebaseerde fluorescentie beeldvorming is dat het farmacodynamische en farmaco-
kinetische profiel, biodistributie en toxiciteitsprofiel goed onderzocht zijn. Echter, alsmede 
een probleem voor antilichaam gebaseerde immuuntherapie, vormt tumor heterogeniteit ook 
een uitdaging voor antilichaam gebaseerde fluorescentie beeldvorming en fotoimmunother-
apie. Door genomische instabiliteit, hebben tumorcellen verschillende genotypische en feno-
typische profielen, die uiteindelijk leiden tot verschillende biologische profielen binnen een 
tumor, en dus receptor expressie variatie waardoor niet alle tumorcellen gebonden kunnen 
worden met één antilichaam.24 Variabiliteit in receptor expressie kan worden beoordeeld door 
voorafgaand aan de operatie immuunhistochemie op een biopsie uit te voeren. Het gebruik 
van een combinatie van meerdere fluorescent gelabelde antilichamen met verschillende aan-
grijpingspunten, zou grote verbetering kunnen brengen. De implementatie van een dergelijke 
aanpak, wordt als een belangrijke stap in de richting van een meer ‘personalized medicine’ 
gezien. 

De rol van optische weefseleigenschappen 
De kwantificering van fluorescentiesignalen blijft een uitdaging. Fluorescentie beeldvorming 
is een optische techniek. Aangezien het fluorescent gelabelde antilichaam ingebed is in het 
weefsel, zijn de fotonen betrokken bij excitatie en emissie van de fluorescente stof onderhevig 
aan verschillende mate van; I) licht absorptie (Fig. 4a), II) reflectie (Fig. 4b), en verstrooiing 
(Fig. 4c). Absorptie en verstrooiing van licht zijn afhankelijk van de golflengte van de exci-
tatie bron en van de optische eigenschappen van het weefsel. Wanneer de golflengte afneemt, 
neemt de absorptie en verstrooiing van licht toe. Bij golflengtes < 750 nm wordt licht gro-
tendeels geabsorbeerd door moleculen als hemoglobine en lipiden, waardoor de fluorescentie 
penetratie tot enkele millimeters beperkt wordt. Het is daarom verstandig om fluorescente 
stoffen te gebruiken in het nabij infrarood (750 – 1000 nm), waardoor deze dieper in het 
weefsel kunnen penetreren. Fotoimmunotherapie kan een veelbelovende aanpak zijn om dit 
probleem te tackelen, omdat fotodetectie in combinatie met fototherapie kan worden bereikt 
bij niet te visualiseren of irresectabele weefsels. Optoacoustics is een nieuwe modaliteit, welke 
zorgt voor detectie van fluorescentie signalen tot enkele centimeters diepte.25 
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Gestandaardiseerde rapportage en beeldvorming
De huidige intra-operatieve beeldvormingssystemen superponeren het fluorescentie signaal 
op een kleuren video wat de chirurg van accurate informatie voorziet aangaande de anato-
mische lokalisatie van het fluorescentie signaal en dus de tumor. Omdat de chirurg gewend is 
te werken met 2D schermen tijdens laparoscopische procedures, lijkt deze insteek probleem-
loos en eenvoudig. In de toekomst is er echter een grote behoefte aan een meer algemeen aan-
vaarde en gestandaardiseerde kwantificatie methode van het fluorescente signaal, aangezien 
in de huidige fluorescentie beeldvorming de intensiteit ingesteld kan worden langs een con-
tinuüm van intensiteiten. Een ratiometrische formule die is geïntegreerd in de software van de 
fluorescentie camera, waarmee objectief tumoreus weefsel van normaal weefsel kan worden 
onderscheiden, zou zeer behulpzaam zijn voor de chirurg. Verschillende instituten hebben 
reeds algoritmen ontwikkeld waarmee voor verschillende optische weefseleigenschappen 
gecorrigeerd kan worden.26-28 Integratie van deze algoritmen in de camerasystemen zou veel-
belovend kunnen zijn in het corrigeren van de optische weefseleigenschappen voor een meer 
gestandaardiseerde fluorescentie beeldvorming.
Samengevat, hoewel er barrières overwonnen moeten worden lijkt antilichaam gebaseerde 
fluorescentie beeldvorming en fototherapie de potentie te hebben om de patiëntenzorg te 
verbeteren en de effectiviteit van oncologische chirurgie te verbeteren. 
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