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Abstract

Background—Complete surgical resection of breast cancer is a powerful determinant of patient 

outcome, and failure to achieve negative margins results in reoperation in between 30% and 60% 

of patients. We hypothesize that repurposing Food and Drug Administration approved antibodies 

as tumor-targeting diagnostic molecules can function as optical contrast agents to identify the 

boundaries of malignant tissue intraoperatively.

Materials and methods—The monoclonal antibodies bevacizumab, cetuximab, panitumumab, 

trastuzumab, and tocilizumab were covalently linked to a near-infrared fluorescence probe 

(IRDye800CW) and in vitro binding assays were performed to confirm ligand-specific binding. 

Nude mice bearing human breast cancer flank tumors were intravenously injected with the 

antibody-IRDye800 bioconjugates and imaged over time. Tumor resections were performed using 

the SPY and Pearl Impulse systems, and the presence or absence of tumor was confirmed by 

conventional and fluorescence histology.

Results—Tumor was distinguishable from normal tissue using both SPY and Pearl systems, with 

both platforms being able to detect tumor as small as 0.5 mg. Serial surgical resections 

demonstrated that real-time fluorescence can differentiate subclinical segments of disease. 

Pathologic examination of samples by conventional and optical histology using the Odyssey 

scanner confirmed that the bioconjugates were specific for tumor cells and allowed accurate 

differentiation of malignant areas from normal tissue.

Conclusions—Human breast cancer tumors can be imaged in vivo with multiple optical 

imaging platforms using near-infrared fluorescently labeled antibodies. These data support 

additional preclinical investigations for improving the surgical resection of malignancies with the 

goal of eventual clinical translation.
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1. Introduction

Breast conservation surgery (BCS) has become a standard of care for the surgical treatment 

of early stage breast cancers. However, positive margins (tumor cells present within 2 mm 

of the surgical margin) after BCS are a significant concern, with a reported incidence of 

20% - 60% [1,2]. Of these cases, 15% - 60% result in need for re-excision [3,4]. This 

exposes patients to additional cost, time, risk of anesthesia, postoperative pain, and poorer 

cosmetic outcomes. It has also been shown that patients with positive margins have higher 

rates of breast cancer recurrence [5,6]. Current strategies for intraoperative identification of 

tumor boundaries and positive margins include wire-guided localization, intraoperative 

ultrasound-guided resection, intraoperative specimen radiography, cryoprobe-assisted 

localization, frozen section analysis, intraoperative touch preparation cytology, and 

standardized surgical cavity shaving; however, the techniques used are not consistent 

between treatment centers and each modality has limitations, with none being shown to 

singularly outperform the others [6].

It is with this in mind that near-infrared (NIR) fluorescence technology has become an area 

of considerable interest for real-time intraoperative evaluation of tumor margins. This 

technology avoids interference from tissue autofluorescence and allows the assessment 

beyond the tumor surface by using fluorophores that emit light at 700–900 nm, such as 

IRDye800CW. For these agents to assist in tumor identification, they require a targeting 

probe for delivery to the site of disease. Strategies for tumor targeting vary widely, but a 

promising avenue involves repurposing Food and Drug Administration (FDA) approved 

monoclonal antibodies as tumor-directed molecules. This technique has been reported in 

multiple tumor types including head and neck, cutaneous squamous cell, melanoma, ovarian, 

and breast using preclinical models [7–11]. Potential targets of this therapy include human 

epidermal growth factor receptor 2 (HER2/neu), vascular endothelial growth factor (VEGF), 

epidermal growth factor receptor (EGFR), and interleukin 6 receptor (IL-6R), which all have 

been shown to be overexpressed in breast cancers [9,12–16] and have existing FDA-

approved antibodies that are clinically available (trastuzumab, bevacizumab, cetuximab, 

panitumumab, and tocilizumab). However, a comparison of FDA-approved antibodies for 

imaging breast cancer has not been performed, thus the relative potential of each agent for 

clinical translation is unknown.

In addition to tumor-specific delivery of the contrast agent, an appropriate imaging platform 

must be available for intraoperative tumor visualization. Currently, there are a few FDA 

approved NIR systems used in the operating room that have the capacity to assist with real-

time tumor resection and margin analysis, including the SPY system (Lifecell, Branchburg, 

NJ). SPY was developed to assess vascular perfusion in cardiac and plastic surgery 

procedures through the detection of indocyanine green (ICG) [17]. The overlap of the 

emission and absorption spectra of ICG and IRDye800CW facilitates the potential use of the 

SPY system in cancer-specific imaging. Considering the FDA approval and general 

availability of this imaging system, key components for real-time surgical margin 

assessment using this strategy are currently in place to immediately impact patient treatment.
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By using devices and therapeutic targeting agents that are currently clinically accessible, we 

believe the translational potential of this technology is evident. Not only does this technique 

represent a novel solution to identify positive margins, but it also combines the existing 

modalities that are safe for patients without significant added cost to treatment facilities.

In this study, we characterize the potential of SPY to detect and assist with the resection of 

breast tumors using five FDA approved antibody-IRDye800 bioconjugates in a preclinical 

murine model. This is the first report to simultaneously compare bevacizumab, cetuximab, 

panitumumab, tocilizumab, and trastuzumab in breast cancer. Additionally, we seek to 

determine the detection threshold of this technique for identifying subclinical disease.

2. Materials and Methods

2.1. Cell lines and tissue culture

2LMP (2-times lung metastatic pooled) triple-negative human breast cancer cells, derived 

from MDA-MB-231 (MD Anderson metastatic breast), were obtained from the laboratory of 

Dr. Donald Buchsbaum at the University of Alabama in Birmingham. Cells were maintained 

in ulbecco’s modified Eagles medium, 10% fetal bovine serum, 1% L-glutamine, and 1% 

penicillin, streptomycin, and amphotericin B. Cells were incubated at 37C in 5% CO2, and 

cultured to 80% confluence. Cell number was determined by a hemocytometer and the 

trypan dye exclusion method, and 2.5–106 cells inphosphate-buffered solution (PBS) were 

injected subcutaneously on the flank.

2.2. Reagents

The antibodies used were anti-VEGF antibody, bevacizumab (Avastin, Genentech, San 

Francisco, CA; 149 kDa); anti-EGFR antibody, cetuximab (Erbitux, ImClone, New York, 

NY; 152 kDa); fully humanized anti-EGFR antibody, panitumumab (Vectibix, Amgen, 

Thousand Oaks, CA; 147 kDa); anti-IL-6R antibody, tocilizumab (Actemra, Genentech; 148 

kDa); and anti-HER2/neu antibody, trastuzumab (Herceptin, Genentech, 148 kDa). Control 

antibody for daily imaging was protein Aepurified immunoglobulin G (IgG) antibody 

(Innovative, Novi, MI; Ir-Hu-Gf, #30010BM; 146 kDa). The fluorescent probe used was 

IRDye800CW (IRDye800CW-N-hydroxysuccinimide ester; LI-COR Biosciences, Lincoln, 

NE). All antibodies were diluted to 1 mg/mL in PBS and incubated with the IRDye800CW 

for 2 h at room temperature, according to the manufacturer’s protocol. After incubation, any 

remaining unconjugated dye was removed by desalting column (Pierce, Rockford, IL; Zeba, 

#89891).

2.3. Western blot analysis

Cells were grown to 80% confluence and collected in lysis buffer (50 mM TriseHCl [pH 

7.5], 150 mM NaCl, 1% [vol/vol] NP40, 0.5% [wt/vol] sodium deoxycholate, 1 mM 

ethylenediaminetetraacetic acid, [EDTA], 0.1% sodium dodecyl sulfate [SDS]) and a 

protease inhibitor cocktail tablet (Roche Applied Science, Indianapolis, IN) was added. The 

lysate was collected by centrifugation at 13,400 RPM for 30 min at 4C and the protein 

concentration was measured by bicinchoninic acid (BCA) protein assay (Thermo Scientific, 

Rockford, IL). Lysate containing 20 mg of protein was separated by sodium dodecyl 
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sulfateepolyacrylamide gel electrophoresis (SDSPAGE) and transferred to a polyvinylidene 

difluoride (PVDF) membrane. The membrane was probed with b-actin horseradish 

peroxidase (HRP) (Santa Cruz, Santa Cruz, CA; 47778) to ensure equal protein loading, 

followed by blocking with 5% nonfat dry milk and incubation with the primary antibodies: 

EGFR (Santa Cruz, 71034), HER2/neu (Abcam, Cambridge, MA; 2428), IL-6R (Abcam, 

27404), and VEGF (Santa Cruz, 7269). After washing and incubating with HRP-conjugated 

secondary antibodies (goat anti-mouse IgG [Santa Cruz, 2005] and goat anti-rabbit IgG 

[Santa Cruz, 2004]), the membrane was washed again and developed with the Amersham 

enhanced chemiluminescence (ECL) Western blotting detection system (GE healthcare, 

Buckinghamshire, UK).

2.4. Binding affinity assays

To determine antigen specificity after conjugation to IRDye800CW, binding affinity assays 

were performed for each antibody. Wells of a 96-well black plate were coated with one of 

the recombinant proteins EGFR (rhEGFR/Fc Chimera; 400 ng/well/100 mL; 344-ER), 

HER2/neu (rhErbB2/Fc Chimera; 400 ng/well/100 mL; 1129-ER), IL-6R (rhIL-6Ra; 400 ng/

well/100 mL; 227-SR/CF), or VEGF (rhVEGF; 100 ng/well/100 mL; 293-VE/CF) overnight 

at 4C. Wells were blocked for 1h at room temperature with 1% bovine serum albumin. For 

control, purified antibody (bevacizumab, cetuximab, panitumumab, tocilizumab, or 

trastuzumab) was added to three lanes of coated wells and allowed to block for 1 h at room 

temperature. Serial dilutions of the labeled antibody (0.234375e30 nM for bevacizumab, 

tocilizumab, and trastuzumab; 0.05e6.7 nM for cetuximab and panitumumab) were then 

added to coated wells and incubated for 3h at 37C. Empty wells on the same plate were also 

maintained for background control. After incubation, wells were washed three times with 

PBS and imaged using the Pearl Impulse system (LI-COR Biosciences). Well intensities 

were quantified for total binding (unblocked wells) and nonspecific binding (blocked wells) 

using the Pearl Impulse software version 2.0, and values were transferred to GraphPad Prism 

version 6 for Windows (GraphPad software, San Diego, CA) for binding affinity analysis.

For identification of which receptors were most strongly expressed by breast cancer, this 

study was replicated by coating wells with 2LMP cells. One hundred microlitres of cells 

suspended in media were aliquoted into six lanes of a 96-well black plate and allowed to 

grow to 90%e100% confluence. Purified antibody (bevacizumab, cetuximab, panitumumab, 

tocilizumab, or trastuzumab) was added to three lanes of coated wells and allowed to block 

for 1 h at 37C. Serial dilutions of labeled antibody (reference dilution concentrations in 

previous paragraph) were then added to all coated wells and incubated for 3 h at 37C. After 

incubation, cells were washed with PBS and imaged using the Pearl.

2.5. Animal models

Nude (nu/nu) female mice (Charles River Laboratories, Hartford, CT), aged 4–6 wk, were 

purchased and allowed to acclimatize for 1–2 wk before experiments were started. Mice 

were housed in accordance with the Institutional Animal Care and Use Committee (IACUC) 

guidelines, and all experiments were conducted and mice were euthanized according to the 

approved IACUC protocols. All mice received 200 mL subcutaneous injection of 2LMP 
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cells (2.5 × 106) suspended in PBS on either the right or the left flank. Tumors were allowed 

to grow for 2–3 wk.

To determine if the 2LMP tumors could be visualized and the timing of the peak tumor-to-

background ratio (TBR) for each antibody-dye bioconjugate, six mice bearing flank tumors 

were intravenously injected with one of the five antibody-dye bioconjugates or nonspecific 

IgG-IRDye800CW for control. The tumors were imaged daily after an injection with the 

FDA-approved imaging system SPY (Lifecell). Because the SPY was designed to image 

ICG, findings were confirmed on the preclinical Pearl Impulse system, which was designed 

specifically to image IRDye800CW. All images were analyzed using Image J software 

(National Institute of Health, Bethesda, MD). The collection of images continued until the 

tumors had reached the size limits defined by IACUC and the mice had to be euthanized or 

the tumor was no longer distinguishable from the background tissues.

For real-time evaluation of tumor margins, 15 mice received tail vein injections of one of the 

five antibody-dye bioconjugates, and tumor resections were performed on the postinjection 

day with the highest TBR on SPY as determined by the previous daily imaging experiment. 

SPY and Pearl systems were used to guide resections and assess the wound bed for any 

remaining tumor. Samples were then collected from the tumors, the tumor bed, and distant 

negative control tissue. The samples were imaged with SPY and Pearl in individual imaging 

cassettes and sent for processing. TBRs were calculated from the SPY and Pearl images.

To evaluate the threshold of detection for each antibody-dye bioconjugate, five mice were 

intravenously injected with one of the five antibody-dye bioconjugates. Tumor resections 

were again performed on the postinjection day with the highest TBR on SPY, determined by 

the previous daily imaging experiment. The skin overlying the tumor was incised to create a 

flap and the whole tumor was resected and weighed. The whole tumor was then placed back 

into the wound bed (as an internal control for background fluorescence) and images were 

collected using SPY and Pearl. Tumors were then dissected in half. One half was discarded 

and the other was weighed and placed back into the tumor bed for imaging as described 

previously. The serial sectioning of each tumor proceeded until the tumor could no longer be 

visualized in the tumor bed by SPY, or the segment could no longer be grossly divided. 

TBRs were calculated for each image.

2.6. Fluorescent imaging and measurement

Images were captured using the real-time SPY system, with confirmation of fluorescent 

tissues being performed with Pearl, as previously described [7,10]. The intensity was 

standardized for all images on the Pearl. SPY images were exported as 8-bit JPEG files and 

Pearl images were exported as 300 dpi Tiff files. Image J software was used to construct 

four regions of interest within each tumor and four background regions of interest in the 

normal tissue adjacent to the tumor. Regions of interest were averaged and TBRs were 

calculated for each tumor.

2.7. Microscopic fluorescent imaging

Hematoxylin and eosin (H&E)-stained slides were placed in the Odyssey scanner (LI-COR 

Biosciences) to generate microscopic fluorescent images of a representative tumor section 
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from each antibody-IRDye bioconjugate group. The intensity was standardized for all 

images. Images were exported as 300 dpi Tiff files.

Higher magnification fluorescence microscopy images were obtained using an Olympus 

IX81 Inverted Microscope (Olympus, Hamburg, Germany) equipped with a halogen bulb 

and an NIR filter cube (EXHQ760/40X, 790 dcxr, EMHQ830/50m; Chroma Technology 

Corp, Rockingham, VT).

2.8. Statistical analysis

Total antibody-IRDye800 bioconjugate binding was compared with nonspecific binding at 

each dilution for the binding assays using a one-tailed t-test. SPY and Pearl TBR values for 

each antibody were compared at each time point for the daily imaging of tumors using a 

one-tailed t-test. For the tumors within the resection group, TBRs for each antibody were 

compared using a one-way analysis of variance (ANOVA) test. Statistical analysis was 

performed using GraphPad Prism version 6.0 for Windows (GraphPad Software), and 

statistical significance was considered at P < 0.05.

3. Results

3.1. Antibody-IRdy-800 bioconjugate specificity for imaging breast cancer

Binding assays performed with recombinant protein-coated plates determined that each 

antibody maintained antigen specificity after IRDye800CW labeling with the binding 

affinity of each bioconjugate approaching that of the unconjugated antibody. The total 

binding and nonspecific binding of each labeled antibody was assessed over a range of 

concentrations, as shown in Figure 1B–F. Given that the nonspecific binding of each 

antibody-IRDy-800 bioconjugate was very low for each assay, it can be assumed that the 

total binding curves actually reflect the specific binding of the bioconjugates. There was a 

statistically significant difference between the total (specific) binding and nonspecific 

binding for each concentration point on all assays (P < 0.05).

To determine ligand expression in our experimental model, 2LMP cell lysates were assessed 

by Western blotting. Protein levels of EGFR showed the strongest expression, followed by 

HER2/neu, VEGF, and IL-6R, respectively (Fig. 1A). These data were confirmed by in vitro 

cell binding assays. Anti-EGFR antibodies (cetuximab and panitumumab) had the strongest 

uptake of the antibody-dye bioconjugate, whereas the cells treated with anti-VEGF antibody 

(bevacizumab), anti- IL-6R antibody (tocilizumab), and anti-HER2neu antibody 

(trastuzumab) showed relatively weak antibody-dye bioconjugate binding (data not shown).

3.2. NIR fluorescent imaging of tumors

Daily imaging of the 2LMP tumors after a single administration of antibody-dye 

bioconjugate showed that peak TBRs for SPY occurred between 6 and 9 d postinjection and 

for Pearl occurred between 13 and 16 d (Fig. 2). Additionally, both modalities were able to 

visualize the tumors for >2 wk after systemic administration. The EGFR-targeting 

antibodies performed better than the others, with panitumumab achieving peak TBRs of 3.6 

using the SPY and 9.8 using the Pearl and cetuximab achieving peak TBRs of 3.2 (SPY) and 
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5.2 (Pearl). A statistically significant difference (P < 0.05) was noted between the SPY and 

Pearl TBR values for panitumumab from day 3 forward and for cetuximab at every time 

point except day 6 when the SPY and Pearl values crossed. Peak TBRs were 3.1 (SPY) and 

3.7 (Pearl) for bevacizumab and 1.9 (SPY) and 2.9 (Pearl) for trastuzumab. A statistically 

significant difference (P < 0.05) was noted between the SPY and Pearl TBR values for 

bevacizumab from day 5 forward and for trastuzumab at every time point except day 5 when 

the SPY values were near their peak. Tocilizumab (anti-IL-6R antibody), however, achieved 

peak TBRs on SPY and Pearl of only 1.4 and 2.6, which were equivalent to the control, 

nonspecific IgG (1.6 on SPY and 2.4 on Pearl). A statistically significant difference (P < 

0.05) was noted between the SPY and Pearl TBR values for tocilizumab from day 6 forward 

and for IgG from day 4 forward.

3.3. NIR fluorescence-guided resection of tumors

After the skin overlying the tumor was removed, tumors were imaged in situ first with SPY, 

and then with Pearl to confirm the fluorescent findings on SPY. TBRs were, again, highest 

for the EGFR agents panitumumab (6.8 SPY, 10.9 Pearl) and cetuximab (4.3 SPY, 4.9 

Pearl). On SPY imaging, TBRs for both panitumumab and cetuximab were significantly 

different from each of the other antibodies, and the TBR of panitumumab was significantly 

better compared with all other antibodies on Pearl imaging. TBRs for the other antibodies, 

trastuzumab (2.4 SPY, 4.0 Pearl), tocilizumab (2.6 SPY, 3.6 Pearl), and bevacizumab (2.0 

SPY, 2.6 Pearl), were all very similar and were not significantly different from each other 

(Fig. 3).

None of the tumors were noted to be locally invasive or metastatic by imaging. Imaging 

with SPY and Pearl after tumor resection confirmed complete removal of the malignant 

tissue.

3.4. Fluorescent confirmation of tumor and intratumoral localization of IRDye

Images of hematoxylin and eosin-stained tumor slides obtained by fluorescence histology 

using the Odyssey scanner showed that areas of high fluorescence colocalized with 

histologic evidence of tumor, whereas peripheral regions of benign tissue had low 

background fluorescence (Fig. 4). Higher magnification inspection of tumor samples with an 

NIR filter fitted microscope revealed that cetuximab, panitumumab, tocilizumab, and 

trastuzumab bioconjugates were concentrated within the cytoplasm of tumor cells. The 

bevacizumab bioconjugate, however, was found within the extracellular matrix of the tumor 

(Fig. 4).

3.5. Determination of detection threshold for NIR fluorescent imaging

The threshold for microscopic fluorescent immunoguided neoplasm detection has previously 

been described as the presence of at least 500 malignant cells (0.5 mm tumor) [18]. 

However, these studies used a stereomicroscope to image the single contrast agent 

cetuximab-Cy5.5, whereas our study used five separate antibody-IRDye800CW 

bioconjugates with SPY and Pearl imaging technologies to examine gross tissue. To 

quantify the tumor burden necessary for imaging the IRDye800CW-conjugated antibodies 

with SPY and Pearl, we used a serial tumor-sectioning model.
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The EGFR agent panitumumab achieved the best visualization by identifying the smallest 

tumor sections within the wound bed, which is consistent with the findings in the 

aforementioned studies. Figure 5 outlines the SPY and Pearl imaging data obtained using 

panitumumab IRDye800, which detected tumor fragment weighing just 0.5 mg.

The second most sensitive agent was cetuximab, able to perceive 1.7 mg of tissue, followed 

by tocilizumab with 2.0 mg of tissue, trastuzumab with 3.4 mg of tissue, and bevacizumab 

with 4.5 mg of tissue.

4. Discussion

Positive margins after BCS remain a significant issue in the treatment of breast cancer. 

Current intraoperative evaluation relies on the visual inspection by the surgeon and frozen 

section analysis, both of which are fairly insensitive [6]. Image-guided surgery with 

fluorescence-labeled tumor-targeting molecules is a simple, safe adjunct to current practice, 

which allows for margin assessment at the time of operation.

In this study, we illustrate that among the five FDA approved monoclonal antibodies, the 

anti-EGFR agents cetuximab and panitumumab proved to be the best for imaging our 

models. These antibodies conjugated to IRDye800 consistently gave the highest TBRs and 

allowed the longest duration of tumor visualization after their administration. In fact, the 

TBRs achieved in our studies are comparable with or greater than those shown by previous 

investigations [9,19,20]. Additionally, the TBRs for both panitumumab and cetuximab were 

significantly different from each of the other antibodies on SPY imaging, and the TBR of 

panitumumab was significantly different compared with all other antibodies on Pearl 

imaging. Bevacizumab (anti-VEGF) and trastuzumab (anti-HER2/neu) did not show 

significant uptake in the cell-based binding assay; however, there was strong intratumoral 

accumulation of these agents in vivo leading to good tumor visualization. For bevacizumab, 

this discrepancy can likely be explained by differences between the in vitro and in vivo 

environments, particularly the lack of vascularity in vitro that would lead to VEGF 

expression. This also explains why the bevacizumab staining in Figure 4 was found 

extracellularly.

For trastuzumab, this difference can be accounted for by the inconsistent nature of the (low-

level) expression of HER2/neu within this cell line. The ability of this modality to image 

trastuzumab in these triple-negative breast tumors also points to an interesting finding: that 

receptor overexpression is not necessary for imaging to be possible, but rather that a receptor 

is simply present. We also discovered that although tocilizumab (anti-IL-6R) can be used to 

image breast cancer, it provided some of the weakest TBRs secondary to high background 

signals from nonspecific tissue uptake and unbound bioconjugates remaining in circulation 

at the time of imaging. This nonspecific uptake was similar to that demonstrated by the 

control agent IgG-IRDye800 in the daily imaging study. Finally, we were able to 

demonstrate that using panitumumab-IRDye800 allowed tumor fragments as small as 0.5 

mg to be visualized. On the basis of the conversion, 1 g of tissue is equivalent to 1 × 109 

cells [21], SPY and Pearl modalities are sensitive to just 500,000 malignant cells. This 
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ability to accurately identify tumor borders curtails the need to blindly remove nonmalignant 

tissue in an effort to gain negative margins, thus leading to better cosmetic outcomes.

Although many reports agree that the use of monoclonal antibodies carries great potential 

for clinical translation given their established pharmacokinetics and safety in humans, 

Woburn, MA), and Pearl Impulse (LI-COR Biosciences) [9,18,26–29]. The significant 

limitation to each of these modalities is that they are all small-animal imaging devices which 

are impractical in the real-time imaging of tumors in humans. For this reason, our group has 

chosen to focus on the SPY System for NIR imaging. Given that SPY is not designed to 

image IRDye800, we imaged in parallel with the Pearl Impulse system to confirm data 

obtained by SPY. The Pearl did provide larger TBRs in our models, likely because it was 

designed to image IRDye800, but did not confer a large advantage over SPY imaging. In the 

clinical setting, we propose that the SPY camera would be used in the operative resection of 

tumors, and the Pearl would be used for specimen imaging to aid the surgeon or pathologist 

in the margin assessment of the removed samples. Furthermore, Pearl could be used to guide 

the pathologist to the area(s) of a large specimen, a group of lymph nodes, or a tumor margin 

that should be examined closely for tumor based on the fluorescence intensity in that area. 

The Odyssey scanner, as demonstrated in our study, could also be used for histopathologic 

fluorescent histology evaluation. To this end, use of the FDA-approved device, SPY, confers 

additional translational potential to our technique.

Although we feel that our approach provides a reasonable solution to address positive 

margin rates, it is not without limitations. Breast cancer represents an extremely 

heterogeneous group of lesions with variable receptor expression [30,31]. Furthermore, it 

has been documented that primary lesion characteristics are frequently different from their 

metastatic counterparts [32]. Although this article used only a single triple-negative breast 

cancer cell line to demonstrate the efficacy of monoclonal antibodies as tumor-targeting 

agents, this technique has been verified in multiple breast cancer cell lines in other 

preclinical studies [11]. This lends evidence to the conclusion that this technique is broadly 

applicable to many subtypes of breast cancer. Another approach to detect this heterogeneous 

group of cancers with optical imaging may require targeting multiple antigens using a 

combination of antibody-IRDye800 bioconjugates. This cocktail of agents could include 

bioconjugates that accumulate intracellularly (anti-EGFR) as well as extracellularly (anti-

VEGF), and could greatly improve tumor visibility. Another concern surrounds the ability of 

this technique to label ductal carcinoma in situ (DCIS), which is frequently present at the 

site of positive margins. It has been shown that EGFR and HER2/neu, in particular, are 

expressed in DCIS at a rate of 48%-60% and 40%-67%, respectively [14,33,34]. This leads 

us to believe that the ability to accurately detect DCIS with this method is promising. 

Finally, no performance standard currently exists for the Pearl or Odyssey devices [35]. The 

result is that a user can adjust the scaling of an image so that the contrast between the 

diseased and non-diseased tissue is nonexistent, therefore decreasing the sensitivity of this 

technique. For the purposes of our study, the scaling of all Pearl and Odyssey images was 

set to the same level. To address alterations in scaling between images, future investigations 

should involve the use of standards within the field of view for each image. Unknown 

tissues could then be compared with known tumor positive tissue and known tumor-negative 

tissue within a single image, and fluorescence values above two standard deviations from 
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negative, for example, would be classified as positive. This suggestion represents a viable 

solution to this problem; however, before late-stage clinical trials, the development of 

industry-wide standards is crucial.

5. Conclusions

In brief, monoclonal antibodies conjugated to the NIR probe IRDye800CW are a novel, 

practical approach to optical imaging in breast cancer surgery. The use of FDA-approved 

agents and devices makes this method highly translational.
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Fig. 1. 
(A) Western blot of 2LMP receptor expression. EGFR was the most strongly expressed 

within the 2LMP cell line. VEGF showed moderate expression, HER2/neu had low-level 

expression, and IL-6R expression was not demonstrated. (B–F) Antigen binding assays. 

Nonlinear regression curves demonstrating preservation of antigen specificity after 

conjugation to IRDye800 for bevacizumab (Avastin), anti-VEGF (B); cetuximab (Erbitux), 

anti-EGFR (C); panitumumab (Vectibix), anti-EGFR (D); tocilizumab (Actemra), anti-

IL-6R (E); and trastuzumab (Herceptin), anti-HER2/neu (F).
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Fig. 2. 
(A–F) Daily imaging of tumors. 2LMP flank tumors were imaged daily with both SPY and 

Pearl modalities. TBRs peaked at 6–9 d on SPY and 13–16 d on Pearl. SPY and Pearl 

images from the day of peak TBR on each modality are shown adjacent to the TBR graphs 

for the antibody-IRDye800 bioconjugates. Cetuximab and panitumumab provided the 

highest TBR. Tocilizumab provided the TBR similar to control IgG. Error bars indicate the 

standard deviation. (Color version of figure is available online.)
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Fig. 3. 
(A) Uptake of antibody-IRDye800 within 2LMP flank tumors at the time of resection. 

Surgical resections were performed in real-time with SPY and confirmed with Pearl. (B and 

C) TBRs for resected tumors on SPY and Pearl. Cetuximab and panitumumab gave the 

highest TBR on both modalities. Error bars indicate the standard error. *Significance at 

P<0.05. (Color version of figure is available online.)
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Fig. 4. 
Traditional hematoxylin and eosin and fluorescent microscopy of 2LMP tumors and normal 

tissue (muscle). Odyssey images permit distinction between neoplastic tissue and normal 

tissue based on the fluorescence intensity. Fluorescent microscopy images (x60) show the 

pattern of antibodye-IRDye800 uptake within the tumors compared with normal tissue. 

(Color version of figure is available online.)
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Fig. 5. 
(A) Serial tumor resection with panitumumab-IRDye800. Tumor was weighed, imaged, and 

resected in half until it could no longer be grossly divided. Panitumumab-IRDye800 allowed 

detection of the smallest fragment of tumor (0.5 mg). Note that tumor was imaged within the 

tumor bed to account for background fluorescence. (B) TBR of tumor sections by SPY and 

Pearl. Fluorescence decreased with decreasing tumor size, but was still greater than 

background with only 0.5 mg of tumor remaining. (Color version of figure is available 

online.)
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