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ABSTRACT 

Purpose: Correctly identifying nodal status is recognized as a critical prognostic factor in many 

cancer types and is essential to guide adjuvant treatment. Currently, surgical removal of lymph 

nodes followed by pathological examination is commonly performed as a standard-of-care to 

detect node metastases. However, conventional pathology protocols are time-consuming, yet less 

than 1% of lymph node volumes are examined, resulting in a 30-60% rate of missed 

micrometastases (0.2-2mm in size).  

Procedures: This study presents a method to fluorescently stain excised lymph nodes using 

paired-agent molecular imaging principles, which entail co-administration of a molecular targeted 

imaging agent with a suitable control (untargeted) agent, whereby any nonspecific retention of the 

targeted agent is accounted for by the signal from the control agent. Specifically, it was 

demonstrated that by dual-needle continuous infusion of either an antibody-based imaging agent 

pair (epidermal growth factor receptor (EGFR) targeted agent: IRDye-800CW labeled Cetuximab; 



control agent: IRDye-700DX-IgG), or an Affibody-based pair (EGFR targeted Affibody® agent: 

ABY-029; control agent IRDYe-700DX carboxylate) at 0.3 ml/min. 

Results: The results demonstrated the possibility to achieve >99% sensitivity and >95% specificity 

for detection of a single micrometastasis (~0.2 mm diameter) in a whole lymph node within 22 

min of tissue processing time.  

Conclusion: The detection capabilities offer substantial improvements over existing 

intraoperative lymph node biopsy methods (e.g., frozen pathology has a micrometastasis 

sensitivity <20%).  

 

Keywords 

Micrometastases, paired-agent, intraoperative imaging, lymph node 

 

Introduction 

Identification of cancer spread to tumor-draining lymph nodes through lymph node dissection and 

histology offers critical information for staging and prognosis in many cancer types—including 

breast, melanoma, head and neck, lung, and gynecologic cancers [1]—as the lymphatic system 

serves as the primary route for metastasis [2]. Standard clinical practice evaluates lymph node 

status through surgical removal and histological assessment for cancer cell presence [3]. Exact 

protocols vary slightly amongst cancer types. In breast cancer, histological evaluation of lymph 

nodes entails cutting of excised lymph nodes at 2-mm intervals, fixing and embedding all segments, 

and examining hematoxylin-and eosin (H&E)-stained 5-micron-thick sections from the surface of 

each segment, which are manually searched by a pathologist for the presence of tumor cell clusters 

that exceed 0.2 mm in diameter (defined as micrometastases) [3]. This was designed to ensure that 



all “macrometastases”—metastases greater than 2 mm in diameter—are detected.  However, only 

the representative sections are evaluated, resulting in an evaluation of the lymph node that includes 

only about 1% of node’s volume. Nearly all nodes with macrometastases are correctly diagnosed; 

however, it is estimated that 30-60% of patients with micrometastases are misdiagnosed as cancer-

free [4, 5]. And while the importance of micrometastases for clinical staging remains controversial, 

the whole procedure of conventional pathology including gross sectioning, fixing, embedding, fine 

sectioning, H&E staining, and pathologist reading are considered labor-intensive and require long 

processing times (> 24 h). This means that if surgeons desire more immediate feedback (for 

instance if they are evaluating a sentinel node to decide whether to take more nodes in a protocol 

like targeted axillary dissection in breast cancer [6]), they must currently rely on frozen section 

pathology and touch prep cytology that offer faster estimates of cancer presence, but with reduced 

sensitivity to macrometastases of only 60-75% [7-9], and a sensitivity to micrometastases of <20% 

[10]. 

 

As mentioned, the prognostic value of lymph node micrometastases detection remains 

controversial; however, many reviews suggest that the presence of micrometastases have an 

adverse effect and their presence is associated with poorer prognoses [11-14]. Micrometastasis 

detection could identify patients who are at risk of tumor recurrence and might benefit from 

adjuvant treatment. Many technologies have demonstrated improved detection of micrometastases 

compared to pathology that could enable early intervention for guiding treatment decisions, such 

as immunohistochemistry (IHC), serial sectioning, and reverse-transcriptase PCR (RT-PCR) [15-

17]. Yet, these methods still rely on either sampling only a small fraction of the lymph node volume 



(IHC), are inefficient (e.g., serial sectioning), or involve digestion of the tissue such that 

subsequent pathology and direct assessment are impossible (e.g., RT-PCR).  

 

The drawbacks of the routine pathologic examination have prompted efforts to seek a more 

sensitive and “intraoperative” (i.e., can be carried out in a short enough amount of time such that 

surgical decisions can be made while the patient is still in the operating room) way to identify 

lymph node status. Our lab developed a paired-agent imaging approach by employing a control 

imaging agent to allow rapid, quantitative mapping of microscopic cancer cells in lymph nodes to 

guide pathology. The principles of the approach are based on promising findings in in vivo lymph 

node paired agent imaging using fluorescence, which exhibit detection of micrometastases in 

rodent models [18, 19]. More recently, we demonstrated the potential to map micrometastases in 

whole human-sized excised lymph nodes using an enhanced form of fluorescence optical 

projection tomography for immediate node evaluation or to guide pathologists to suspicious 

volumes [20, 21]. In this study, the goal was to develop and optimize a staining and rinsing protocol 

using a paired-agent approach to non-destructively achieve the contrast necessary to detect and 

localize micrometastases within excised lymph nodes. Antibody conjugate IRDye-800CW-

Cetuximab and IRDye-700DX-IgG were used in a paired-agent antibody staining test study and 

Affibody small molecule ABY-029 [22] and IRDye-700DX carboxylate were used in a paired-

agent micro-dose Affibody staining test study, all in excised swine lymph nodes. 

 

Materials and methods 

Cell culture 



The human breast cancer cell line MDA-MB-231 (ATCC, Mansassas, VA) was used in the 

experiment. MDA-MB-231 cells were cultured in Dulbecco’s modified Eagle medium (DMEM, 

Corning, NY) with supplements of 10% fetal bovine serum (FBS, HyClone, Logan, Utah) and 1% 

Penicillin/Streptomycin (Gibco, Grand Island, NY) at 37 °C in a humidified atmosphere of 5% 

CO2 in air.  

 

Green fluorescence protein transfection 

The human breast cancer cell line MDA-MB-231 was stably transfected with green fluorescent 

protein (GFP) plasmid DNA (pAcGFP-N1, Clontech, CA) to allow validation of cancer cells using 

a previously described method [23]. Briefly, stable transfection was performed using 

Lipofectamine 3000 (Invitrogen, Grand Island, NY) according to manufacturer instructions. 

Allowing cells to grow and express GFP, drug selection with G418 (Gibco, Grand Island, NY) 

was started 72 h after transfection. The survival of cultured mammalian cells expressing GFP was 

monitored under a fluorescence microscope and the stably expressing cells were confirmed 3 

weeks after the selection.  

 

Spheroid formation 

Tumor spheroids are now favorable in translational oncology as the 3D architecture can better 

recapitulate the in vivo microenvironment morphologically and physiologically [24-28]. Spheroids 

were formed in vitro by using methylcellulose in medium. Methylcellulose stock solution was 

prepared prior to generating cell spheroids. 1.2 g of methylcellulose (Sigma, St. Louis, MO) were 

autoclaved in a 250-mL glass bottle with a magnetic stirrer inside. A volume of 50 mL preheated 

basal medium (60 °C) was added to the autoclaved methylcellulose and the mixture was placed in 



a water bath on a hot plate at 60°C for 20 min (magnetic stirrer was used to facilitate the dissolution 

process). Subsequently, another 50 mL of basal medium was added and the combined solution was 

mixed overnight at 4°C. The solution was aliquoted and centrifuged for 2 h at 4°C and 4000 RPM. 

The final stock solution was collected by taking the supernatant of about 90% of the centrifuged 

product. When the cells reached between 80-90% confluence, Trypsin/EDTA 1X (Corning) was 

used to detach adherent cells from their monolayer. Cells were then suspended in culture medium 

containing 0.24% (w/v) methylcellulose (mixture of 80% culture medium and 20% 

methylcellulose stock solution); 150 µL of cell suspension medium containing ~1´104 cells were 

seeded in each well of round-bottom, non-tissue treated 96 well-plates (Falcon, NY) and incubated 

for 3 days. Spheroid formation was confirmed under bright field microscopy, while GFP 

expression was verified under a fluorescence microscope (Axiovert 200, Zeiss, Thornwood, NY). 

 

Sample preparation 

Swine neck tissues were freshly dissected and obtained from a local butcher shop in Chicago, IL 

on the day of experiments. Swine cervical lymph nodes were excised, and any excess fat was 

trimmed immediately prior to experimental protocols. A total of 24 lymph nodes were resected. 

 

Experimental micrometastatic lymph node model 

To mimic the clinical condition of micrometastases in a tumor draining lymph node, an 

experimental micrometastatic lymph node model was developed by implanting ~0.2 mm diameter 

tumor spheroids (smallest cell cluster that would be characterized as a micrometastasis) in swine 

lymph nodes. Tumor spheroids were transferred from medium to a 1.5-mL microcentrifuge tube 

(Thermo Fisher Scientific) via micropipette and collected by gravitation. Culture medium was 



removed, and spheroids were washed twice with PBS, then resuspended in fresh PBS solution. A 

23-gauge syringe-needle (BD PrecisionGlide Needle) was used for implantation considering the 

size in diameter of culture cancer spheroids ranged from 200 to 300 µm. Spheroids were collected 

one at a time using the micropipette and carefully aspirated into the syringe, aiming to restrain the 

spheroid within the needle tip. The needle tip was then inserted into the lymph node with bevel 

facing up, and 5 µL PBS containing a spheroid was slowly injected. After injection, the syringe 

was held in place for 1 min and the tip was rotated 180 degree (i.e. the bevel facing downward) 

before retracting the needle. Trial and error revealed that a careful and slow withdrawal of the 

needle was critical to avoid reflux of the injected fluid and spheroid. One to two spheroids were 

implanted in each 8 of the resected lymph nodes. 

 

Imaging agents 

Antibody  

Cetuximab (provided by Davis Lab at Dartmouth College), an EGFR-specific antibody, was 

selected to act as a targeted imaging agent, labeled with a near-infrared fluorophore IRDye-800CW 

(LI-COR Biosciences, Inc., Lincoln, NE). A non-targeted negative control antibody, Rat 

immunoglobin G (IgG, MP Biomedicals, Santa Ana, CA), was labeled with IRDye-700DX (LI-

COR Biosciences, Inc., Lincoln, NE) as a control agent. Both antibodies were labeled with the 

NHS ester form of the fluorophore using manufacturer-supported protocols as previously 

described [19]. In brief, the fluorophore was added to the antibody solution in a 5:1 dye-to-

antibody ratio at pH 8.5 for optimal binding. The solution was then covered with aluminum foil to 

protect it from light and was maintained under gentle stirring for 2 h at room temperature. The 

dye-protein conjugate was then isolated using a 40K Pierce Zeba desalting spin column (Thermo 



Fisher Scientific).  Once the free dye was sufficiently removed, the dye-to-protein ratio of the final 

conjugate was determined with a NanoDrop 2000 spetrophotometer (Thermo Fisher Scientific). 

 

Affibody 

The Good Laboratory Practices (GLP) synthesized ABY-029 stock solutions were provided by the 

Samkoe lab at Dartmouth College [22] and were further diluted in sterile PBS for experimental 

administration. ABY-029, an anti-EGFR Affibody molecule labeled with IRDye-800CW, was 

paired with IRDye-700DX carboxylate, a non-targeted small molecule imaging agent. The IRDye-

700DX carboxylate was converted from IRDye-700DX NHS ester as per instructions from the 

manufacturer, by dissolving IRDye-700DX NHS in PBS at a pH of 8.5. The solution was protected 

from light and gently stirred at room temperature for 5 h.  

 

Intranodal infusion staining/rinsing  

Two 23-gauge butterfly needles (BD Vacutainer blood collection set) were pierced into opposite 

sides of the lymph node on its longest axis and lymph nodes were immersed in PBS solution to 

retain moisture levels. The needles were taped to avoid movement during the staining and rinsing 

process. Infusion solution was delivered via a 12-inch tube that connected the needle to syringe at 

an infusion rate of 0.3 ml/min controlled by a dual-syringe infusion pump (KD Scientific, Holliston, 

MA).  Lymph nodes were pre-washed with 300 µL of 2% (w/v) BSA (bovine serum albumin, 

Sigma-Aldrich) in PBS prior to measurement in order to remove excess blood that enhanced 

autofluorescence. A pre-staining image was then acquired by a Pearl Imaging System (LICOR 

Bioscience, Lincoln, NE) to evaluate the background levels caused by autofluorescence. A 300-

µL volume of 1:1 imaging agent mixture of 200-nM IRDye-800CW-Cetuximab and IRDye-



700DX-IgG for antibody staining test and 2-nM ABY-029 and IRDye-700DX carboxylate for 

affibody micro-dose staining test, was mixed with 2% (w/v) BSA in PBS and infused into the 

lymph nodes at 0.3 mL/min at both sites for 1 min. Immediately after staining, white-light and 

fluorescence at 700-740 nm and 800-840 nm (from 685 and 785 nm excitation, respectively) were 

acquired on the Pearl Imaging System. At 15 min after administrating the imaging agents, lymph 

nodes were then infused with PBS at the same infusion rate for 5 min. During the rinsing process, 

all lymph nodes were imaged at 1-min intervals to monitor the fluorescence of targeted and control 

imaging agents.  

 

Serial section examinations 

The post-staining/rinsing lymph nodes were flash frozen and serial sectioning was performed on a 

cryostat microtome (Shandon Cryotome E, Thermo Electron Corp., Marietta, OH) at 200-µm 

intervals. The sectioned tissues were mounted onto slides and immediately imaged under an 85-

µm resolution fluorescence imaging system (Pearl Impulse, LICOR Biosciences). The 

fluorescence of targeted and control imaging agents in the cross-sectional lymph nodes were 

collected and the spatial distribution of both imaging agents were compared. The tissue slides were 

then fixed with 10% neutral buffered formalin (Sigma-Aldrich) at 4°C. All slides of spheroid-

implanted lymph nodes were imaged on a confocal microscopy at 488 nm excitation and 525 nm 

emission wavelengths (PASCAL LM5, Zeiss, Thornwood, NY) to identify the location of cancer 

spheroids by green fluorescence protein (GFP) expression.  

 

Paired-agent imaging  



The paired-agent imaging estimates the targeted biomolecule concentration by employing a control 

imaging agent to account for non-specific uptake and retention of targeted imaging agent 

concentration [29-31]. By making the assumption that the control imaging agent signal 

approximates the free concentration of the targeted imaging agent, the binding potential can be 

calculated using:  

!" = !!
!"×#$

− 1                                                                  (1) 

where &% and &&  are the pixel intensity of the targeted and control imaging agents, respectively, 

and NF is the normalization factor determined by 

'( = !!̅
!"̅

                                                                        (2) 

where &%̅  and &&̅  are the average pixel intensities of the selected targeted and control imaging 

agents, respectively, in a diluted stock staining solution imaged on the same device used for the 

experiments. The dilution factor matched the expected dilution of stock solution into the lymph 

nodes: specifically 0.3 ml (volume of staining solution) divided by 3 ml (estimated volume of an 

average, ~8-mm-diameter spherical lymph node). 

 

Image analysis 

Images were analyzed using in-house code written in MATLAB (R2018b, MathWorks, Natick, 

MA). For whole-node data analyses, pre-injection images were subtracted from all post-injection 

images (following motion correction) to remove the effects of background autofluorescence. The 

fluorescence signals of the targeted and NF-scaled control imaging agents were compared to 

evaluate their concentration and the BP (from Eq. (1)) in intact lymph nodes as a function of time. 

Circular region-of-interest (ROIs) of 0.2-mm-diameter were placed on GFP identified tumor 

spheroids, a GFP-negative area of the lymph node, and normal lymph nodes to evaluate the 



detection ability using BP maps. The images of targeted agent, control agent, and BP maps 

collected with the Pearl System at 85-µm resolution were co-registered to the GFP images 

collected on confocal microscopy at 3.5-µm resolution by first resizing the GFP images to 85-µm 

resolution. The images of the binding potential map were then co-registered with the GFP images 

by manually aligning lymph node edges perceivable in both BP and GFP images in MATLAB. 

Receiver operating characteristic (ROC) curves were then calculated in MATLAB for further 

comparison. 

 

Statistical analysis 

To evaluate the strength of correlation of targeted agent and control agent over time in normal 

(cancer free) lymph nodes, a linear regression was performed node-by-node, the strength of which 

was quantified by the average Pearson’s correlation coefficient, and statistical significance of the 

correlation was determined by comparing the individual correlation slopes from each node 

(independent subjects) against a slope of 0 [32]. A repeated-measured ANOVA, with time as a 

within-subjects variable and binding potential value as a between-subjects variable, was used to 

identify the presence of statistically significant differences between temporal binding kinetics of 

micrometastatic lymph node and normal lymph nodes. Paired t-tests were performed to determine 

statistical significance of the differences in BP between micrometastatic regions, normal regions 

of micrometastatic lymph nodes and normal lymph nodes. As for diagnostic parameter, area under 

the curve (AUC) of the receiver operating characteristic (ROC) curve, sensitivity, and specificity 

for pixel-based analyses were determined based on their mathematic formula using a 10% intensity 

threshold in GFP images as a gold standard for presence or absence of cancer in any given pixel 

(note: while not an exact gold standard measure, this arbitrary thresholding allows comparison of 



diagnostic accuracy between targeted fluorescence alone and paired-agent binding potential 

methods) [33]. All data are presented as mean ± standard deviation, and statistical significance 

was set at p < 0.05. 

 

Results 

Intranodal infusion staining/rinsing 

Control lymph nodes 

To test the feasibility of using the paired-agent intranodal infusion staining and rinsing protocol 

with intact lymph nodes, the equivalence of the targeted and control imaging agents of normal 

lymph nodes were assessed over time throughout the staining and rinsing process (1 min rinse, 1 

min stain infusion, 15 min wait time, 5 min rinse—which was identified as promising through trial 

and error experiments). Normal lymph nodes (n = 8) with no spheroids implanted were evaluated 

with antibody and Affibody staining test (n = 4 with antibody staining test: using 200 nM IRDye-

800CW labeled Cetuximab as targeted agent and IRDye-700DX labeled IgG as control agent; n = 

4 with Affibody staining test: using 2 nM ABY-029 as targeted agent and IRDye-700DX 

carboxylate as control agent).  

 

Figure 2(a) and (b) present the measured time courses of the pair of IRDye-800CW-Cetuximab 

and IRDye-700DX-IgG, and ABY-029 and IRDye-700DX carboxylate, respectively, during the 

infusion rinsing process. On average, the stained solution reached 70% washout in 5 min rinsing 

by infusion. The results of the washout kinetics of the targeted agent and control agent 

demonstrated a statistically significant correlation with each other for both antibody and Affibody 



(r = 0.99, p < 0.001). The temporal retention of the targeted and control agents were not statistically 

different by repeated-measured ANOVA test.  

 

Micrometastatic lymph node model 

To evaluate the feasibility of using this paired-agent staining approach to detect micrometastases 

in excised lymph nodes, a total of 8 nodes were implanted with 200-300-µm-diameter human 

cancer cells spheroids. Four “micrometastatic” lymph nodes were infused with equivalent molar 

mixed solutions of IRDye-800CW-Cetuximab and IRDye-700DX-IgG at a concentration of 200 

nM, while 4 nodes were infused with a 1:1 mixture of ABY-029 and IRDye-700DX carboxylate 

at micro-dose concentration of 2 nM. Figure 2(c) and (d) display the measured time-courses of 

fluorescence from both targeted and control imaging agent in micrometastatic lymph node models 

of antibody study (n = 4) and Affibody study (n = 4), respectively. The kinetic curves exhibited 

slightly higher fluorescence retention of the targeted agent signal compared to the control agent in 

the presence of cancer. However, the fluorescence of targeted and control agent did not change 

significantly over time by repeated-measured ANOVA test.  

 

Figure 3(e) and (f) summarizes the average binding potential of IRDye-800CW-Cetuximab and 

ABY-029, respectively with comparison between micrometastatic and control lymph node models 

over time. Binding potential of micrometastatic lymph node models in the two studies increased 

over time and repeated-measured ANOVA analysis demonstrated that the binding potential of both 

IRDye-800CW-Cetuximab and ABY-029 in micrometastatic lymph node models had statistically 

significant differences from normal lymph nodes after 5-min infusion rinsing (p < 0.05). It should 

be noted that this data was obtained under premixing 2% albumin in the imaging cocktail solution; 



otherwise, the signal of both imaging agents failed to correlate consistently with each other in both 

tests with antibody and Affibody by only mixing imaging agents alone in PBS as shown in Figure 

2 (g) and (h) (n = 4 for each paired-agent testing). 

 

Cross-sectional lymph node analyses 

To further analyze the spatial distribution of the paired imaging agents within the lymph nodes 

after the infusion staining/rinsing protocol, post-procedure lymph nodes were rapidly frozen and 

underwent serial cryosections of 200-µm thickness. Figure 3 presents representative images of 

paired-agent fluorescence and BP maps from one normal lymph node and one micrometastatic 

lymph node from the antibody staining test. Fluorescence images of control agent (IRDye-700DX-

IgG, shown in red) and targeted agent (IRDye-800CW-Cetuximab, shown in green) of a normal 

lymph node are presented in Fig 3(a) and (b), respectively. These images display the distribution 

of the control and targeted agents were nearly identical in the control lymph node, and the 

fluorescence of both targeted and control agent exhibited a higher retention in certain regions. 

However, after binding potentials were calculated on a pixel-by-pixel basis shown in Fig 3(c), the 

binding potential map demonstrated no significant higher value within the lymph node. In the case 

of micrometastatic lymph node, higher uptake of imaging agent was observed in both control 

targeted agent (shown in Fig 3(e) and (f), respectively). The binding potential map shown in Fig 

3(g) illustrates that the binding potential of IRDye-800-Cetuximab in the presence of binding was 

significantly higher, coinciding with measurable GFP-expressing cancer cells as identified by the 

fluorescence microscope image. To evaluate the ability of binding potential maps to be used to 

detect cancer, 0.2-mm-diameter circular ROIs were placed on GFP identified tumor spheroids, a 

GFP-negative area of the lymph node, and normal lymph nodes. Mean BP values from these 



regions were 1.8 ± 0.8, 0.0 ± 0.4 and -0.1 ± 0.3, respectively. One-way ANOVA was performed 

and the binding potential of micrometastatic regions were found to have a statistically significant 

difference from both normal regions in tumor-bearing lymph nodes, and normal lymph node 

regions (p <0.05), while no significant difference between the group of normal regions and normal 

lymph nodes was observed. 

 

As Affibody molecules are much smaller in size than antibodies, and have favorable properties for 

diagnostic application, a 1:1 mixed solution of 2 nM IRDye-800CW labeled affibody, ABY-029 

and IRDye-700DX carboxylate was used to test the feasibility of a microdosing Affibody staining 

approach. Figure 4 shows the representative images of paired-agent fluorescence and BP maps 

from one normal lymph node (top row) and one micrometastatic lymph node (bottom row) in the 

Affibody-microdose staining test group. Fig 4(a) and (e) shown in red display the fluorescence of 

control imaging agent (IRDye-700DX carboxylate) and Fig 4(b) and (f) shown in green display 

the fluorescence of targeted imaging agent (ABY-029). The corresponding binding potentials were 

calculated, and the results demonstrated that the binding potential of normal lymph nodes remained 

low and relatively homogeneous within the entire lymph node sections evaluated, as presented in 

Fig(c), while the micrometastatic lymph nodes exhibited significantly higher signal at locations 

with GFP-verified cancer present (Fig. 4(g)). As with the antibody groups, ROIs were placed on 

tumor regions and tumor-free background regions in cancer-bearing and cancer-free nodes. The 

results showed that the mean micrometastatic region BPs (1.8 ± 0.8) were significantly greater 

than mean BPs measured from different normal region (-0.05 ± 0.08) and normal lymph nodes (-

0.01 ± 0.09)  (p < 0.05). 

 



 

Micrometastases detection performance  

The serial sections of BP images were stacked for visualization to provide quasi-3D viewing of 

binding potential maps of entire sectioned lymph nodes. Fig 5(a) presents a 3D representation of 

binding potential of a representative micrometastatic lymph node from the antibody infusion group. 

Two spheroids were implanted in the lymph node and one of the sections with spheroid deposition 

was selected for demonstration purposes. The fluorescence of control agent (IRDye-700DX-IgG, 

shown in red), fluorescence of targeted agent (IRDye-800CW-Cetuximab, shown in green), 

calculated BP map and green fluorescence protein expression image are shown in Fig 5(a). Fig 

5(b) demonstrates an overlay image of co-registered BP map and GFP image, which were used to 

identify a cancerous region to plot a receiver-operating characteristic (ROC) curve. The diagnostic 

ability of the control agent fluorescence, targeted agent fluorescence and BP maps are illustrated 

in the ROC curve presented in Fig 5(c). The results demonstrated both BP and IRDye-800CW-

Cetuximab showed better evaluation ability than IRDye-700DX-IgG, and BP exhibited a slightly 

higher area-under-the ROC curve (AUC) value than IRDye-800CW-Cetxuximab alone (quantified 

for the whole groups in the next section).  

 

Fig 5(d) presents a 3D lymph node BP map, control agent fluorescence (IRDye-700DX 

carboxylate, shown in red), targeted agent fluorescence (ABY-029, shown in green), binding 

potential map and corresponding GFP fluorescence image of a representative section of a 

micrometastatic lymph node in Affibody microdose-infusion study. The BP map with overlays of 

green fluorescence protein fluorescence for cancer cell identification is presented in Fig 5(e). The 

plotted ROC curve shown in Fig 5(f) demonstrates BP has a higher AUC value of the ROC curve 



than either ABY-029 and IRDye-700 carboxylate alone (quantified for the whole groups in the 

next section).  

 

Diagnostic ability of paired-agent infusion staining protocol 

To further evaluate the diagnostic ability of paired-agent staining versus using a single targeted 

imaging agent with the infusion staining protocol, Table 1 presents quantitative metrics of 

diagnostic accuracy amongst groups. Note: the optimal threshold for each spheroid deposited 

section was chosen by maximizing the sum of sensitivity and specificity using ROC curves [34]. 

BP in both antibody and Affibody studies exhibited higher AUC, sensitivity and specificity than 

targeted agent alone. 

 

Table 1. Diagnostic parameters of lymph node sections 

 Antibody Affibody 

 BP IRDye-800CW-
Cetxuimab BP ABY-029 

AUC 0.97 ± 0.04 0.94 ± 0.09 0.989 ± 0.006 0.96 ± 0.03 

Optimal Threshold 1.5 ± 0.9 0.002 ± 0.002 0.9 ± 0.5 0.0006 ± 0.0005 

Sensitivity 0.99 ± 0.03 0.9 ± 0.1 1.0 ± 0.0 0.98 ± 0.03 

Specificity 0.90 ± 0.09 0.9 ± 0.1 0.94 ± 0.03 0.89 ± 0.05 
 

All lymph nodes were grouped into cohorts with different imaging type (antibody and Affibody) 

shown in Fig 6. In the antibody staining test with IRDye-800CW-Cetuximab and IRdye-700DX-

IgG at concentration of 200 nM, Fig 6(a) demonstrates that higher AUC of the ROC curves of BP 

(shown in blue) than IRDye-800CW-Cetximab (shown in green) was observed. Sensitivity and 

specificity are presented along with the differences of threshold presented in Fig. 6(b) for BP and 



6(c) for IRDye-800CW-Cetuximab. The summation of sensitivity and specificity were also plotted 

for optimizing the threshold such that the maximum percentage of true presence and absence were 

correctly identified. Fig 6(d) displays the measured performance of microdose Affibody infusion 

staining test group with 2 nM mixture of ABY-029 and IRDye-700DX carboxylate by plotting the 

ROC curves. The higher AUC of ROC curves of BP indicated that the paired-agent infusion 

staining approach using microdose Affibody had higher performance in prediction than ABY-029 

alone. Fig 6(e) and (f) plot the performance of BP and ABY-029 along with the threshold selection.  

 

In the cohort statistic shown in Table 2, the BP in both antibody and Affibody studies exhibited 

overall higher performance in AUC of the ROC curves, sensitivity and specificity. Specifically, 

AUC of the ROC curve of BP in both studies demonstrated statistically significant higher values 

than targeted agent alone (AUC of ROC curves were 0.966 for the BP of antibody and 0.787 for 

IRdye-800CW-Cetuximab, p <0.0001; AUC of ROC curves were 0.985 for the BP of Affibody 

and 0.740 for ABY-029, p <0.0001). While Affibody staining test was performed at a much lower 

dose than antibody, the AUC of the ROC curves of BP using 2 nM ABY-029 was statistically 

significantly higher than BP using 200 nM IRDye-800CW-Cetuximab.  

 

Table 2. Diagnostic parameters of cohort statistics 

 Antibody Affibody 

 BP IRDye-800CW-
Cetxuimab BP ABY-029 

AUC 0.97 0.79 0.99 0.74 

Optimal Threshold 1.06 0.002  0.93 0.0007 

Sensitivity 0.91 0.58 0.99 0.61 

Specificity 0.89 0.86 0.92 0.78 



Discussion 

The status of cancer-draining lymph nodes is recognized as one of the most significant prognostic 

factors to stage many cancer types. The presence of cancer cells and the number of positive lymph 

nodes can indicate the extent of disease, and are essential to guide the optimal treatment for patients. 

However, conventional histopathological examination practice examines only 1% of a whole 

lymph node, such that many micrometastases can be overlooked leading to false-negative 

diagnoses [4, 5]. Moreover, standard pathology can require days to process, and faster methods 

suffer from greater false-positive rates. In response to the limitations in standard lymph node 

pathology, our group is aiming to develop a method to nondestructively detect and map 

micrometastases in whole excised lymph nodes to provide intraoperative feedback to surgeons 

with lower false-negative rates than observed with frozen-section pathology. In addition to the 

development of a lymph node fluorescence optical tomography system [20], an important step in 

this objective is the development of a methodology to fluorescently “stain” whole lymph nodes, 

which is the focus of the current work. The feasibility of using this paired-agent methodology to 

stain lymph nodes by submerging the tissue in staining solution has been evaluated with healthy 

rat and human lymph nodes[35]. The results demonstrated the spatial distribution of two imaging 

agents show strong correlation with each other in the cancer-free lymph nodes. However, this 

traditional staining strategy required long staining time to reach full permeation of intact lymph 

nodes. Numerous whole mount staining methods have been developed to accelerate the staining 

process of intact tissue specimen by utilizing pressure, temperature, electric fields, and probe 

chemistry [36-38]. For instance, active clarity technique—pressure related efficient and stable 

transfer macromolecules into organs (ACT-PRESTO)—can facilitate active penetration of 

macromolecules, such as antibodies, deep into dense organs by applying centrifugal pressure or 



convection flow to organs [36], resulting in expediated staining time of 3 hours for 120 µm thick 

tissue specimens. However, these approaches still require staining duration ranging from a few 

hours to days, which are not suitable for intraoperative cancer diagnostics. After much trial-and-

error (testing whole-lymph node submersion, split lymph node submersion, and various whole-

lymph node intranodal infusion staining and rinsing strategies), this study presents a staining and 

rinsing methodology allowing >4 times reduction in staining/rinsing time compared to submersion 

approaches, capable of evenly staining and rinsing intact lymph nodes at <25 min of total process 

time while providing sufficient detection accuracy.  

 

Several factors were considered to design the intranodal infusion staining strategy. Owing to the 

heterogeneous internal structure of lymph nodes—which contain various compartments including 

cortex and follicles—the nonspecific uptake of the targeted agent was expected to spatially vary 

substantially within the lymph node. Moreover, owing to the nature of injection involving needle 

insertion and the dynamic variation at different locations in the infusion system, non-homogeneous 

distribution of the imaging agent caused by injection was also expected. The paired-agent 

methodology was selected to account for these effects by, in effect, normalizing the targeted 

imaging agent retention in any region to the level of nonspecific retention represented by the level 

of control agent present (targeted and control agents being simultaneously infused). Note that 

paired agent imaging requires some measurable delivery of agents to all areas of interest, and an 

incomplete washing of the tissue (i.e., some control agent must be left behind). In this study, the 

lowest measured control agent fluorescence after rinsing in all nodes was >4 times the maximum 

autofluorescence signal measured (results not shown). This suggests (1) both antibody-based and 

Affibody-based agents exhibited sufficient delivery to all areas of the whole lymph nodes, and (2) 



while the rinsing strategy employed was sufficient to produce measurable proportional differences 

in targeted and control agent concentrations at locations of cancer, it was not strong enough to 

yield sufficient signals of control agent that would have made the paired-agent ratiometric strategy 

(Eq. 1) stable. 

 

Fig 5(d) provides a stark example of the importance of paired agent imaging for such an application. 

In the targeted fluorescence image, two regions of substantial florescence uptake were observed, 

presumably implying the presence of cancer at both locations. However, only one of the high-

signal areas actually corresponded to cancer cells present (as determined by GFP images co-

registered by lymph node surface landmarks perceivable on both the Pearl and Microscopy 

systems). This region exhibited proportionately higher targeted fluorescence than control agent 

fluorescence. On the other hand, the cancer free “hot spot” exhibited both high targeted 

fluorescence and control agent fluorescence, indicating that this “hot spot” was only from 

nonspecific accumulation. The binding potential map—from Eq. (1) and which is equivalent to an 

estimate of the targeted receptor concentration multiplied by the imaging agent affinity [30, 39]—

offers a visual representation of this correction method, correctly identifying only the fluorescence 

hot spots correlating to the cancer presence.  

 

The overall improvements in tumor discrimination possible with paired-agent imaging compared 

to single agent imaging in this application are further verified by the significant improvements in 

AUC of the ROC, maximum sensitivity + specificity, achievable for paired-agent binding potential 

maps compared to single agent fluorescence alone (Fig 5, 6, and Table 1 and 2). With predicted 

single micrometastasis detection sensitivities of greater than 95% and specificities of greater than 



90% for both antibody and Affibody based approaches, such methods have the potential to far 

outperform standard breast cancer node pathology (>40% micrometastasis false-negative rates [4, 

5]) and frozen section pathology  (>80% micrometastasis false-negative rates [10]), in less time 

required than either of these established methods. Since early studies suggest that the 

staining/rinsing procedure does not interfere with the quality of subsequent pathology (to be 

presented in future work), it can be directly compared with pathology in future clinical studies (as 

opposed to destructive protocols such as RT-PCR ) [42].  In order to aid in the potential for wide 

clinical adoption, further evaluation of larger lymph nodes (diameters greater than 15 mm) will be 

performed to investigate the protocol effectiveness with the lymph node size variation. Moreover, 

the feasibility of minimal manipulation such as gently compressing the tissue will be evaluated as 

a means to enhance the detection performance using our fluorescence optical projection 

tomography. Moreover, while these initial results demonstrate an ability to use <25 min tissue 

processing to reach sensitivity and specificity matching 24 h+ conventional pathology, future 

optimization in the protocol can be explored through accurate simulations of imaging agent 

diffusion and binding in lymph nodes. Such efforts may require modeling of heterogeneous 

internal structures of lymph nodes, imaging agent properties, and pressure gradients during 

infusion governing the fluid convection. Such a model would have similarity to infusion treatments 

that have been modeled in glioma [40, 41]. 

 

It should be noted that considering the smaller molecule size of Affibody that possess favorable 

properties in diffusion and diagnostics, a microdose of ABY-029 at the concentration of 2 nM was 

tested while the antibody staining group utilized a 100-times higher concentration at 200 nM 

IRDye-800CW-Cetuximab. Despite the much lower dose of the Affibody, the AUC of BP of 



Affibody solution at 2 nM demonstrated a statistically significant higher performance than 

antibody at 200 nM in cohort analysis (p<0.001). The superior performance of the microdose 

Affibody might be the result of their faster rates of binding and smaller size compared to the 

antibody [22], which would allow for fast diffusion and washout in this intranodal infusion staining 

protocol within the short staining/rinsing time. Further investigation of comparing different 

Affibody concentration using the intranodal infusion staining protocol could be performed to 

evaluate the optimal Affibody concentration in order to achieve the highest contrast-to-noise ratio 

(CNR) in tumor discrimination; however, this study at least demonstrates the feasibility of using 

either antibody-based imaging agents or much smaller, Affibody-based agents to achieve detection 

metrics with paired-agent imaging far exceeding that estimated with competing and existing 

intraoperative lymph node assays.  

 

Conclusion 

This study demonstrated the potential of a paired-agent intranodal infusion staining protocol to 

provide true molecular contrast in distinguishing tumor and healthy tissue in lymph nodes to 

improve the sensitivity of micrometastasis detection compared to conventional pathology. This 

time-effective approach will allow pathological evaluation to be performed under intraoperative 

settings. 
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Figure 1. Stepwise illustration of lymph node paired-agent intranodal infusion staining and rinsing 
protocol. (a) Swine lymph nodes were excised and (b) infused with paired-agent imaging agents 
via intranodal infusion controlled by syringe pump; lymph nodes were submerged in PBS to retain 
moisture levels. (c) Post-staining fluorescence of lymph nodes were recorded immediately after 
the 1-min staining process. (d) After 15 min, lymph nodes were rinsed with PBS and (e) the whole 
lymph node fluorescence signals were monitored at 1-min intervals. (f) Lymph nodes were then 
frozen-sectioned at 200-µm intervals to evaluate the spatial distribution of both imaging agents in 
the lymph nodes.  
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Figure 2. Overview of kinetics of antibody and Affibody paired-agents imaging in control and 
micrometastatic lymph node models using intranodal infusion staining/rinsing protocol. The 
potential ability of paired-agent imaging agents to be stained and washed to produce similar 
kinetics via intranodal infusion are presented in (a) and (b). (c) and (d) exhibited the potential of 
this protocol to detect micrometastases in tumor-draining lymph nodes. The average binding 
potential as a function of time for various micrometastatic lymph nodes and control lymph nodes 
are presented in (e) and (f). The time course of fluorescence from targeted and control imaging 
agents failed to correlate with each other in the absence of albumin in the imaging agent solution 
as shown in (g) and (h). 
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Figure 3. An overview of cross-sectional lymph node images of antibody infusion staining test. (a-
c) present fluorescence images of control agent (red), targeted agent (green) and binding potential 
map of a normal lymph node. (e) shows the control agent distribution and (f) shows the antibody-
targeted agent distribution in a tumor-bearing lymph node, and the binding potential map presented 
in (g) shows higher signal in a region indicating the presence of cancer cells (GFP-expression 
verified). (h) demonstrates the differences of average binding potential of IRDye-800CW-
Cetuximab with group of ROIs placed on tumor-bearing nodes with cancer presence (“metastatic 
regions”), with no cancer (“normal region”), and in non-tumor-bearing nodes. (* p < 0.05) 
 

 

 

 

 

 

 

 

 

 

 



 

Figure 4. An overview of cross-sectional lymph node images of Affibody-microdose infusion 
staining test. The uptake of both imaging agents in the entire lymph node are shown in (a) and (b) 
of a normal lymph node, and (e) and (f) of a cancer spheroid implanted lymph node. The binding 
potential map of the normal lymph node is presented in (c) in the absence of binding, while 
confirmed presence of cancer spheroid match the location that higher binding potential was 
observed in the cancer bearing node binding potential map, shown in (g). (h) demonstrated the 
differences of average binding potential of ABY-029 amongst a group of ROIs placed on tumor-
bearing nodes with cancer presence (“metastatic regions”), with no cancer (“normal region”), and 
in non-tumor-bearing nodes. 
 

 

 

 

 

 

 

 

 

 

 

 



 

Figure 5. The micrometastases detection evaluation of representative sections in both antibody and 
Affibody staining test groups. (a) and (d) present the images of 3D mapping of lymph nodes, 
control agent fluorescence (red), targeted agent fluorescence (green), BP map and GFP 
fluorescence image of antibody staining and Affibody staining test, respectively. (b) and (e) 
present the overlay images of co-registered BP map and GFP expression used to calculate the ROC 
curves shown in (c) and (f) to evaluate micrometastases detection performance of intranodal 
infusion staining protocol.  
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Fig 6. Overall performance of BP and targeted agent alone with intranodal infusion staining 
protocol in antibody (presented in top row) and micro-dose Affibody (presented in bottom row) 
tests. Fig (a) and (d) demonstrate the receiver operating characteristic (ROC) curves of BP (shown 
in blue), targeted agent (shown in green), and control agent (shown in red). Figure (b-c) and (e-f) 
show sensitivity and specificity plotted along with parameter threshold of BP of antibody, IRDye-
800CW-Cetuximab, BP of Affibody and ABY-029, respectively.  
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