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Abstract 

Purpose: Sentinel lymph node biopsy (SLNB) has emerged as the preferred standard procedure 
in patients with breast cancer, melanoma and other types of cancer. Herein, we developed a 
method to intra-operatively map SLNs and differentiate tumor metastases within SLNs at the same 
time, with the aim to provide more accurate and real-time intraoperative guidance. 
Experimental Design: Hyaluronic acid (HA), a ligand of lymphatic vessel endothelial hyaluronan 
receptor (LYVE)-1, is employed as a SLN mapping agent after being conjugated with a near-infrared 
fluorophore (Cy5.5). Different sized HAs (5, 10 and 20K) were tested in normal mice and mice 
with localized inflammation to optimize LN retention time and signal to background ratio. 
Cetuximab, an antibody against epidermal growth factor receptor (EGFR), and trastuzumab, an 
antibody against human epidermal growth factor receptor 2 (HER2), were labeled with 
near-infrared fluorophore (IRDye800) for detecting metastatic tumors. LN metastasis model was 
developed by hock injection of firefly luciferase engineered human head neck squamous carcinoma 
cancer UM-SCC-22B cells or human ovarian cancer SKOV-3 cells. The metastases within LNs 
were confirmed by bioluminescence imaging (BLI). IRDye800-Antibodies were intravenously 
administered 24 h before local administration of Cy5.5-HA. Optical imaging was then performed 
to identify nodal metastases. Results: Binding of HA with LYVE-1 was confirmed by ELISA and 
fluorescence staining. HA with a size of 10K was chosen based on the favorable migration and 
retention profile. After sequential administration of IRDye800-antibodies intravenously and 
Cy5.5-HA locally to a mouse model with LN metastases and fluorescence optical imaging, partially 
metastasized LNs were successfully distinguished from un-metastasized LNs and fully tumor 
occupied LNs, based on the different signal patterns. Conclusions: Fluorophore conjugated HA is 
a potential lymphatic mapping agent for SLNB. Dual-tracer imaging with the combination of 
lymphatic mapping agents and tumor targeting agents can identify tumor metastases within SLNs, 
thus may provide accurate and real-time intra-operative guidance to spare the time spent waiting 
for a biopsy result. 

Key words: metastasis, sentinel lymph node, optical imaging, hyaluronic acid, EGFR, HER2. 

Introduction 
Due to the large cavity of lymph vessels and 

slow velocity of lymph, the lymphatic system serves 
as a transport route for disseminating tumor cells, 

resulting in metastases [1]. Consequently, many types 
of malignant tumors such as breast cancer, melanoma, 
and prostate cancer are prone to metastasize first to 
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regional lymph nodes (LNs), through tumor 
associated lymphatic channels [2, 3]. Since sentinel 
lymph nodes (SLNs) are the nodes that receive direct 
lymphatic drainage from a primary tumor site [4], the 
status of SLNs serves as an indicator of prognosis and 
therapeutic decision-making [5, 6]. So far, the gold 
standard to stage the SLNs is lymphadenectomy and 
histological evaluation, which is invasive and limited 
by surgical field for nodal sampling and lack of 
accuracy [7]. With the development of imaging 
techniques, currently, pre-surgical diagnosis of SLNs 
is often based on their morphologic change observed 
by magnetic resonance imaging (MRI) or x-ray 
computed tomography (CT) [8, 9].  

For intra-operative guidance, the most common 
strategy is to locally administer technetium-99m 
radiocolloid then a blue dye (either patent blue or 
methylene blue) several hours later. SLNs can be 
detected by a gamma probe as hot spots and 
visualized by bright field as blue nodes [10-13]. 
Although the value of this procedure has been 
substantiated in numerous clinical studies [11, 12], it 
has several drawbacks. Radiocolloid requires 
complicated and restrictive radioactive management 
norm and scintigraphy or gamma probes suffer from 
low sensitivity and poor spatial resolution. The blue 
dye may stain the surgery area into blue, which may 
cause inconvenience for the surgery [14]. Moreover, 
these blue dyes are of small molecular size and 
migrate through lymphatic system rapidly, giving rise 
to poor accumulation in the SLN and mess up SLNs 
with LNs of secondary echelon [15]. 

Recently, intraoperative fluorescent imaging 
provided a promising alternative for mapping SLNs. 
Other than the combination of radiocolloid and blue 
dyes, fluorescence dyes are radio-free, relatively 
tissue penetrable and visual view clean. For example, 
indocyanine green (ICG), a FDA approved 
near-infrared (NIR) dye with good safety profile, has 
been intensively investigated both preclinically and 
clinically for SLN mapping [16, 17]. Similar to the 
patent blue or methylene blue dye, ICG is also 
reported as fast migration and with low retention time 
in SLNs.  

One major limitation of the currently available 
method is incapable of differentiating SLNs with or 
without tumor metastases. In most cases, both the 
surgeon and patient have to wait at least 40 minutes 
for the result of pathological examination. Thus, an 
ideal lymphatic imaging strategy should have high 
signal background ratio for clear SLN detection, be 
able to differentiate tumor metastasis and provide 
real-time intraoperative guidance. However, it is very 
challenging to fulfill all the requirements with a single 
imaging agent [17]. In this study, we overcome this 

dilemma by synergistically combining a tumor 
imaging agent with a novel biocompatible lymphatic 
mapping agent.  

For tumor targeting, we conjugated IRDye800 to 
cetuxiamb and trastuzumab. Cetuximab is a chimeric 
antibody against EGFR. EGFR is a cell-surface 
tyrosine kinase receptor that regulates cellular 
migration, adhesion, differentiation, and survival and 
proliferation by controlling downstream MAPK, Akt 
and JNK pathways [18-20]. Its overexpression widely 
occurs in solid tumors like head and neck squamous 
cell carcinoma and breast cancer, in association with 
tumor progression and metastasis [21, 22]. 
Trastuzumab targets to HER2, which is overexpressed 
in around 30% of breast cancer patients and confers a 
significantly worse prognosis. Over-expression of 
HER2 is also known to occur in ovarian, stomach, and 
aggressive forms of uterine cancer [23]. For lymphatic 
mapping, we chose hyaluronic acid (HA) due to the 
tunable size and excellent biocompatibility. Moreover, 
HA is the substrate of LYVE-1, which is expressed 
predominantly on lymphatic endothelium [24]. The 
binding of Cy5.5 labeled HA to LYVE-1 will increase 
the retention of the imaging probe to provide optimal 
time window for surgery guidance. In this study, we 
hypothesize that with dual-tracer optical imaging, not 
only the SLNs can be mapped but also the tumor 
metastases within SLNs can be identified at the same 
time (Fig. 1).  

Materials and Methods 
HA labeling and anti-EGFR antibody labeling 

HAs with different molecular weights of 5, 10 
and 20 kDa, were obtained from Lifecore Biomedical 
LLC (MN, USA) (Cat#: HA5K-1, HA10K-1 and 
HA20K-1). All HAs were used as received without 
further purification. Cyanine 5.5 amine (Cy5.5) was 
purchased from Lumiprobe Corporation (FL, USA) 
(Cat#: 470C0). N-Hydroxysuccinimide (NHS), 
N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide 
hydrochloride (EDC) and Triethylamine (TEA) were 
obtained from Sigma-Aldrich (MO, USA) and used 
without further purification. The following method 
was employed to conjugate Cy5.5 to HA: 10 mg HA 
(in different molecular weights) was dissolved in 150 
μl MilliQ water followed by adding 150 μl DMSO 
with vigorous vortex to obtain a clear solution. In the 
case of 20kDa HA, the solution became viscous. A 
heating chamber was used to gently warm up the 
solution to 50 oC until the solution became clear 
liquid. 15 μl Cy5.5 amine (33 mg/ml in DMSO) was 
added into the HA solution. 11 mg NHS and 5 mg 
EDC were separately weighted. 100 μl DMSO was 
used to dissolve the NHS/EDC powder which was 
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then added into the HA and Cy5.5 mixture solution 
with brief vigorous vortex. 4 μl TEA (1% v/v) was 
added into the mixture solution to catalyze the 
reaction. The solution was then incubated on a shaker 
at 1000 rpm at room temperature overnight. The 
reaction product was purified three times using PD-10 
columns (GE Healthcare Life Sciences, PA, USA). The 
Cy5.5-HA conjugate fraction was collected and 
subjected to lyophilization to yield dry products in 
bright blue color. The yield is about 70% by weight. 

As a negative control to HA, we used the 
branched 6-armed poly (ethylene glycol) (6-armed 

PEG) (M.W.= 10 kDa) (SunBio, Cat# P6AM-10) in the 
study. The PEG is amine terminated. We hence used 
Cy5.5-NHS (Cy5.5 NHS) for the conjugation reaction. 
10 mg 6-armed PEG was dissolved in 150 μl MilliQ 
water followed by adding 150 μl DMSO. 10 μl Cy5.5 
NHS (20 mg/ml in DMSO) was added into the PEG 
solution. 3 μl TEA (1% v/v) was added into the 
mixture solution. The reaction was carried out on a 
shaker at 1000 rpm at room temperature overnight. 
The purification procedure was identical to that for 
HA-Cy5.5 conjugate. The yield is about 80% by 
weight.  

 
 

 
Figure 1. (A) Conjugation of hyaluronic acid (HA) with Cy5.5 (excitation 675 nm, emission 694 nm). (B) Conjugation of antibody with IRDye800 (excitation 770 nm, emission 
786 nm). (C) Schematic of dual-tracer fluorescence optical imaging. The IRDye800 conjugated antibodies were injected via tail vein 24 h before local administration of Cy5.5-HA. 
Fluorescence imaging was performed 60 min later with a near-infrared filter set (excitation 704 nm, emission 745 nm longpass). The signals from Cy5.5-HA and IRDye800-mAb 
were then unmixed based on their unique spectra to reflect tumor metastasis within the sentinel lymph node. 
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Pharmaceutical grade cetuximab and 
trastuzumab antibodies were used to target EGFR and 
HER2 on the lymph node metastatic cancer cells, 
respectively. To separate the antibody signal from 
Cy5.5-HA, we used IRDye800CW NHS ester 
(IRDye800) (LI-COR Biotechnology, NE, USA Cat# 
929-70021) to label the amine group of lysine residues 
from the antibodies. Briefly, 500 μl antibodies (2 
mg/ml in saline as received) was mixed with 4.5 μl 
IRDye800 (5 mg/ml in DMSO) followed by brief 
vortex to obtain homogenous solution. The reaction 
was carried out on a benchtop shaker at 1000 rpm at 
room temperature for 1.5 h. PD-10 column was used 
to purify the reaction product. To maximally retain 
the antibody binding affinity after dye labeling, we 
optimized the antibody to IRDye800 molar ratio at 1:3.  

HA binding assay  
To test HA binding with LYVE-1, 96-well plates 

were first coated overnight with mouse LYVE-1 
protein (R&D Systems) or control BSA (0.5-8 μg/mL 
in PBS). The wells were then incubated with 
Cy5.5-HA10K (1 nmol/mL of Cy5.5) in PBS 
containing 0.05% Tween 20 for 2 h. After each step, 
the wells were washed gently for 5 min for 5 times 
with PBS containing 0.05% Tween 20. The results were 
observed by A Maestro II small animal optical 
imaging system (Cambridge Research & 
Instrumentation) with an orange filter (excitation: 605 
nm; emission: 645 nm long pass).  

Animal models  
All animal studies were conducted in accordance 

with the principles and procedures outlined in the 
Guide for the Care and Use of Laboratory Animals 
[25] and were approved by the Institutional Animal 
Care and Use Committee of the Clinical Center, NIH. 
UM-SCC-22B human head and neck carcinoma cancer 
cells and SKOV-3 human ovarian cancer cells were 
genetically labeled with a firefly luciferase reporter 
gene and were cultured as previously reported [26]. 1 
× 105 fLuc+ UM-SCC-22B or SKOV-3 cells in 10 μL PBS 
were injected into the right hock of 6-week-old 
athymic nude mice. The mice were monitored by 
bioluminescence imaging (BLI) once a week to 
evaluate tumor proliferation and metastases using a 
Lumina II imaging system (Caliper Life Sciences). 150 
mg/kg D-luciferin in 100 μL of normal saline was 
administrated via intraperitoneal injection and mice 
were imaged 10 min after. Mice were kept 
anesthetized by 2% isoflurane during the imaging 
process.  

Fluorescence optical imaging 
A Maestro II small animal optical imaging 

system (Cambridge Research & Instrumentation) was 

employed for optical imaging. The mice were 
maintained under anesthesia with 1.5 to 2% isoflurane 
in oxygen during injection and imaging. For Cy5.5 
labeled HAs and PEG, an orange filter set with 
excitation of 605 nm and emission of 645 nm longpass 
(540–610 nm) was utilized. The probes (0.2 nmol of 
Cy5.5 in 20 μL) were injected into right hock of mice 
and the mice were imaged every 10 min. For 
dual-probe imaging, IRDye800 labeled antibodies (1 
nmol of dye in 150 μL) was injected via tail vein 24 h 
before local injection of Cy5.5-HA10K (0.2 nmol of 
Cy5.5 in 20 μL). Optical imaging was performed at 60 
min after Cy5.5-HA10K injection using a NIR filter set 
(excitation 704 nm, emission 745 nm longpass). The 
signals from Cy5.5 and IRDye800 were unmixed 
based on their specific spectra using the software 
provided by the manufacturer (CRI, Maestro).  

Immunohistology 
At 2 h after Cy5.5-HA10K injection, popliteal 

LNs were harvested and were sectioned into 10 μm 
slices by using an Ultrapro 5000 cryostat (Vibratome). 
Slices were fixed with Z-fix solution for 15 min and 
then were blocked with PBS containing 1% BSA for 1 
h. Slices were incubated with rat anti-mouse LYVE-1 
primary antibody (1:400, MBL International 
Corporation) at room temperature for 2 h, and then 
with Cy3-conjugated donkey anti-rat secondary 
antibody (1:200; Jackson ImmunoResearch 
Laboratories). Between each step, the slices were 
gently washed 5 times with 0.05% tween 20 PBS 
solution (PBST) for 5 min each time. The slices were 
then incubated with medium containing 
4′,6-diamidino-2-phenylindole (DAPI). The staining 
observation was done with an epifluorescence 
microscope (X81; Olympus). H&E staining was 
performed as previously reported [27]. 

Data quantification and statistics 
BLI and fluorescent images were analyzed by 

Living image® (PerkinElmer) and Maestro (version 
2.10.0, PerkinElmer), respectively. Fluorescence 
intensity was measured by drawing regions of interest 
(ROIs) over LNs. All quantitative data were 
represented as mean ± SD. Statistical analysis was 
performed with Graphpad (version 4.0, GraphPad 
Software, Inc.). Student t test was used for two-group 
comparisons at different time points. P < 0.05 was 
considered statistically significant. 

Results 
HA binds specifically with LYVE-1 

LYVE-1 is a hyaluronic acid receptor with 
sequence similar to CD44 expressed on lymphatic 
endothelial cells. Anti-LYVE-1 immunostaining 
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confirmed that extensive lymphangiogenesis 
happened in the tumor-draining LN [28, 29]. The 
binding to LYVE-1 will facilitate the migration and 
retention of HA based probes for effective lymphatic 
mapping. We first confirmed the binding between HA 
and LYVE-1 in vitro via ELISA assay. With increased 
concentration of LYVE-1 protein coated in the well, 
higher fluorescence signal from Cy5.5-HA was 
observed. While in control wells coated with bovine 
serum albumin (BSA), the fluorescence intensity of 
Cy5.5-HA remained unchanged (Fig. 2A and 2B).  

To further demonstrate the specific binding of 
Cy5.5-HA to LYVE-1, popliteal LNs were sectioned 
and stained with an antibody against LYVE-1 and 
Cy5.5-HA. As shown in Fig. 2C, although C5.5-HA 
showed more diffusive distribution than that of 
LYVE-1 antibody, colocalization of LYVE-1 and 
Cy5.5-HA can be recognized on the overlaid images, 
indicating the binding of HA to LYVE-1 within the 
lymph node. The potential toxicity of Cy5.5-HA10K 
was evaluated by MTT assay. No apparent 
cytotoxicity was observed when the Cy5.5-HA10K 
concentration was as high as 4.0 mg/ml (Fig. S1).  
Optimization of Cy5.5-HA with different sizes 
for lymphatic mapping 

Besides specifically binding with lymphatic 
maker, the size of the imaging probe is also critical for 
migration and retention. Based on experience from 

99mTc-labeled colloid, the optimal particle size is from 
50 to 200 nm since the radioactive colloids are cleared 
by lymphatic drainage with a speed that is inversely 
proportional to the particle size after interstitial 
injection [11]. In the next experiment, we assessed 
Cy5.5-HA of different sizes (5K, 10K and 20K) with 
the aim to optimize the imaging probe for SLN 
mapping. Cy5.5-HAs were intradermally injected into 
the hind footpads of normal FVB mice and 
longitudinal fluorescence optical imaging was carried 
out to record the migration and retention of the 
imaging tracers. As revealed by the images (Fig. 3A), 
the lymphatic vessels and LNs along the path 
(popliteal LNs and sciatic LNs) can be clearly 
visualized with low background signal. Cy5.5-HAs 
migrated to the popliteal LN in a size-dependent 
manner. The popliteal LNs were clearly identified 
with Cy5.5-HA5K within 30 min after injection but 
not with Cy5.5-HA20K until after 1 h. At late time 
points, the fluorescence signal migrated out of 
popliteal LNs to the sciatic LNs, especially with 5K 
and 10K Cy5.5-HAs. It corresponded to our 
hypothesis that HA can be bound in the first drain 
LNs and therefore can be a good SLN mapping agent. 
Due to fast migration with Cy5.5-HA5K and tardy 
emerging of popliteal LN with Cy5.5-HA20K, 
Cy5.5-HA10K was chosen in the subsequent 
experiments (Fig. 3B and 3C). 

 

 
Figure 2. In vitro characterization of HA binding to LYVE-1. (A) LYVE-1 and bovine serum albumin of different concentrations were coated on 96-well plates and Cy5.5-HA10K 
was added for incubation. After washing, the plates were visualized by fluorescence images. (B) Quantification of Cy5.5-HA binding to LYVE-1 proteins and BSA. (C) At 2 h after 
Cy5.5-HA10K injection, popliteal LNs were harvested and sectioned into 10 μm slices. Fixed slices were then stained against LYVE-1. Co-localization of LYVE-1 (red) and HA 
(green) was observed. Nuclei were stained as blue with DAPI. The scale bar is 20 μm. 
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Figure 3. Comparison of Cy5.5-HA of different sizes as to migration and retention. (A) Representative fluorescent images after intradermal injection of 5K, 10K, or 20K 
Cy5.5-HA into the right paw. The images were acquired at different times after Cy5.5-HA injection using an orange filter set (excitation 605 nm, emission 645 nm longpass). 
Popliteal (arrows) and sciatic (triangles) LNs were visualized at different times in a size-dependent manner. Quantification of signal intensity from popliteal (B) and sciatic (C) LNs. 

 
As aforementioned, we hypothesized that 

binding with LYVE-1 would increase the retention of 
Cy5.5-HA within LNs. To further confirm this, 
Cy5.5-HA10K was compared with Cy5.5-PEG10K. As 
shown in Fig. 4, Cy5.5-PEG10K showed much faster 
migration rate than Cy5.5-HA10K, with both popliteal 
and sciatic LN visualized within 30 min after local 
injection. The ratio of signal intensity from sciatic LN 
to popliteal LN (RSP) was introduced to provide a 
quantitative comparison (Fig. 4B). Significantly lower 
RSPs from mice received Cy5.5-HA10K were 
observed at all the time points examined (30, 60 and 
120 min), compared with those from mice received 
Cy5.5-PEG10K. These results implied that the 
prolonged retention of Cy5.5-HA10K is not only size 
dependent but also affected by LVYE-1 binding, 
resulting in a high contrast identification of SLNs. 

We also applied Cy5.5-HA10K to an 
inflammation model, which was induced by local 
intramuscular injection of turpentine oil [30]. The 
inflammatory reaction with LNs was indicated by 
swollenness on MRI. The inflamed LNs showed much 
higher signal intensity than the co-lateral LNs (Fig. 
S2). Moreover, the signal intensity of LNs was much 
stronger after the skin was removed. 

Tumor detection by IRDye 800-cetuximab 
Cetuximab has been labeled with various 

radioisotopes and fluorophores for EGFR positive 
tumor imaging [18]. After intravenous injection of 
IRDye800-cetuximab, the subcutaneous tumors can be 
clearly visualized at 4 h and the strong signal lasts up 
to 96 h (Fig. 5A). The tumor/background ratio 
reached a plateau between 24 and 96 h (Fig. 5B and 
5C). The long-lasting signal may not facilitate 
repetitive imaging but gives a convenient time 
window for intraoperative imaging of tumor 
metastases. We further evaluated the detection limit 
of the antibody based optical imaging. First, we 
incubated IRDye800-cetuximab with UM-SCC-22B 
cells then inoculated nude mice with the cells 
subcutaneously. As shown in Fig. S3, 1000 cells can be 
easily visualized from apparent auto-fluorescence 
signal come out of the skin. We also inoculated 
subcutaneously unlabeled cells first to nude mice. 
After 24 h, IRDye800-cetuximab was administered 
through tail vein (Fig. 5D and 5E). Even with the 
auto-fluorescence from the skin, the nodules of 1000 
cells can be clearly identified. With 300 cells, the 
signal from the cells is not strong enough to be 
separated from background. 
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Figure 4. Comparison of Cy5.5-HA10K and Cy5.5-PEG10K. (A) Representative images of Cy5.5-HA10K and Cy5.5-PEG10K at 30, 60 and 120 min after hock injection. 
Compared with Cy5.5-HA10K, Cy5.5-PEG10K showed less retention in popliteal LNs and faster migration into sciatic LNs. (B) Sciatic to popliteal ratio (SPR) at 30, 60, and 120 
min after imaging agent administration. SPR of Cy5.5-HA10K is significantly lower than that of Cy5.5-PEG10K at all the time points (*, P< 0.05; **, P< 0.01).  

 
Figure 5. Fluorescence optical imaging of UM-SCC-22B tumors and cell clusters using IRDye 800-cetuximab. (A) Longitudinal fluorescence imaging of subcutaneous 
UM-SCC-22B xenografted tumors. Each animal received around 1 nmol of IRDye800-centuximab via tail vein. The tumors (white arrows) were clearly visualized from 4 h to 96 
h after injection. (B) Quantitative analysis of fluorescence intensity within tumor and background area. The leg muscle was chosen as the background. (C) Quantitative analysis 
of tumor to background ratio (TBR). (D) Evaluation of sensitivity of IRDye800-cetuximab in tumor cell detection. Different amount UM-SCC-22B cells were inoculated 
subcutaneously in nude mice (n=4). Twenty-four hours after tumor cell inoculation, IRDye800-cetuximab (1 nmol of dye in 150 μL) was injected via tail vein. Another 24 h later, 
optical imaging was performed using a NIR filter set (excitation 704 nm, emission 745 nm longpass). The cell cluster containing 1K cells were clearly visualized. (E) Quantitative 
analysis of ratio of signal intensity from tumor cell clusters to background area.  
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Mapping sentinel lymph node metastasis  
To develop LN tumor metastasis model, 0.1 x 106 

FLuc+ UM-SCC-22B or FLuc+ SKOV-3 cells in 10 μL of 
PBS were injected into the hock region. 
Bioluminescence imaging was performed weekly to 
monitor the tumor proliferation and metastasis. 
Tumor metastases within popliteal LNs were 
visualized at week 6 for UM-SCC-22B cells and week 
7 for SKOV-3 cells (Fig. S4 and Fig. S5).  

Due to the different emission wavelengths 
between Cy5.5 and IRDye800, the fluorescence signals 
can be readily separated (Fig. S6). In order to mimic 
clinical situation, dual-imaging fluorescence optical 
imaging was performed at different stages of tumor 
metastases. IRDye800-antibodies were administered 
intravenously 24 h before local administration of 
Cy5.5-HA10K. As demonstrated in Fig. 6 and Fig. S7, 
three typical patterns of fluorescence signal 
distribution within LNs could be observed. Without 
tumor cell invasion and metastasis, the whole LN was 
presented with signal from Cy5.5-HA10K only and no 
signal from IRDye800-cetuximab or trastuzumab was 
found in LNs. With tumor cell invasion and SLN 
partially occupied by metastatic tumor cells, 
Cy5.5-HA10K can still migrate to LNs through 
remaining lymphatic channels, and metastatic tumor 

cells can be visualized by IRDye800-cetuximab or 
trastuzumab. Once the LNs were fully occupied by 
metastatic tumor and lymphatic circulation was 
completely obstructed, only signal from IRDye 
800-cetuximab or trastuzumab can be observed with 
no signal from Cy5.5-HA10K in the SLNs.  

Discussion  
As an alternative to axillary lymph node 

dissection (ALAD), lymphatic mapping with sentinel 
lymph node biopsy (SLNB) has emerged as an 
effective method to detect axillary metastases without 
adverse long-term side effects. Although still 
debatable, the clinical advantages of SLNB over 
ALND are apparent, and the procedure is becoming 
the preferred standard in patients with breast cancer 
or melanoma [31]. Moreover, SLNB has become 
established clinical practice in patients with other 
types of cancer including penile, anal, colorectal and 
prostate cancer [32]. SLNs can be identified with the 
help of various lymphatic mapping agents including 
radiolabeled colloid, blue dyes, and nanoparticles. 
Especially recently, various nanoparticles have been 
investigated for lymphatic imaging due to easily 
tunable size and strong signal intensity [17] [33-35].  

 
Figure 6. Mapping UM-SCC-22B tumor metastasis in sentinel lymph nodes by dual-tracer fluorescence optical imaging. (A) LN metastasis model was developed by hock injection 
of Fluc+ UM-SCC-22B cells and the metastases were confirmed by BLI. The original tumor sites were pointed by arrows and tumor metastasized LNs by arrow heads. (B) 
IRDye800-cetuximab (anti-EGFR antibody) was injected intravenously at 24 h before imaging and Cy5.5-HA10K was administered locally at 1 h before imaging with a Maestro II 
optical imaging system. The fluorescence signal was unmixed based on the corresponding specific spectra from Cy5.5 (designated as blue) and IRDye800 (designated as red). The 
skin was peeled to mimic the operative setting. (C) Bright field and (D) optical imaging of excised LNs. LN without tumor invasion showed red color only from Cy5.5-HA. Partially 
tumor invaded LN showed mixed signals from both Cy5.5-HA10K and IRDye800-cetuximab. Fully tumor occupied LN showed signal only from IRDye800-cetuximab since the 
lymphatic vessels were blocked by tumor tissue. (E) H&E staining of corresponding LNs. T, tumor tissue; LN, lymphatic tissue. 
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Although the preclinical results are very 
promising, majority of these probes are composed of 
heavy metals and clinical translation may be hindered 
by the perceived acute and chronic toxicity [36]. Thus, 
in this study, we chose HA as the lymphatic mapping 
agent after labeling with the near-infrared dye Cy5.5 
(excitation 675nm, emission 694 nm). There are 
several advantages to use HA as the lymphatic 
mapping agent. First, it is completely biocompatible 
due to the existence of endogenous HAs. Second, the 
size of HA is tunable. More importantly, the specific 
binding of HA to LYVE-1 receptors on the lymphatic 
endothelial cells can further increase the retention of 
HA probe within the lymph nodes. The long retention 
within LNs would facilitate a manageable surgery 
time window without diffusing to the second-echelon 
LNs. Among HAs with different sizes, the solution of 
20K HA becomes viscous thus the signal in the first 
line LNs is still pretty weak at 60 min after injection. 
HA5K migrated rapidly to LNs of the second echelon 
(Fig. 3). HA10K showed proper migration and 
relatively long SLN retention time so it was chosen for 
further evaluation.  

For most of lymphatic mapping agents, it is very 
challenging to identify tumor invasion to the SLNs 
detected on the images. With superparamagnetic 
nanoparticles, Harishinghani et al. [37] revealed that 
high-resolution magnetic resonance imaging (MRI) 
could identify small nodal metastases in patients with 
prostate cancer. However, this strategy may not be 
practical to provide intraoperative guide for SLN 
identification and characterization. Instead, 
fluorescence optical imaging provides more 
convenient setup for mapping SLNs. Low penetration 
and scattering of photons will be overcome to a great 
extent due to direct exposure of the surgical field [16]. 
However, when the lymph node is fully occupied by 
metastasized tumors or the lymphatic vessels are 
blocked by tumor tissue, locally administered 
imaging agent cannot migrate through for LN 
detection. Therefore, in this study, we developed 
dual-tracer optical imaging to combine lymphatic 
mapping agents and tumor targeting agents, with the 
aim to provide a real-time and accurate evaluation of 
SLNs. Using Cy5.5-HA10K as the lymphatic mapping 
agent and IRDye800 conjugated EGFR and HER2 
antibodies as the tumor targeting agents, the tumor 
draining LNs can be clearly visualized.  

More importantly, the different patterns of 
signal distribution within LNs could reveal the 
progress of tumor metastases. Without tumor 
invasion, LNs can be identified by Cy5.5-HA. When 
tumor cells invade to LNs, they can be visualized by 
NIR dye labeled antibodies to reorganize the specific 
tumor makers on the cell surface. In addition, the 

signal intensity is proportional to tumor burden 
within LNs. At the same time, the residual LN tissue 
can be detected by Cy5.5-HA. When the metastasized 
tumor fully occupies the LNs or block the lymphatic 
vessels for Cy5.5-HA migration, only signal from the 
antibodies can be recorded. In this study, we focused 
on detection and staging of LNs so no imaging of the 
primary tumors was evaluated. The IRDye800 
conjugated antibodies may be helpful to identify the 
border line of the primary lesions during the surgical 
operation [38].  

Lymphatic mapping agent HA can be used in all 
types of tumors for SLN detection. However, no 
universal tumor targeting agent would be available 
due to the diversity and heterogeneity of malignant 
diseases [39]. EGFR and HER2 targeted antibodies 
were used in this study since both EGFR and HER2 
are established tumor makers for cancer of various 
types [23, 40]. For prostate cancer, various 
prostate-specific membrane antigen (PSMA) targeted 
probe may be used [41]. In the clinic, the imaging 
target can be determined based on the pre-surgery 
biopsy of the primary tumor, although the diversity of 
cell surface marker may exist between primary lesions 
and LN metastases [42]. Antibody based imaging 
probe may have advantage over those with relatively 
small molecular sizes for dual-tracer optical imaging, 
mainly due to their long retention time, which can 
provide a wide time window for the surgery 
operation. For tumor metastases detection, the 
specificity can be guaranteed by the specific binding 
of the antibodies to the tumor cell surface marker. 
Consequently, positive signal would be a reliable 
indicator of tumor invasion. The sensitivity is more 
important since microscopic lesions may be ignored 
with optical imaging. The results demonstrated that 
as few as one thousand cells can be recognized with 
optical imaging. However, intact skin cause relatively 
high background signal. In addition, the tumor cell 
cluster does not have enough blood supply for 
imaging probe delivery. Taking all these into 
consideration, our results may underestimate the 
sensitivity of optical imaging using NIR dye labeled 
antibodies for micro-metastases detection. All these 
data warrant further clinical translation to evaluate 
the sensitivity and specificity of this method in 
evaluating tumor metastases within sentinel LNs.  

It is worth noting that the tumor metastasis 
model was established using immunodeficient nude 
mice. It has been reported that the structure and cell 
population of the lymph nodes in the athymic nude 
mice are different from those of immunocompetent 
mice [43, 44]. The variance of morphology may cause 
misinterpretation of the status of LNs based on MRI 
or CT [44]. Our results indicated that LNs in both 
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immunocompetent and immunodeficient mice could 
be detected using Cy5.5-HA10K as the optical 
imaging probe since the signal intensity is 
independent of morphology of LNs. In the animal 
model, the optimal imaging window for 
Cy5.5-HA10K is from 60 min to 180 min. However, 
the lymphatic drainage basin in the mouse model is 
single so the flow between the nodes is sequential. 
Due to increased complexity in the clinic, the 
optimization of the size of imaging probe and time 
window for imaging may be required.  

In summary, we validated that Cy5.5-HA10K is 
an effective imaging agent for SLN mapping due to its 
long SLN retention. By combining the tumor targeting 
agents and lymphatic mapping agents, the dual-tracer 
optical imaging can not only locate the SLNs, but also 
evaluate tumor metastases with SLNs. This strategy 
provides accurate and real-time intra-operative 
guidance to spare the time spent waiting for a biopsy. 
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