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ABSTRACT. Significance: Head and neck squamous cell carcinoma (HNSCC) has the sixth
highest incidence worldwide, with >650;000 cases annually. Surgery is the primary
treatment option for HNSCC, during which surgeons balance two main goals:
(1) complete cancer resection and (2) preservation of normal tissues to ensure
post-surgical quality of life. Unfortunately, these goals are not synergistic, where
complete cancer resection is often limited by efforts to preserve normal tissues,
particularly nerves, and reduce life-altering comorbidities.

Aim: Currently, no clinically validated technology exists to enhance intraoperative
cancer and nerve recognition. Fluorescence-guided surgery (FGS) has successfully
integrated into clinical medicine, providing surgeons with real-time visualization of
important tissues and complex anatomy, where FGS imaging systems operate
almost exclusively in the near-infrared (NIR, 650 to 900 nm). Notably, this spectral
range permits the detection of two NIR imaging channels for spectrally distinct
detection.

Approach: Herein, we evaluated the utility of spectrally distinct NIR nerve- and
tumor-specific fluorophores for two-color FGS to guide HNSCC surgery. Using a
human HNSCC xenograft murine model, we demonstrated that facial nerves and
tumors could be readily differentiated using these nerve- and tumor-specific NIR
fluorophores.

Results: The selected nerve-specific fluorophore showed no significant difference
in nerve specificity and off-target tissue fluorescence in the presence of xenograft
head and neck tumors. Co-administration of two NIR fluorophores demonstrated
successful tissue-specific labeling of nerves and tumors in spectrally distinct NIR
imaging channels.

Conclusions: We demonstrate a comprehensive FGS tool for cancer resection and
nerve sparing during HNSCC procedures for future clinical translation.
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1 Introduction
Head and neck squamous cell carcinoma (HNSCC) is the sixth most prevalent cancer type, with
>650; 000 cases diagnosed annually worldwide.1,2 Surgical cancer resection remains the pre-
ferred treatment for HNSCC,3,4 where the surgeon balances two main challenges: (1) complete
surgical resection and (2) preservation of nerves to reduce pain and maintain function. The most
important factor for predicting long-term survival following surgery is the completeness of
cancer resection.5–7 However, identifying tumors and normal tissues during surgery remains
challenging, and positive surgical margins occur in 15% to 30% of patients, resulting in poor
outcomes and additional therapy.8,9 Furthermore, additional malignancies are often present and
undetected during surgery, representing the second leading cause of death in HNSCC patients.10

Secondary to cancer treatment, surgical outcomes are plagued by intraoperative nerve damage,
causing lasting pain and loss of function, significantly affecting patient postoperative quality of
life. Important cranial, spinal, and facial nerves are small, and translucent structures often buried
within tissue, making them difficult to consistently identify and visualize, leading to nerve
damage.11–14 As a result, a number of comorbidities, including severe pain, dysphagia, and jaw
and sensory dysfunction, are experienced by >40% of patients.15 Unfortunately, achieving com-
plete cancer resection while simultaneously preserving important nerves in the head and neck
region remains difficult, where efforts to preserve normal anatomy and function limit cancer
resection margins. Thus, current intraoperative cancer and nerve detection techniques, generally
consisting of preoperative imaging, biopsy, intraoperative neuromonitoring, and visual inspec-
tion, fall far short of meeting the clinical need.16

To improve intraoperative nerve and tumor identification, tools to enable real-time tissue visu-
alization are under development including the clinical translation of fluorescence-guided surgery
(FGS). To employ FGS, clinicians administer a fluorescent contrast agent prior to surgery that
accumulates in or marks tissues of interest (e.g., vessels, tumors, and nerve) and deploy specialized
intraoperative instruments capable of real-time imaging of the contrast agent distribution in the
surgical field. FGS offers real-time imaging using clinical wide-field and laparoscopic FGS vision
systems that are capable of imaging near-infrared (NIR) wavelengths (650 to 900 nm). In the NIR
spectral range, endogenous tissue chromophore absorbance, autofluorescence, and scatter fall to
local minima, providing a low background signal upon which contrast-enhanced tissues can be
highlighted at up to centimeter depths. There are currently >125 ongoing clinical trials for
FGS contrast agents.17 Notably, the first molecularly targeted contrast agents received recent
Food and Drug Administration (FDA) approval, including pafolacianine to aid in the resection
of ovarian (2021) and lung (2022) cancers as well as pegulicianine (2024) to aid in the resection
of breast cancer, further cementing the utility of FGS to aid in precision surgery.18–22 Although the
overall goal of FGS is to aid in improved identification of tissues to be removed (e.g., tumors) and
those to be preserved (e.g., nerves), no clinical study has yet utilized dual-targeted contrast agents.
However, preclinical studies have shown the potential power of two color FGS strategies to visu-
alize nerve and tumor tissues, where a visible nerve-specific probe and red-shifted tumor-targeted
probe demonstrated the ability to specifically highlight both structures.2

To facilitate NIR nerve-specific fluorescence imaging, we developed a library of oxazine-
based fluorophores, where a lead fluorophore, LGW05-75, was selected for the two-color FGS
studies herein. LGW05-75 was selected for this work due to its bright, NIR fluorescent signal;
high nerve specificity; and favorable pharmacokinetic (PK) properties.23 Previous work with
LGW05-75 showed strong nerve specificity following systemic administration in a labora-
tory-based, co-solvent formulation composed of dimethyl sulfoxide, Kolliphor ethylene oxide
(EL), and serum permitting solubility for intravenous administration.23,24 To enable future clini-
cal translation, a previously developed, FDA-approved micelle-based formulation was evaluated
to solubilize LGW05-75 for systemic administration.25,26 Successful formulation of LGW05-75
in the distearyl-phosphatiylethanolamine-PEG2000 (DSPE-PEG) micelles validated this formu-
lation for similarly structured oxazine probes. Herein, the DSPE-PEG-formulated LGW05-75
was combined with the spectrally distinct synthetic Affibody molecule labeled with IRDye
800CW (ABY-029) that targets the epidermal growth factor receptor (EGFR).27–29 This probe
is currently in early-phase clinical trials to evaluate safety and utility to highlight a variety of
EGFR overexpressing cancers including head and neck pathologies. In this study, the ability to
combine ABY-029 and LGW05-75 was investigated, where these two contrast agents were
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hypothesized to have substantial clinical compatibility due to their tissue specificity, spectral
separation, and similar pharmacokinetic profiles (Fig. 1). The overall goal of the current studies
was to evaluate the utility of co-administration of NIR nerve- and tumor-targeted contrast agents
as a complete FGS solution to enable real-time identification and visualization of diseased and
normal tissues enabling precision surgery for cancer patients.

2 Materials and Methods

2.1 Fluorescent Contrast Agents
A previously developed NIR nerve-specific fluorophore, LGW05-75, was used to provide nerve-
specific contrast.23 LGW05-75 was formulated in DSPE-PEG micelles to increase solubility as
previously described.25,26 LGW05-75 was selected from a previously synthesized library of
oxazine-based fluorophores, where it was highlighted as a lead NIR fluorophore [excitation
max = 640 nm, emission max = 665 nm, and molecular weight ðMWÞ ¼ 369.42 g∕mol].23 A
previously developed tumor-targeting Affibody molecule (MW ≈ 8 kDa, Affibody Medical,
Solna, Sweden) targeted to EGFR and conjugated to the NIR fluorophore IRDye 800CW
(LI-COR Biosciences, Lincoln, Nebraska, United States) was used to provide tumor-specific
contrast.27 The NIR-labeled anti-EGFR Affibody, termed ABY-029, was selected due to its safety
profile in early-phase clinical trials.27–29

2.2 Mice
All animal work was approved by the Institutional Animal Care and Use Committee (IACUC) at
Oregon Health and Science University. All mice were housed and treated in accordance with an
IACUC-approved protocol. Mixed male and female (50/50) CD-1 mice (n ¼ 10) were used to
quantify the PK profile of DSPE-PEG micelle–formulated LGW05-75. Mixed male and female
(50/50) athymic nude mice (n ¼ 20) were used to quantify the LGW05-75 PK profile in the
context of tumors, enabling nerve-to-tumor contrast quantification. Mixed male and female
(50/50) athymic nude mice (n ¼ 20) were used to evaluate multi-color nerve and tumor imaging
using LGW05-75 and ABY-029, respectively. At the end of the imaging study, mice were
humanely euthanized using carbon dioxide inhalation as the primary method and cervical
dislocation as the secondary method of euthanasia.

2.3 Cell Culture and Tumor Implantation
The human epithelial pharyngeal carcinoma cell line, Detroit 562, was purchased from American
Type Culture Collection (ATCC; Manassas, Virginia, United States). The Detroit 562 cell line
was cultured in Eagle’s minimum essential medium (Corning, Glendale, Arizona, United States)
formulated with 10% fetal bovine serum (FBS, Seradigm, Sanborn, New York, United States)
and 1% penicillin-streptomycin (Thermo Fisher Scientific, Waltham, Massachusetts, United
States). Cells were maintained at 37°C and 5% CO2. The cells were grown to ∼80% to 90%
confluence for xenograft implantation. Detroit 562 cells were implanted at a concentration of
1 × 106 cells∕100 μL. Athymic nude mice were anesthetized using 2% isoflurane. A 25-gauge
needle was used to implant bilaterally into the cheek area to grow near the buccal and marginal

Fig. 1 Study overview and contrast agent spectral properties. (a) HNSCC was modeled using
cohorts of Detroit 562 tumors implanted next to the facial nerves. The tumors were highlighted
using EGFR-targeted ABY-029 followed by the administration of micelle encapsulated
LGW05-75 to specifically highlight the facial nerves, enabling two-color FGS. (b) Normalized
absorbance and emission spectra of LGW05-75 (purple) and ABY-029 (red) with the emission
filters used for fluorescence image collection demonstrate the spectral separation of the nerve-
and tumor-specific fluorophores.
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facial nerves. Tumors were monitored and not allowed to grow larger than 0.75 cm3 as per the
approved IACUC protocol. Tumors were used for imaging studies at sizes ranging from 0.5
to 0.75 cm3.

2.4 Imaging and Quantification
All images were collected using a custom-built, previously reported small animal imaging system
capable of real-time color and fluorescence imaging.23,25,26,30–32 Briefly, the imaging system con-
sisted of a QImaging EXi Blue monochrome camera (Surrey, British Columbia, Canada) for
fluorescence detection with a removable Bayer filter permitting the collection of co-registered
color and fluorescence images. A PhotoFluor II light source (89 North, Burlington, Vermont,
United States) was focused onto the surgical field through a liquid light guide and used unfiltered
for white light illumination. For LGW05-75 fluorescence imaging, the PhotoFluor II was filtered
with a 620� 30-nm bandpass excitation filter. The resulting fluorescence was collected with a
700� 37.5-nm bandpass emission filter. For ABY-029 fluorescence imaging, the PhotoFluor II
was filtered with a 740� 20-nm bandpass excitation filter. The resulting fluorescence was
collected with a 780-nm-long pass emission filter. Camera and light source positions were
unchanged throughout the imaging studies, which allowed for a quantitative comparison of fluo-
rescence intensities. Camera exposure times ranged from 10 to 1000 ms, where all images were
normalized for exposure time. Tissue fluorescence intensities were quantified using custom-
written MATLAB code permitting region of interest (ROI) selection for nerves, muscle, and
tumor tissues on the white light images but blinded to the fluorescence images. The white light
image–selected ROIs were superimposed on the matched fluorescence images enabling unbiased
quantification of tissue intensities, which were used to calculate nerve-to-muscle (N/M),
nerve-to-tumor (N/T), tumor-to-muscle (T/M), and tumor-to-nerve (T/N) signal-to-background
ratios (SBRs).

2.5 Pharmacokinetic Profile of DSPE-PEG Micelle–Encapsulated LGW05-75
The PK profile of DSPE-PEG micelle–formulated LGW05-75 was quantified in non-tumor-
bearing CD-1 mice and athymic nude mice bearing Detroit 562 tumors. CD-1 and nude mice
were fed a chlorophyll-free diet (Animal Specialties, Quakertown, Pennsylvania, United States)
for 7 days prior to imaging studies. The CD-1 or tumor-bearing nude mice were injected with
DSPE-PEG micelle–formulated LGW05-75 at a dose of 7.5 μmol∕kg intravenously in the lateral
tail vein. The PK profile of DSPE-PEG-formulated LGW05-75 was evaluated 0.5, 1, 2, 4, and 6 h
after intravenous (IV) administration (n ¼ 10 CD-1 mice, two mice per time point, 50/50, male/
female; n ¼ 20 nude mice, four mice per time point, 50/50 male/female). The brachial plexus and
facial nerves of the CD-1 mice were exposed and imaged to quantify LGW05-75 biodistribution.
The marginal and buccal facial nerves as well as the brachial plexus region of the tumor-bearing
nude mice were exposed and imaged for LGW05-75 fluorescence intensity. Six tumor-bearing
nude mice (50/50, male/female) were also imaged 4 h after vehicle injection (i.e., blank DSPE-
PEG micelles) to quantify nerve and tumor autofluorescence. A one-way analysis of variance
(ANOVA) was completed to determine the optimal imaging time point for LGW05-75 nerve
imaging after IV administration in CD-1 and tumor-bearing nude mice.

2.6 Co-administration of DSPE-PEG Micelle–Encapsulated LGW05-75
and ABY-029

Following completion of the PK study for LGW05-75, the optimal administration to imaging
time point in the buccal region was found to be between 2 and 4 h. Previous studies showed the
optimal administration to imaging time point for ABY-029 started at 4 h.28 Using 4 h as the
optimal time point for both LGW05-75 and ABY-029, n ¼ 20 nude mice (50/50, male/female)
bearing Detroit 562 tumors were co-administered 7.5 μmol∕kg of LGW05-75 and 15 nmol of
ABY-029 via lateral tail vein injection. Imaging was completed 4 h after systemic administration
as a proof of concept that nerves and tumors could be readily visualized using these targeted,
spectrally distinct probes at the same time point. An unpaired parametric t-test with Welch’s
correction was used to determine if there was a statistically significant difference among
LGW05-75 administered alone at 4 h versus when it was co-administered with ABY-029 in
tumor-bearing mice.
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3 Results

3.1 DSPE-PEG Micelle–Encapsulated LGW05-75 Nerve PK Profile
The NIR nerve-specific fluorophore, LGW05-75, was formulated with the previously optimized
DSPE-PEG micellar dispersion25,26 to enable quantification of the PK profile. CD-1 mice were
administered the DSPE-PEG micelle–encapsulated LGW05-75 intravenously 0.5, 1, 2, 4, or 6 h
prior to fluorescence imaging. Nerve-specific contrast was visible in the brachial plexus as well
as facial nerves as early as 0.5 h after systemic administration of DSPE-PEG micelle–formulated
LGW05-75. Some fluorescence signals in the surrounding muscle in both the brachial plexus and
buccal regions were visible at the early imaging time points [i.e., 0.5 and 1 h; Fig. 2(a)]. By 2 to
4 h post-administration, there was high nerve-to-muscle SBR [Figs. 2(b) and 2(c)]. The nerve and
muscle tissue fluorescence intensities steadily decreased over the evaluated 6 h time period post-
systemic administration. The brachial plexus nerve showed significantly higher N/M SBR versus
control tissue autofluorescence throughout the 6-h imaging period [Fig. 2(b)]. Notably, the facial
nerves showed significantly higher N/M SBR 1 to 6 h after systemic administration [Fig. 2(c)].
Both the brachial plexus and facial nerve PK profiles showed peak N/M SBR 4 h after systemic
administration.

3.2 DSPE-PEG Micelle–Encapsulated LGW05-75 Nerve-to-Tumor PK Profile
The PK profile of DSPE-PEG micelle–encapsulated LGW05-75 was evaluated in tumor-
bearing mice, where the tumors were grown in the buccal area to enable ready quantification
of tumor, nerve, and surrounding normal tissue fluorescence. Tumor-bearing mice were

Fig. 2 PK profile of DSPE-PEG micelle–formulated LGW05-75 in CD-1 mice. (a) Brachial plexus
(top, white arrow, ∼1 mm diameter)32 and facial (bottom, white arrowheads, ∼0.1 mm diameter)33

nerve color and fluorescence images from representative CD-1 mice at 0.5, 1, 2, 4, and 6 h after
intravenous (IV) administration of DSPE-PEG micelle–formulated LGW05-75. A representative
control (Ctrl), vehicle-injected mouse with its brachial plexus and facial nerves is also shown.
The eye (purple arrow) showed variable fluorescence intensity, which was likely autofluorescence
because it was also seen in the control group. Quantification of the nerve and muscle tissue
fluorescence (FL) intensities enabled the calculation of the N/M SBR for the (b) brachial plexus
and (c) facial nerves. Data were compared with the control autofluorescence to determine the sig-
nificance of the N/M SBR using a one-way ANOVA not assuming sphericity with the Geisser–
Greenhouse correction and an uncorrected Fisher’s least significance difference (LSD) multiple
comparison test, where *P < 0.05 and **P < 0.01.
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administered the DSPE-PEG micelle–encapsulated LGW05-75 intravenously 0.5, 1, 2, 4, or
6 h prior to fluorescence imaging. Similar to the PK study of LGW05-75 in non-tumor bear-
ing animals (Fig. 2), some muscle tissue uptake was seen at the early time points post-
administration [i.e., 0.5 and 1 h; Fig. 3(a)]. The nerve and muscle tissue fluorescence intensity
steadily decreased over the evaluated 6 h time period post-systemic administration [Figs. 3(b) and
3(c)]. The brachial plexus nerve showed significantly higher N/M SBR versus control tissue auto-
fluorescence throughout the 6-h imaging period [Fig. 3(b)]. In the buccal region of interest, all
time points showed significant N/M SBR compared with control tissue autofluorescence. The
buccal, marginal, and zygomatic facial nerves were readily visible at the 4 h time point, which
had the highest N/M SBR [Fig. 3(c)]. Although there was clear nerve specificity at the 2-, 4-, and
6-h time points [Fig. 3(a)], the 4-h time point showed the highest SBR in both the brachial plexus
and facial nerve regions [Figs. 3(b) and 3(c)]. The nerve-to-tumor contrast was found to be
significant at 2 and 4 h post-administration [Fig. 3(c)]. The optimal imaging time point for
DSPE-PEG micelle–encapsulated LGW05-75 was determined to be 4 h after systemic adminis-
tration based on the quantified N/M SBR.

3.3 Nerve and Tumor Highlighting Using Co-administration of DSPE-PEG
Micelle–Encapsulated LGW05-75 and ABY-029

The optimal nerve imaging time point following LGW05-75 administration was utilized to
visualize murine nerve tissue in animals bearing head and neck tumors. To enable spectrally
distinct visualization of the tumor tissue, mice were co-administered EGFR-targeted ABY-029

Fig. 3 PK profile of DSPE-PEG micelle–encapsulated LGW05-75 in tumor-bearing nude mice.
(a) Brachial plexus (top, white arrow) and facial (bottom, white arrowheads) nerve color and fluo-
rescence images from representative athymic nude mice bearing a Detroit 562 tumor (purple
arrow) at 0.5, 1, 2, 4, and 6 h after IV administration of DSPE-PEG micelle–formulated
LGW05-75. A representative Ctrl, vehicle-injected mouse with its brachial plexus and facial nerves
is also shown. Quantification of the nerve and muscle tissue fluorescence intensities enabled the
calculation of the N/M signal-to-background ratio (SBR) for the (b) brachial plexus and (c) facial
nerves. Statistical analysis was completed to determine the optimal time point for LGW05-75
imaging in the presence of a tumor by comparing data from the 0.5-, 1-, 2-, 4-, and 6-h time points
to the control, vehicle-injected group. Data were compared with a one-way ANOVA not assuming
sphericity with the Geisser–Greenhouse correction followed by an uncorrected Fisher’s LSD multi-
ple comparisons test, where *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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and nerve-specific LGW05-75. Four hours after systemic co-administration of DSPE-PEG
micelle–formulated LGW05-75 and ABY-029, the tumor and facial nerves were exposed for
fluorescence imaging. Images were collected with spectrally distinct excitation/emission filters
centered at 620/700 nm for LGW05-75 (i.e., 700 nm) and 740/780 nm for ABY-029 (i.e.,
800 nm) showing nerve and tumor specificity, respectively [Fig. 4(a)]. Nerve and tumor tissue
fluorescence intensities were high in their respective imaging channels, whereas surrounding
normal muscle tissue fluorescence intensity was low. Notably, nerve tissue fluorescence
intensity was low in the ABY-029 imaging channel, and conversely, tumor tissue fluorescence
intensity was low in the LGW05-75 imaging channel [Fig. 4(b)]. The tissue-specific accumu-
lations of the LGW05-75 and ABY-029 probes in the nerve and tumor tissues, respectively,
resulted in nerve-to-muscle and nerve-to-tumor tissue SBR > 1.5 as well as tumor-to-muscle
and tumor-to-nerve SBRs > 1.5 [Fig. 4(c)].

The nerve-to-muscle contrast was not statistically different when LGW05-75 was admin-
istered alone or in combination with ABY-029 (P ¼ 0.14) to tumor-bearing mice. In addition, the
nerve-to-tumor contrast was not statistically different when LGW05-75 was administered alone
or in combination with ABY-029 (P ¼ 0.53) to tumor-bearing mice. Representative examples of
multi-color fluorescence imaging false colored to visualize nerve and tumor tissue showed tissue-
specific signal, where nerve tissue was highlighted by LGW05-75 and tumor tissue was high-
lighted by ABY-029, with a low accumulation of LGW05-75 in the tumor and some non-specific
ABY-029 in surrounding normal tissues (Fig. 5).

Fig. 4 Co-administration of DSPE-PEG micelle–formulated LGW05-75 and ABY-029.
(a) Representative images of Detroit 562 tumor–bearing athymic nude mice imaged in color and the
optimal FL imaging channels to detect LGW05-75 (700 nm) and ABY-029 (800 nm) 4 h after systemic
co-administration of vehicle (Ctrl, first column) or both NIR fluorescent probes (05-75 + ABY-029,
second to fourth columns). (b) Quantified tissue fluorescence intensities of the nerve, muscle, and
tumor tissues for both vehicle-injected control and fluorophore–administered mice in each fluores-
cence imaging channel (i.e., 700 nm = LGW05-75 and 800 nm = ABY-029) were used to calculate
the (c) nerve and tumor SBR (N/M, N/T, T/M, and T/N) in their respective imaging channels
(i.e., 700 nm = LGW05-75 and 800 nm = ABY-029).
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4 Discussion and Conclusion
HNSCC remains a prevalent cancer diagnosis where surgical resection is the preferred treatment.
However, successful completion of tumor resection and normal nerve tissue preservation remains
challenging resulting in both positive surgical margins and lasting nerve damage. These com-
plications lead to increased mortality due to cancer recurrence as well as increased morbidity due
to lasting pain and loss of function. To improve surgical treatment for HNSCC, we have devel-
oped a two-color FGS strategy using spectrally distinct, NIR nerve- and tumor-specific fluores-
cent probes that permit co-administration for a complete intraoperative imaging solution. Herein,
our focus was on the characterization of the PK profile of the NIR, nerve-specific fluorophore,
LGW05-75, with the goal of enabling simultaneous co-administration with the tumor-targeted
ABY-029 to enable seamless integration into the existing clinical workflow. The ability of the
nerve- and tumor-targeted fluorescent probes to specifically highlight the targeted tissue with
minimal accumulation in surrounding tissues as well as the ability to spectrally separate the
fluorescence signals using conventional bandpass imaging systems was also evaluated to facili-
tate future clinical translation.

The PK profile of LGW05-75 for nerve-specific contrast was evaluated in both healthy CD-1
mice and athymic tumor-bearing nude mice, resulting in a similar conclusion that the 4-h time
point after intravenous administration showed the highest nerve-specific contrast (Figs. 2 and 3).
Fluorescent tissue intensities decreased at all measured time points after systemic administration;
however, by the 4-h time point, non-specific muscle tissue fluorescence intensity had cleared
from the tissue resulting in high nerve-to-muscle tissue contrast [Figs. 2(b), 2(c), 3(b), and
3(c)]. Notably, nerve tissue-specific fluorescence intensity at the 4-h time point was similar
between the CD-1 non-tumor bearing mice and the athymic nude tumor-bearing mice,

Fig. 5 Two-color fluorescence nerve and tumor visualization. Representative images of athymic
nude mice with Detroit 562 head and neck tumor xenografts 4 h after co-administration of DSPE-
PEG-formulated LGW05-75 and ABY-029 co-administration. Images are shown in color (top),
green false color for the 700-nm LGW05-75 imaging channel (second row), red false color for the
800-nm ABY-029 imaging channel (third row), and with the 700- and 800-nm false-colored fluo-
rescence images merged (merged FL). The LGW05-75 highlighted the facial nerves, which are
shown in the color image by the white arrowheads. The ABY-029 highlighted the Detroit 562
HNSCC tumor, which is shown in the color image by the white arrow.
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demonstrating minimal biodistribution effect of a tumor on nerve tissue accumulation from
LGW05-75 [Figs. 2(b), 2(c), 3(b), and 3(c)]. Statistically significant nerve-to-background tissue
contrast was present in the brachial plexus at all time points (i.e., 0.5, 1, 2, 4, and 6 h) after
systemic administration in both normal and tumor-bearing animals, whereas statistically signifi-
cant nerve-to-muscle contrast was present in the facial nerves 1 to 6 h after systemic adminis-
tration in the normal mice and at all time points (i.e., 0.5, 1, 2, 4, and 6 h) after systemic
administration in the tumor-bearing animals. This observed contrast difference was likely due
to a combination of biological variance and the lower quantified nerve tissue fluorescence inten-
sities in the small facial nerves (0.1 mm)33 compared with the larger diameter brachial plexus
nerves (1 mm)32 in both the normal and tumor-bearing mice. Thus, the lower nerve tissue fluo-
rescence intensities resulted in lower facial nerve SBR compared with the larger brachial plexus
nerves as well as increased standard deviation among mouse imaging groups [Figs. 2(b) and
2(c)]. Importantly, nerve-specific contrast remained high in the facial nerves of both the normal
and tumor-bearing animals at the optimal 4 h time point, where nerve SBR was >1.5, which is
the published minimal SBR for clinically relevant contrast.10–12 In addition, the N/T SBR was
found to be significant at the 2 and 4 h imaging time points [Fig. 3(c)]. These results demonstrate
that LGW05-75 would provide strong nerve-to-background tissue contrast for the duration of an
HNSCC surgical procedure and that the nerve-specific contrast agent had a matched PK profile to
that of the published PK profile of tumor-targeted ABY-029 (Figs. 2 and 3).

To demonstrate the feasibility of two-color FGS for HNSCC, LGW05-75 and ABY-029
were co-administered to tumor-bearing mice. Similar nerve-specific fluorescence intensities were
seen at the 4-h time point after systemic co-administration to that seen in the single LGW05-75
administration studies [Figs. 3(c) and 4(b)]. Variation in LGW05-75 uptake in tumors was seen
across the tumor-bearing mouse cohort, where the nerve-to-tumor SBR was>1.5, demonstrating
potential clinical utility [Fig. 4(c)]. Notably, there was also variation in ABY-029 uptake across
tumors in the imaging cohort [Fig. 4(a)]. The variation in tumor tissue-specific fluorescence may
be due to the differences in tumor vasculature content or could be model-dependent, which will
be evaluated in future studies using additional xenograft and genetic mouse models. The fea-
sibility of the two-color imaging approach to improve HNSCC surgery was further demonstrated
in the representative false-colored images, where nerve tissue is depicted as green false color and
tumor tissue is depicted as red false color, enabling a multicolor merged image for ready visu-
alization of tissues to be resected (tumor) and tissues to be avoided (nerves, Fig. 5).

In summary, the studies herein show the feasibility of co-administration of nerve- and tumor-
tissue targeted, NIR fluorophores permitting multi-color FGS to aid in HNSCC resections.
Limitations of the current study include testing in a single tumor model, where additional
HNSCC models will be utilized in the future to understand variability in ABY-029 uptake
as well as any non-specific LGW05-75 accumulation. To enable future clinical translation, phar-
macodynamic studies as well as co-administration pharmacology and toxicology profiles would
need to be established. This work could also be readily extended to other cancer surgeries where
tumor and nerve tissues reside in close proximity and optimal surgical decisions require con-
sideration of both structures to minimize patient morbidity and mortality. The two-color
FGS solution characterized herein will permit ready integration into the surgical workflow using
nerve- and tumor-targeted agents with matching PK profiles that could be administered in the
pre-operative arena or at the beginning of surgery permitting strong contrast in both tissues
throughout a variety of surgical indications.
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