
Academic Editor: Pier Paolo Claudio

Received: 17 June 2025

Revised: 14 August 2025

Accepted: 14 August 2025

Published: 22 August 2025

Citation: Blosse, A.; Pirlich, M.; Dietz,

A.; Möser, C.; Arnold, K.; Freitag, J.;

Neumuth, T.; Smith, D.M.; Kubitschke,

H.; Gaenzle, M. Fluorescence-Guided

Surgery in Head and Neck Squamous

Cell Carcinoma (HNSCC). Int. J. Transl.

Med. 2025, 5, 40. https://doi.org/

10.3390/ijtm5030040

Copyright: © 2025 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license

(https://creativecommons.org/

licenses/by/4.0/).

Review

Fluorescence-Guided Surgery in Head and Neck Squamous Cell
Carcinoma (HNSCC)
Albrecht Blosse 1, Markus Pirlich 2,3 , Andreas Dietz 2,3, Christin Möser 4, Katrin Arnold 4, Jessica Freitag 4,
Thomas Neumuth 1 , David M. Smith 3,4,5 , Hans Kubitschke 5 and Maximilian Gaenzle 2,3,*

1 Innovation Center Computer Assisted Surgery, Faculty of Medicine, University of Leipzig,
04103 Leipzig, Germany; albrecht.blosse@medizin.uni-leipzig.de (A.B.)

2 Department of Otorhinolaryngology, Head and Neck Surgery, University Hospital of Leipzig,
04103 Leipzig, Germany

3 Comprehensive Cancer Center Central Germany (CCCG), Partner Site Leipzig, 04103 Leipzig, Germany;
david.smith@izi.fraunhofer.de

4 DNA Nanodevices Unit, Department of Medical Bioinformatics, Fraunhofer Institute for Cell Therapy and
Immunology, 04103 Leipzig, Germany

5 Peter Debye Institute for Soft Matter Physics, Faculty of Physics and Earth Sciences, University of Leipzig,
04103 Leipzig, Germany

* Correspondence: maximilian.gaenzle@medizin.uni-leipzig.de; Tel.: +49-341-97-21936

Abstract

Head and neck squamous cell carcinomas (HNSCCs) are the seventh most common form
of cancer worldwide, typically characterized by high mortality and significant morbidity,
including pain and speech and swallowing disorders. Complete tumor tissue resection, the
common first line of therapy, remains a surgical challenge with room for improvements.
Because tumor cells express highly specific surface molecules serving as receptors for
ligands, specific targeting ligands can be conjugated to fluorescent molecules in order to
better visualize tumor borders. Targeted fluorescence-guided surgery (T-FGS) as well as
tumor-targeted and near-infrared (NIR) fluorescence imaging are emerging techniques for
real-time intraoperative cancer imaging. Targeting agents include nanodots or fluorophores,
which have been conjugated to specific ligands like antibodies, peptides, or other synthetic
moieties. This article surveys tumor-targeted ligands in recent and current preclinical
studies and clinical trials related to HNSCC, highlighting common NIRF dyes used for
molecular imaging and their physical properties, working concentrations, and associated
risks. Smaller ligands, nanodots, dual-modality NIR dyes, and activatable agents can
enhance tumor-targeting processes, resulting in faster, more penetrable, and clearer imaging,
which could lead to improved clinical applications and better tumor removal rates in
the future.

Keywords: fluorescence-guided surgery (FGS); head and neck squamous cell carcinoma
(HNSCC); DNA constructs; antibodies; fluorophores

1. Introduction
Worldwide, around 600,000 cases of head and neck squamous cell carcinoma (HNSCC)

are diagnosed yearly. In Germany, there are 14,000 new HNSCC cases per year, making it
the sixth most common malignant tumor [1,2]. Typically, HNSCC is characterized by a high
mortality rate and considerable morbidity, including pain as well as speech and swallowing
disorders. In many cases, surgical intervention is used as the first line of treatment, in both
early and some advanced cases [3].
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For HNSCC, the primary objective of tumor surgery is to achieve tumor-free survival,
while also prioritizing postoperative quality of life and functional preservation [4,5]. The
residue-free resection of tumor tissue is a particular challenge in the oncological surgery
of HNSCC. The clear visualization of surgical margins is crucial in ensuring a successful
treatment, as residual tumor cells can lead to the recurrence of the malignancy. While
postoperative radiotherapy reduces local recurrence, it is still mandatory to achieve clear
margins during the initial resection [6–8]. A clear margin (or negative margin) is defined as
a tumor-free circumference of the pathological specimen with at least 5 mm of healthy tissue
surrounding the tumor. By contrast, a positive margin indicates the presence of cancer
cells at the edge of the resected tissue, while close margins refer to a resection distance of
less than 5 mm from the tumor. In cases of positive or close margins, current guidelines
recommend either re-resection or postoperative chemoradiation. An exception is made for
vocal cord cancer, where control microlaryngoscopy is preferred over re-resection in the
presence of close margins [5].

The current gold standard for intraoperative margin evaluation is a combination
of the surgeon’s visual and tactile identification of malignant tissue, along with frozen
section analysis (FSA). The effectiveness of FSA heavily depends on the surgeon’s ability
to anticipate the areas closest to the margin or likely involved with the tumor based on
inspection and palpation. However, this method suffers from low sensitivity, reportedly
around 36% [4,9]. In laryngeal carcinomas specifically, the sensitivity of frozen section
analysis can be even lower—as low as 22% [10]. A study by DiNardo et al. revealed that
40% (8 out of 20) of patients with positive final margins and 100% (15 of 15) with close
(<5 mm) margins were not detected by FSA. The overall accuracy of FSA in identifying
close or positive final margins was 71.3%, with a sensitivity of 34.3% and a specificity
of 100% [11].

Frozen section sampling can be performed in two distinct ways: sampling from the
tumor bed or sampling from the edge of the resected specimen [12]. Several studies
have demonstrated that tumor bed sampling is more effective for accurate margin assess-
ment [13]. There are two primary sources of error in FSA for margin analysis: sampling
errors occur when diagnostic tumor cells are absent in frozen sections but are present
in deeper, permanent sections, whereas interpretation errors occur when tumor cells are
present in frozen sections but not recognized by the pathologist. Sampling errors are gener-
ally attributed to the surgeon, while interpretation errors are typically the responsibility
of the pathologist. False-negative results due to interpretation errors are typically more
frequent than false positives [12,14,15]. Efficient use of FSA is crucial due to the processing
time per section, which ranges from 20 to 60 min [10]. Woolgar et al. conducted a study
on positive resection margins in head and neck cancer surgeries, analyzing 301 specimens.
They found that 23% (n = 70) of all tumor resections—limited to oral cavity and oropha-
ryngeal carcinomas, excluding hypopharyngeal and laryngeal carcinomas—resulted in
positive margins. Among these, 16% involved the superficial mucosal layer, whereas 87%
affected the deep resection margins; some specimens contained both [16].

In most cases (except for some locations in the oral cavity), poorer outcomes due
to residual tumor cells at positive surgical margins can be improved by re-excision of
the positive margin several days following the initial surgery [17,18]. Re-resection is still
difficult, with a major factor being the challenge in identifying residual cancer tissue during
repeat surgery. Further research on local spread patterns has prompted some experts to
recommend using wider margins for the primary tumor surgery than the conventional
0.5 cm macroscopic clearance [19]. However, wider surgical margins can subsequently
lead to greater functional impairment in patients following surgery. Additionally, induc-
tion protocols offering chemo- or immunotherapy before and after surgery will change
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the pattern of the remnant tumor borders, which enhances the difficulties for achieving
clear margins [20–23].

The anatomical structures in the ENT (Ear, Nose, and Throat) region have close
relationships with critical risk structures such as the carotid artery, jugular vein, and cervical
nerves. This proximity underscores the importance of clearly defining tumor boundaries
and ensuring precise resection margins during surgical procedures. Although there have
been significant advancements in surgical techniques, including endoscopic, transoral
laser, and robotic technologies designed to reduce patient morbidity, these procedures
still primarily rely on the surgeon’s anatomical visualization using white-light reflectance.
Different tissues within the body present various shades; bone, nerves, cartilage, fat,
connective tissue, and muscle range from white to pink, whereas blood vessels exhibit
shades from red to deep red. This color similarity complicates the clear visual distinction of
tissue boundaries. Moreover, the use of cameras and instruments inserted through narrow
conduits during minimally invasive surgeries reduces the tactile feedback that surgeons
traditionally depend on, increasing their reliance on visual cues.

Enhancing the visual differentiation between healthy and cancerous tissues by em-
ploying fluorescent probes that target specific structures or disease states in real time could
significantly improve surgical precision. This approach, referred to as fluorescence-guided
surgery (FGS), can be linked to visually color-coding the surgical field, thereby aiding in
the more accurate identification and dissection of tissue types. Particularly in the context of
deep surgical margins, in vivo fluorescence imaging has demonstrated high sensitivity for
detecting residual disease in the wound bed [24]. Enhanced visual clarity during surgery
could lead to the more precise excision of tumors, reducing the need for postoperative
chemotherapy while concurrently reducing long-term negative effects on the surrounding
healthy tissues. This, in turn, would minimize long-term toxicity for patients and lower
overall healthcare costs [25].

This review paper will address the question of how FGS is already being used in
preclinical and clinical studies and which physical principles underlie FGS technology, with
an emphasis on approaches within or relevant to HNSCC surgery. There have been studies
into the use of FGS ex vivo to support the process of pathological imaging. While there
are distinct similarities between ex vivo examination and real-time, in vivo application
due to the underlying technology, there still are significant differences in terms of toxicity,
the control of external light sources (for example, surgical lamps interfering with the
fluorescence), and the stability of the environment itself [4].

2. History of Fluorescence-Guided Surgery (FGS)
The origins of fluorescence-guided surgery can be traced back to the 19th century,

when Sir George G. Stokes first described fluorescence in 1852 [26]. In 1929, Copeman et al.
introduced the use of “activated” fluorescein in the systemic treatment of cancer, a form
of early chemotherapy that showed significant success in reducing tumor size. However,
due to severe side effects, the treatment was ultimately discontinued [27]. Its potential
in surgical applications was not explored until the mid-20th century, when Moore et al.
first described the use of fluorescein in the detection of different tissue types [28]. In the
1960s, Goldhahn investigated the use of tetracycline fluorescence for detecting brain tumor
margins [29], though this did not achieve clinical implementation. Subsequently, various
dyes have been employed for endoscopic diagnostics [30].

Efforts to utilize the natural autofluorescence of the endogenous molecules prevalent
in tumors followed [31], yet progress in translating these findings from animal models to
the human oral cavity has been limited. A pivotal study by Stummer et al. in the late 1990s
highlighted the use of 5-aminolevulinic acid (5-ALA), which induces fluorescent porphyrin
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production in glioma cells. Their study demonstrated that 5-ALA significantly improved
glioma visualization and resection during surgery, improving patient outcomes. In parallel,
the use of contrast agents such as indocyanine green (ICG) became more prevalent and was
first described by Sheridan et al. in the evaluation of burns [32].

The use of the non-specific dye ICG in tumor surgery, in this case, in sentinel lymph
node detection, was first described by Kitai et al. in 2005 [33]. Presently, FGS is widely
utilized in several surgical specialties, including oncology, neurosurgery, and urology,
showing promising results [34]. In the 21st century, significant advancements in fluores-
cence imaging technology have included targeted FGS (T-FGS), which targets fluorophores
toward tumor-specific receptors in various tissues, such as the folate receptor-α in ovarian
cancer [35]. A more detailed overview of T-FGS approaches in relation to HNSCC surg-
eries will be given in the subsequent section. Innovations such as Fluorescence-Assisted
Resection and Exploration (FLARE™) imaging systems in the field of near-infrared fluo-
rescence imaging, combined with conventional fluorophores like methylene blue, ICG, or
nanoparticles, represent potential advancements in this field [36], however, are yet to be
integrated into standard clinical practice for tumor detection.

3. The Technology
FGS is an innovative technology that enhances the precision of surgical procedures

by using fluorescent dyes and specialized imaging systems to visualize and distinguish
tissues. By enabling a real-time, visual delineation of borders between cancerous and
healthy tissues, it has the potential to revolutionize surgery and improve surgical outcomes
by enhancing the visualization of tissues for either resection, as in the case of tumors,
or preservation, as in the case of nerves or vasculature. Utilizing compact and relatively
low-cost imaging systems, FGS can be readily implemented into many procedures to bridge
the gap between preoperative imaging using methods such as magnetic resonance imaging
(MRI) and computed tomography (CT) and the current intraoperative reality [37]. In the
following sections, we describe several key molecular and technological components of
FGS, emphasizing specific aspects relevant for HNSCC resections when applicable.

3.1. Fluorescent Dye Selection and Administration

Dye Selection: Different dyes can be used depending upon the type of tissue or
condition being targeted. Common examples include ICG, which is used for vascular
imaging and perfusion assessment, and 5-ALA, which is metabolized into a fluorescent
compound in certain cancer cells. More specific agents include intravenously administered
Pafolacianine (Cytalux®), which has been shown to selectively target the folate receptor-α
(FR-α) in epithelial ovarian cancer [38]. Additionally, hexaminolevulinate (Hexvix®) is
utilized for the diagnosis of urinary bladder carcinoma, enabling enhanced visualization of
malignant cells through hexaminolevulinate fluorescence cystoscopy [39]. Methylene blue
has also been investigated in clinical trials for intraoperative tumor staining, particularly in
abdominal surgery. However, its efficacy in selective tumor labeling has yielded variable
and sometimes contradictory results, preventing the establishment of a standardized
protocol to date [40]. ICG still is the most used agent in untargeted FGS as well as in the
testing and standardization of newly approved FGS imaging systems.

Administration to Patients: The dye can be injected intravenously or administered
orally, depending on its properties and the clinical application. For instance, 5-ALA is often
taken orally by patients undergoing brain tumor surgery. The time of conjugation differs
between agents, as shown in Table 1, but most clinical agents were typically conjugated
24 h prior to the tumor resection. The peak fluorescence signal depends strongly on the
conjugation time and also on the concentration of ICG that has been administered (Figure 1).
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Table 1. Summary of clinical fluorescence imaging agents, detailing fluorophores, dose regimens
with cohort distribution (mg/kg or mg/m2), and preoperative administration timing (conjugation
intervals) across multiple recruiting or finished studies.

Agent Target Fluorescence

Clinical Trials
Registered Number
(ClinicalTrials.gov

(accessed on 1 July 2025),
Clinicaltrialsregister.eu

(accessed on 1 July 2025),
chictr.org.cn (accessed

on 1 July 2025))

Dose (mg/kg
or mg/m2; Cohort

Distribution) or Total
Mass Administered

(mg)

Conjugation
(Time Before

Operation in h)

ONM-100 ICG NCT03735680 [41]

1.2 mg/kg (7/13)
0.1 mg/kg (3/13)
0.5 mg/kg (2/13)
0.8 mg/kg (1/13)

24 ± 8

1 mg/kg (3/30)
3 mg/kg (3/30)
2 mg/kg (3/30)
1 mg/kg (6/30)

1 mg/kg (11/30)

3 ± 2
3 ± 2
6 ± 3
16–80
24 ± 8

Cetuximab-
IRDye800 EGFR IRDye800CW

NCT03733210 [42]

2.5 mg/m2 (3/12);
25 mg/m2 (6/12);

62.5 mg/m2 (3/12)
(NCT01987375)
and 30 mg/m2

(14/14)

24 ± 8

NCT03134846 [43]
10 mg/m2 (3/9)
25 mg/m2 (3/9)
50 mg/m2 (3/9)

24 ± 8

Pegsitacianine ICG NCT05576974 [44] 1 mg/kg 6–300

FG001 uPAR ICG FG001-CT-003 [45]
4 mg (4/16)

16 mg (8/16)
36 mg (4/16)

12 ± 4

PARPi-FL PAR1 NCT03085147 [46]

15 mL
100 nM (3/12)
250 nM (3/12)
500 nM (3/12)

1000 nM (3/12)

0.1

cMBP-ICG c-MET ICG ChiCTR2200058058 [47] 2.5 µM (5/10)
5.0 µM (5/10) 16 ± 8

There have also been efforts to apply fluorescent dyes directly to the tissue of interest,
either in vivo as a spray or ex vivo on resected specimens. For example, cMBP-ICG,
a c-MET-targeted fluorescent probe, demonstrated a significant 11% increase in tumor
detection accuracy when applied topically to resected head and neck cancer tissue [47,48].
In another approach using superficial (topical) application, the activatable enzymatic probe
gGlu-HMRG provided rapid and high-contrast fluorescence; however, it also produced
false-positive signals in areas affected by electrosurgical cutting, due to auto fluorescent
artifacts [49].

ClinicalTrials.gov
Clinicaltrialsregister.eu
chictr.org.cn
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Figure 1. Detection of different concentrations of ICG at the NIR wavelength 760 nm in model
systems of 8 µL, 34 µL, and 392 µL. Reprinted with permission from Ref. [42]. Copyright 2006, John
Wiley and Sons.

3.2. Fluorescence Emission

Light Activation: During the procedure, the targeted tissue labeled with the specific
dye is exposed to a certain wavelength of light (Figure 2), which stimulates fluorescence by
photon absorption. The subsequent emission of a photon with lower energy resets the dye
molecule to its ground state.

 

Figure 2. Conceptual description of interactions and photon paths within tissues during FGS. Within the
tissue, photons experience various types of scattering interactions with cells and other biological materials,
with some eventually exciting the embedded fluorophore. Those emitted by the excited fluorophore as it
returns to its ground state also experience scattering interactions within the tissue, as well as reflection
and refraction interactions at the tissue–air interface, before a subset reach the detector.

Emission: The dye in the targeted tissue emits fluorescence at a different wavelength than
the applied excitation, red-shifted due to the lower energy (and associated longer wavelength)
of the emitted photons. This fluorescence is detected by specialized cameras equipped with
filters to block out the excitation light and allow only the emitted fluorescence to pass through.
The optimal window for fluorescence imaging in the NIR light region lies between 650 and
900 nm [50,51] (Figure 3). The source emission density lies between 10 and 25 mW/cm2 in
available commercial systems, which makes fluorophore excitation possible without significant
photo-bleaching, which might harm the patients’ healthy tissue [52].
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Figure 3. The “NIR window” based on absorption of water and blood. Differences in vasculature
and oxygenation levels between normal and tumorous tissues can enable a delineation of tumor
boundaries. Reprinted with permission from Ref. [42]. Copyright 2006, John Wiley and Sons.

There are two different physical properties that reduce the visibility of fluorescence
emission within tissues: On the one hand, absorption plays a role; the most relevant ab-
sorbers of photons are water, lipids, oxyhemoglobin, and deoxyhemoglobin (Figure 2) [50].
Blood absorbs most of the photons in the visible region, with the highest absorption in the
blue–green region. The large absorption of hemoglobin and myoglobin under 600 nm and
water above 900 nm leaves a small “therapeutic window” where tissue information can be
obtained deeper than 1 mm below the surface [53].

The pathlength of penetrating light ranges between 0.1 mm and 10 cm and can be
described as follows:

log
I
I0

= −µaL

where I is the transmitted intensity, I0 the emitted light intensity, µ the absorption coefficient,
and L the traveled pathlength [53].

On the other hand, scattering can hinder visualization by changing the trajectory of
the excitation source or emitted light. Particularly in the aforementioned “therapeutic
window” of light frequencies optimal for FGS, scattering is more prevalent than absorption.
Elastic tissue scattering depends on the heterogenic refractive indices of extracellular,
cellular, and subcellular components [53]. Light transmission through tissue increases the
degree of randomization of the propagation direction [50]. This diffusion hinders the exact
determination of the signal strength and signal location. The diffusion and reflections
inside the tissue help to trigger the excitation of the fluorescence. The fluorescence signal
depends on the optical properties and the penetration depth of photons inside the tissue.

3.3. Physical Interactions with Cells

Dye Interactions with Cells: The administered dye circulates through the bloodstream
and accumulates in the target tissues. Tumors, for example, may uptake more dye due to their
vascular properties, enhanced permeability and retention (EPR) effect, and higher number of
fibroblasts or due to metabolic characteristics (e.g., tumor acidosis). Cancer cells often exhibit
altered surface charge properties compared to normal cells due to changes in their membrane
composition, including altered levels of sialic acid, glycoproteins, and glycolipids [54,55]. These
changes often lead to a different net surface charge, typically more negative, which can be
exploited for detection, e.g., through electrophoresis and Zeta potential measurements [56].
Thus, fluorescent probes having a positive (surface) charge help in preferentially binding to
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negatively charged (cancer) cell membranes [57,58]. Furthermore, a hydrophobic domain on
the probe molecule assists in its integration into lipid-rich environments, namely, the cell
membrane, thus enhancing its ability to effectively label certain types of tissues or tumors.
A large hydrophobic domain facilitates integration into the cell membrane; however, the
associated drawback is a significant decrease in water solubility. Progression in cancer treatment
and nanotechnology might overcome this physical hurdle by using self-assembling micelles,
i.e., lipid monolayers with a hydrophobic core and a hydrophilic shell, which can engulf a
hydrophobic agent and thereby provide a hydrophilic shell [59,60]. These probe-carrying
micelles can then fuse with cell membranes, releasing the probes into their interior, e.g., via
membrane fusion proteins like the SNARE family [61].

The intra- and extracellular environment of many tumors is more acidic compared to
that of normal tissues due to the abnormal anaerobic metabolism of cancerous cells, render-
ing pH an effective, albeit unspecific, method for marking and targeting cancers [62–64].
Logically, pH-activatable NIR probes have been developed, such as NIR dyes BODO-3 [65]
and PH08 [66], a dye for the green fluorescence channel CS-1 [67], and many more [68].

3.4. Tissue Targeting

Target Selection: Some ligands are designed to target specific molecular receptors
and markers on the surface of cancer cells or within the tumor microenvironment. In
T-FGS, fluorescent dyes are chemically conjugated to a monoclonal antibody or some other
targeting moiety to achieve enhanced accumulation on the desired tissues [69]. The selected
receptors should either be overexpressed or exclusively expressed on the surfaces of cells
present in target cancerous tissues. In HNSCC, proteins such as the epidermal growth
factor receptor (EGFR), which is directly overexpressed on HNSCC tumor cells [70], are
commonly selected. Several studies have also identified other potential protein targets on
HNSCC tumor samples or representative cell lines through either proteomic, histological,
or other immunohistochemical means [71]. Beyond EGFR, several other tyrosine kinase
receptors, in particular, ephrin receptors EphA2 [72] and EphB4 [73,74] have been detected
in moderate or high amounts on tumor cells. Other potential targets include the Mucin-1
receptor (MUC-1) [75] or the family of CD44 variants [76,77], which have recently been
used as molecular targets in preclinical CAR-NK-based therapies [78], and the urokinase
plasminogen activator receptor (uPAR) [79,80]. The αVβ6 integrin, a relatively recent
target, is highly expressed in 80–100% of HNSCCs but weakly or not at all in healthy
epithelium [81–83]. Its expression appears to increase with disease stage [84] and is higher
than that of EGFR in HNSCC [81,83].

Tumor-adjacent targets such as the folate receptor-β (FR-β) [85] and the fibroblast
activation protein (FAP) [86] are found in HNSCC to be expressed on tumor-associated
macrophages (TAMs) and on cancer-associated fibroblasts (CAFs), respectively. It is im-
portant to note that heterogeneity in expression patterns among patients, resulting from
severity, staging, or other factors, limits a one-size-fits-all strategy for T-FGS, potentially
creating the need for a combination of methods to delineate boundaries in some patients.

Multimodal Targeting and Imaging: For many dyes and conjugations to biomolecules
used for targeting specific tissues, it is vital to have a hydrophobic and hydrophilic domain for
good solubility, to enable the efficient distribution and uptake of the dye in bodily fluids, and
to reduce non-specific accumulation. Non-specific uptake is a key antagonist of FGS, which
can, for instance, be remedied to a certain extent via paired-agent imaging (PAI) like in the
case of targeting EGFR in HNSCC [87]. Therein, a non-targeting fluorescent dye is paired with
a targeting moiety, providing a path for signal normalization [87], effectively enhancing the
signal-to-noise ratio. As a modern development, targeting CD44v6 in HNSCC via a fluorescent
tracer is currently under investigation and displays promising results, with an accuracy of over
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90% for detecting invasion regions [76,77]. In FGS, it is common to combine an NIR imaging
agent with a second, radioactive labeling technique, termed dual-modality imaging, like in
FAP targeting, by combining an NIR dye with a PET marker [88].

Ligand Selection: Small targeting ligands exhibit faster pharmacokinetic properties
and, thus, achieve sufficient contrast more quickly than large molecules, which enables
imaging sooner after administration [69]. On the other hand, small targeting ligands are
less amenable to conjugation and chemical modifications than large molecules, and small
structural changes can drastically affect their targeting and pharmacokinetic properties [89].
Antibodies are large (>10 nm, 150 kDa), and, therefore, fluorophore–antibody conjugates
exhibit long circulation times and non-specific tumor uptake through the EPR effect, the
phenomenon of the passive accumulation of macromolecules, liposomes, or nanoparticles in
tumor tissues due to their leaky vasculature [90]. Nevertheless, for HNSCC, several ready-
to-use options with cetuximab conjugates exist [91,92] and have shown promising results
in the head and neck region, overcoming both surgical and pathological assessment [93].

Synthetic Targeting Components: Apart from monoclonal antibodies and fragments
thereof (e.g., nanobodies), which currently make up the bulk of agents in regular use or
in clinical trials for T-FGS, the generation of targeted imaging agents through chemical or
biosynthesis offers the means to create designer labels through the modular assembly of
chemically defined building blocks. While still largely in the conceptual or early preclinical
stage, their eventual implementation could ease some hurdles related to the manufacturing
of biologics, as well as support better performance due to the enhanced biodistribution of
smaller agents and integration of multiple components for targeting, protection, and signal
generation. The aforementioned dual-modality probe targeting FAP in HNSCC tumors for
both NIR and PET imaging is one such example [88], utilizing a seven-amino-acid residue
peptide, FAP-2286, chemically conjugated to ICG to achieve a high degree of localization to
xenograft tumors from several HNSCC cell lines (FaDu, CAL27, CNE2) in mouse models.
High-affinity small-molecule inhibitors can also be repurposed for visualization, as was
done with the FAP-inhibitor FTL, which was conjugated to the NIR cyanine dye Cl-S0456,
as was demonstrated by Mukkamala et al. to localize to FaDu xenografts in mice [94].
Exploiting the overexpression of DNA repair enzymes in the nuclei of tumor cells resulting
from genomic instability, PARPi-FL is a molecularly specific, small-molecule, fluorescent
agent that targets poly ADP-ribose polymerase 1 (PARP1) [46]. C-MET-binding peptides
(cMBP-ICG) in combination with ICG could also be topically applied [47].

In addition to peptides and small molecules, aptamers composed of DNA or RNA
strands [95,96] are also attractive options for targeting structures on the tumor surface
due to their small size, the ease of nucleotide synthesis even under good manufacturing
practice (GMP) requirements, their straightforward chemical conjugation methods to dyes,
and the optimization of their binding properties via selection. Several aptamers have
been developed to specifically bind tyrosine kinase receptors [97], with HNSCC-relevant
targets such as EphA2, EphB4 [98,99], EGFR [100–102], and Glucose transporter 1 [103]
being prominent examples, although most were originally selected for direct therapeutic
intervention. Aptamers chemically conjugated to dye molecules or gold nanoparticles have
been used for the in vivo fluorescent imaging of other xenografted tumor entities, such
as glioma [104,105], ovarian [106], or breast [107] cancer, which indicates their potential
applicability to T-FGS in HNSCC.

More complex nanoparticle-based agents can be rationally constructed from the chem-
ical conjugation and/or self-assembly of multiple biocompatible components on an under-
lying scaffold, such as those formed through the self-assembly of DNA strands (Figure 4).
This strategy can, for example, exploit the multivalent presentation of small ligands [108]
to amplify binding properties. It should be noted that all the following examples are more



Int. J. Transl. Med. 2025, 5, 40 10 of 30

conceptual in nature and were not developed with T-FGS in mind; however, all addressed
targets were found to be associated with HNSCC tumors in prior literature. Using a
minimalistic DNA–peptide structure consisting of three partially complementary oligonu-
cleotides conjugated to a 12-amino-acid-long EphA2-binding peptide and a fluorescent dye,
Möser et al. [109] were able to show significantly enhanced binding and pharmacological
action on a prostate cancer cell line overexpressing the protein on its surface. A similar
approach using a small DNA tetrahedron functionalized with aptamers against the MUC-1
surface protein successfully targeted breast cancer cell lines [110,111], with the integration
of a Cy5 dye giving a convenient route toward in vivo labeling. EGFR was addressed
using significantly larger DNA origami structures [112], typically in the 4–5 MDa range,
which were conjugated to EGFR-binding aptamers or monoclonal antibodies along with the
red-spectrum ATTO647N dye and used to track the diffusive motion of receptor clusters on
breast cancer cells. Finally, EGFR and FR-β on xenograft tumors in mice were targeted by
functionalized DNA tetrahedron nanostructures in vivo; in the former, a chemotherapeutic
payload was delivered to localized tumors, while in the latter case, the NIR dye Delight
755 enabled their imaging through the labeling of tumor-associated macrophages.

(A) 

 

(B) 

 

(C) 

 

(D) 

 

Figure 4. Specific tissues and features on impacted cells in the tumor can be targeted with various
types of nanoagents. (A) The NIR dye IRDye800CW was conjugated to monoclonal anti-CD44v6
antibody along with radioactive label to produce the BIWA label. This was able to localize to human
HNSCC xenografts in mice. Reprinted with permission from Ref. [76]. Copyright 2018, Springer
Nature. (B) The EGFR-targeting antibody cetuximab was also conjugated to IRDye800CW and
successfully labeled tumor cells in HNSCC surgical resections, with a comparable performance to
standard haematoxylin and eosin staining. Reprinted with permission from Ref. [93]. Copyright 2016,
John Wiley and Sons. (C) HNSCC xenografts in mice were also positively identified with a small
labeling construct consisting of a short peptide fragment conjugated to NIR dye ICG. Reprinted with
permission from Ref. [88]. Copyright 2023, Frontiers Media SA. (D) DNA-based nanoconstructs can
be used to enhance the binding properties of small EphA2-targeting peptides through cooperative
multivalence. Reprinted with permission from Ref. [109].

Further details about various agents and markers that have been recently used in surgical
procedures for HNSCC or tested in clinical studies will be provided in Section 4 (Applications).

3.5. Adverse Effects

In the use of fluorescent labels to label tissues in humans, different risks are feasible,
but recent studies discussing risks are rare: in a 1971 study involving 54 patients who
received intravenous fluorescein, Parker and Stein reported that 67.3% experienced allergic
reactions, of which 29.1% were severe in nature [113]. Generally, most case studies are
20–30 years old and have shown low differences in blood glucose measurements up to
12 h after injection [114]. Within the aforementioned study using a cetuximab-IRDye800
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conjugated [93], 13 adverse events occurred in the study amongst 12 patients. Two patients
were excluded from the study based on allergic reactions. Monoclonal antibodies still
need further studies to assess the risks within the context of T-FGS to determine whether
common side effects such as skin irritations occur. The recent studies of PARPi-FL [46] and
FG001 [79] showed no adverse events in treating OSCC.

3.6. Imaging and Visualization

Real-Time Imaging: The emitted fluorescence photon is captured by a camera in real
time (Figure 5) and displayed on monitors. There are different NIR imaging systems on the
market, including the ‘Spy Elite’ from Stryker, the ‘Luna Imaging System’ from Novadaq,
the ‘Explorer Air’ from Surgvision, the Fluobeam “LX”, and Quest Spectrum. The US FDA
has approved 30 (as of November, 2023) fluorescence-guided clinical imaging systems for
FGS [115]. A rigorous performance evaluation of these systems has not yet been carried
out, even though there are physical test methods with composite phantoms aiming for the
standardization and benchmarking of FMI imaging systems [116–119]. Surgical microscopes
such as the Leica FL400 and Zeiss BLUE 400 have different configurations for ICG imaging.
The quality of the imaging is mostly determined by contrast metrics or signal-to-noise ratio
(SNR). This visual feedback allows the surgeon to see the fluorescently labeled tissues clearly
against the non-fluorescent background [118]. There are various NIR fluorescent materials that
vary in wavelength and penetration depth [120]. A new aggregation-induced-emission (AIE)
dye called PH molecule, which was assembled into nanoparticles, emitted wavelengths up to
1550 nm and could penetrate up to 6 mm into chicken breast, as demonstrated in vitro [121].
The use of artificial neural networks to enable a machine learning approach for laser-scanning
imaging generated letter patterns on fluorescent panels visible through image processing up to
a depth of 10 mm in pork skin [122].

 

Figure 5. Core components of a generic fluorescence-guided surgery (FGS) system. (a) The illumination
module, which provides excitation and visual aid lighting. (b) The detection module, exemplified
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with three detectors—two for fluorescence and one for white light—along with relay lenses (RL),
optical filters (F), and dichroic mirrors (D1 and D2). (c) The processing unit, responsible for image
analysis and rendering, with example images courtesy of Lu et al. [123]. (d) User interface display-
ing options for manipulating image display settings. Reprinted with permission from Ref. [114].
Copyright 2023, International Society for Optical Engineering (SPIE).

3.7. Surgical Precision

Guidance: The real-time fluorescence imaging guides the surgeon in identifying and
delineating the target tissues from the surrounding healthy tissues. However, even after
nearly four decades of extensive research, the fundamentals for optical detection still leave
room for errors. Next-generation approaches using machine learning to differentiate the
signals between autofluorescence and target-specific fluorescence as well as analyzing the
lifetime of fluorescence will bring new innovations [124–126].

The previously used blue dye and radioactive tracers for illuminating the lymphatic
activities within the resection area had the problems of contrast visibility within the blue
spectrum (Figure 2) and storage, as well as patient exposure to radioactive materials [127].
The currently standard method of palpation combined with the interpretation of the
visual aspects of the tumor allows detailed border lineation only for experienced surgeons.
Therefore, systemic non-targeted fluorophores demonstrated in animal models as well as
in standardization phantoms that tumor boundaries can be clearly demarcated by optical
imaging [116–119]. Fluorescence can show a picture of the local lymphatic network and its
activity within the tumor region [127]; however, images containing the lesion still depend
on the observer’s knowledge in order to be labeled malignant or benign [113]. Within the
scattering ratio and the halo, the margin of resected tissue can be reduced to millimeters.
This leads to improved postoperative functionality, improving quality of life and decreasing
the recurrence rate [128].

Despite the fact that the penetration depth of FGS is limited (as shown in detail in
the section Imaging and Visualization), due to current surgical practice, the surgeon will
systematically expose the tumorous area throughout resection. However, the problem
of missing information about the deep margin below the cancer lesion still remains. By
contrast, the mucosal margin is better displayed due to the lesser penetration depth. The
limitation of penetration depth is determined by the Rose criterion:

SNR = |SA − SB|/σ0

where the SNR should be >5 (SA is signal intensity in the foreground, SB is signal intensity
in the background, and σ0 is the standard deviation of the background) [116]. Perineural or
perivascular growth can still be detected when the SNR is above 5, and signaling photons
can be differentiated from the autofluorescence. Therefore, Steinkamp et al. determined
that a tumor-to-background ratio (TBR) of 1.5 or higher should be necessary for real-time
FGS (Figure 6) [114]. Even after optimizing surface properties, tissue properties can still
cause unknown optical artifacts, but, in the words of Keereweer et al., “we should not
forget that a very advanced system is available that has the capability to identify distinct
tissue components (e.g., blood vessels) during the surgical process: the surgeon him
or herself” [128].

If the SNR is close to 5, there are also new approaches for including perfusion analysis
into the diagnostics procedure using hyperspectral imaging devices. This can help by
providing more information about prefusion, which is part of FGS’s absorption spectrum,
and can indicate highly active tumor areas, as well as lowly perfused necrotic tumor parts.
However, these devices still need to be validated by clinical studies and formally approved
for clinical use [129,130].
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Figure 6. Flow chart for real-time clinical decision-making. This proposed flowchart outlines the
use of fluorescence for guiding surgery and making intraoperative decisions with a tumor-specific
fluorescence imaging agent. In cases where fluorescent spots with a tumor-to-background ratio of 1.5
are identified on the surgical specimen or within the cavity, additional resection may be indicated
(green = in vivo and blue = extracted tissue). (Adapted from [114]).

4. Clinical Applications of FGS in HNSCC
Published studies were identified using the keywords ‘HNSCC’ and ‘Fluorescence’

via the PubMed Database. Of the 314 results within the last five years, only 232 were
human-based, and 137 included imaging procedures. Out of these, 67 studies were selected
to be included in this analysis. The review process for selecting relevant preclinical and
clinical studies is shown in Figure 7.

Figure 7. Review process for identification of relevant recent and ongoing studies covering the use of
FGS in HNSCC resections.
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In cancer diseases, particularly HNSCC, the resection of tumor tissue is often the first
treatment. The delineation of malignant and healthy tissue is generally based on visible
characteristics such as morphology and is confirmed by subsequent histopathological
analysis [16]. While this is fundamentally effective, it still leads to the frequent recurrence
of malignant tumors, repeated surgical interventions, the impairment of quality of life
due to the removal of healthy tissue, and, often, significantly reduced survival rates [131].
Although the idea that tumors can absorb macromolecules more intensively compared
to healthy tissue due to the EPR effect, thus enabling the use of dyes to create better
visualization for distinguishing between tumor and healthy tissue based on the vascular
network [34,132], is compelling, FGS for HNSCC still remains investigational and has not
yet been integrated into routine clinical practice. Zhu et al. demonstrated the potential of
locally administered indocyanine green (ICG) to enhance the detection of regional lymph
node metastases in the oral cavity while minimizing the risk of anaphylactic reactions [133].
Additionally, Stone et al. employed the targeted FGS (T-FGS) approach using panitumumab-
IRDye800CW to assist transoral robotic surgery, achieving favorable outcomes [134].

In oncologic surgery in general, ICG has been investigated more intensively and
has shown promising results in securing the completeness of lymph node dissection,
facilitating surgical dissection, and visualizing anastomotic perfusion and, thus, might
be implemented in further areas of application in the future. However, ICG fluorescence
lymphography failed to show good selectivity for metastatic lymph nodes [135]. It should
also be considered that recent studies observed a decline in sensitivity for detecting all
metastatic stations in advanced tumor stages [136,137]. A similar conclusion was drawn in
a systematic review by Zweedijk et al., which found that fluorescence guidance primarily
enhances the accuracy and efficiency of postoperative pathological processing but does not
provide convincing results for intraoperative tumor targeting [138].

In liver surgery and in the detection of micrometastases, the use of ICG has been
shown to be superior to conventional visual and palpable detection of the malignant
tissue [139,140]. Its use for visualizing tissue perfusion has already been shown [141–144].
ICG accumulates in tumor regions a few hours after infusion and is considered safe,
but its overall effectiveness is limited by its lack of specificity for structures on tumor
cells and poor tissue penetration, similar to other recently studied dyes (5-ALA, FITC,
methylene blue) [69,145,146].

Since the 2020s, 39 FGS agents have been used in clinical trials, covering 85 separate
clinical trials; however, none of these include testing and development for head and neck
cancers specifically. Out of these, ONM-100 (Figures 8 and 9) stands out for already showing
promising results in finding all tumor-positive margins ex vivo up to 5.7 TBR; nevertheless,
it localized 25% false-positive results in surgical-cavity-driven margins and one out of
six in ex vivo specimen-driven margins [114]. New contrast agents SGM-101, BLZ-100,
LUM015, and OTL38 were tested up to phase II trials, with mean tumor-to-background
ratios up to 1.7 and cancer lesion sensitivity up to 97.97% (OTL38 in phase II study) [37,147].
Nevertheless, none of these new agents have been used so far for HNSCC surgery.

In T-FGS, fluorescently labeled antibodies, proteins, or other molecules are used to
specifically bind to a known surface marker of the tumor, ideally without binding to healthy
cells that do not express this specific marker. T-FGS with monoclonal antibodies (mAbs) is
the most common strategy for many tumor types [148]. uPar and αvβ6 integrin have been
promising in older clinical studies but show an “on/off” phenomenon when it comes to
HNSCC and stromal cells [70]. As described in earlier sections, preclinical studies focus on
antibody–dye conjugates, targeting receptors such as vascular endothelial growth factor
(VEGF), epidermal growth factor receptor (EGFR), prostate-specific membrane antigen
(PSMA), and others [149]. In 2017, a phase I study for the PARP1 agent PARPi-FL showed
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for OSCC a TBR above 3 for the highest dose (1000 nM) after 60 s of gargling and 60 s
of clearing solution. The specificity was confirmed ex vivo, and a phase II study for the
in vivo diagnosis of PARPi-FL is planned and could shorten the administration procedure
from 12 h to 2 min [46]. Another gargling solution is cMBP-ICG, which targets c-MET
receptors. Gargling this solution two times for 30 s and clearing it two times for 30 s 24 h
prior to the surgery showed a promising TBR of 4.12 for primary OSCC tumors, while
intraoperative imaging showed a TBR of 2.71 and 100% sensitivity for the 5 µM group and
3.11 TBR and 46% sensitivity in the 2.5 µM group [47].

Figure 8. During the transition from premalignant to invasive cancerous tissue, the tumor mi-
croenvironment becomes acidic. ONM-100 nanoparticles extravasate through the permeable tumor
vasculature and accumulate in the tumor due to poor lymphatic drainage. This accumulation in
the acidic extracellular matrix triggers a pH-dependent fluorescence change, switching from an ‘off’
(green) to an ‘on’ (red) state. pHe—extracellular pH; pHt—threshold pH. Reprinted with permission
from Ref. [146]. Copyright 2020, Springer Nature.

Figure 9. Study design. (a) ONM-100 was administered intravenously approximately 24 h (±8 h)
before surgery. A 10-day safety assessment period followed, including laboratory tests, pharmacoki-
netics, and ECG monitoring; adverse events were tracked up to day 17. (b) Intraoperative imaging
was performed before incision of the surgical cavity and after excision of the tumor. (c) Following ex-
cision, the specimen was imaged to assess the (positive) surgical margin. (d,e) Fluorescence imaging
was conducted throughout all standard pathology processing steps, (f–h) with H/E slices correlated to
standard histopathology sections. i.v.—intravenous; ECG—electrocardiogram; H/E—hematoxylin–eosin;
SOC—standard of care. Reprinted with permission from Ref. [146]. Copyright 2020, Springer Nature.

For HNSCC, preclinical studies have confirmed the mAb-mediated targeting of the
usual HNSCC markers Epithelial Cell Adhesion Molecule (EpCAM) and EGFR [150,151]
as well as the HNSCC marker CD44v6 [76,152–155]. DTPA-BIWA-IRDye800CW showed
a tumor-to-blood ratio of 10:1 when systemically applied to mouse models but also false
positives in the cervical lymph nodes. It also detected 87% of the invasive tumor nests [76].
The results in other studies showed a promotion of the epithelial-to-mesenchymal process
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(EMT) for CD44s or while isoforming CD44v to CD44s [156]. These studies were conducted
on resected tumor tissue using confocal laser scanning endomicroscopy (CLE), with the
EpCAM antibody showing 100% antigen specificity. Clinical phase I/II studies achieved a
high contrast between tumor and healthy tissue with EGFR-targeted, fluorescence-labeled
antibodies (panitumumab-IRDye800CW, cetuximab-IRDye800, cetuximab-800CW), with
no adverse side effects observed [92,157,158]. Overall, in the search window of July 2019
through July 2024, there are eight clinical trials for FGS in HNSCC registered in clinicaltri-
als.gov (Table 2, website accessed on 1 July 2025), with six still in the planning phase, thus
indicating a steadily growing interest.

Table 2. Registered clinical trials at clinicaltrials.gov for FGS and T-FGS in HNSCC.

Description
Clinical

Trial
Phase

Clinical Trials
Registered Number
(ClinicalTrials.gov

(accessed on
1 July 2025) or

clinicaltrialsregister.eu
(accessed on
1 July 2025))

Patients State Results

ASP-1929
Photoimmunotherapy
(PIT) Study in Patients

with Recurrent
Head/Neck Cancer

Phase II NCT05182866 [159] 22 Recruiting No results published.

Panitumumab-IRDye800
and 89Zr-Panitumumab
in Identifying Metastatic
Lymph Nodes in Patients

with Squamous Cell
Head and Neck Cancer

Phase I NCT03733210 [42] 14 Completed
2021

From 19 lymph nodes that were
histopathologic-labeled

tumor-positive, 6 were false
negatives using

panitumumab-IRDye800: 30 mg
administered intravenously (IV)

and Zirconium Zr-89
panitumumab: 0.8 to 1.2 mCi (29 to

45 Mbq) administered
intravenously (IV).

Adverse events: Of 14 patients,
57 of the tumor-positive patients

and 28.57% of the non-tumor
patients were diagnosed with

vascular hypertension after
administration.

Fluorescence-guided
Surgery Using

cRGD-ZW800-1 in Oral
Cancer

Phase II NCT04191460 [160] 28 Recruiting No results published.

Evaluating the Use of
Dual Imaging Techniques
for Detection of Disease
in Patients with Head

and Neck Cancer

Phase I NCT05945875 [161] 40 Recruiting

No results published to date, but
prior research showed in HNSCC

patients infused with a molecularly
targeted fluorescent tracer that
endogenous expression of the
target antigen can be used as a
reference standard to detect LN

metastasis. Additionally, the
performance of the background in
determining metastatic LN can be

improved by utilizing
patient-specific reference

standards [162].

ClinicalTrials.gov
clinicaltrialsregister.eu
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Table 2. Cont.

Description
Clinical

Trial
Phase

Clinical Trials
Registered Number
(ClinicalTrials.gov

(accessed on
1 July 2025) or

clinicaltrialsregister.eu
(accessed on
1 July 2025))

Patients State Results

Real-time Margin
Assessment in Head and

Neck Cancer
Phase II NCT05499065 [163] 20 Finished

No results published to date, but
University Medical Center

Groningen already experimented
with cetuximab-800CW tracer for

the detection of EGFR,
bevazicumab-800CW for VEGF,
and others such as ONM-100 as

pH-sensitive probes [164].

Fluorescence-guided
Surgery in Laryngeal-
and Hypopharyngeal

Cancer: a Feasibility Trial

Phase II NCT05752149 [165] 27 Not Yet
Recruiting No results published to date.

A Study to Evaluate
ONM-100, an
Intraoperative

Fluorescence Imaging
Agent for the Detection of

Cancer

Phase II NCT03735680 [41] 30 Completed
2021

3 patients with administration of
3 mg/kg showed the best

tumor-to-background ratio (TBR) of
mean 4.022 compared to 1.098 for

one patient with 1 mg/kg and 2.280
for 3 patients with 2 mg/kg [41].

2/3 patients with 3 mg/kg
experienced serious adverse events:
cellulitis (33%), abscess neck (33%),

and superficial vein thrombosis
(33%). In all groups, a minimum of

66% had adverse events; in most
groups, infusion-related reactions

made up most of the other adverse
events.

A Phase 2a, Single-dose,
Open-label Study to
Evaluate Diagnostic

Performance and Safety
of Pegsitacianine, an

Intraoperative
Fluorescence Imaging

Agent for the Detection of
Cancer, in Patients with

Unknown Primary Head
and Neck Cancer

(ILLUMINATE STUDY)

Phase II NCT05576974 [44] 40 Recruiting No results published to date.

An open-label,
non-randomized, single

center, single dose,
exploratory phase II trial

of FG001 (an imaging
agent) for localization of
oral and oropharyngeal

squamous cell carcinoma

Phase II FG001-CT-003 [45] 16 Completed
2023

16 patients undergoing primary
surgical resection were systemically
administered 36 mg (n = 4), 16 mg
(n = 8), or 4 mg (n = 4) of FG001 the

evening prior to surgery.
Intraoperatively, using a

near-infrared imaging system,
real-time optical imaging

successfully identified all 16 tumors
(sensitivity: 100%, mean TBR: 2.99,

range: 2.02–3.95), and tumor
specificity was confirmed by

histology.

ClinicalTrials.gov
clinicaltrialsregister.eu
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5. Discussion
Clear visualization of tumor margins during surgeries may result in shorter operation

times, better postoperative functionality, and a reduction in recurrence rates. Multiple
visualization solutions already use the toolkit of fluorescence. One common method
involves using unspecific albumin-binding dyes such as indocyanine green or methylene
blue, thus highlighting areas of increased tissue perfusion. A specialized camera is required
to capture and display the emitted color spectrum. This technique has been applied in
colorectal surgery, adrenal surgery, neuroendocrine surgery, and liver surgery, although
it is still in its nascency for HNSCC. A notable limitation is the necessity for systemic
administration of the dye, because the dyes do not always bind specifically to the surface
of tumor cells. This leads to delays and precludes localized application to the tumor.

Due to its unspecific binding, ICG has not yet proven to be useful in the HNSCC field,
where precise discrimination between healthy and malignant tissue is essential within
confined anatomical spaces. One exciting approach shown by Pal et al. was the idea to
monitor the fluorescence lifetime of indocyanine green in tumor tissue, which is longer than
the fluorescence lifetime of the same dye in non-cancerous tissue [166], and they proved
its value with an accuracy of over 97%. Nevertheless, this approach is still limited to a
well-perfused vascular network of the tumor for EPR effects, which is not the case for
later-staged tumors that could have dysfunctional or disrupted vascular networks [167].

In order to overcome the limitation of the generally unspecific binding of FGS dyes, a
promising approach is targeted fluorescence-guided surgery (T-FGS). Indeed, a strategy
utilizing antibodies conjugated to fluorophores has been employed in this context. The
anti-CD44v6 antibody Bivatuzumab could show high value as its pendant BIWA and had
high sensitivity (eight times higher than EGFR) in mouse models. Furthermore, ONM-
100 could be examined in regard to real-time surgical margin determination, as a result
of the precise ex vivo detection results (Figure 8). The commonly used EGFR-targeting
monoclonal antibody cetuximab is suboptimal, as it is not specific to HNSCC, which limits
its effectiveness in imaging these tumors. This has resulted in false positives in several
studies targeting head and neck cancers and also in some targeting the non-malignant
salivary glands in the deep margins, which are known to be EGFR-positive tissues [167,168].

Current approaches to T-FGS are still at the level of experimental, preclinical studies
for HNSCC and have not yet reached standard clinical practice. The basic idea in many
published studies is the application of an antibody in combination with a drug conjugate,
which is used for visualization after application. There are also recent non-drug-dependent
approaches for the distinct differentiation of malignant and non-malignant tissue. These
range from live imaging, in which the surgeon receives direct feedback on the distribution
of the dye via an intraoperatively guided camera through intraoperative visualization using
large technical instruments such as CT or SPECT, which require large technical equipment
in the operating theater, to approaches in which freshly frozen sections saturated with
the antibody are used to make statements about the extent of the tumor, in particular, to
support conventional pathological diagnosis [169].

One of the most promising attempts demonstrated that the administration of FG001,
which targeted uPAR in OSCC and HNSCC, showed great potential throughout different
concentration doses (mean TBR 2.99), without serious adverse side effects or off-target
labeling in healthy epithelial tissue. The outcome needs to be validated in a clinical trial
with more than 16 patients reported [79], where the wide variations in expression (from
low to overexpressed) can be further researched.

Other imaging modalities also show early promise as complementary methods or
eventual replacements for standard FGS optical setups as described above. Hyperspec-
tral imaging (HSI) shows promise in surgical applications like assessing tissue perfusion
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and identifying tumor margins, despite facing challenges in clinical adoption due to its
complexity and the need for further validation of its clinical utility [71]. It has its main
strength in assessing tissue perfusion [129,130,170]; however, similar to FGS, it is not tumor-
specific. Narrow Band Imaging and Optical Coherence Tomography primarily detect
superficial lesions [171], while autofluorescence imaging may yield false positives and
negatives caused by inflammatory reactions or scarring by hyperkeratosis, thus limiting
its reliability [172–175]. This utilization of an (auto)fluorescence spectrum has a similar
underlying physical basis as FGS, but due to autofluorescence limitations, it has a lower
SNR and is restricted to the mucosa. High-Resolution Microendoscopy (HRME) offers
detailed imaging but struggles with diagnostic challenges when it comes to keratinization
and submucosal tumor spread [176]. FGS has the advantage of binding to albumin and,
therefore, also showing subsurface tumors or regions of higher tissue perfusion. HRME
can also be combined with FGS procedures.

Raman Spectroscopy (RS) analyzes molecular composition based on photon scat-
tering, thus providing detailed biochemical information, although interpretation can be
challenging due to weak autofluorescence and complex molecular profiles. The optical
fiber technology enables the in vivo assessment of various body locations with handheld
RS probes [177]; however, those fibers generate intense background emission and require
complex optical filtering [178].

Current research approaches aim at the detection of Oral Squamous Cell Carcinoma
with Raman Histology assisted by an AI algorithm [179,180]. It has been shown that RS
can objectively discriminate between normal and malignant tissue [181,182] and enable
the detailed identification of malignant tissues with high sensitivity and specificity [183].
However, it does not provide the surgeon with a wide-field image, as it typically relies on
point-based measurements (i.e., of small tissue volumes). In an effort to combine RS with
FGS to exploit FGS’s high sensitivity and RS’s superior specificity, Grimbergen et al. [184]
demonstrated in bladder cancer that the use of 5-ALA affected the Raman spectra of bladder
tissue. Consequently, the differentiation between benign and malignant tissues required a
preliminary Principal-Component-fed Linear Discriminant Analysis algorithm. Another
problem to address here is the fact that ICG is the most widely used fluorescent agent in
clinical trials of FGS and has its peak fluorescence emission in the near-infrared I (NIR-I)
region (650–900 nm) and a long emission tail that extends into the near-infrared II (NIR-II)
region (1000–1700 nm) [185], which poses a significant challenge for integration with RS
due to reduced Raman scattering at higher wavelengths. Nevertheless, many authors
suggest that a combination of both modalities could benefit from the strengths of the two
individual technologies [186].

The need for the systemic application of most FGS agents also holds the risk of
anaphylactic reactions within patients. The small number of recent studies targeting the
risks of systemic fluorescence admission shows a need to focus on further research into the
side effects and pharmacovigilance of new dyes targeting DNA and antibodies.

The two new trials of gargling solutions cMBP-ICG and PARPi-FL showed administra-
tion times under 5 min and also had no adverse effects on the OSCC patients. Solutions like
this could change the impact of FGS in short-term resection decisions and could also be used
additionally in case of difficulties in the distinguishing of tumor boundaries. Up to now, it
has been difficult to decisively judge the true additional value of FGS and T-FGS in com-
parison to classic tumor boundary identification, as the processes need further, widespread
application in the clinical setting and a better physical understanding of the absorption and
refraction of photons in the impacted tissues. A blood-flooded or necrotic region can lead
to lower fluorescence signals due to higher absorbance or less clear fluorescence boundaries
that cannot clearly exclude the presence of malignant tumor tissue. Currently, it is still up
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to the surgeon to interpret the results of the suspicious region, knowing that suction of the
surface area may lead to higher SNR as well as better discovery of tumor boundaries and
necrotic tissue. Working with the physical understanding in mind can lead to a flexible
process of injecting targeted fluorescent agents and the precise resulting distinguishment
between malignant and healthy tissue [128].

The modest number of phase I and phase II trials for FGS and T-FGS in HNSCC (no
phase III trials are currently registered on clinicaltrial.gov) suggests that there is still much
research to be done to find suitably strong binding receptors on the surface of tumor cells
and to make a clear distinction between the intensity of the tumor accumulation and the ac-
cumulation in the background area. In the latest phase II study, TBR ratios of up to 5.7 were
achieved, with an average peak value of 1.7, still only slightly above the 1.5 threshold
required by the Standardized Framework [114] for live imaging in FGS surgery.

In the future, the aforementioned markers for HNSCC (ONM-100, EGFR, EpCAM,
CD44v6) as well as other potentially relevant markers (e.g., fibroblast activation protein—
FAP [187–189], various ephrin receptors) should be investigated. Additionally, previous
studies on other tumor entities have shown that smaller ligands, such as antibody fragments
like nanobodies (Nbs), or even smaller binding formats like affibodies can enhance perfor-
mance by enabling faster imaging and quicker clearance of the agents post-surgery [149].
Antibody fragments such as Nbs or single-chain antibody fragments (ScFv) [190–194] are
often used, typically resulting in a shorter time to imaging compared to full antibody vari-
ants. These smaller variants might potentially be applied topically [109,195], eliminating
much of the risk of potential adverse reactions resulting from systemic application and
giving more flexibility for real-time adjustments by surgeons.

6. Conclusions
The goal of FGS should be to achieve a low-risk, localized application of a highly

specific tumor marker in the head and neck region, conjugated to a fluorophore that can
be visualized with simple VR glasses or a monitor. This approach would eliminate the
need for prolonged interpretation of recorded images, preventing delays in tumor surgery.
Additionally, the clear demarcation of tumor margins is crucial to ensure safe resection.
This could be achieved through a combination of HNSCC-specific surface molecules and
corresponding antibodies linked to fluorophores on nanoparticle gels, allowing for local
tissue diffusion without the necessity for systemic intravascular administration. However,
this theoretical approach faces several practical challenges. Currently, there is no commonly
used targeted marker for HNSCC on the market, and as evidenced by various clinical trials,
a suitable solution with good SNR and TBR has yet to be identified. Additionally, surface
markers alone are insufficient to provide a fully accurate visual delineation of the entire
tumor. Achieving precise tumor identification necessitates a comprehensive understanding
of factors such as the binding affinity of the marker, the extent of the tissue’s vascularization,
and the presence of necrotic regions. These aspects require careful interpretation by the
clinician to ensure accurate diagnosis and treatment planning.

The advancement of FGS in modern surgical oncology is evident. This represents a
paradigm shift in cancer surgery, enhancing patient outcomes while reducing both mortal-
ity and morbidity. By enabling more precise, targeted tumor resection, FGS contributes to
shorter hospital stays, ultimately lowering overall healthcare costs. This general advance-
ment and engagement also raises the authors’ hope that in the near future, the missing link
toward precise, targeted FGS markers for the head–neck region will be established.
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