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A B S T R A C T

Thyroid cancer, as one of the most common endocrine cancers, has seen a surge in incidence in recent years. This
is most likely due to the lack of specificity and accuracy of its traditional diagnostic modalities, leading to the
overdiagnosis of thyroid nodules. Although there are several treatment options available, they are limited to
surgery and 131I radiation therapy that come with significant side effects and hence cannot meet the treatment
needs of anaplastic thyroid carcinoma with very high malignancy. Optical imaging that utilizes optical absorption,
refraction and scattering properties, not only observes the structure and function of cells, tissues, organs, or even
the whole organism to assist in diagnosis, but can also be used to perform optical therapy to achieve targeted non-
invasive and precise treatment of thyroid cancer. These applications of screening, diagnosis, and treatment, lend
to optical imaging's promising potential within the realm of thyroid cancer surgical navigation. Over the past
decade, research on optical imaging in the diagnosis and treatment of thyroid cancer has been growing year by
year, but no comprehensive review on this topic has been published. Here, we review key advances in the
application of optical imaging in the diagnosis and treatment of thyroid cancer and discuss the challenges and
potential for clinical translation of this technology.
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1. Introduction

Thyroid cancer (TC) is currently the most common endocrine cancer
(Table 1) [1] and has seen a significant increase in incidence over recent
decades. However, such an increase in incidence may be attributed to
overdiagnosis of thyroid nodules [2–4], thus recommended therapeutic
interventions for TC have become increasingly conservative [5,6]. Ac-
cording to guidelines of the European Society of Medical Oncology
(ESMO), the main therapeutic options for differentiated thyroid cancer
(DTC) include thyroidectomy, lymph node dissection, and 131I therapy
[7]. Additionally, radioactive iodine therapy (RIT) when used alone may
be sufficient. Yet, there are also studies that suggest the incidence of TC is
indeed increasing based on statistical numbers regarding advanced TC
and morbidity-based mortality [8]. Papillary carcinomas (PTC, 80%),
follicular carcinomas (FTC, 10%), and medullary thyroid carcinomas
(MTC, 5–10%) make up the bulk of TCs. An uncommon but deadly form
of TC is anaplastic thyroid carcinoma (ATC). Patients with ATC who
received multimodal therapy and palliative care had median overall
survival (OS) times of 21 months and 3.9 months, respectively [9].

The primary treatment for DTC is surgery, supplemented by endo-
crine therapy, radiotherapy and others [6,10], yielding a satisfactory
prognosis overall. Of these, Transoral/transaxillary thyroidectomy has
gained popularity since it addresses issues of neck scars, which is an
important aspect for young and middle-aged women - a demographic at
the highest risk of DTC. However, complications such as nerve injuries
and accidental damage to the parathyroid glands still occur occasionally
in lumpectomy procedures, and may include temporary or permanent
hypoparathyroidism, injury or paralysis of the recurrent laryngeal nerve,
celiac fistula, Horner's syndrome, cervical motor nerve injury, and he-
matoma or plasmacytoma formation [11]. Given this, more emphasis is
placed on improving the quality-of-life post-surgery. To achieve this goal,
surgical treatment of TC tends to minimize the invasion of surrounding
normal tissues while ensuring the survival rate. What remains are the
more troublesome forms of TC such as ATC, where mortality is close to
100% as a result of the absence of effective therapy. The variety,
complexity, and diversity of malignant tumors are often to blame for the
monotherapy modality's low effectiveness and high recurrence rate, and
researchers have been exploring novel treatments for TC to overcome
such challenges.

To solve the above-mentioned diagnostic and therapeutic challenges
of TC, optical diagnostic imaging and phototherapy possessing great
potential have entered the view of researchers. Optical imaging (OI),
which has benefits such as high spatial and temporal resolution, high
sensitivity, high contrast, high throughput, non-invasive, simple equip-
ment, and low cost, uses a variety of optical properties like absorption,
scattering, reflection, and fluorescence [12] to visualize specimens such
as cells, tissues, organs, and even complete living creatures. OI has been
also widely employed in clinical practice for other fields, such as in liver
and breast cancer [13,14], gram-negative bacillary infections [15],
endocrine diseases [16] and other conditions that have seen success.
Table 1
Age-standardized rates of cancer incidence (ASIR) per 100,000 [1].

Rank China Sex

Tumor location Cases (%) ASIR

7th Thyroid 221,093 (4.8) 11.30 Both
9th Thyroid 53,389 (2.2) 5.40 Male
4th Thyroid 167,704 (8.0) 17.50 Female

Rank UK Sex

Tumor location Cases (%) ASIR

19th Thyroid 5527 (1.2) 6.10 Both
20th Thyroid 1385 (0.6) 2.90 Male
11th Thyroid 4142 (2.0) 9.20 Female
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Additionally optical probes have even been successfully used in envi-
ronmental science to detect chemical contamination [17–19]. Currently,
options of OI include Fluorescence Imaging (FI), Optical Coherence To-
mography (OCT), Endoscopy, Photoacoustic Imaging (PAI), Diffuse Op-
tical Tomography (DOT), Raman Spectroscopy, and Super-resolution
Microscopy. In this review, we will thoroughly summarize the progress of
OI in terms of diagnosis, phototherapy, and combination therapy in TC.
The main challenges and opportunities for the clinical application of OI
are also discussed.

2. Optical diagnostic imaging for TC

Overdiagnosis of thyroid nodules is seen as one of the reasons for
their proliferating global incidence, and could potential be addressed
through OI technology. To our knowledge, u25ltrasonography relies on
the image quality, neck coverage area, and interpretation by the diag-
nostic sonographer. Quite oftenmany ambiguous thyroid nodules require
further invasive testing - fine needle aspiration biopsy (FNAB) - to
distinguish between benign and malignant nodules. Currently, the fine-
needle aspiration biopsy (FNAB) is the gold standard for determining
whether to pursue medical interventions for thyroid nodules. For
15–20% of overall cases termed “suspicious” or “inconclusive”, total
thyroidectomy is typically selected. However, histological investigations
showed that only 25–50% of cases that received thyroidectomy are
malignant. OI is more effective than traditional medical imaging tech-
niques in numerous areas, including [20]:(1) High biocompatibility and
safety; (2) Wide range of imaging windows; (3) Ability to combine with
other imaging modalities to create multi-dimensional diagnostic imag-
ing; (4) Capturing high-quality images of ex vivo, in vivo, and in vitro
specimens; (5) Providing data on biochemical processes, biological dy-
namics, and other topics; (6) Highmolecular specificity achieved through
flexible modifiability.
2.1. Fluorescence imaging (FI)

When a fluorescent substance is irradiated by light, it will emit light of
different colors and intensities, and when the irradiation stops, the
emitted light will soon disappear. Exogenous fluorescent probes can be
artificially designed to possess distinctive fluorescence in the ultraviolet,
visible or near-infrared spectra. Their situated environment (polarity,
refractive index, viscosity, etc.) can sensitively change their fluorescence
properties, such as excitation wavelength, emission wavelength, lifetime,
and intensity. FI is one of the essential imaging methods for enhancing
bio-diagnosis and image-guided surgeries in both basic research and
therapeutic applications (Scheme 1). FI provides benefits over conven-
tional imaging methods, including X-ray Computed Tomography (CT),
Nuclear Magnetic Resonance Imaging (NMRI), and Positron Emission
Tomography (PET) in terms of high spatial and temporal resolution, non-
invasiveness, real-time imaging, and cost efficiency. Using this highly
sensitive imaging technique, it can provide a good indication of the
Rank US Sex

Tumor location Cases (%) ASIR

12th Thyroid 52,912 (2.3) 11.80 Both
15th Thyroid 14,351 (1.2) 6.10 Male
6th Thyroid 38,561 (3.7) 17.40 Female

Rank Worldwide Sex

Tumor location Cases (%) ASIR

9th Thyroid 586,202 (3.0) 6.60 Both
16th Thyroid 137,287 (1.4) 3.10 Male
5th Thyroid 448,915 (4.9) 10.10 Female



Scheme 1. Schematic diagram of fluorescence imaging.
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molecular or cellular level activity, which is indispensable for our un-
derstanding of biological processes and disorders. FI has so far been
widely used for immunofluorescence analysis, imaging, drug distribution
and metabolism detection, and imaging-guided surgery [21].

As one of the vital components of FI, near-Infrared fluorescence im-
aging (NIR-FI) is a developing non-invasive imaging modality with
distinct benefits in biological imaging, disease diagnosis, and surgical
navigation due to its high sensitivity and instantaneous nature. The NIR
windows are currently divided into NIR-I (750–900 nm) and NIR-II
(1000–1700 nm) categories. A narrow absorption peak at 1400–1500 nm
caused by water overtones is excluded from the NIR–II window, which is
further separated into NIR–IIa (1000–1400 nm) and NIR–IIb
(1500–1700 nm) [22]. According to a recent study, the NIR-II region
could also be defined as 900–1880 nm, meanwhile, it creatively sug-
gested excellent-performance imaging in 1400–1500, 1700–1880, and
2080–2340 nm wavelengths, designating them as NIR-IIx, NIR-IIc, and
NIR-III, respectively [23]. Because of its capacity to penetrate deep tis-
sues, little photon scattering, and constrained autofluorescence, NIR light
in the second optical window, such as NIR-IIb, 1500–1700 nm, is well
suited for imaging live creatures with great spatiotemporal resolution
[24]. As a result, there has been a steady rise in the emphasis of relevant
research from NIR- I imaging to NIR- II imaging.

NIR-II imaging molecular probes are clinically important for detect-
ing tumor biomarkers with high sensitivity, monitoring tumor
Scheme 2. The light from the source is divided into two paths, namely the two arm
arm, the mirror reflects light. In the sample arm, light has three paths, scattering, abs
the backscattered light signal of the sample arm and the reference arm, the image i
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vasculogenesis, and predicting tumor invasiveness and prognosis. NIR-II
imaging only offers a two-dimensional picture of the target when used
alone for tumor identification, and the absence of fine-grained spatial
information may result in erroneous target description [25]. Therefore,
dual-modality or even multi-modality diagnostic imaging has become a
trend. Xin Chen et al. developed innovative iodinated gold nanoclusters
(AuNCs@BSA-I) probes based on dual-mode fluorescence/CT imaging
for the visualization of thyroid malignancies [26]. The signal background
ratio of AuNCs@BSA-I in normal thyroid tissue is “fast in, slow out,”
while in thyroid tumors, a partial fluorescence signal appears at 1.5 h and
disappears rapidly at 2.5 h, with a signal background ratio of “slow in,
fast out”. AuNCs@BSA-I is a great selective nanoprobe for TC diagnosis.
Meanwhile, research [27] has constructed magnetic resonance imag-
ing/fluorescence lifetime dual-modality imaging nanoprobes-targeting
two peptides (peptide1 and peptide7) of Galectin-1 conjugated with
ultra-small superparamagnetic iron oxide particles (USPIO) or a NIR dye
(CF770), embodying the high specificity and sensitivity for the PTC
detection of 75% and 100%, respectively. In addition, one study [28]
created a multimodal imaging platform called LUCA that combines
clinical ultrasound, 16-channel diffuse correlation spectroscopy, and
eight-wavelength near-infrared time-resolved spectroscopy in a single
device to increase the specificity and sensitivity of TC diagnosis.

In an alternative to direct imaging of the thyroid gland for diagnosis, a
number of biochemical metabolites can be detected to facilitate the
s of the interferometer (the reference arm and the sample arm). In the reference
orbing and returning to the source (backscattering). By comparing and analyzing
s finally obtained.



Fig. 1. Hyperplastic nodules (A & B); lymphocytic thyroiditis (C & D); classic
variation of PTC (E & F); solid variant of PTC (G & H); follicular variant of PTC (I
& J); and thyroid adenoma (K & L) histological and OCT appearances [37]
(Reproduced from Ref. [37] with permission. Copyright 2019 Wiley Periodi-
cals, Inc.).

Scheme 3. Using different wavelengths of near-infrared light to illuminate the
tissue, the ultrasound signal is generated after different light pulses. Photo-
acoustic images are generated by the reconstruction of photoacoustic signals.
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indirect diagnosis of thyroid disease. The strong correlation is well
documented between aberrant Selenocysteine (SEC) levels and a number
of disorders, including thyroid, cardiovascular, diabetic, and neurode-
generative diseases [29–31]. In thyroid diseases, SEC and H2O2 levels are
negatively correlated. A potential chemical diagnostic for the detection
of TC, the radiometric NIR fluorescence probe (Mito-Cy-SEC) was
devised and synthesized in research [32]. It allows for the observation
and analysis of SEC alterations in thyroid disease-related cell lines and
mouse models. A few advanced but inexpensive fluorescent probes can
detect tumor-associated markers in vivo with high sensitivity and high
infectivity [33,34], which may open a new era of TC diagnosis.
2.2. Optical Coherence Tomography (OCT)

By combining high longitudinal resolution with a high lateral reso-
lution, OCT, a non-contact, non-invasive, and non-damaging imaging
4

technology, may provide data that is comparable to that of tissue pa-
thology (Scheme 2). OCT uses a low-energy NIR light source as the
detection light and combines a microscope head, a handheld probe, or an
endoscope for routine detection in a non-invasive manner without
causing damage to biological tissues. Recent research suggests that the
OCT technology may evaluate follicle shape and demonstrate thyroid
tissue growth patterns [35,36] (as shown in Fig. 1 [37]), which may also
lessen the frequency of fine needle aspirations (FNAs) carried out in
benign nodules in multinodular colloid goiter. OCT has since become a
helpful supplementary tool in the identification of malignant and benign
thyroid nodules and may be able to decrease the need for FNAs by
eliminating nodules with clear signs of benignity. The potential rate of
false positive diagnoses will be reduced, and the number of nodules
requiring further testing for evaluation will be decreased, which will aid
in lowering the costs of unnecessary testing for thyroid nodules that were
unintentionally discovered. OCT is simple to operate, with short imaging
time and high resolution. However, the limited imaging depth of OCT,
generally limited to 2 mm, is the biggest obstacle that hinders its trans-
lation into clinical diagnostic applications.
2.3. Photoacoustic imaging (PAI)

In contrast to previous optical imaging modalities, photoacoustic
imaging (PAI) is a hybrid imaging modality that has emerged in recent
years that combines laser and ultrasound detection, taking advantage of
the optical properties of sensitive tissues [25] through high ultrasound
resolution and strong optical contrast. Photoacoustic imaging uses
instantaneous light to irradiate the tissue. Molecules in the tissue produce
different degrees of rapid expansion under excitation light of different
wavelengths, so as to generate ultrasonic waves that are detected by the
ultrasonic detector. The depth is determined by different ultrasonic
signal time. The image is reconstructed through data processing to form
an image (Scheme 3). The depth of imaging and resolution of PAI is
inversely proportional to the frequency of the ultrasound detector used
(e.g., a center frequency of 4–6 MHz and a bandwidth of 0.1–10 MHz for
an imaging depth of 2–4 cm) [38]. PAI is one of the hot spots of novel
diagnostic modalities being explored for various systemic diseases, such
as the quantitative functional evaluation of liver fibrosis in mice by
photoacoustic imaging explored by Jing Lv et al. [39]. Based on the light
absorption properties of certain substances in the body (e.g., hemoglobin
and lipids, etc.), PAI displays key functional data, such as oxygen satu-
ration, and detect small vessels that are not detected by color Doppler
ultrasound [38,40]. PAI demonstrating the presence of hypoxia and
reduced lipid content in malignant thyroid nodules compared to benign



Fig. 2. Dual-mode imaging (PAI combined with FI). The NIR-II fluorescence
images (A) of epidermal growth factor receptor (EGFR)-positive FTC-133 tumor-
bearing mice were captured before injection and 1, 4, 24, and 48 h after tail vein
injection of Affibody-DAPs, respectively. The blocking group was co-injected
with Affibody ZEGFR:1904 and Affibody-DAPs. (Images of both groups using
the same acquisition parameters.) Coronal views of the 3D volume rendering of
the PAI (B) of the FTC-133 tumors were obtained at the predefined time in-
tervals right after FI. White dashed lines and white arrows indicate tumors [25]
(Reproduced from Ref. [25] with permission. Copyright 2017 American
Chemical Society).

Scheme 4. Schematic diagram of diffuse optical tomography.

C. Shao et al. Materials Today Bio 17 (2022) 100441
thyroid nodules can aid in the diagnosis of TC, which has unique ad-
vantages over traditional screening diagnostic modalities for thyroid
disease. In addition to providing structural support and giving functional
information, PAI can potentially distinguish benign and cancerous thy-
roid nodules from healthy thyroid tissue using multispectral PAI.
Eighty-eight thyroid sections from 50 patients yielded great results.
Sensitivity, specificity, positive predictive value and negative predictive
value of PAI in differentiating malignant and benign thyroid lesions were
69.2%, 96.9%, 81.8% and 93.9%, respectively [41]. More importantly,
PAI possess the advantage of having no binding barriers and can be in-
tegrated with other imaging modalities to create a multimodal imaging
platform, such as with ultrasound imaging or NIR-II fluorescence imaging
(Fig. 2) [42–44], all of which have shown excellent capabilities in the
diagnosis of TC. Overall PAI can provide images of thyroid structures and
functional information such as vascularity, oxygenation and inflamma-
tion without ionizing radiation or injection of exogenous contrast agents,
and with a short examination duration (~5min), it has great potential for
5

clinical translation.

2.4. Diffuse optical tomography (DOT)

DOT is a thick tissue imaging technique that typically collects light
scattering information in the near-infrared spectral range and then ana-
lyzes it through statistical models in order to obtain three-dimensional
images with an imaging depth of roughly 1–1.5 cm [45,46], promising
a non-invasive diagnosis of TC. Traditional DOT requires a high-density
array of probes to capture a large amount of biological information in
order to reveal biological 3D information, which is very time-consuming
(Scheme 4). Some researchers have proposed a novel DOT system that
uses a multi-directional emitting light source and a photodetector to
replace the traditional high-density probe array, ultimately achieving an
imaging depth of 1.5 cm [46]. Whether a high-density probe array
combined with multi-directional measurements can obtain satisfactory
DOT images while reducing imaging time is to be further explored by
researchers. A study claims that DOT can assist in the diagnosis of FTC by
detecting the degree of tumor hypoxia [47]. However, the nature of light
scattering, refraction and absorption during propagation, and the struc-
ture of the thyroid gland adjacent to the trachea and large blood vessels
make it more difficult to obtain high-quality images like CT. Some studies
have attempted to establish DOT imaging models to reduce the
above-mentioned interference [47,48], but there is still a long way to go
for thyroid DOT 3D image establishment. Research on the effectiveness
of DOT for TC diagnosis and treatment is still in its early stages.

3. Phototherapy in TC

3.1. Photothermal therapy (PTT)

The highly aggressive and treatment-resistant nature of undifferen-
tiated TC [49,50] makes its prognosis extremely poor. Traditional sur-
gery and radiotherapy have little effect on undifferentiated TC and are
often associated with numerous complications. The advent of NIR im-
aging combined with phototheranostics has brought hope to both pa-
tients and physicians, as it not only provides a clear diagnosis but also
allows targeted localized killing of tumor cells with minimal or no
damage to surrounding organ cells.

With benefits of being manageable, non-invasive, and having mini-
mal side effects, PTT is a therapy approach that employs photothermal
reagents (PTA) to transform light energy into heat energy for tumor cell
ablation under proper external light irradiation [51]. Some of the
nanoprobes applied in NIR imaging tend to have good photothermal
conductivity, allowing some of them to be used as PTAs in PTT. Mean-
while, by purposefully processing and modifying PTA, they can specif-
ically target certain tumor cells. The following probes can all greatly
improve the thermal efficacy (Fig. 3) on thyroid tumor cells, achieving
precise local thermal ablation of tumors with no significant cytotoxicity
observed in animal experiments: Polymeric NPs with bevacizumab and
IR825 conjugated on the surface (IR825@B-PPNs) [52], 131I-radio-
labeled cerebroid polydopamine nano-particles (CPDA-131I NPs) [53],
131I-labeled BSA-modified CuS nanoparticles (131I-BSA@CuS) [54],
meso-methoxy-substituted DSPE-PEG-2000-coated boron dipyrrome-
thene (B–OMe-NPs) [55], polypyrrole (Ppy)�poly-(ethylene imine)�
siILK nanocomplex (PPRILK) [56], functionalized (epidermal growth
factor (EGF), holo-transferrin, or lapatinib) HAOA-coated AuNPs [57],
and photo-triggered Gold nanodots capped mesoporous silica nano-
particles (Au@MSNs) [58] (Table 2).

The two energy dissipation modalities of PTT and FI are in conflict
with one another since energy is conserved. Therefore, the goal of NIR-
guided PTT is to develop a method to balance photothermal effects
(non-radiative decay) with fluorescence (radiative decay) [59]. Addi-
tionally, hyperthermia-induced inflammation might raise the danger of
cancer recurrence. PTT in combination with anti-inflammatory medica-
tion would thus be more sensible and efficient. According to reports,



Fig. 3. Thermal efficacy of IR825@B-PPNs (A), CPDA-131I NPs (B), 131I-BSA@CuS (C), B–OMe-NPs (D), PPRILK (E) [52–56]. The temperature fluctuation curves of the
indocyanine green (ICG) solution and IR825@B-PPNs after four photothermal heating cycles (A1). The different power-density irradiation (A2) (Reproduced from
Ref. [52] with permission. Copyright 2019 Acta Materialia Inc. Published by Elsevier Ltd). The five photothermal cycles of BSA@CuS's temperature fluctuations (B1).
The images of the photothermal heating curve at various light intensities (B2) (Reproduced from Ref. [54] with permission. Copyright 2022 International Union of
Biochemistry and Molecular Biology). Time-dependent temperature variation of B–OMe-NPs at different laser powers (C1). Photothermal cycle of BOMe-NPs and ICG
solutions during laser irradiation (C2) (Reproduced from Ref. [55] with permission. Copyright 2022, American Chemical Society). Heating curves of PPRNC in
gradient concentrations during 10 min of laser irradiation (D1). Temperature changes in PPRNC during three laser irradiating and natural cooling-down cycles (D2)
(Reproduced from Ref. [56] with permission. Copyright 2022, American Chemical Society). (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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hydrogen has a significant advantage in minimizing tissue inflammation
brought on by high temperatures. Therefore, the NIR-controlled
hydrogen nanoplatform combined with PTT would be a feasible solu-
tion. The reported PdH0.2 nanocrystals [60] and the hydrogenated
Pd-MOF (porphyrin–palladium metal–organic framework) [61] exhibi-
ted good controlled hydrogen release properties and photothermal ef-
fects, which have been confirmed.
3.2. Photodynamic therapy (PDT)

PDT activates photosensitizers by laser light at specific wavelengths,
which in turn releases a highly reactive free radical oxygen molecule that
causes necrosis of cancer cells, especially the blood vessels that nourish
cancer cells [51,62]. PDT's three basic components are photosensitizer,
light source, and oxygen [63]. PDT is an excellent non-invasive tumor
treatment with the advantages of fewer side effects, a strong ability to kill
tumor cells, and not interfering with the application of other treatments
[62]. However, the tumor's microenvironmental hypoxia and lack of
targeting limits its further clinical application. There are two main ap-
proaches to solving the former problem: (1) delivering oxygen directly to
the tumor region through a carrier [64,65]; (2) generating oxygen
through biochemical reactions at the tumor site [66,67]. In addition, the
problem of weak targeting can be solved by chemical modification of
photosensitizers or the construction of nanosystems containing targeting
ligands.

An excellent nanosystem, consisting of a combination of tumor-
recognizing specific molecules, photosensitizers, and NIR fluorescent
probes, can achieve precise imaging diagnosis and local killing of tumor
cells when activated by NIR light and has great potential to be applied to
the treatment of TC. It has been demonstrated that the application of
porphyrin-HDL nanoparticle (PLP)-mediated PDT in preclinical models
of TC can achieve specific ablation of thyroid tumors, preserving normal
thyroid tissue without tracheal or nerve damage [68] (Table 3). In
addition, chemotherapy combined with PDT can obtain better inhibition
of thyroid tumor growth and induction of tumor cell apoptosis [69,70].
The reason may be that PDT contributes to the internalization of
6

chemotherapeutic drugs [70]. Photosensitizers that are currently being
investigated are those such as Hypericin [71] (Table 3), a natural
photosensitizer, which when combined with PDT can achieve excellent
destruction of thyroid tumor cells by inducing intracellular reactive ox-
ygen species (ROS) production and mitochondrial damage. The most
interesting aspect that has attracted the attention of researchers is the
multimodal imaging of PDT. For example, Xuejian Xing et al. developed a
nano-therapeutic platform integrating NIR-FI, PAI, PTT and PDT, which
has the potential to realize the application of NIR-FI and PAI for
co-guided PDT and PTT treatment.

In practical clinical applications, it is difficult to obtain satisfactory
efficacy with PTT or PDT alone because of the heat shock effect in PTT
and the hindrance of the hypoxic tumor microenvironment in PDT [72,
73]. Thus, combining two treatments may be a promising solution. PTT
enhances the effect of PDT by increasing the blood flow rate to increase
the oxygen concentration in the tumor microenvironment, and this effect
in turn promotes the elimination of heat-resistant tumors in PDT [59]. In
addition to PTT, other treatment modalities can also be integrated into
the nanotherapy platform according to the patient's specific conditions.
As illustrated in Fig. 4 [74], the four treatment modes, including H2, PDT,
PTT, and enhanced chemodynamical therapy (ECDT), can be combined
on a single nanoplatform to constitute an H2-mediated cascade of
amplified synergistic therapies. Multimodal treatment nanoplatforms are
very promising in the treatment of cancer.

In conclusion, PDT and PTT have their unique advantages over
traditional tumor treatment modalities (e.g., surgery, radiofrequency
ablation, radiation therapy, chemotherapy, etc.). The design of targeted
optical probes and the control of laser irradiation together ensure the
precision of phototherapy and minimize the toxic effects that deviate
from the target tumor to the surrounding tissues. Non-invasiveness is also
one of the great advantages of phototherapy, as surface organs can be
treated with non-invasive laser irradiation to stimulate PTT or PDT, while
deep organs can be treated with intervention techniques like fiber optic
and endoscopic to allow avoidance of dissection and chest opening.
Phototherapy is extremely biocompatible and can be safely used multiple
times intra-human. Meanwhile, phototherapy has considerable potential



Table 2
PTT performance of various NIR probes supported by existing literature [52–54,
57,58].

PTA Performance Application Indication

Bevacizumab
(antibody) and
IR825 [52]

The treatment
efficiency of tumor
eradication by near
infrared (NIR) laser
irradiation was
significantly
improved.

Build a sequentially
targeted
nanoplatform
(IR825@Bev-PLGA-
PFPNPs) for PTT.

ATC

mesoporous
polydopamine
nanoparticles
(MPDA) [53]

Porous nanoparticles
show huge advantages
in the field of drug
delivery, which can
effectively improve
the loadings of
chemotherapeutic
drugs or other
substances.

MPSNs were used as
nanocarriers for
loading various drug
molecules by virtue
of their open pore
structure and
adjustable pore
channels to treat
cancer.

ATC

the131l-labeled BSA-
modified CuS
nanoparticles
(131I-BSA@CuS)
[54]

The synthesized
nanomaterial showed
uniform dispersion,
good stability and
aqueous solubility,
excellent
photothermal
properties, and long-
term retention in ATC.

As a therapeutic
agent, it has shown
remarkable efficacy
in both ACT
radiotherapy and
PTT.

ATC

B–OMe-NPs [55] B–OMe-NPs and laser
irradiation mediated
therapy and cell
proliferation
inhibition lead to
tumor tissue damage

It has good
photostability and
effective
photoacoustic
imaging and
fluorescence
imaging ability, and
combines PTT and
PDT treatment
modes

Cancer

Based on a
polypyrrole
(Ppy)-poly-
(Ethylene imine)-
siILK
nanocomplex
(PPRILK) [56]

Tumors were
completely eradicated
by photothermal
therapy, and the
recurrences and
metastases were
obviously restrained
by siILK

It has excellent
biocompatibility and
stability, and can be
modified by surface
to achieve charge
reversal to load and
release siILK under
appropriate
conditions.

PTC

holo-
TRANSFERRIN,
(EGF and
lapatinib-
functionalized
AuNPs (gold
nanoparticles)
[57]

AuNPs have many
advantages, including
efficient light-heat
conversion and
tunable optical
properties that can be
manipulated by
varying the AuNPs's
physical
characteristics such as
size and shape.

For PTT,
nanotechnology can
change the
photothermal
properties of the
medium and
enhance tumor
hyperthermia.

ATC

Photo-triggered
Gold nanodots
capped
mesoporous silica
nanoparticles
Au@MSNs [58]

The capsaicin and
Cap-AuMSNs were
able to inhibit the
migration and
invasion of cancer
cells.

For PTT, Cap-
AuMSNs are in the
nano regime and
highly stable.

TC

Table 3
PDT performance of various NIR probes supported by existing literature [68,71].

Photosensitizer Performance Application Indication

The porphyrin-
HDL
nanoparticle
(PLP) [68]

Providing a safe,
minimally invasive,
and effective
alternative to
thyroidectomy for TC
therapies

PLP-PDT enabled
complete ablation of
tumor tissue while
sparing both the
normal thyroid tissue
and RLN from damage.

DTC

Hypericin (HYP)
[71]

HYP, isolated from St.
John's wort
(Hypericum perforatum
L), is regarded as a
powerful
photosensitizer,
which is studied for its
photodynamic effects.

HYP-assisted PDT can
promote mitochondrial
damage and cell
apoptosis in
adenocarcinoma, liver
cancer, and vascular
malformation cells.

ATC

B–OMe-NPs [55] B–OMe-NPs and laser
irradiation mediated
therapy and cell
proliferation
inhibition lead to
tumor tissue damage

It has good
photostability and
effective photoacoustic
imaging and
fluorescence imaging
ability, and combines
PTT and PDT treatment
modes

Cancer

Fig. 4. The schematic representation of the multimodal nano-platform: H2

mediated cascade enhancing synergetic treatment [74].
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to be used in combination with other therapies, such as chemotherapy
and immunotherapy. With the advanced research on phototherapy, an
increasing number of multifunctional probes are demonstrating superior
optical properties. However, multifunctional advanced targeting probes
may lead to difficulties in chemical preparation and quality control,
limiting their translation to the clinic. The clinical application of a
technology requires not only the assurance of its therapeutic efficiency,
but also the consideration of its preparation, preservation and trans-
portation costs, along with the practicality of the control system and the
7

selection of the target tumor. Thus, phototherapy is a very promising but
complex subject that has the potential to move forward as a next-
generation of oncology treatment technology.

4. Combined treatment for TC

4.1. Radiotherapy & chemotherapy

RIT has been available throughout the past sixty years and usually
exists as a complementary treatment to surgical treatment. DTC Patients
with a high risk of recurrence have benefited from utilizing RIT, whereas
DTC patients with low risk have not benefited from its effects on tumor-
free and final survival [75]. Even while RIT is often well tolerated, it may
have a number of short- and long-term harmful adverse effects [76].
Some studies have attempted to combine 131I radiation therapy with PTT
in TC [54,77]. RIT is now being widely employed in the treatment of TC.
Compared with single treatment, the combination of radiation therapy
and PTT has stronger anti-tumor activity, and no significant toxic side
effects were observed in animal experiments, so the clinical application is
promising.

Since chemotherapeutic drugs have a propensity to destroy both
tumor cells and healthy cells without discrimination, chemotherapy is
not frequently employed in DTC. In contrast, for undifferentiated TC,

https://www.ncbi.nlm.nih.gov/mesh/68011878
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radiation therapy and chemotherapy are often combined with surgery.
The American Thyroid Association guidelines recommend docetaxel/
paclitaxel and platinum in ATC, despite yielding no benefit to survival in
advanced ATC [78]. One of the key problems preventing the successful
treatment of malignant tumors is multidrug resistance (MDR) [79]. The
construction of nanoparticles for precise targeted delivery of chemo-
therapeutic drugs is expected to solve this problem, and the construction
of optical diagnostic imaging, phototherapy, and chemotherapeutic drug
delivery in a multimodal nanoplatform has become a popular topic for
research. According to one study, carboplatin (CBDCA) and PDT together
may more effectively inhibit tumor development and trigger apoptosis in
anaplastic TC via modulating EGFR and PI3K as well as activating PTEN
[70]. PLGA-Au-TiO2@CPT-11 and PLGA-Au-TiO2@CPT-11 þ NIR
nanoparticles have shown excellent antimetastatic characteristics and
decreased cell invasion activity in B-CPAP and FTC-133 TC cell lines
[79]. We believe that targeted photoexcitation to control the precise
release of chemotherapeutic agents, complemented by phototherapy and
real-time imaging of tumors can together propel chemotherapy into a
new phase.
4.2. RNA therapy

RNA therapy has been extensively researched and developed as a
novel diagnostic and therapeutic tool for cancers. The thermodynamic
stability and specific targeting of RNA offer the possibility of RNA ther-
apy, which reduces the oncogenic properties of cancer cells by over-
expressing cancer-specific genes through small interfering RNA (SiRNA),
resulting in apoptosis of cancer cells [80]. The prognosis for ATC, a
thyroid subtype, is quite poor, and standard therapies, including surgery,
radiation, and chemotherapy, have not been very effective. V-Raf murine
sarcoma viral oncogene homolog B (BRAF) mutations are present in 40%
of ATC patients, while additional MAPK pathway mutations (down-
stream of BRAF) are present in 20%–40% of ATC cases. Yanlan Liu et al.
designed a NIRF nanoplatform for imaging metastatic ATC combined
with RNA therapy [81]. It has been demonstrated that the group's newly
created NIR nanoplatform can make it easier to introduce siBRAF into
ATC transplant tumors in vivo. This will cause strong BRAF silencing in
the tumor tissues and will effectively stop the growth of the tumor
without causing any discernible side effects. Experimental investigations
showed the capacity to cause lengthy circulation and substantial tumor
accumulation in both xenograft and in situ ATC models (Fig. 5). More
remarkably, the systemic administration of siBRAF-carrying NIR nano-
particles dramatically decreased the incidence of intrapulmonary
micro-metastases. We believe that excitation by optical localization can
achieve aggregated release of siRNA, and may increase the targeting and
promotion of cancer cells into programmed death, making it a very
promising diagnostic and therapeutic option for malignant tumors.
However, its clinical translation needs to overcome the shortcomings of
RNA biological instability and short circulating half-life [82]. Experi-
mental data related to RNA therapy combined with optical imaging/th-
erapy for TC are still lacking, and only a few RNA-based nanoparticles of
other systems have entered clinical trials. Thus, we expect more research
results to emerge.
Fig. 5. In vivo NIR imaging of organs from B (A). After receiving a single dosage o
dependent FI (B) [81] (Reproduced from Ref. [81] with permission. Copyright 2022
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4.3. Optical imaging-guided surgery

Real-time feedback and the availability of reasonably priced video
systems that provide a broad view of the surgical field are two potential
benefits of OI [83]. Therefore, the application of OI technology to surgery
will enhance the surgeon's preoperative and intraoperative visualization
and improves the accuracy of postoperative assessments, facilitating
integration into the daily clinical surgical operation process.

4.3.1. Lumpectomy guidance
Surgery is one of the treatments of choice for the vast majority of solid

tumors. Traditional imaging techniques are difficult to apply in the
operating room due to low temporal or spatial resolution, cumbersome
and large imaging instruments, and poor timeliness [22]. NIR imaging,
characterized by high temporal and spatial resolutionmolecular imaging,
has received tremendous focus from researchers. In the last decade,
NIR-II imaging with less light scattering, deeper penetration depth, and
higher signal-to-noise ratio of imaging [84,85] compared to NIR-I im-
aging, has shown great potential for clinical applications. The U.S. Food
and Drug Administration (FDA) has approved a number of NIR fluores-
cent dyes (indocyanine green (ICG), 5-aminolevulinic acid (5-ALA), and
methylene blue) and imaging systems for diagnostic and therapeutic
applications [86–88]. Among them, ICG has been extensively utilized in
clinical applications, including tumor imaging, lymph node imaging,
angiography, and tissue perfusion, by virtue of its good biosafety and
superior optical properties. ICG, as a NIR-II imaging dye, has been widely
applied in tumor resection evaluation. ICG-based tracers can be localized
in real-time, effectively and precisely, reducing the chances of missing or
mistakenly injuring normal thyroid tissue or important anatomical
structures around the thyroid, and maximizing patient prognosis based
on complete resection of tumor tissue. It has a high application value in
the surgical resection of primary and recurrent tumors in the head and
neck [89–91]. Tissue factor (TF) is a prospective diagnostic marker for a
number of malignancies, including breast, pancreatic, and TC, among
others, according to recent research. A study [92] developed IRDye
800CW-ALT-836 (Fig. 6) based on TF-specific monoclonal antibodies, is a
fluorescent dye with superior targeting ability, which showed pre-
liminary effectiveness in preclinical mouse models for the diagnosis and
treatment of ATC, facilitating complete in situ resection of ATC tumors.
NIR-FI is the most clinically promising OI modality for real-time surgical
navigation, assisting surgeons in the complete removal of tumors while
minimizing surgical complications.

A study concluded that oct can differentiate between benign, malig-
nant, and normal thyroid tissue in ex vivo specimens [35]. It has also
been shown to be able to distinguish the thyroid and parathyroid glands
[37]. The capacity of OCT to conduct real-time surgical navigation during
an operation has also been demonstrated [93,94]. According to research
[36], in ex vivo thyroidectomy specimens of patients who had undergone
surgical excision for the therapy of PTC, optical biopsy employing OCT is
a viable alternative to frozen sections for the diagnosis of microscopic
extrathyroidal extension (mETE). Using a changing axis of laser scanning,
OCT can show high-resolution real-time pictures of the tumor and sur-
rounding envelope in this preliminary study [36]. OCT is simple to use
f NIR NPs, a BRAFV600E-mutated 8505C tumor-bearing animal showed time-
National Academy of Science).



Fig. 6. Serial FI following injection of IRDye 800CW-
ALT-836 and image-guided tumor removal seven days
later. In vitro fluorescent imaging, strong fluorescent
signals were seen in the tumor, but not in the other
organs. Blue dashed circles indicated the tumor [92]
(Reproduced from Ref. [92] with permission. Copy-
right 2020 The Authors. Published by WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim). (For inter-
pretation of the references to colour in this figure
legend, the reader is referred to the Web version of
this article.)

Fig. 7. A description of the intrinsic fluorescence observed in both normal
lymph nodes and formalin-fixed PTC nodal metastases under quantitative
spectroscopy conditions [96]. (Reproduced from Ref. [96] with permission.
Copyright 2022 The Author(s). Published by Springer Nature).
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and may be completed in 3 min or less on average. OCT may eventually
be able to do intraoperative “optical biopsies” without the need for fix-
ation, staining, or tissue removal with further advancements in OCT
miniaturization and intraoperative sterile probe formats. However, OCT
imaging can only penetrate as deep as 1–2 mm, hence intraoperative
thyroid imaging is only possible on the exposed surface and superficial
tissue.

4.3.2. Mapping metastatic lymph nodes
Lymph node dissection is a critical component of radical TC surgery.

The extent of lymph node dissection is still in disagreement, but there is a
general consensus that dissection at minimum should cover the central
zone (zone VI), since it is often the first station of TC lymph node
metastasis. A series of problems, including laryngeal return nerve dam-
age and hypoparathyroidism, can result from over-treating prophylactic
lymph node dissection [95]. NIR fluorescence-guided lymph node
dissection can reduce these problems to a large extent.

A clinical study [96] found that PTC nodal metastases had a stronger
fluorescence intensity than healthy lymph nodes (p < 0.0001) and fat/-
connective tissue (p < 0.0001) (Fig. 7), confirming that EMI-137 was
primarily aggregated in the cytoplasm of TPC1 cell lines and PTC nodal
metastases and that the near-infrared fluorescence (NIRF) tracer was
internalized in MET-positive cells. The use of NIRF tracer (EMI-137) in
the perioperative period to detect PTC lymph node metastases is safe and
feasible and may reduce the negativity of prophylactic central compart-
mentalized node dissection (CLND), ultimately minimizing the incidence
of overtreatment and complications during PTC lymph node dissection.
NIR imaging to identify metastatic lymph nodes of TC using fluorescent
probes formed by ICG as the basic backbone with targeted functionali-
zation modification is one of the very promising methods that can be
applied to surgical navigation to reduce excessive lymph node dissection.
For example, the ICG-99mTc-nanocolloid combination designed by Nilda
Sütay Süslü et al. [90] and a combination of ICG and carbon nano-
particles (CNs) designed by Xing Zhang et al. [97] have been shown in
clinical studies to more accurately identify metastatic lymph nodes. This
can provide precise clinical staging and lymph node dissection to
improve the prognostic survival quality of patients.

Real-time intraoperative lymph node imaging screening is limited by
the 1–2 mm imaging depth of OCT. However, Erickson-Bhatt, Sarah J
et al. [93] suggested that in the future, portable intraoperative systems
with OCT needle probes could allow in vivo imaging of the surgical cavity
and exposed local area lymph nodes after the removal of the tumor. The
ability to differentiate between metastatic lymph nodes and healthy
lymph nodes has been shown to depend on the nuclear characteristics of
9

papillary TC cell inclusion bodies seen inside the lymph node paren-
chyma (Fig. 8) [37], which manifests as the lack of homogenous paren-
chyma on OCT. The primary characteristic that distinguishes metastatic
lymph nodes from normal lymph nodes on OCT is the lack of homoge-
nous parenchyma. It was observed in 78% (14/18) of metastatic lymph



Fig. 8. Papillary architecture (A1 & A2) (arrows) and follicular architecture (B1 & B2) (arrows) are observed in histological and OCT appearances of metastatic PTC to
lymph nodes. Homogeneous parenchyma and vessels (C1 & C2) (arrow) are observed in histopathological and OCT of the benign lymph node [37] (Reproduced from
Ref. [37] with permission. Copyright © 2019 Wiley Periodicals, Inc).
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nodes [37]. Images of lymph nodes and parathyroid adenomas could be
misinterpreted for one another, failing to discriminate between benign
and malignant thyroid nodes.

PAI has not been explored for the early diagnosis and treatment of TC
micrometastases. However, its significance has been reported in other
diseases, such as in the work of Qian Yu et al. where PAI was concluded to
be able to detect in vivo melanoma liver micrometastases up to 7 mm
deep with a size of approximately 400 μm. This is more sensitive than the
capabilities of that of ultrasound and MRI [14]. Due to its excellent
penetration depth and sensitivity for metastasis identification, we can
foresee that PAI will have the potential to be an excellent media for
surgical navigation.

4.3.3. Identifying parathyroid gland
TC surgery can often be accompanied by numerous complications.

Due to accidental excision of the gland or damage to the blood vessels
supplying the parathyroid glands, hypoparathyroidism is the most
prevalent complication following total or almost total thyroidectomy.
According to reports, the percentage of lifelong hypoparathyroidism
ranges from 0.4 to 13.8% [11] and may reach 37% in cases of bilateral
neck dissection for thyroid malignancy [98].

NIR imaging is very effective in preventing hypoparathyroidism to be
believed by most surgeons, because it can be applied to examine the
parathyroid glands (PGs) during TC surgery and determine if the blood
supply to the glands is compromised [99]. The application of NIR im-
aging techniques in the prevention of parathyroid injury is divided into
two main categories: (1) Imaging of parathyroid autofluorescence; (2) FI
with exogenous tracers (e.g., ICG).

By visualizing the parathyroid glands (Fig. 9 shows the green ICGA
fluorescence of the residual parathyroid glands [100]), NIR
fluorescence-guided surgery is an effective, feasible, and safe method to
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reduce the incidence of post-thyroidectomy hypoparathyroidism. It re-
duces the risk of postoperative hypoparathyroidism and hypocalcemia as
a result of fluorescence-guided surgical research to be able to improve the
early detection, visibility, and preservation of PGs in addition. This im-
aging method also aids in locating unintentionally removed glands on
samples for later autologous transplantation [99]. During thyroid sur-
gery, OCT can be used as a device to assist identifies parathyroid glands.
According to studies [37,99,101–103], OCT imaging's qualitative criteria
may be utilized to identify and preserve parathyroid glands during thy-
roidectomy, and the procedure has no side effects or radiation emissions.
However, a study [104] observed a marginally better vision of the gland
in white light, presumably because the strong background signal of the
hypervascularized tumor tissue interfered with the imaging of FI.
Research including 542 patients show no discernible difference in the
number of visualized PGs between the NIR autofluorescence and con-
ventional groups [105], because of the surgeon's extensive experience.

4.3.4. Identification of the thoracic duct
When performing lymph node dissection in zone IV, the thoracic duct

is not readily identifiable and is very vulnerable to injury, leading to
celiac leakage. So far, there has been no conventional technique for the
identification of intraoperative auxiliary thoracic duct (TD). Previous
cases have reported the use of ICG for TD identification in the thorax and
abdomen in humans [106–108]. One study [109] performed ICG NIR
imaging intraoperatively and postoperatively in six patients who un-
derwent left cervical lymphatic dissection (grade II-IV) for TC or mela-
noma (typical FI is shown in Fig. 10), demonstrating that ICG
identification of TD is technically feasible and has the potential to be an
important adjunct for surgeons. It will also help to identify the location of
the injury and confirm the completion of the repair when intraoperative
celiac fluid leakage is observed. Nevertheless, limited by the depth of



Fig. 9. Patient undergoing subtotal parathyroidectomy. Residual parathyroid gland (arrow) (A). Greyscale ICGA demonstrating excellent residual perfusion (B). Green
ICGA fluorescence of residual parathyroid (C & D) [100] (Reproduced from Ref. [100] with permission. Copyright 2019 Elsevier Ltd). (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 10. NIR imaging of thoracic ducts for patients #4 and #5 [109]. (IJV:
internal jugular vein; SV: subclavian vein; TD: thoracic duct) (Reproduced from
Ref. [109] with permission. Copyright 2018, Society of Surgical Oncology).
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NIR-FI, a great deal of surgical dissection work is required before FI can
be visualized optimally, which inevitably prolongs the procedure time.

5. Challenges

We believe that OI diagnosis and treatment will have a broad appli-
cation prospect in TC, but the exploration of clinical translation has also
revealed unavoidable shortcomings. In the diagnosis and treatment of
thyroid nodules, fluorescence imaging can only obtain two-dimensional
image information of the tumor; OCT is only suitable for surgeons to
explore the area of interest during surgery because the imaging depth is
limited to 1–2 mm; PAI is easily affected by motion artifacts, thus
reducing the image quality; DOT imaging is more time-consuming, and
there is still a lack of relevant studies in the field of thyroid. The limited
depth of penetration has become the biggest obstacle to the clinical
translation of OI. How to avoid the influence of optical properties
(scattering, refraction and absorption) on the stability of imaging and
ensure the quality of imaging has also become an urgent problem to be
addressed. In addition, NIR-II fluorescence imaging, as the most prom-
ising imaging modality in OI, still has a long way to go for its clinical
translation. The ideal fluorescent probe should have long fluorescence
emission time, good photostability and water solubility, non-toxic or low
11
toxicity, easy metabolism, high quantum yield, and tumor-specific
enrichment. To date, only three NIR fluorescent probes have been
authorized by the FDA for clinical use: ICG, methylene blue, and 5-ALA.
More outstanding targeted fluorescent probes remain to be explored. The
specific advantages and disadvantages of the four imaging modalities are
clearly shown in Table 4. In the last decade, researchers have explored
the utility of OI and therapy in the diagnosis and treatment of TC, but
there is a lack of unified parametric standards for OI (e.g., in the
assessment of fluorescence signal intensity and quantification time [83]),
and no consensus on a system for evaluating the effectiveness of optical
therapy. Also, advanced and standardized OI cameras need to be
improved and developed. In addition, a large amount of research on
optical diagnosis and treatment of TC are still in stages of basic research,
and clinical data are relatively lacking. There is still a lot of work to be
done in the process of OI to clinical translation.

Concerning optical therapy, we believe that it is still underdeveloped
compared to conventional treatments for TC and its clinical translation is
still very challenging. DTC, which accounts for more than 95% of TCs, is
generally treated by surgical resection (open surgery or lumpectomy),
which is economical and has an excellent prognosis. In addition to the
advantages of non-invasive nature of optical thermal therapy, other as-
pects, such as long-term toxic effects and prognostic follow-up, are still
blank. The need for OI to ensure the same or even higher treatment ef-
ficiency as surgical treatment while controlling medical costs will be a
very big challenge. However, for ATC, which is highly malignant, the
clinical application of optical therapy has been most significant in
improving the quality of survival, prolonging the survival period, and
even curing the cancer.

6. Conclusions and further perspectives

Despite the aforementioned drawbacks of OI, it is undeniable that
overdiagnosis of thyroid nodules is widespread and there is an urgent
need for new and more accurate diagnostic and treatment modalities to
be added to reduce the cost of treatment. The diagnosis of thyroid nod-
ules by conventional ultrasound relies on image quality, neck coverage
area and interpretation by the diagnostic ultrasonographic. The current
gold standard for confirming the diagnosis of TC is FNAB, but it still has a
high probability of failing to characterize thyroid nodules as an invasive
diagnostic method with minimal coverage area. These may be the rea-
sons for over-treatment of thyroid nodules. The great advantage of OI is
that it is highly safe and at the same time highly malleable. The superior
multi-modality diagnostic platform needs to be further explored and the
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advantages complement each other, which is very promising to achieve
accurate qualitative and localized diagnosis of thyroid nodules. The su-
periority of OI lies not only in the non-invasive nature, high safety, and
diagnostic specificity, but also in the excellent performance of photo-
therapy in facilitating TC treatment. The clinical translation of photo-
therapy is mainly limited by the depth of penetration, Qiaolin Li et al.
proposed the first minimally invasive laparoscopic photothermal abla-
tion (L-A PTA) method [110], which opened a new avenue for optical
treatment of deep tumors. Although the clinical translation of optical
therapy in the field of TC treatment is currently proceeding quite slowly,
researches on the application of optical imaging surgical navigation in
clinical practice have progressed by leaps and bounds. In particular, FI
has been clinically explored extensively, and it has proven to be benefi-
cial for the complete clearance of TCs and their metastatic lymph nodes
to tremendously reduce the incidence of parathyroid, nerve, vascular,
and thoracic duct injuries. Fluorescent probes have shown excellent
flexibility in chemical modification, which not only can build targeted
tumor imaging, precision nano-delivery, and surgical navigation on a
single platform, but also can capture the optical properties of certain
materials to achieve non-invasive precision treatment of tumors in
combination with PDT or PTT. This is of great significance for the
treatment of ACT with high malignancy.

In addition, a novel cancer therapy called near-infrared photo-
immunotherapy (NIR-PIT) was developed in the trend of photothermal
and photochemotherapy to directly kill cancer cells while generating an
immune response in the host [111]. NIR-PIT consists of near-infrared
light irradiation, fluorescent dyes, and tumor-targeting antibodies
[112] (e.g., EGFR antibodies for head and neck cancers). Local irradia-
tion can stimulate ligand release and improve the targeting of immuno-
therapy.FI can follow the metabolic distribution of drugs in vivo to assess
prognosis. We firmly believe that NIR-PIT is a very promising therapeutic
approach in the field of TC treatment, especially in the most malignant
undifferentiated cancers, but relevant studies are still vacant and need to
be further explored by researchers.

A growing number of studies have documented the critical role that
OI plays in the diagnosis and treatment of TC. OI can not only improve
the correct diagnosis of thyroid nodules and reduce the operational cost
of invasive examinations, but can also be applied to the treatment of TC
in various forms, such as PTT, PDT, construction of light-activated nano-
delivery platforms, and surgical navigation. OI is a promising and po-
tential alternative to conventional TC screening programs. Optical ther-
apy has shown excellent controllability and high efficiency in killing
tumor cells. OI, in combination with other treatment modalities, can
build superior multifunctional nano-diagnostic treatment platforms. We
trust that multimodal nano-optical diagnostic and therapeutic platforms
will become a trend in cancer treatment and diagnosis and will suc-
cessfully move towards clinical practice applications in the near future.
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