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W N

Abstract: Diffuse optical tomography, an imaging modality that utilizes near-infrared light, is a
new way to assess soft tissue. It provides a non-invasive screening of soft tissue, such as the
breast in females and prostate in males, to inspect the existence of cancer. This new imaging
method is considered cost-effective and preferred because the implementation is simply through the
application of a laser or light-emitting diode as a light source. Near-infrared technology does not
only offer cancer screening modality, but also acts as a cancer treatment method, called near-infrared
photoimmunotherapy. Despite plentiful studies in the area of near-infrared technology for cancer
imaging and cancer cell suppression, there is no consolidated review that provides an overview of
near-infrared application in cancer cell imaging and therapy. The objective of this study is to review
near-infrared-based medical imaging and novel approaches to eradicate cancer cells. Additionally,
we have discussed prospective instrumentation to establish cancer therapeutics apparatuses based on
near-infrared technology. This review is expected to guide researchers implementing near-infrared

for a medical imaging modality and cancer suppression in vitro, in vivo, and in clinical settings.

Keywords: near-infrared; diffuse optical tomography; imaging modality; cancer treatment; photoim-
munotherapy

1. Introduction

The electromagnetic spectrum is composed of a range of wavelengths categorized as
low (gamma, X-rays, ultraviolet), middle (visible light that can be see with the naked eye),
and high (infrared, microwaves, radio) [1]. The infrared range of spectra can be further
broken down into near-infrared, middle infrared, and far-infrared [2]. Near-infrared (NIR)
is a type of light outside our visible spectrum of light [3]. It has wavelengths that are the
closest to visible light, ranging 800-2500 nm. It is commonly used in light therapy for its
natural healing benefits [4]. Health applications of NIR light generally use wavelengths of
810, 850, or 980 nm [5]. The application of NIR in cancer can be broadly categorized into
imaging and therapeutic applications.

Near-infrared has elucidated promise in the biological imaging field. Compared to
the visible optical region with 400-700 nm of the spectral windows, NIR spectral windows
penetrate biological components, such as blood and skin. NIR provides various advan-
tages, for instance, higher resolution and deeper propagation along with fewer optical
properties (absorption and scattering coefficients) [6]. Additionally, it offers non-invasive
and non-ionization properties, providing non-harmful medical procedures in a clinical set-
ting [7]. Such merits initiated the use of NIR as an imaging modality to detect the presence
of tumors inside soft tissue, such as the breast and prostate, as well as for screening the
skull and thyroid gland [8-10]. NIR implementation as an imaging modality is known as
diffuse optical imaging (DOI) or diffuse optical tomography (DOT) [11]. The ability of the
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NIR-DOT imaging depends on several factors, such as the number of sensor pairs, source
type, wavelength, and source and detector fabrication. Despite DOT based on NIR’s use of
simple instrumentation to visualize soft tissue, the imaging proficiency may decrease in
the terms of sensitivity, contrast, and resolution due to the light excitation attenuation [12].
Moreover, light absorption and scattering are affected by the blood circulation and other
biological mechanisms when it penetrates the body [13]. These conditions may create
unnecessary artifacts in the background of the reconstructed images [10,14-16]. Regardless
of its limitations, NIR-DOT has demonstrated its feasibility in cancer tissue evaluation. A
common spectral window of NIR is 800-900 nm and is known as NIR-I [17,18]. Such win-
dows were popular until NIR-II was identified several years ago, which has 1000-1700 nm
of wavelength, and attracts significant attention in imaging technique research direction
to overcome the NIR-I deficiencies [19,20]. NIR-II can offer minimal biological moieties;
hence, it may enhance the spatial resolution, sensitivity, imaging fidelity, and deeper light
propagation affecting the reduction in the unwanted background area [21].

The second application of NIR is a cancer therapy, known as NIR photoimmunother-
apy (NIR-PIT). NIR-PIT is praised because it can eradicate cancer with highly selective
area treatment [17,22]. NIR-PIT is a newly developed and highly selective cancer treatment
that induces an antibody-photoabsorber conjugate (AbPC) blended with NIR light [23,24].
The procedure injects the AbPC into the patient, which binds to the tumor within 24 h.
The NIR radiation exposes the tumor by activating the conjugate, causing a photochemical
reaction that selectively exterminates the cancer cells. Clinical trials targeting the epider-
mal growth factor receptor (EGFR) for recurrent head /neck cancer have shown effective
treatment [25,26]. NIR-PIT helps cancer patients by preventing the side effects of surgery,
radiation, and chemotherapy [27-29]. NIR therapy offers the advantages of boosting
metabolism, recharging mitochondria, stimulating white blood cell production, reducing
body fat, promoting cell regeneration, increasing energy, reducing inflammation within the
body, improving circulation within the body, healing wounds faster, and others [30-33].

Despite its advantages, NIR applications for cancer imaging and treatment have
limitations [34,35]. NIR has low penetration depth leading to increased sensitivity to
superficial layers of tissue [2]. Sometimes, it is difficult to separate absorption and scat-
tering [19]. Furthermore, NIR suffers from a low sampling rate resulting in a greater
loss of photons [5]. Finally, the instrumentation has the disadvantages of being of larger
weight, requiring a cooling or stabilization system, and being susceptible to noise [6]. To
address these challenges, a few studies focusing on improving NIR application for cancer
imaging and therapy have been performed. However, it is hard to find an organized
document carefully analyzing the trends, challenges, and future directions of NIR applica-
tions in cancer imaging and therapy. According to the two aforementioned most popular
applications of NIR for cancer, this paper attempts to review the NIR studies related to
cancer imaging and treatment applications. Moreover, this review provides an additional
contribution for NIR for cancer research by offering a simple instrumentation design to
establish an NIR system for cancer treatment, including illustration of the prospective
instruments by integrating the NIR-I and NIR-II wavelengths, single and multi-frequency
DOT, and the combined techniques between visible, NIR, and other modalities, such as ul-
trasound, as well as continuous-wave (CW), frequency-domain (FD), and time-domain (TD)
light sources.

2. NIR Instrumentation and Its Role in Cancer Diagnosis and Treatment

A computer, a fiber-optic accessory with NIR-radiation lighting and detecting fibers,
and an NIR spectrometer make up the conventional NIR measuring instrumentation [8].
Radiation-emitting fibers carry the radiation from a broad-band, thermal, light-emitting
diode or laser source to the tissue [13]. The chromophores in the target tissue (water,
different types of hemoglobin, cytochromes, lipids, proteins, and deoxy-ribonucleic acid
(DNA)) absorb the emitted radiation at particular wavelengths [36]. The photons that are
transmitted or reflected back from the tissue are then gathered by the detecting fibers and
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sent to the spectrometer for analysis. For diagnosis, a plot of the attenuation of radiation
due to tissue scattering and absorption at each wavelength is created [13].

The therapeutic environment has seen a significant change in the previous ten years
due to enhanced cancer immunotherapies [23]. However, changing the delicate balance be-
tween effector T cells and immunological suppressor cells is necessary for immunotherapy
to be effective. Even though immunotherapy has the potential to yield amazing results,
its overall response rate is still quite low, largely due to tumors’ lack of T-cell penetra-
tion. Immune-related adverse events (irAEs), which are side effects of immunotherapy,
have been extensively documented and frequently mirror autoimmune disease [37]. Two
prevalent checkpoint inhibitors, anticytotoxic T-lymphocyte antigen-4 (CTLA-4) drugs and
programmed death-1 (PD-1)/PD-ligand 1 (PD-L1) inhibitors, have been shown to cause
immune-related adverse events (irAEs) in up to 90% of patients who received them [23].
Therefore, despite advancements, no cancer treatment is able to kill cancer cells just by trig-
gering the immune response of the host in the area. To address these issues, near-infrared
photoimmunotherapy is suggested.

3. Diffuse Optical Tomography
3.1. Forward Problem and Inverse Solution

DOT is an implementation of NIR as the imaging modality. NIR-DOT has become
popular in the last decade because it offers simple tissue screening with an adequate
reconstruction result. The light of NIR-DOT can penetrate the tissue; hence, when it
infiltrates the tissue, some of the light will be absorbed and others are scattered due to the
tissue optical properties. In the NIR-DOT mechanism, there are two optical properties,
namely absorption p, and reduced scattering p. coefficients [14,35,38]. A fundamental
principle of NIR-DOT measurement is employed as a forward problem (to solve the
diffusion equation (DE), which is the derivative model from a radiative transport equation
(RTE)) and an inverse solution (to predict the map of optical properties to locate the tumor
inside the soft tissue) [39,40].

Figure 1 depicts the illustration of the NIR-DOT measurement process. Several light
sources (red rectangle) and detectors (green triangle) (source detector (SD)) are placed on
the tissue (yellow circle) boundary. The number of SD can be adjusted according to the
designed task under the test. For instance, Chen et al. [41] designed the NIR-DOT system
with 16 x 16 of SD; thus, it had 256 measurements of light intensity and phase difference,
whereas in a more advanced environment, in 2019, Cochran et al. [42] developed their
NIR-DOT incorporating the combined evaluation of CW and TD. Similarly, their developed
system was the integration approach between DOT and magnetic resonance imaging (MRI).
Their DOT-MRI structure utilized five source lights for CW with different wavelengths of
670, 785, 808, 850, and 915 nm, while the TD measurement was with six laser sources at
650, 750, 780, 798, 838, and 905 nm wavelengths. They assigned charge-coupled device
(CCD) cameras with fibers at the 108-degree position to detect the light intensity for CW
measure, while photomultiplier tubes (PMTs) were located at the 8-degree position for
TD measurement.

Inside the tissue, as shown in Figure 1, a defect (magenta circle) is presented to mimic
a tumor in the biological tissue. When light from the sources, illustrated by the dark arrows,
propagates through the tissue, some of the light is absorbed by the tissue and the defect,
while some of the light is scattered deeper inside the tissue until it can invade the defect.
The tissue and defect have their own optical properties; hence, the differences of p, and
u, generate light attenuation between the tissue and defect. This state produces a mapping
of contrast in optical properties when the reconstructed images are obtained. Moreover,
11is the light penetrating inside the tissue, 2 is the light penetrating back to the detector, and
3 is the light penetrating through the defect.
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Figure 1. NIR-DOT measurement demonstration. The yellow circle is tissue, the magenta circle is a
defect, the red rectangle is the light source, the green triangle is the detector, and the dark arrow is
the light path. Additionally, 1 is the light penetrating inside the tissue, 2 is the light penetrating back
to the detector, and 3 is the light penetrating through the defect.

The entire process of NIR-DOT can be stated by the differential equation (DE) in the
forward problem, as below.

iw

V.D(r)Ve¢(r,w)— [‘uu(r) - c} ¢(r,w) =—Sy(r,w), 1)

where D associates with the cosine of the scattering angle ¢ and optical properties, and can
be referred to as diffusion equation. ¢ (r, w) is radiance at position r, the light modulation
frequency is given by w, y, is the absorption coefficient, c denotes the speed of light in the
medium, and the source term is Sp(r, w). D can be expressed as

1 1
D = == 7 (2)
3lus(L = 8) +pal  3(ps/ + pa)

Computationally, the DE may be calculated by the finite element method (FEM) with
the absorption and reduce scattering coefficients’ exact values along with the light radiance
from the NIR laser source Sy (#, w) and the boundary condition. Furthermore, the forward
problem equation can be obtained in a complete form using a discrete matrix model with

the Galerkin method [43],
(s
= , ®3)
{4’5- S,

where « refers to the incorporated reflection as a result of the refractive index difference at the
boundary, A denotes the optical property matrix, b denotes the boundary node, [ is the internal
node, and 7 and j are matrix indexes. Thus, Equation (3) can express the forward model ¢ in
the simple matrix form of optical property-boundary light intensity = source radiance.

The reconstructed images can be found by the inverse solution, which minimizes
the error in every iteration when the forward problem is completed to be executed. The
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distribution x? = HA([)H% = ||ApM — A¢C||% can be obtained by minimizing the misfit
differences between the photon radiance rate being investigated around the geometry ¢
and photon propagation from accomplishing the DE with the initial condition of optical
properties ¢C. These data-model misfit differences can be minimized by iteratively solving
FAx = A, where .$ = [9¢C/0pu, 0¢C /D] is the Jacobian matrix and Ax denotes
[Apg; AD), the optical coefficient of the update vector at each iteration. However, solving
this inverse problem .#Ax = A¢ usually involves the difficulty of an ill-posed issue since
the model parameters increase. As a consequence, Tikhonov Regularization (TR) was
proposed to overcome this problem. Therefore, the DOT inverse problem is expressed as a
damped least-squares problem optimization. Hence,

min{[|#ax — A3 + A% ax]3 ], @)
X

is able to be formulated with a regularization parameter A. When this damped least-squares
problem can be minimized iteratively, solving the updated equation can be executed as:

(,ﬂy n /\21) Ax = 9TAg, )
where I refers to an identity matrix [43].

3.2. Near-Infrared Light Source Forms

The reconstructed images of the NIR-DOT measurement are affected by NIR light
forms, such as CW, FD, and TD. Three forms of NIR light are shown in Figure 2. The
simplest NIR-DOT measure is CW-DOT because it emits a constant light intensity. Generally,
to generate a constant light radiance, a direct current (DC) power supply is used to power
the NIR after a voltage regulator. The illustration of the CW-DOT measure is depicted in
Figure 2a. The light intensity around the tissue boundary can be obtained by the modified
Beer—Lambert law (MBLL) [44-46]

A= —logﬂ =eCL+S, (6)
So

where A denotes the attenuation corresponding to the optical density, while ¢, C, L, and
S express molar y,, chromophore concentration, mean total pathlength (t-PL), and optical
attenuation majorly because of scattering coefficient, respectively. Since CW-DOT simply
implements the DC wave to produce a steady intensity, it cannot offer an accurate measurement
of the concentration variant. It is reasonable because CW-DOT is unable to penetrate the tissue
deeper, and may not accurately evaluate the optical path length resulting in a low resolution of
reconstructed images [13,47,48]. Additionally, with the constant input intensity S, the only
measured parameter is light radiance around the tissue boundary ¢. Generally, ¢ has a lower
intensity compared to Sy due to the tissue and defect optical properties. A defect is also known
as an inclusion or cancer or tumor in terms of biological tissue.

To overcome the limitation of CW-DOT in measuring the t-PL, FD-DOT and TD-DOT
have been implemented, as shown in Figure 2b,c. The meaning of the “frequency-domain”
of FD-DOT is derived from the ability to penetrate deeper inside the tissue by producing
two outputs, namely light attenuation around the tissue boundary Ap and the phase shift
80. Unlike CW-DOT, FD-DOT uses a sinusoidal wave to power the NIR; thus, sinusoidal
light is formed. When the input light with an intensity Aj and the phase difference 07 emit
the soft tissue, the light that penetrates gets absorbed, and is scattered toward the tissue.
With the difference between the optical properties of the tissue and the defect, one can
distinguish the defect location according to the Ap and 6. Therefore, the reconstructed
images can be defined based on the light intensity and phase shift around the tissue
geometry boundary [36,49-51]. An FD-DOT measurement is shown in Figure 2b.
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Figure 2. NIR-DOT measurement with (a) CW, (b) FD, and (c) TD. The yellow circle is tissue and the
magenta circle is a defect.

The TD-DOT measurement is implied to the ultrashort light radiance of NIR. Normally,
this ultrashort time is in a pico-second order. A TD-DOT implements a temporal point
spread function (TPSF) to assess the light intensity, as shown in Figure 2c This method is
considered an effective approach to improving DOT spatial resolution because it can verify
the mean t-PL by multiplying the mean transit time of the measured photon with the speed
of light in the media. Even though TD-DOT may offer better results, its instrumentation
and computation are more complicated compared to CW-DOT and FD-DOT [51-53].

4. Near-Infrared Photoimmunotherapy

The three prominent cancer therapies, namely surgery, radiation, and chemotherapy,
are to be the mainstays of modern oncology. However, such cancer therapies can trigger
undesirable side effects. For instance, cancer surgery may cause bleeding, damage to the
surrounding tissue and other organs, uncomfortable pain, infection, slow recovery after
the surgery, the risk of metastasis, and residual cancer cells. Meanwhile, cancer radiation
treatment has side effects such as fatigue and skin problems at an early stage; during a late-
term, hair loss, headache, and low blood count may occur. Additionally, chemotherapy’s
common side effects can be identified as hair loss, sore mouth, anemia, bruising, and
bleeding. Thus, to prevent the negative side effects from such common cancer treatments,
NIR-PIT emerges to effectively remove cancer [54].

The basic idea of NIR-PIT is to design a special and specific photosensitizer targeting
only cancer cells to reduce phototoxicity [23,24]. However, this attempt is not simple,
considering past experience with common photodynamic therapies (PDT). The photosen-
sitizer agent often binds with non-targeted areas, such as the skin and other epithelial
surfaces, resulting in unnecessary and sometimes unforeseen side effects. Although the
specifically designed photosensitizer may spread to the entire body, it is merely acting
in the area with the highest light applied. To overcome these common photosensitizer
problems, a monoclonal antibodies (mAb)-based photosensitizer is designed and only
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activated when there is a bounding with the targeted molecule on the cancer cell membrane
and when there is NIR light radiation. These two requirements are essential in the NIR-PIT
application [54].

Not only targeting the cancer cell but also the NIR-PIT can initiate a host anticancer
immune response; thus, immunosuppressor cells (T-cells) can magnify the targeted cancer
cells” immunogenic cell death (ICD), leading to metastatic tumors. Therefore, although can-
cer cells cannot be eradicated by direct mAb-NIR, NIR-PIT may activate the host anticancer
immunity and long-term immune memory without the systemic autoimmune adverse
effects. Figure 3 illustrates the NIR-PIT mechanism to activate the host anticancer immunity.
The NIR-PIT effect in ICD is to stimulate the immature dendritic cells’ maturation in the
cancer cells” microenvironment.

NIR Light

CD8 T and NK cells move
to other cancer sites

(c)

Figure 3. Mice model illustration with NIR-PIT: (a) before and (b) after NIR light irradiation, as well
as (c) when CD8" T and NK cells migrate to other cancer sites.

After cancer-cell-targeted NIR-PIT, the primed cluster of differentiation (CD)8* T
cells respond to a larger repertoire of cancer antigens compared with CD8* T cells prior
to NIR-PIT and replicated in treating the tumor. Hence, host anticancer immunity is
reinforced once cancer-cell-targeted NIR-PIT, largely due to the reorientation and successive
proliferation of CD8* T cells. Even though cancer-targeted NIR-PIT cannot instantly destroy
the whole cancer cells in a tumor, the host immune response is available to kill a great
proportion of the residual cells, at least in several instances. Consequently, NIR-PIT can
have an advantage in completing the suppression of the tumor after one or two therapies.
CD8" T and natural killer (NK) cells in treating the tumor are fully initiated within a few
hours after the weakening of regulatory T cells (Treg) with NIR-PIT. This Treg-targeted
NIR-PIT affects non-treated tumors even though the treatment is addressed at only one
targeted lesion. Figure 3a depicts a mice model with embedded tumors when mAb has
bounded with Treg, while Figure 3b illustrates the mice model with NIR light irradiation
affecting the activation of CD8* T and NK cells to stimulate apoptosis and shrinkage of the
cancer cells. Moreover, Figure 3c demonstrates the migration of CD8" T and NK cells to
other sites of the tumor to treat non-targeted cancer cells.
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The first NIR-PIT system was established in 2011 in the report by Mitsunaga et al. [54].
They used IR700 conjugated with mAbs and pointed to the epidermal growth factor recep-
tors. This in vivo study was conducted by observing the mice model with the implanted
tumor. Tumor shrinkage occurred after irradiation with NIR light in target cells. Their
results indicate limited success in eradicating a tumor with mAb-IR700 conjugation, but
they showed that on one hand, the most effective result is when mAb is bound to the
cell membrane and on the other hand, this treatment generated no phototoxicity without
bounding. Eight years later, Kobayashi et al. [25] conducted the first human trial using NIR-
PIT with cetuximab-IR700 (RM1929) targeting EGFR for surgery incapability in recurrent
head and neck cancer patients.

Compared to other traditional photodynamic therapies, which use a special drug,
called a photosensitizing agent, in activating the light to kill the cancer cell, NIR-PIT is a
targeted phototherapy based on infusing a conjugate of NIR light [55-57]. Thus, NIR-PIT
can selectively target the cancer cell by activating the immunogenic cell death of targeted
cancer cells. In contrast, non-targeted photosensitizers of common photodynamic therapies
are also administrated to the normal tissue and cause various side effects, such as a toxicity
effect, even though the light radiation is not harmful.

5. Diffuse Optical Imaging Progress
5.1. Multi-Frequency NIR-DOT

Multi-frequency DOT was first implemented by Intes and Chance in 2005 [58]. They
investigated the effect of multi-frequency when the reconstruction algorithm was executed
to obtain the distributions of optical properties. In other words, they instantaneously used a
set of frequencies in the inverse solution to cast the forward problem. The frequencies they
used spanned from 20 MHz to 500 MHz; hence, they had 13 frequency combinations in total.
They conducted their experiment by ascending and descending the number of frequencies,
for instance, 3,5, 7,9, 11, and 13 frequencies or 13,11, 9, 7, 5, and 3 frequencies. Moreover,
the frequency range difference was 40 MHz; thus, for example, in the three-frequency
computation, they used 20, 60, and 100 MHz, concurrently. Then, in terms of 13 frequencies,
they applied 20-500 MHz. They claimed that a few improvements in reconstructed images
can be acquired with more than seven modulation frequencies. Ten years later, in 2015, the
second attempt of multi-frequency DOT was performed by Chen et al. [59]. Compared
to Intes and Chance’s results, Chen et al. confirmed that their method can significantly
improve the reconstruction accuracy with only a two-frequency combination, such as
100 + 150 MHz. In their study, they applied three combinations of multi-frequency, namely,
100 4 150 MHz, 100 + 150 4 200 MHz, and 100 + 150 + 200 + 250 MHz and compared them
with a single frequency, 100 MHz. In addition, to overcome the TR deficiency, they created
a clustered sparsity reconstruction (CSR) algorithm for the inverse problem. They found
that only two frequencies are adequate to improve the spatial resolution and with more
frequency it is difficult to distinguish the enhancement.

From the abovementioned studies, multi-frequency is one of the schemes that can
enhance the resolution and contrast of the reconstructed images. Therefore, they motivated
several studies using multi-frequency DOT in improving the reconstructed image qual-
ity [60-62]. Evidently, multi-frequency NIR-DOT is associated with the FD-DOT because
this measurement relies on the modulation frequency to perform soft tissue imaging. In
general, multi-frequency DOT is similar to single-frequency DOT. Nonetheless, the dif-
ference between them is that, on the applied frequency, single-frequency DOT is simply
using one frequency to modulate the NIR laser light source, such as 100 MHz, as a com-
mon modulation frequency, while multi-frequency DOT may implement more than one
frequency to modulate the NIR light. These frequencies can be performed individually and
the measurement results are combined to obtain the optical distribution when an inverse
solution is executed. Moreover, the NIR lasers with various modulation frequencies emit
the tissue simultaneously and the measured light is cited to acquire a map distribution of
optical properties.
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In 2019, Wang et al. investigated a frequency sweep modulation technology to measure
the optical parameters inside biological tissue using NIR diffuse photon density waves
(DPDW) [63]. They assessed their system performance with an absolute error and corre-
lation coefficient as the evaluation schemes. They verified their DPDW device with an
intra-lipid solution and solid phantom to check the accuracy of measured optical properties
when compared to true optical parameters. They prepared their phantom study with a geo-
metric size of 200 x 100 mm, SD distance of 17 mm, p, = 0.975 cm~?, and ul = 5.953 cm L
Then, they measured the waveform variations of amplitude and phase shift in the range
of 300 kHz-1 MHz using an adjustment of frequency step at 7 kHz. Overall, they had
101 frequencies to perform the entire experiment. They speculated that their method with
multi-frequency can calculate optical properties faster, more accurately, and simpler than
single-frequency methods. Their results showed an absolute error of 1, = 0.019-0.282 cm™!
and p} = 0.002-0.003 cm~!. These results indicated that multi-frequency can amplify the
deeper penetration of the light to yield more information regarding optical parameters,
implying better-reconstructed images.

5.2. NIR-DOT Incorporating Other Modalities

DOT based on NIR has several shortcomings when inspecting biological tissue.
Whether it is with NIR-I or NIR-II, DOT is still considered challenging to precisely detect
the presence and location of inclusion because it can only penetrate several centimeters
into the tissue. The light intensity is diminished following the deeper light propagation
into the tissue and soon the light attenuation is below the detection margin.

Combination with other imaging modalities to improve the DOT performance may
provide a better result. With the emergence of non-invasive imaging modalities, patients
can avoid unnecessary medical treatment, such as biopsy [64]. Indeed, NIR-DOT can be
combined with X-ray, MRI, ultrasound (US), and computed tomography (CT) scan [11,65,66].
Two well-known combinations of DOT with other imaging modalities are MRI-guided DOT
and US-guided DOT [65,67]. With the assistance of an MRI and US, NIR-DOT may enhance
the spatial resolution because it can receive prior information related to the functional or
structural information of the biological tissue. For instance, the concentration and saturation of
hemoglobin can be acquired and high-resolution structural imaging and improved gadolinium
contrast (Gd-contrast) can be validated by MRI. Additionally, NIR-DOT may be used as an
additional method to investigate the functional condition. Certainly, in the case of MRI and
DOT combinations, MRI can act as a method to measure indirect and low sensitivity of the
deoxy-hemoglobin, whereas DOT can directly evaluate oxy- and deoxy-hemoglobin with
higher sensitivity. In this term, DOT offers validation and augmentation of hemodynamics
measures [65].

Furthermore, MRI-DOT can be further developed toward MRI-CW-DOT and MRI-TD-
DOT, as introduced by Cochran et al. [42] in 2019. Their method was developed to improve
the functional optical properties” quantification and lesion localization in the diagnosis and
prognosis of breast cancer. To achieve their goal, they required CW and TD techniques to
provide three-dimensional (3D) tomography incorporating spectroscopic measurement of
blood flow. They had six pulsed NIR lasers (< 70 ps) for TD measurement with 690, 750, 780,
798, 838, and 905 nm and five continuous NIR lasers for CW measurement with 670, 785,
808, 850, and 915 nm. To implement the laser diode, they placed a 12 x 1 wavelength switch
proceeding the light sources. They used two detectors to cite the light intensity, namely
CCD cameras with fibers at the 108-degree position for CW and PMT located at the 8-degree
position for TD measurement. They performed the MRI and DOT simultaneously because
DOT does not affect the magnetic field; however, they performed CW and TD separately.
In general, two tissue structure images were created before Gd-contrast agent injection
to acquire another new set of MR images. Furthermore, the TD-DOT was accomplished
first to ascertain the absolute bulk of y, and ys. Then, to obtain a full 3D reconstruction,
CW-DOT was executed for completing the experiment.
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5.3. Deep-Learning-Based DOT Image Reconstruction

A traditional inverse solution with TR to predict optical properties’ distribution inside
the tissue may lead to overestimation and over-smoothing of the area of the region of
interest (ROI). This often offers imprecision in the predicted contrast in the reconstructed
images. To overwhelm this disadvantage of NIR-DOT, the discriminative model of artificial
neural network (ANN), such as convolutional neural network (CNN), were sought to
provide a solution to quantify more precisely the reconstructed optical parameters [68,69].
Two general approaches that were developed for NIR-DOT image reconstruction are
the CNN-based inverse model to accurately reconstruct the optical properties and the
autoencoder model to minimize the noise from reconstructed images [70-72]. Additionally,
as for tumors, CNN can also be used to classify the DOT-reconstructed images into non-
cancerous and cancerous [73-75].

To categorize breast cancer into benign and malignant groups using the DOT imag-
ing system, in 2019, Xu et al. [76] developed a system as a computer-based observer
based on CNN for automatically classifying breast mass lesions. To collect the dataset,
they imaged 63 breast cancer patients with NIR-DOT; thus, they compiled a database of
1260 two-dimension (2D) grayscale images in total. They prepared their CNN model with
two convolutional layers, two batch normalization layers, and one fully connected layer
by assigning a sigmoid activation function to predict the cancer malignancy status. The
original dataset had 860 benign images and 400 malignant images. First, they classified the
images without data augmentations using 645 benign training images and 300 malignant
training images. The model was tested after training utilizing 215 benign images and
100 malignant images. Ultimately, they obtained an accuracy of 90.2%, specificity of 0.80,
sensitivity of 0.95, and area under the receiver operating characteristic (ROC) curve (AUC)
of 0.94. Additionally, to improve their CNN model operation, they augmented the original
dataset; hence, they had 860 benign images and 700 malignant images. They split this
dataset into 645 benign training images, 600 malignant training images, 215 benign test
images, and 100 malignant test images. With the data augmentations, they were able to
improve their results to an accuracy of 93.3%, specificity of 0.88, sensitivity of 0.99, and
AUC of 0.95.

An implementation of deep learning for NIR-DOT-reconstructed images has been
accomplished by Balasubramaniam et al. [71]. An anomaly can be recognized by an
autoencoder model because, in principle, it contains encoder and decoder networks to
reduce the noise in the reconstructed images. An autoencoder is developed for minimizing
the image pixel by maintaining its quality. In advance, an autoencoder may provide
noise reduction to obtain adequate image quality. Further, a U-Net model inspired by the
autoencoder concept has been developed for anomaly detection [77]. Thus, deep learning
may provide superior image reconstruction results compared to a traditional method.

6. Near-Infrared Photoimmunotherapy Progress
6.1. NIR-PIT Principle and Instrumentation Progress

A recently created cancer treatment called NIR-PIT uses an antibody coupled to the
silicon phthalocyanine dye IRDye700DX, which absorbs NIR light (IR700) [23]. After being
injected intravenously, this antibody-photo-absorber conjugate (APC) attaches to particular
cancer cells that express the correct antigen on their cell membrane [78]. Then, NIR light
is focused on the tumor to activate the APC and cause cell death. The axial ligands of
the IR700 molecule, which are in charge of the molecule’s hydrophilicity, disassociate
from the main molecule as soon as it is exposed to NIR light, which causes the APC to
transform from a highly hydrophilic compound to a highly hydrophobic compound [79].
This alteration in the APC’s chemical composition encourages aggregation, which weakens
and ruptures the cellular membrane [80]. The cell membrane gradually becomes more
permeable, microperforations develop, and eventually blebbing and bursting take place,
leading to necrotic cell death. This method of cell death clearly sets NIR-PIT apart from
traditional photodynamic treatment (PDT), which depends on the generation of reactive
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oxygen species to harm nearby normal tissue non-selectively [81]. In theory, because NIR
light can only penetrate as far as 2 cm below the tissue surface, NIR-PIT is best suited for
treating superficial cancers [82]. NIR light can go significantly further through the air in
the lungs under specific conditions, such as when treating cancers in the lung and pleural
cavity [81]. The light source must be positioned inside or close to tumors because NIR
light is rapidly attenuated in more solid tissues. Flexible, cylindrical, fiber optic, interstitial
light diffusers that are placed into the treatment site can be used to achieve this [23].
Practically any tumor site is susceptible to NIR-PIT when implanted via needle, catheter, or
endoscope using interstitial light diffusers [83]. Furthermore, it is possible to continuously
produce light in a distant tumor site using implanted wireless NIR-light-emitting diode
(LED) sources [7]. Fluorescence imaging can be utilized to identify tumor areas to which
the APC is bound and to deliver therapeutic doses of light to those fluorescing regions
because the IR700 is both a therapeutic and a diagnostic device [84]. After the dye has
been totally photobleached, there is a minimum plateau in fluorescence, which decreases
as the light photobleaches the IR700. According to reports, the degree of photobleaching
correlates with the therapeutic impact [24]. Due to the high intensity of the excitation light
and the extended emission spectrum of IR700 during NIR-PIT, a commercially available
camera that was initially intended to image indocyanine green, which typically operates
at wavelengths of 830 nm, can now be used to detect the low-level fluorescence resulting
from IR700 [23]. This makes it possible to continuously monitor NIR-PIT at wavelengths
different from the powerful laser excitation light at 690 nm. NIR-PIT is unusual in that it
causes immunogenic cell death, in contrast to the majority of cancer therapies that result in
apoptotic cell death (ICD). ICD is a form of cell death where the immune system’s adaptive
response is triggered by a flood of cell-associated antigens released by cancer cells that have
been injured [23]. The adaptive immune system is not activated by apoptotic cell death.
Danger signals such as calreticulin (CRT), adenosine triphosphate (ATP), high-mobility
group box 1 (HMGB1), heat shock protein (Hsp) 70, and Hsp 90 are released, which triggers
the ICD [85]. These danger signals increase the presentation of tumor antigens to T cells and
activate immature dendritic cells (DCs). Cancer cells treated with NIR-PIT emit HMGBI,
ATP, and CRT as death signals. In addition, the activated DCs absorb cancer-specific
antigens released from the burst tumor cells, maturing into DCs that can prime and instruct
naive T cells to become CD8" T effector cells that specifically target cancer [80]. Some
non- or low-immunogenic cancers have been proven to become immunogenic tumors
when treated with NIR-PIT, which works by using innate immunity to detect recently
produced cancer-specific antigens. Patients with recurrent head and neck malignancies are
currently being investigated in a global Phase 3 clinical trial employing an anti-epidermal
growth factor receptor (EGFR) antibody conjugated to the IR700 molecule (Cetuximab-
IR700). Fast-track recognition for NIR-PIT has been granted by the US Food and Drug
Administration (FDA) [25]. Additionally, the Pharmaceuticals and Medical Devices Agency
in Japan granted provisional approval and registered for clinical use the first EGFR-targeted
NIR-PIT medication (ASP-1929; AkaluxTM, Rakten Medical Inc., Tokyo, Japan) and a diode
laser system (BioBladeTM, Rakten Medical Inc., Tokyo, Japan) in September 2020 [23].
Studies involving NIR_PIT for cancer treatment since 2014 are given in Table 1.

Table 1. NIR-PIT cancer therapy works.

Paper Year Application Setup
Shirasu et al. [86] 2014 Carcinoembryonic antigen-expressing tumor IRDye700DX
Epidermal growth factor receptor Monoclonal antibody (mAb)-photosensitizer
Sano et al. [87] 2014 (EGFR)-positive A431 cells (IR700 fluorescence dye)
Kazuhide et al. [38] 2014 HER2-expressing, GFP-expressing, gastric Photosensitizer, IR-700, conjugated to

cancer cell line (N87-GFP) trastuzumab (tra-IR700)




Chemosensors 2022, 10, 471

12 of 22

Table 1. Cont.

Paper Year Application Setup
Nagaya et al. [82] 2015 Breast cancer Cetuximab (cet)-IR700
Hanaoka et al. [89] 2015 Hepatocellular carcinoma IR700-conjugated antibodies
Sato et al. [90] 2015 Ovarian cancer IRDye-700DX
Sato et al. [81] 2015 Lung carcinoma IRDye-700DX
Jing et al. [91] 2016 Brain tumors %ﬁﬁgﬁz:;la;?;iebgsz I(II{I;%(? )C-(l)o i}ig);fe);ic
Nagaya et al. [78] 2016 Mesothelin-expressing tumors hYP218-IR700
Nagaya et al. [92] 2016 B-cell lymphoma Monoclonal antibody (mAb), rituximab-IR700
Railkar et al. [93] 2017 Bladder cancer IRDye 700Dx (IR700)
Nagaya et al. [84] 2017 Prostate cancer M0noClonapl}?;t(i)l?:gs);gzﬁl}},{;ggg)%ated to the
Nagaya et al. [94] 2017 Lung adenocarcinoma cohr%ir;(;ile%n?; ?ﬁgﬁﬁgi’;ﬁigg{):;e&l%ggx
Nagaya etal. 95 2017 Oral cancer conjugared 1o he photo-abscrbe, 700D
Ogawa et al. [85] 2017 HER?2 expression Tra-IR700 or Cet- IR700
Burley et al. [37] 2018 Glioblastoma treatment EGFR IR700DX
Siddiqui et al. [96] 2019 Bladder cancer Monog}fg;jagg?ggﬁ;g;?lg%;gfggggjd toa
Kiss et al. [97] 2019 Bladder cancer anti-CD47-IR700
Lutje et al. [98] 2019 Prostate cancer Acr(l)iizzgfgrx?gofé%l;i;(;gggiﬁféﬁgjs
Watanabe et al. [99] 2019 Human esophageal squamous carcinoma Fibroblast activation protein (FAP)-IR700
Wei et al. [100] 2019 Melanoma IR700-YY146
Nagaya et al. [101] 2019 Gastric cancer Trastuzumab (tra)-IR700DX
Nakamura et al. [102] 2019 Bone cancer IRdye 700DX
Nagaya et al. [80] 2019 Colon cancer IR700-conjugated anti-CD44 anti-CD44
Isobe et al. [83] 2020 Lung cancer Rova-IR700
Maruoka et al. [103] 2020 Colon cancer Anti-CD44-IR700
Katsube et al. [104] 2021 Esophageal cancer Fibroblast activation protein (FAP)-IR700
Okada et al. [105] 2021 Colon cancer IR700 conjugated with anti-CTLA4

6.2. NIR-PIT Enhances Anticancer Host Immunity

The main benefits of NIR-PIT are killing tumors without destroying the surrounding
normal cells and enhancing the host immune system to continue removing the cancer
cells after NIR light radiates the ICD that initiates against the targeted cancer cells. NIR-
PIT-treated cancer cells distribute death signals containing adenosine-triphosphate (ATP),
calreticulin, and high-mobility group box 1 (HMGB1) regulator [24,106]. These signals
activate the maturation of immature dendritic cells (DCs) that consume cancer-specific
antigens, which are distributed from the cracked tumor cell. Then, these mature DCs set
up and instruct naive T cells to develop into cancer-specific CD8* T cells. These prepared
cancer-specific CD8+ T cells reproduce and strike other cancer cells, causing an expanded
host antitumor immune response. These subsequent activities could transform several
non-immunogenic tumors into immunogenic tumors by identifying enormously released
neo-antigens. Following the CD8" T and NK cells fight, the cancer cells migrate to other
cancer sites, even though the other cancer sites are not injected by mAb. This antitumor
immune activation appears initially in the treated tumor site, but ultimately continues to
other cancer spots since immune cells drift all through the body, developing a systemic
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immune response. Hence, although NIR-PIT is a local therapy, the impact of NIR-PIT can
be systemic and could influence remote metastatic sites.

6.3. CD29-Targeted NIR-PIT

NIR-PIT is perfect for surface skin cancers, for instance, melanomas. Recently,
Furusawa et al. [22] examined the efficiency of CD29-PIT and CD44-PIT in the B16-F10
melanoma model, which is highly pigmented. They started their experiment by prepar-
ing the AbPC. They synthesized the AbPC with 6.7 nmol of anti-CD29 and anti-CD44
antibodies, which were incubated with 34.2 nmol of IR700 NHS ester (Li-Cor) in 0.1 M
Nap,HPOj solution with a pH of 8.5 for 1 h at room temperature. The mixture was sterilized
using a PD-10 Desalting Column with Sephadex G-25 resin (Cytiva) and eluted with PBS.
The resulting AbPC solution was diluted to make 1.675 nmol/mL. The same quantity
of unconjugated antibodies was inserted beside the AbPCs as control. They performed
their experiment in vitro and in vivo. In an in vitro environment, they seeded B16-F10
(B-16) cells in a 24-well plate at 0.1 x 106 cells/well a day before the experiment. The
in vitro results demonstrated that CD29 expression was negatively associated with cell
density, whereas CD44 expression was positively correlated to cell density. This expression
form implied that CD29 expression was greater in the more proliferative subset of B16
cells, whereas CD44 expression was elevated in the fewer proliferative subset of B16 cells.
Additionally, for the in vivo experiment, they found that CD29 expression was naturally
consistent throughout the tumor, including the edge; meanwhile, CD44 was normally
stated in a gradient that lessened toward the tumor edge. CD29 expression was noticed
mutually in the cytoplasm and on the cell membrane, while CD44 expression was found
only on the cell membrane. Moreover, they checked the effects of CD29-PIT and CD44-PIT
on the surrounding normal skin. The results indicated that they are safe for normal skin
cells. To complete their experiment, they investigated the condition of the remaining cancer
cells. They combined CD29 + CD44-PIT to obtain better results when fighting against the
cancer cells. However, the survivor cancer could not be destroyed by these two targets.
Furthermore, the cancer survivor cells finally grew back, although CD29-PIT-treated tumors
grow back slower. CD29-PIT was more competent compared to CD44-PIT because the
survivor cells of CD29-PIT were less proliferative compared to CD44-PIT. Additionally,
they investigated the effects of CD29-PIT and CD44-PIT on the immune cells. CD29-PIT
did not damage the immune cells during treatment, while CD44-PIT kills NK and DCs.

6.4. Combined Photothermal-Immunotherapy

NIR-PIT cancer treatment may not remove the entire set of cancer cells from the pa-
tient’s body. Thus, the modality combination of the cancer treatment is vital to improving
cancer cell death. A novel combination of photothermal and photoimmunotherapy was es-
tablished by Lv et al. [77] in 2021. They developed an anticancer platelet-based biomimetic
formulation (N+R@PLTs) that integrates photothermal nanoparticles (N) and immunostim-
ulator (R) into thrombocytes. They synthesized photothermal polymer nanoparticles by
incorporating thiophene and naphthalene diimide moieties into the polymer skeleton. Their
designed photothermal polymer exhibited slight cytotoxicity to healthy cells, which did not
guarantee safety when governing them in vivo. To utilize the photothermal nanoparticles
with supplementary proplatelet (PLT) sensitivity and immunogenicity, the nanoparticles
were later embellished with biotin, whereas CD42a on the PLT membrane was pre-treated
with avidin-labeled anti-CD42a antibody. The experiment showed that a few N+R@PLTs
spread to the tumor sites within 1 h and gradually increased until 8 h of observation. With
this examination, they claimed that there is colocalization of N and R signals in immunobhis-
tochemical (IHC) tumor segments. Moreover, the temperature quickly increased to 56 °C in
the N+R@PLT group causing the highest expression of heat shock protein (HSP) in tumor
tissue. With their formulation, they could create more tumor antigen (TA) signals in DCs.
Consequently, more CD8* T cells from the immunostimulatory tumor-draining lymph
node (TLN) penetrated the cancer cells producing apoptotic cancer. In general, their results
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implied an exceptional immunotherapeutic outcome that complemented the photothermal
therapy operation.

7. NIR Challenges

The appropriate spatial resolution needed for the real-time monitoring of immunological
components is provided by NIR imaging [18]. The performance of labeling agents, however,
heavily depends on the fluorophores used because of their optical and physicochemical prop-
erties, such as hydrodynamic diameter, molecular weight, absorption/emission wavelengths,
surface charges, hydrophobicity, plasma protein binding, and photostability [63]. Important
characteristics include high imaging specificity for tracking the targeted immune components,
high imaging sensitivity for detection (reduced non-specific uptake), non-immunogenicity,
and low toxicity, which should be present in the optimal imaging probe for labeling the
immune components of interest [107]. Longitudinal monitoring of in vivo cell proliferation
is possible through the transfection of cells with fluorescent proteins, such as biological green
fluorescent protein [85]. However, it can be challenging to get sufficient fluorescence density
quickly enough after injection, and the use of virus infection restricts their ability to be used
in clinics. Hence, small molecule fluorophores and fluorescent nanoparticles are sought [83].
Cellular mobility and immunogenicity may be hampered by the inclusion of cell tracking
dyes (small molecule fluorophores) because of changes in cellular mechanical properties
including stiffness and adhesion brought on by an increase in the lateral contact between
phospholipid chains and amphiphilic dye molecules [83]. Nanoparticles show considerable
promise to overcome the limited sensitivity, chemical degradation, and photobleaching of
organic fluorophores in cell labeling, in contrast to small-molecule fluorophores [7]. Nanopar-
ticles can carry significant payloads in addition to contrast agents and can be further modified
in terms of their optical, electrical, magnetic, and biological properties. Nanoparticles are
typically more amenable to broader approaches for bioimaging and tissue targetability than
small molecules, despite the fact that this method has a number of significant drawbacks,
including the complexity of their design, high cost, difficulty in large-scale production, and,
most importantly, the unknown long-term toxicity to biological systems [2,108]. The majority
of ex vivo labeling with nanoparticles depends on cells’ inherently strong endocytosis activity,
particularly that of macrophages [7]. In addition to endocytosis, other methods such as
transfection, microinjection, and electroporation have also been developed. However, this
comes at the expense of high cost and sophisticated technology [109].

The other important challenge in NIR application is miniaturization [6]. In the NIR
applications to cancer investigations, fiberoptic probes are crucial. The optical characteris-
tics of the tissue and the source-detector spacing determine the greatest depth of photon
penetration in the tissue (by a larger separation an enhanced tissue depth is probed). The
probe design is crucial in acquiring tissue information since the source-detector geometry
greatly influences the depth and volume of the tissue that is being probed, particularly in
depth-resolved research [110]. Spectral information, specific to each layer in the tissue, can
disclose information on disease development if distinct layers in the tissue are targeted se-
lectively by an optimized source-detector geometry. Different organizations have utilized a
wide variety of source-detector geometries for NIR studies of cancer. Large source-detector
separations and somewhat lengthy route lengths have been used in many of these experi-
ments. As a result, the retrieved optical properties represent average values over a sizable
tissue volume, and the detected photons have traveled a considerable distance through the
tissue. As a result, the optical approaches are less sensitive to modifications in the epithelial
tissue layer. In order to compensate for this, studies focusing on tissue microenvironment
are ongoing. This challenge should be addressed as it is crucial to understanding tissue
microenvironment changes.

The extremely selective necrotic/immunogenic cell death that NIR-PIT causes in the
targeted tumor cells encourages dendritic cells” maturation and sets up cytotoxic T cells
to respond to cancer-related antigens released from dead cancer cells [80]. Due to the
heightened host tumor immunity brought on by the initial antitumor NIR-PIT, when NIR-
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PIT is paired with an immuno-checkpoint inhibitor or NIR-PIT targeting Treg, NIR light not
only exposes local cancers but also distant metastatic tumors [23,25,80]. In human studies,
this “vaccine-like” quality of NIR-PIT needs to be investigated.

Another concern is that research is now being conducted to determine the best NIR-
PIT treatment plan for various tumor types [99]. The distribution of immune cells with
antitumorigenic effects and other tumor-infiltrating lymphocytes with pro-tumorigenic
effects in the tumor microenvironment may play a significant role in the selection of
optimum patients and ideal NIR-PIT combos. To find the best NIR-PIT combo technique
for each type of tumor, more research is required.

8. NIR Research Future Directions
8.1. Improved NIR_DOT

The three schemes that may amplify the performance of NIR-DOT are multi-frequency
DOT, the combinations of DOT with other imaging modalities, and deep-learning imple-
mentation. However, numerous techniques may emerge to validate DOT’s capability and
effectiveness. A simple approach to improve DOT is to change the number of SD pairs.
With the variation of SD, the light excited can increase in amount; thus, the measured light
around the tissue boundary can have various accuracies. Additionally, NIR-II implemen-
tation for DOT is rare; hence, a wide window of opportunity is laid out for researchers.
Multi-wavelength is also interesting to undergo since it extends the DOT measurement from
only inclusion detection to oxy-, deoxy-hemoglobin, and lipid concentrations prediction.

Another attractive area is to find a novel method to overcome the limitation of inverse
solution in terms of regularization. Naturally, the reconstruction algorithm is ill-posed; thus,
an improvement can be achieved if an appropriate regularization is employed. Moreover,
in the simulation field, the mesh generation algorithm is essential because it accurately
computes the photon migration model in the forward problem and precisely predicts the
optical properties distribution. With a well-structured mesh, the position of SD can be
managed well and applied in the clinical environment. Additionally, to avoid the inverse
problem, the number of voxels, nodes, and elements should be different between forward
and inverse solutions. Therefore, mesh generation is to be the main step to developing
accurate NRI based imaging. Due to the complexity of the full 3D computation of DOT, a
proper mesh arrangement leads to an effective computational cost. The higher number of
voxels, nodes, and elements, the longer the computational time.

8.2. NIR-Based Cancer Suppression Instrumentations

This section describes the prospective instrumentations for cancer suppression using
NIR. We first discuss the probability of establishing instrumentations in an in vitro envi-
ronment. We show our speculation of these prospective instrumentations based on the
published articles that use visible light, ultrasound, or their combination to control cancer
group growth [111-115]. Unlike their implementation using visible, ultrasound, or their
combination, here, we attempted to discuss future approach to construct an NIR system for
suppressing cancer reasonably with combined NIR-I and NIR-II, NIR and visible light, NIR
along with ultrasound, and various wavelengths and frequencies, as well as CW, FD, and
TD implementations.

The first possibility to generate NIR cancer suppression-based instrumentation uses
single-wavelength NIR with adjustable power sources and waveforms. Figure 4 depicts the
mechanism of single-wavelength NIR with four different waveforms. The power supply pro-
vides the voltage to activate the waveform generator. In the waveform generator component,
one can select the preferred waveform, such as sinusoidal, rectangle, triangle, and pure DC
voltage to power the NIR laser/light-emitting diode (LED) in terms of single wavelength.
Indeed, we can generate the waveform ratio with a pulse width modulation (PWM); thus,
an adjustable waveform may be produced in the range of 0-100%. A single and integrated
waveform, then, illuminates the cancer cell line to control the cancer growth. The system in
Figure 4 may be improved by applying multi-wavelength for the NIR measurement.
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Figure 4. Single-wavelength NIR with four different waveforms instrumentation.

Another instrument may be established using the combination of NIR-I, NIR-II, and
visible light, as shown in Figure 5. To provide appropriate voltage to power the NIR-I,
NIR-IIL, and visible light, a power regulator is utilized to arrange the power distribution
for each light source. To minimize the power of light intensity and to focus the light
radiation, a filter lens for every light source is directed to the light before illuminating
the cancer cell line. Subsequently, their combinations may be integrated to enhance the
cancer growth control system ability. Moreover, it is possible to assign any visible light to a
specific wavelength; then, various NIR-I and NIR-II spectral windows can be implemented
to obtain a comprehensive report corresponding to their incorporation.

Visible )
> Light » Filter Lens
Y
Vol ° .
oftage | -, | NIR -|Filter Lens—| 3ncer
Regulator ? Cells Line
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Power .
»  NIR-II » Filter Lens
Supply

Figure 5. Combined NIR-I and NIR-II with visible light instrumentation.

Moreover, an in vitro system can be developed by applying the combinations of NIR-I,
NIR-II, and other cancer-suppressor modalities, such as ultrasound, as shown in Figure 6.
When other modalities are implemented, a signal conditioner circuit (SCC) is required to
generate the ideal signal for such modalities. This SCC can be a function generator, power
amplifier, clipper-clamper circuit, ripple reduction circuit, and others. With these combinations,
the cancer cells may be eradicated successfully compared to the control group.
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Figure 6. Instrumentation of combined NIR-I and NIR-II along other modalities.

Finally, a novel cancer cell suppressor with the combination of CW, FD, and TD can be
designed, as shown in Figure 7. As DOT has demonstrated a promising ability to image
the soft tissue with the NIR light penetration, three NIR light types may be applied to
establish the cancer cell growth control apparatus. A voltage generator can be implemented
to supply appropriate power for each NIR light type. To focus and filter the NIR light for
only targeted cancer cells, one can place the filter lens in front of each NIR light source type.
The measurement is completed when the comparisons among individual light sources
emitting the cancer cell and their combinations are obtained.

—> CW » Filter Lens
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Figure 7. Combined CW, FD, and TD light sources instrumentation.

9. Conclusions

In this review, an overview of near-infrared application in cancer cell imaging and
therapy has been discussed. The discussion in this paper focused on instrumentation for
imaging and therapy based on NIR. The state-of-the art research for NIR-based cancer
imaging and therapy has been thoroughly reviewed. The challenges that researchers face
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in the area of NIR for cancer imaging and therapy have been described. Furthermore,
prospective instrumentation to establish cancer therapeutics apparatuses based on near-
infrared technology have been presented. In summary, we have observed that most of
the studies in the area of NIR’s application for cancer imaging and therapy are still in the
pre-clinical stages and, given the superiority of the approaches involving NIR, clinical
translation should be the focus area of researchers. Moreover, the systemic effect of NIR-
PIT should be carefully studied. Additionally, the application of the nanoparticle has
brought about improvement in NIR-based studies, but the cost-benefit and toxicity remain
a challenge. Finally, the use of artificial intelligence may be leveraged in imaging cancer
and support NIR-PIT based treatment.
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