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Abstract

Cancer is one of the leading causes of death worldwide. According to the World
Health Organization (WHO), approximately 10 million deaths were attributed to cancer
in 2020. With an aging population and lifestyle factors, the number of cases is expected
to continue rising. Despite significant advancements in science, technology, and societal
development, cancer remains a significant global health challenge due to the limitations
of conventional therapies, such as poor specificity, severe side effects, and limited
efficacy against metastatic disease.

This study focuses on developing novel multifunctional nanoconjugates using liquid
metal (LM) and ionic liquid (IL) as soft materials for advanced cancer theranostics. The
research emphasizes photothermal therapy (PTT), immunotherapy, and bioimaging, by
using the impressive photothermal conversion of LM- and carbon nanohorns (CNHs)-
based nanoconjugates. The nanoparticles were chemically functionalized with
biomolecules and fluorescent dyes to improve stability, dispersibility, and
biocompatibility. These nanoparticles exhibited exceptional photothermal conversion
efficiency and selective tumor ablation under near-infrared (NIR) laser irradiation, with
less side effects. Additionally, surface modification with immunostimulants enabled
synergistic integration of PTT and immunotherapy, enhancing therapeutic efficacy.
Building on this, we also introduced smart magnetically driven nanoconjugates by
loading magnetic IL. These nanoconjugates demonstrated precise magnetic
responsiveness, providing a solution to the low targeting of the enhanced permeability
and retention (EPR) effect and enabling controlled drug delivery and localized
photothermal effects. This innovative approach expanded the versatility of soft materials
in cancer treatment. /n vivo mice tumor model confirmed the therapeutic potential of LM
and CNHs-based nanoconjugates, achieving significant tumor regression, enhanced
bioimaging, and excellent biological safety. This work advances the field of cancer
nanomedicine, providing a multifunctional platform for nanotheranostics and targeted

therapies.

Keywords: cancer, nanoparticles, soft material, near infrared laser, photothermal therapy,

immunotherapy, chemical functionalization
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Chapter 1

General Introduction



1.1 Research background

Cancer is a highly invasive and metastatic disease caused by uncontrolled abnormal
cell growth. It is one of the leading causes of death worldwide. According to the World
Health Organization (WHO), approximately 10 million deaths were attributed to cancer
in 2020. The most common types globally are breast, lung, colorectal, prostate, and
stomach cancers. With an aging population and lifestyle factors, the number of cases is
expected to continue rising. Despite significant advancements in science, technology, and
societal development, cancer remains one of the most serious threats to human life.! The
primary treatment modalities for cancer include surgery, radiotherapy, and chemotherapy.
The choice of treatment depends on the location, malignancy, and progression of the
tumor as well as the patient's physical condition. Unfortunately, these conventional
treatments are gradually losing their luster as they face numerous drawbacks that hinder
their widespread use. In theory, cancer can be cured if the tumor cells are completely
removed surgically. But it is not always that simple, since some tumors grow fast and
have no obvious boundaries with the surrounding normal tissues, a certain range of
normal tissues around it must be removed during the surgery. In addition, for radiotherapy,
and chemotherapy, because of its lack of specificity, it may harm healthy tissues as a side
effect, causing more pain to patients.> > Meanwhile, whether surgery, radiotherapy, or
chemotherapy, is extremely burdensome to the body, and after malignant metastasis

occurs, it is difficult to completely cure it no matter which method is used. Therefore,



cancer treatment is still a great challenge facing mankind. In the recent years,
photothermal therapy (PTT) has been shown to have tremendous potential in treating
cancer due to its unique benefits of high specificity and minimal invasiveness.* In PTT, a
photosensitizer is excited by light of a specific wavelength, usually near-infrared (NIR).
This activation places the sensitizer in an excited state, which then releases energy (heat),
thereby leading to thermal ablation of cancer cells. In contrast to traditional treatments,
PTT provides distinct benefits such as lower toxicity, enhanced specificity, and reduced
invasiveness.> ¢ These attributes position PTT as a highly effective alternative for cancer

treatment.

NIR laser
NIR laser

Tumor cell Blood vessel

Nanoparticles

Figure 1.1 Schematic illustration of nanoparticles-based tumor specific photothermal

therapy.

Many types of nanoparticles have been investigated as photosensitizers for PTT
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(Figure 1.1). This is because particles within a certain size range (usually 20-300 nm)
have an enhanced permeability and retention effect (EPR effect).”-8 Due to the EPR effect,
the concentration of nanoparticles in tumor tissue is significantly higher than in other
parts of the body, and can accumulate for a longer time. In previous studies, several
materials, such as gold, gallium, copper, semiconducting polymers, and carbon, exhibit
strong photothermal conversion capabilities in the NIR region, making them suitable
photosensitizers for use in PTT to effectively eliminate tumors.”!* However, efficiently
delivering nanoparticles in substantial quantities to tumors presents a significant
challenge. This is because almost all nanoparticles do not have high dispersibility and
stability in aqueous solutions, resulting in the inability of the photosensitizer to reach
tumor tissue through blood vessels. The surface modification design of nanoparticles is

crucial to improve the original properties and physical and chemical multifunctionality.

1.2 Objective of this study

The primary objective of this study is to develop novel multifunctional soft materials
for photothermal cancer therapy that can effectively elicit tumor regression while
minimizing or eliminating any undesirable side effects. This study presents the
development of a series of functional nanoconjugates as photosensitizers for cancer
photothermal therapy. These nanoconjugates are based on the utilization of soft materials

such as liquid metal (LM) and ionic liquid (IL). This research incorporates three distinct



formulations, each corresponding to a unique type of photothermal nanoconjugates. We
used different formulations, from simply using biomolecules to improve the dispersibility
and stability of nanoparticles, to linking antibodies on the surface of nanoparticles and
encapsulating anticancer drugs inside to improve targeting and immune synergy, and
finally developed a smart light-, and magnetic field-controllable nanoconjugates that is
providing a solution to the low targeting of the EPR effect as a highly efficient
photosensitizer for photothermal therapy. All these nanoconjugates in this study can be
synthesized simply and efficiently, can maintain high dispersibility and stability for a long
time, and can be used for intravenous injection. In addition, they have shown exciting
results in further in vitro and in vivo studies in mice. Therefore, we firmly believe that
these nanoconjugates have great potential as effective tools for cancer treatment and

provide new solutions.

1.3 Outline of this dissertation

In Chapter 1, the general introduction of this dissertation summarizes the
background of cancer photothermal therapy and the objective of this study.

In Chapter 2, a novel functional liquid metal nanoconjugate was synthesized as an
innovative photosensitizer for cancer photothermal therapy. Using a biocompatible
gallium-indium eutectic alloy (EGaln) as the core and various biomolecules as the shell,

these nanoconjugates achieved photothermal elimination of tumor tissues under NIR laser



irradiation.

In Chapter 3, an innovative light-activated immunostimulant based on EGaln
nanoparticles was investigated. It can be used for targeted therapy and diagnosis via
intravenous injection. By surface modification of nanoparticles with antibodies and
loading of anticancer drugs, it aims to achieve effective synergistic treatment of multiple
pathways.

In Chapter 4, a novel magnetically driven functional nanoconjugate based on IL and
carbon nanohorns (CNHs) is proposed. We conjugate IL with CNHs as a potential
optically and magnetically responsive drug delivery system. It is expected to provide a
solution to the low targeting of the EPR effect, achieve more precise photothermal therapy.

In Chapter 5, the general conclusion of this dissertation, the overall finding of this

study was presented, and the future prospects of this study were discussed.
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Chapter 2

Functional biomolecule-liquid metal nanoconjugates for

cancer optotheranostics



2.1 Inrtoduction

2.1.1 Introduction of liquid metals

Room temperature liquid metals (LMs) represent a class of emerging multifunctional
materials with attractive novel properties, such as high conductivity and favorable
flexibility, those can be applied in various fields.!: > Mercury is a kind of well-known
liquid metal for us. Unfortunately, toxicity is the biggest disadvantage of mercury so that
it is the major impediment to widespread its application. Gallium-based liquid metals
(LM), particularly eutectic gallium-indium (EGaln) and gallium-indiumtin (Galinstan),
have shown broad development prospects in a variety of applications, ranging from
composites and stretchable electronics to drug delivery systems, due to their low toxicity,
fluidity, thermal and electrical conductivity, and optical properties.** The research on the
applications of liquid metal in the recent years are more and more worthy of attention.’

LM is particularly active in healthcare equipment and pharmaceuticals in biomedical
applications, and they provide significant contributions to the overall biotechnology
area.®® Recently, many studies have reported the latest developments in the design and
application of therapeutics based on LM, like drug delivery” '°, photothermal therapy'!
12 magnetocaloric therapy'? and so on. Although application of LM has obtained evident
results and successes thus far, numerous problems in producing functional nanoscale LM
dispersions remain to be solved. For their usage in actual medical applications, quality

control of LM nanoparticle shape, size, and state of aggregation is critical.



2.1.2 Modification of liquid metal nanoparticles

Surface modification of LM nanoparticles can significantly improve their original
physical and chemical properties.> !4 Although, many research groups have worked to
improve the synthesis and chemical functionalization of LM by using a variety of
approaches, stabilizing and functionalizing LM nanoparticles in aqueous solution for a
variety of applications using simple and true nanoparticulation remains a challenge.

Among these methods, we use the combination of physical methods and chemical
modifications as an excellent candidate for adjusting the properties of LM, especially for
rapid and large-scale production. For physical methods, sonication is always used to
downsize and nano particularization of LM. Sonication can stabilize LM nanoparticles
and reduce their size. At the same time, graft molecules such as surfactants and polymers
are added to the LM suspension during the sonication process to achieve the purpose of
inhibiting surface oxidation, enhancing biocompatibility, and providing binding sites for
functional molecules.'> However, many grafting molecules are easily detached from their
surface due to the low dispersibility of LM. As they interact with LM via weak van der
Waals forces, ionic interactions, or both, after the washing process, owing to removement
of excess grafting molecules, they form to incompetent LM aggregations.!® Therefore,
choosing a suitable dispersion stabilizer or enhancing the binding of grafting molecules
to LM is required.

Biocompatible or biodegradable polymers, such as polyethylene glycol and

polyvinyl alcohol, are often used for modification of nanoparticles for medicinal
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applications because of their low toxicity. However, synthetic polymers might cause
unexpected side effects including harsh anaphylactic shock by accelerated blood
clearance phenomenon.'® !7 In addition, these polymers basically require thiolate as a
functional group to conjugate with LM surface via covalent metal-thiolate bonding. The
synthesis of biocompatible and biodegradable polymer-based thiolates needs complicated
multistep using expensive materials. Moreover, thiol compounds are easily oxidized and
inactivate metalloenzymes in biological body, resulting in side effects and toxicity.'® As
a result, developing a new molecular design and method for LM bio-nanotechnology that
uses highly biocompatible natural materials is critical.

High energy can be used to initiate free radical-based reactions in solids, liquids, or
gases, especially gamma (y)-rays from °°Co sources. Through cross-linking reactions,
aqueous treated with y-rays is commonly used to stabilize nanoparticles made from
natural or manufactured polymers and proteins. The y-ray radiation cross-linking process
is frequently utilized in the pharmaceutical industry to synthesize polymer hydrogels.'®
20 The advantage of y-ray radiation is that it will not dramatically alter the chemical
structure of the base molecules, allowing the original properties of the materials to be
preserved, such as biocompatibility and mechanical stability. In addition, For the LM
nanoparticles we developed, the experimental stage contains many cell experiments and
biological experiments. During the crosslinking under the y -ray radiation, it can sterilize
the media of reaction at the same time. Furthermore, since most of the chemical cross-

linking agents are harmful, one more advantage is this method does not require any cross-
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linking agent to complete the cross-linking reaction. These features are of great
significance to our development of LM nanoparticles, especially for biomedical
applications.

Since LM nanoparticles have strong photothermal conversion capabilities in the
near-infrared (NIR) region, they can be used as photosensitizer in the photothermal
therapy (PTT) to achieve the application of eliminating tumors. LM nanoparticles have
been used in PTT to achieve tumor treatment, affording better NIR photothermal
efficacy.> % 1 In addition, owing to the enhanced permeation and retention (EPR) effect,
nanoparticles with 20—400 nm diameters can accumulate in tumor tissues for a long time?!,

which provides the possibility for LM nanoparticles modified by bioimaging contrast

agent to achieve clear fluorescent tumor visualization.

2.1.3 Objective of this study

In this study, we intend to produce a new type of functional liquid metal
nanoconjugates as an innovative therapeutic material to treat cancer. To this end, we
decide to use highly biocompatible gallium-indium eutectic alloys (EGaln) and various
biomolecules such as gelatin, deoxyribonucleic acid, lecithin, and bovine serum albumin
for preparation unique core-shell nanostructures by utilizing y-ray exposure. In particular,
further modified with DyLight™ 800 NHS ester on the surface of gelatin-EGaln, these
nanoconjugates can have property of bioimaging. In addition, synthesized

nanoconjugates absorb biological penetrable NIR light to generate thermal energy thanks
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to the photothermal property of EGaln. We thus apply these multifunction of

nanoconjugates for cancer treatment.

2.2 Materials and Methods

2.2.1 Nanoparticle synthesis

Gelatin (Wako Pure Chemical, Osaka, Japan) (10 mg) was dissolved in MillQ water
(Direct-Q UV3, Merck, Darmstadt, Germany) (10 ml) at 60 °C by heater (EYELA RCH-
20L, Tokyo, Japan), then mixed with LM (Ga:In = 75.5:24.5 wt%; Alfa Aesar, Ward Hill,
MA, USA) (10 mg) by pulse-type sonication (VCX-600; Sonics, Danbury, CT, USA) for
10 min. The mixture was then irradiated with y-rays from ® Co y-ray sources at 25°C in
the dose range of 5 kGy (Gy = J/kg) at the dose rate ranging between 5 kGy h™! at the
Takasaki Advanced Radiation Research Institute, National Institutes for Quantum and
Radiological Science and Technology (QST), Gunma, Japan. Meanwhile, a concentrated
solution of y-ray-radiated gelatin-LM nanoparticles was synthesized with centrifugation
and was then used for in vivo experiment.

y-ray-radiated biomolecule-LM nanoparticles (BSA-LM, lecithin-LM, and DNA-
LM, respectively) were synthesized as follows: Albumin (BSA) (from bovine serum,
Wako Pure Chemical, Osaka, Japan) (10 mg), Lecithin (from soybean, Nacalai Tesque,
Kyoto, Japan) (10 mg), or deoxyribonucleic acid (DNA) sodium salt (from salmon milt,
Tokyo Chemical Industry, Tokyo, Japan) (10 mg) was dissolved in MillQ water (10 ml)
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to make solution. Then mixed with LM (10 mg) by pulse-type sonication for 10 min. And
irradiated with y-rays in a similar manner to the y-ray-radiated gelatin-LM nanoparticles.

Gelatin-LM nanoparticles containing DyLight™ 800 NHS easter (DyLight800-
gelatin-LM) were prepared as follows. Briefly, 10 ml y-ray-radiated gelatin-LM solution
(LM concentration = 10 mg ml ') was centrifuged and resuspended in 1 ml PBS buffer
(Wako Pure Chemical, Osaka, Japan), then mixed with 4 ml of PBS buffer containing 50
ug of DyLight™ 800 NHS easter (Thermo Fisher Scientific, Waltham, MA, USA),
reacted with the sample at 4 °C overnight. The quantity of modified DyLight™ 800 NHS
ester on gelatin-LM was calculated using an ultraviolet-visible near-infrared

(UV—vis—NIR) spectrophotometer (V-730 BIO; Jasco, Tokyo, Japan).

2.2.2 Characterization of LM nanoparticles

The structure and morphology of the prepared vy-ray-radiated gelatin-LM
nanoparticles were observed using high-resolution transmission electron microscope
(TEM) (JEM-2010; JEOL, Tokyo, Japan) at an accelerating voltage of 200 kV. Energy-
dispersive X-ray spectrometric (EDS) mapping was performed using TEM (JEM-
2100Plus; JEOL). The hydrodynamic diameter of vy-ray-radiated gelatin-LM
nanoparticles was examined by DLS (Zetasizer; Sysmex Corporation, Hyogo, Japan).
DLS diagram of y-ray-radiated gelatin-LM nanoparticles were also measured. The optical
absorbance and fluorescence (FL) of the biomolecule-LM nanoparticles and DyLight800-

gelatin-LM nanoparticles were determined using UV-vis-NIR (FP-8500) and FL
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spectrometers (Jasco), respectively.

2.2.3 Photothermal conversion tests

y-ray-radiated gelatin-LM nanoparticles solution (100 pul) or PBS buffer (100 ul)
were irradiated with an 808 nm NIR laser (Civil Laser, Hangzhou, Zhejiang, China) at
1.2 W (~61.1 mW mm?; spot diameter, about 5 mm), 0.6 W (~30.6 mW mm?), or 0.3
W (~15.3 mW mm?) under the indicated conditions. Temperatures of solutions were
measured in real-time using a temperature sensor (AD-5601A; A&D, Tokyo, Japan).
Thermographic images were recorded using infrared thermography (i7; FLIR, Nashua,
NH, USA).

The photothermal stability of gelatin-LM nanoparticles was determined as follows.
In a vial, a 100 pl nanoparticle suspension was irradiated with an 808 nm NIR laser for 5
min at 1.2 W (~61.1 mW mm 2, spot ammeter, about 5 mm). Then, diluted with Milli-Q
water and measured the optical absorbance spectra by using a UV-vis-NIR
spectrophotometer. Compared with the spectra of gelatin-LM nanoparticles of the same

concentration before irradiation.

2.2.4 Cell culture and viability test

Human normal diploid fibroblast (MRC5) and murine colon carcinoma (Colon 26)

were obtained from the Japanese Collection of Research Bioresources Cell Bank (Tokyo,

15



Japan). The MRC5 cell lines was cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM, Gibco, Grand Island, NY, USA) containing 10% FBS, 2 mM L-glutamine, 1
mM sodium pyruvate, gentamycin, penicillin-streptomycin (100 IU/ml), and Hank’s
balanced salt solution (Life Technologies, Carlsbad, CA, USA). The Colon26 cell line
was cultured in Roswell Park Memorial Institute (RPMI) 1640 Medium (Gibco, Grand
Island, NY, USA) containing 10% fetal bovine serum (FBS), 2 mM L-glutamine, 1 mM
sodium pyruvate, gentamycin, and penicillin-streptomycin (100 IU ml™"). Cells were
maintained at 37 °C in a humidified chamber containing 5% CO> and were cryopreserved
in multiple vials in liquid nitrogen. Cell stocks were regularly revived to avoid the genetic
instabilities associated with high passage numbers.

To assess in vitro cytotoxicity of y-ray-radiated gelatin-LM nanoparticles, normal
human cells (MRCS5) and cancer cells (Colon26) were pre-seeded overnight in 96-well
plates at a density of 5 x 10° cells/well. 100 ul of cell culture medium containing different
concentrations (62.5, 125, 250, 500, and 1000 pg ml ') of y-ray-radiated gelatin-LM
nanoparticles were cocultured with these adhered cells for 24 h. Thereafter, cells were
washed with fresh medium and the viability was measured using a Cell Counting Kit
(CCK-8) (Dojindo Laboratories, Kumamoto, Japan) according to the manufacturer’s
instructions. Briefly, cells (5 x 10° cells/well) were seeded in 96-well plates and were
allowed to adhere overnight. After washing with fresh medium, cells were incubated with
the CCK-8 solution for 2 h at 37 °C. Absorbance at 450/690 nm was then determined

using a microplate reader (Infinite 200 PRO M Plex; Tecan, Mannedorf, Switzerland).
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RIPA lysis buffer (Wako Pure Chemical, Osaka, Japan) was used as a positive control

without further dilution for the cellular viability assay.

2.2.5 Laser-induced cell viability test

MRCS5, and Colon26 cells were seeded in 96-well plates at a density of 5 x 10°
cells/well. After adhering overnight, the cells were administered 100 ul of cell culture
medium containing different concentrations (100, 500, and 1000 ug ml™') of y-ray-
radiated gelatin-LM nanoparticles with 808 nm laser irradiation at a power of 1.2 W
(~61.1 mW mm2) for 5 min. The control was conducted without y-ray-radiated gelatin-
LM nanoparticles. After laser irradiation, the y-ray-radiated gelatin-LM nanoparticles
were washed away, and then the cells were sub-cultured with fresh medium for another
24 h. Further, the cell viability was assayed using the CCK-8 kit according to the indicated

protocol.

2.2.6 Direct observation of laser-driven cancer cell destruction

Colon26 cells (2.5 x 10° cells/ml) were seeded in bioimaging dishes and cultured
overnight. A PBS suspension of gelatin-LM nanoparticles (LM concentration: 100 ug
ml ') was prepared, or PBS was added to the cells for 2 h in a 5% CO> incubator at 37 °C.
After washing three times with PBS, the cells were maintained in RPMI media. The
destruction of cancer cells triggered by laser induced nanomedicine using the laser

irradiation setup was performed as follows. An 808 nm, 254 mW (~129 mW mm 2) NIR
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laser beam from a continuous-wave diode laser (Sigma Koki, Tokyo, Japan) was
incorporated into a microscopy system (IX73; Olympus, Tokyo, Japan). The laser beam
(laser spot diameter 50 mm) was focused on the target position (X 40 magnification;
aperture 0.95; UPLSAPO40X, Olympus) at room temperature for 5 s. The images were
recorded using an electron-multiplying, charge-coupled device camera system (DP8O0,

Olympus) before and during irradiation.

2.2.7 Fluorescent bio-imaging

The animal experiments were conducted in accordance with the protocols approved
by the Institutional Animal Care and Use Committee of JAIST (No. 01-002). In order to
monitor the chronological changes of FL intensity caused by the tumor targeting effect of
y-ray-radiated gelatin-LM nanoparticles in mice, Colon26 tumor-bearing mice (female; 6
weeks; n = 4; average weight = 18 g; average tumor size = 100 mm?; BALB/cCrSlIc;
Japan SLC) were injected intravenously with PBS or PBS containing DyLight800-
gelatin-LM nanoparticles (200 pl, 100 mg ml ™). The mice were euthanized and the major
organs, including heart, liver, spleen, kidney, and tumor, were imaged using an in vivo FL
imaging system (VISQUE™ InVivo Smart- LF, Vieworks, Anyang, Republic of Korea)
with a 3 s exposure time and indocyanine green (ICG) filter (Ex, 740-790 nm; Em, 810-
860 nm) at 4, 24, and 48 h after injection. The FL images were acquired and analyzed
using CleVue™ software. PBS buffer (200 ul) was also injected and used as a negative

control.
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2.2.8 In vivo viability test

Female BALB/cCrSlc mice (n = 12; 4 weeks old; average weight = 15 g) were
obtained from Japan SLC (Hamamatsu, Japan). Mice bearing the Colon26 cell derived
tumors were generated by injecting 100 pl of the culture medium/Matrigel (Dow Corning,
Corning, NY, USA) mixture (v/v = 1:1) containing 1 x 10° cells into the right side of
backs of the mice. After approximately 1 week, when the tumor volumes reached ~100
mm?, the mice were intravenously injected with 200 pl PBS or 200 ul PBS containing y-
ray-radiated gelatin-LM nanoparticles (100 mg ml "), respectively. The tumors on the
right side of the backs were irradiated for 5 min every other day (total 6 times laser
irradiation) using the 808 nm laser (0.6 W, ~29.7 mW mm ) after sample injection. The
irradiation location of a laser beam was fixed on the center of a solid tumor by a clamp.
The thermographic measurements were conducted during irradiation using IR
thermography (17; FLIR, Nashua, NH, USA). The tumor formation and overall health
(viability and body weight) were monitored every other day. Further, the tumor volume
was calculated using V = L x W?/2, where L and W denote the length and width of the
tumor, respectively. The survival ratio of Colon26 tumor-bearing mice was also measured
during treatments for 30 days. When the tumor volumes reached more than 2000 mm?,
the mice were euthanized as the endpoint according to the guidelines of Institutional

Animal Care and Use Committee of JAIST.
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2.2.9 Tumor tissues immunohistochemistry staining

The Colon26 tumor-bearing mice (n = 4) were euthanized the next day after
administration of PBS/y-ray-radiated gelatin-LM nanoparticles injection intravenously
and laser irradiation. Thereafter, the tumor tissues from the different treatment groups
were harvested for immunohistochemistry (IHC) staining. IHC analysis was performed
by Biopathology Institute Co., Ltd. (Oita, Japan) with standard protocols. Briefly, primary
tumors were surgically removed, fixed in 10% formalin, processed for paraffin
embedding, and then cut into 3-4 pm- thick sections. After incubation with the primary
antibody (Table 2-1), the sections were stained with hematoxylin and examined using

light microscopy (IX73).

Table 2-1. Antibody used in IHC staining.

Antibody Type Source Catalog No. Application
Anti-digoxigenin- Sheep Merck
S7100 Tunel
peroxidase Polyclonal Millipore
2.2.10 Blood tests

Complete blood counts (CBCs) and blood biochemical parameters were determined
by Clea-Japan (Tokyo, Japan) and Oriental Yeast Co. (Tokyo, Japan). BALB/cCrSlc mice
(female, 10 weeks; n = 5; average weight = 21 g; Clea-Japan) were injected with PBS

containing gelatin—LM nanoparticles (200 pl, 100 mg ml~' LM) or 200 pl PBS in the tail
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vein. Blood samples were collected from the inferior vena cava of the mice after 7 days.

2.2.11 Statistical analysis

The experiments were performed in triplicate and repeated three or more times. The
quantitative values are expressed as the means + standard error of the mean (SEM) of at
least three independent experiments. The statistical differences were identified using

Student’s two-sided ¢-test or two-way analysis of variance (ANOVA).

2.3 Results and Discussion

2.3.1 Characterization of nanoparticles

We envision using the scheme in Figure 2.1 to synthesize biomolecule-LM
nanoparticles with unique structures. As expected, the water-immiscible LM was
transformed into highly water-dispersible nanoparticles through biomolecule

modification by simple pulse sonication and y-ray irradiation process (Figure 2.2).
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Figure 2.1 Synthesis scheme of biomolecule-LM nanoparticle.
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Figure 2.2 Water-dispersion stability of various biomolecule-LM nanoparticles.
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As shown in Figure 2.2, the prepared aqueous solutions showed a gray color and
did not aggregate even after washing 3 times. After incubation for 1 day at room
temperature, gelatin-LM remained in a dispersed state with no visible precipitation.
Lecithin-LM and DNA-LM showed -characteristic gray-brown color with small
precipitates after 1 day. The precipitates in the DNA-LM and lecithin-LM suspensions
disappeared after sonication. BSA-LM showed many precipitates after 1 day. After

sonication, precipitation of BSA-LM was still dispersed in the suspension.

Gelatin

Figure 2.3 Image of biomolecule-LM nanoparticles without y-ray radiation after washing.

Conversely, Figure 2.3 is the image of biomolecule-LM nanoparticles without y-ray
radiation process. It shows all kinds of biomolecule-LM nanoparticles formed many
precipitates after washing 3 times after incubation for several hours. This is because

without y-ray radiation, biomolecules attach to the LM surface only through weak

23



molecular interactions, which are easily separated by washing.?? In particular, ionic
interactions between biomolecules and the LM surface oxide layer may improve
molecular packing and bonding to the oxide layer, although further investigations are
needed to elucidate the mechanism of interfacial interactions between oxide layers and
biomolecules.

The hydrodynamic diameter of biomolecule-LM nanoparticles after 1 day
incubation after sonication was measured by dynamic light scattering (DLS) test. As the
results show in Figure 2.4, the average hydrodynamic diameter of gelatin-LM, lecithin-
LM, BSA-LM, and DNA-LM were 220, 190, 295, and 106 nm, respectively. After 3 days
incubation, the average hydrodynamic diameter of gelatin-LM, lecithin-LM, and DNA-
LM were 220, 164, and 106 nm, respectively, which means they still maintain good
dispersion and stability. In comparison, BSA-LM displays poor dispersibility and stability.
The average diameter of BSA-LM increased to 712 nm after 3 days incubation even after
sonication, indicating that it is unstable in aqueous solution. It might be because albumin
molecules have a poorer water-dispersing stability and a tendency to aggregate.?* >

Moreover, we further measured the DLS size of gelatin-LM after 30 days of
incubation. The results are shown in Figure 2.5, as we expected, gelatin-LM with the

diameter of around 190 nm maintained excellent dispersion and small diameter even after

30 days of incubation.
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Figure 2.4 DLS size-distribution of various biomolecule-LM nanoparticles at 1 and 3
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Figure 2.5 DLS size-distribution of gelatin-LM at 1, 3, and 30 days.

The transmission electron microscope (TEM) images corroborate the results of the
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average hydrodynamic diameter of DLS. Meanwhile, the TEM images were as expected
showing the spherical structure of the biomolecule-LM nanoparticles with a unique shell
structure in Figure 2.6A, B. The lecithin-LM, BSA-LM, and DNA-LM did not show a
constant shell thickness, in contrast, the gelatin-LM nanoparticles showed a more uniform
shell structure. As shown in Figure 2.6C, the shell thickness is around 20 nm. In addition,
in the lecithin-LM, BSA-LM, and DNA-LM nanoparticles, many amorphous structural
structures were found. Whereas there were a smaller number of amorphous structural
structures in the gelatin-LM nanoparticles (Figure 2.6D). The values were obtained by
measuring at least 200 nanoparticles and amorphous substrates for each sample. As a
result, even after a long incubation period, gelatin-LM nanoparticles may not precipitate.
Owing to the shape, size, electrical charge, molecular folding, and number of y-ray-
mediated cross-linking biometric points are very complicated. The preparation of
particular size or morphology remains a challenge. We believe that nanoparticles with
high dispersibility and stability are excellent candidates for biomedical materials. This is
one reason why we chose gelatin-LM. Moreover, since gelatin contains a large number
of amine groups, it is of great significance for anticancer drugs loading and fluorescent
probes modification. Reactive amino acid residues in gelatin molecules, with the
exception of phenylalanine, histidine, and tyrosine, are not destroyed by y-ray radiation.?

Therefore, we decided to use gelatin-LM nanoparticles for further research.
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Figure 2.6. TEM image of various biomolecule-LM nanoparticles at A) high and B) low
magnifications. C) High-magnification image of gelatin-LM shell structure. D) Average

amorphous substrate rate in LM nanoparticles under TEM observation.

The results of energy dispersive spectrometer (EDS) mapping are shown in Figure
2.7A, gallium (Ga), indium (In) from liquid metal and nitrogen (N) from gelatin all
showed on the gelatin-LM nanoparticles, indicating that the preparation of nanoparticles
was successful. Also, the ultraviolet-visible near-infrared (UV—vis—NIR) optical
absorption spectrum of different concentration (20, 40, 50, 100, and 200 pg ml™') of

biomolecule-LM nanoparticles aqueous solution were measured. Figure 2.7B shows the
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absorbance change with concentration. This indicates that gelatin-LM may be employed

as an optically active nanomedicine.
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Figure 2.7 A) EDS mapping of gelatin-LM nanoparticles. B) UV—vis—NIR absorption

spectra of biomolecule-LM nanoparticles at different concentrations.

We further characterized the photothermal conversion and characterization of

gelatin-LM nanoparticles. According to the absorbance of gelatin-LM nanoparticles at
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NIR wavelength, we measured the laser-induced photothermal conversion by using NIR
laser irradiation (808 nm). Figure 2.8 shows the thermographic image of the temperature
change of gelatin-LM particles before and after NIR laser irradiation. Under the laser
powers of 1.2 W (~61.1 mW mm2), the surface temperature of gelatin-LM solution at
1.0 mg ml ! reached to 63 °C after 5 min irradiation. Meanwhile, different concentration
of gelatin-LM solution (0.5 and 0.1 mg mlI™!) under other laser powers of 0.6 W (~30.6
mW mm 2) and 0.3 W (~15.3 mW mm?) also showed a different increase in temperature
after 5 min irradiation.

1.2W

1.0 mg/ml

0.5 mg/ml

0.1 mg/ml

i

18°C Laser . Laser . Laser &3 OC_
0 min Teeesssss———) 5 min 0 min =eeessss———) 5 min 0 min =) 5 min

Figure 2.8 Thermographic images of various concentrations of gelatin-LM solution after

5-min laser irradiation at laser powers of 1.2, 0.6, and 0.3 W.

In addition, we measured the temperature difference (AT) per minute at various laser

powers for various concentrations of gelatin-LM. The results show in the Figure 2.9, AT
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of each concentration of gelatin-LM solution increased with laser irradiation time. By
adjusting the laser power and irradiation time, it provides us with the possibility to control

the temperature and improve the operability of the gelatin-LM nanoparticles.
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Figure 2.9 Laser-induced temperature increases in MilliQ water (control) and different

concentration of gelatin-LM solution at different laser powers.

Here, the photothermal conversion efficiency of the gelatin-LM at 808 nm was 49%.
In comparison, as the dates are shown in Table 2-2, other photothermal nanomaterials
such as metal-based materials, carbon dots, and semiconductor polymer nanoparticles,
have lower efficiency than gelatin-LM.?6->® Especially, compare to other functionalized
LM nanoparticles, the efficiency of gelatin-LM also shows higher except for 1,2-
distearoyl-sn-glycero-3phosphoethanolamine-N-[amino(polyethylene glycol)2000]
(DSPEPEG2000-amine) and 1,2-bis(10,12-tricosadiynoyl)sn-glycero3-phosphocholine

(DC(8,9)PC)-functionalized LM nanoparticles (Table 2-3). !1-12.29.30
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Table 2-2. The photothermal conversion efficiency of materials in previous reports.

Material Photothermal conversion efficiency (%) Reference
Gelatin-LM 49 This study
Gold nanorods 21 26
Gold nanoshells 13 26
Copper selenide 22 26
Carbon dots 31 27
Semiconducting polymer nanoparticles 37 28

Table 2-3. The photothermal conversion efficiency of LM nanoparticles in previous

reports.
Material Photothermal conversion efficiency (%) Reference
DSPE-PEG2000-amine-DC(8,9)PC—
LM 52 30
Gelatin—-LM 49 This study
Melanin—-LM 37 11
SH-PEG-HS-CTAB-LM 33 29
Silica—LM 22 12

The photothermal stability of gelatin-LM was measured under the thermal cycle.
Under the 1.2 W (~61.1 mW mm?) power laser, gelatin-LM was irradiated and naturally
cooled by six cycles. The temperature changes are shown in Figure 2.10, the maximum
temperatures after laser irradiation were fundamentally unchanged. It is worth noting that

from the second thermal cycle, the maximum temperatures are a little higher than the first
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one. This is due to at the end of the natural cooling process of the first cycle (at 600 s),
the temperature was not cooled to the initial temperature (at 0 s). This difference
disappeared from the second thermal cycle. In addition, the UV—vis—NIR optical
absorption spectrum of gelatin-LM nanoparticles aqueous solution before and after laser
irradiation were measured. From the spectrum in Figure 2.11, it shows no difference in

absorbance before and after irradiation, proving that gelatin-LM is not degraded by NIR

laser irradiation.
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Figure 2.10 Photothermal Stability of gelatin-LM nanoparticles under the thermal cycle.

32



— Before Laser

>
& 0.4~ — After Laser
8 0.3-
30.21
2
2 0.1-
0.0 1 1 1 1 1 1 1 1
L LD
PR PSS L

Wavelength (nm)

Figure 2.11 UV—vis—NIR absorption spectra of gelatin-LM before and after laser

irradiation.

2.3.2 In vitro anticancer efficacy of gelatin-LM nanoparticle

To test the cytotoxicity of gelatin-LM nanoparticles, we did the cell viability
experiment by using Colon 26 cell and MRCS cell lines. The cells were incubated with
different concentrations of gelatin-LM nanoparticles in 96-well plates for 24 h. CCK-8
was used to measure the cell viability after washing the cells to remove gelatin-LM
nanoparticles from the wells. As shown in Figure 2.12, the gelatin-LM nanoparticles
showed no cytotoxicity of all different concentrations, indicating it can be used for further
in vitro laser-induced nanoparticle anticancer testing. As a positive control, Radio-
immunoprecipitation assay (RIPA) lysis buffer was used, it showed strong cytotoxicity to

both cell lines.
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Figure 2.12 Cell viability following treatment with RIPA buffer (control) and gelatin-LM
nanoparticles at various concentrations. Data presented as means £ SEM (n = 5;
biologically independent tests), ***, p < 0.001 vs control w/o nanoparticles (Student’s z-

test).

Subsequently, we did the cancer cell elimination experiment by laser-induced
gelatin-LM nanoparticles to confirm they have the ability to photothermal conversion and
generate thermal energy. Similarly, Colon 26 cell and MRCS5 cell lines were incubated
with different concentrations of gelatin-LM nanoparticles in 96-well plates for 24 h, then
used the 1.2 W (~61.1 mW mm2) power NIR laser was to irradiate the wells for 5 min.
After the cell viability was measured by CCK-8, the results are shown in Figure 2.13.

The laser-induced gelatin-LM nanoparticles exhibited a strong photothermal conversion
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ability, and the cell viability of Colon26 cancer cells was significantly reduced due to the
thermal energy they generated. However, the groups without gelatin-LM nanoparticles
showed no elimination ability to both cell lines. Notably, the cell viability of normal
MRCS cells shows higher cell viability than Colon26 cancer cells, possibly because
cancer cells are usually heat-sensitive.’! This provides evidence that laser-induced

gelatin-LMs display selective anticancer effects.
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Figure 2.13 Cell viability after the treatment of 5 min NIR laser irradiation of laser-
induced gelatin-LM nanoparticles at various concentrations. Data presented as means +

SEM (n = 4; biologically independent tests), **, p <0.01.

Optical microscopy was used to analyze gelatin-LM internalization and distribution
in Colon26 cells (Figure 2.14), and intracellular gelatin-LM uptake was seen in cells
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planted in 35 mm glass-bottom dishes and incubated with gelatin-LM for 6 hours. In the
cells, black-colored gelatin-LM nanoparticles were found. Furthermore, control Colon26
cells that had not been exposed to gelatin-LM were transparent and unaggregated.
Conversely, the optical microscope image demonstrated that gelatin-LM was largely
localized around the cell membranes but not inside the cells after incubation of cells with
gelatin-LM at 4 °C for 6 hours (Figure 2.15), demonstrating that cell internalization was

energy dependent.®? As a result, endocytosis could provide a route for these gelatin-LM

nanoparticles to enter the cell.

Gelatin-LM

-

Figure 2.14 Optical micrographs of Colon26 cells after 6 h incubation with and without

0.1 mg ml ! gelatin-LM at 37 °C in 5% CO..
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Figure 2.15 Optical micrographs of Colon26 cells after 6 h incubation with and without

0.1 mg ml! gelatin-LM at 4 °C in 5% CO,. Black arrows show gelatin-LMs.

In addition, by using optical microscopy, we directly observed the elimination of
Colon 26 cancer cells (Figure 2.16). When the NIR laser was irradiated (808 nm, 564
mW, ~287 mW mm 2 laser time < 3 s), Colon 26 cancer cells produced bubbles and were
instantly eliminated. These bubbles may be formed by the intense photothermal
conversion of laser-induced LM nanoparticles through the highly focused laser beam
passing through the objective, evaporating the water inside and outside the cells. Due to
the boiling point of water, we estimate that the instantaneous temperature can reach above
100°C. In contrast, control cells could not be eliminated by laser irradiation because they
did not contain gelatin-LM nanoparticles (Figure 2.17). Based on the above experimental
results, we believe that the photothermal characteristics of laser-driven gelatin-LM are

particularly effective in cancer elimination.

37



Laser irradiation

Figure 2.16 Cancer cell destruction by laser-induced gelatin-LM before and after laser

irradiation. The red circle shows laser irradiation position and area.

Figure 2.17 Direct observation of laser-induced cancer cell behavior without gelatin-LM

before and after laser irradiation. The red circle shows laser irradiation position and area.

233 In vivo tumor elimination by laser-induced gelatin-LM

nanoparticles

After verifying the ability of gelatin-LM to eliminate cancer cells by in vitro cell
experiments, we started in vivo animal experiments subsequently. Owing to a large

number of functional groups in the gelatin amino acid-residue side chain, it can conjugate
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with various active molecules. Here, we prepared DyLight800-gelatin-LM by
condensation reaction between DyLight™ 800 NHS easter and the amino group of
gelatin-LM (Figure 2.18). We explored the distribution of gelatin-LM nanoparticles in

vivo using the fluorescence of DyLight™ 800 NHS easter under NIR wavelength.

DyLight 800
L yL1g

LM

Gelatin

SO3Na

Figure 2.18 Schematic illustration of DyLight800-gelatin-LM.

The UV—vis—NIR optical absorption spectrum of gelatin-LM, DyLight800, and
DyLight800-gelatin-LM was measured respectively. Calculated from Figure 2.19, the
spectrum indicated around 4.8 nmol (~49 pg) DyLight800 reacted with gelatin-LM,
which the reaction rate is 98%. Also, Figure 2.20A shows the fluorescence spectrum of
DyLight800-gelatin-LM at various excitation wavelengths. And the comparison image of
FL properties of DyLight800-gelatin-LM and gelatin-LM was taken under the NIR-

exposed bioimaging (Figure 2.20B). The vial of DyLight800-gelatin-LM (left) showed
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exhibited FL that gelatin-LM (right) did not have.
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Figure 2.19 UV—vis—NIR absorption spectrum of gelatin-LM, DyLight800, and

DyLight800-gelatin-LM
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Figure 2.20 A) The fluorescence spectrum of DyLight800-gelatin-LM at various
excitation wavelengths. B) Two-vial images represent DyLight800-gelatin-LM (left) and

gelatin-LM (right) FL properties under NIR-exposed bioimaging.

Although the concentration of DyLight800 and LM concentrations were adjusted to
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the same before measurement, the DyLight800-gelatin-LM still showed a lower FL
intensity than the DyLight800 (Figure 2.21). We speculate that during the photoinduction

process, energy, or electron transfer, or both, may occur between dye molecules and metal

surfaces.?® 34
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Figure 2.21 The fluorescence spectrums of gelatin-LM, DyLight800, and DyLight800-

gelatin-LM at various excitation wavelengths.

As mentioned above, the EPR effect as a promising approach for effective tumor
targeting®!, makes the nanoparticles with 20-400 nm diameters can stay in tumor tissues

for a long period, which provides the possibility for LM nanoparticles modified by
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bioimaging contrast agent to achieve clear fluorescent tumor visualization, providing for
clear fluorescent tumor visibility by using DyLight800-gelatin-LM nanoparticles as a
bioimaging contrast agent. The DyLight800-gelatin-LM solution was intravenously
injected into Colon26-bearing mice. Then, investigated the systemic pharmacokinetics of
DyLight800-gelatin-LM (~200 nm diameter) using an in vivo NIR-bioimaging system

(Figure 2.22).

A PBS DyLight800-gelatin-LM

24 h 4h 24 h Max

3=

Fluorescent intensity (a.u.)

B  Heart Liver ~ Spleen Kidney Tumor

..nMin

Figure 2.22 A) FL imaging of Colon26 tumor-bearing mice after an intravenous injection

L
<
N

of DyLight800-gelatin-LM. Blue dashed circle denotes solid tumor location. B) FL

imaging of tumor and major organs after 24 h injection.
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From FL imaging, the maximum fluorescence intensity was obtained in the tumor
after 4 h injection (Figure 2.22A), indicating that DyLight800-gelatin-LM accumulated
in tumors due to a significant EPR effect. After 24 h injection, beside the solid tumor, the
excised vital organs, such as the heart, liver, spleen, and kidneys displayed NIR FL which
shows in Figure 2.22B. In addition to the tumor, the liver also exhibited relatively bright
NIR FL, while other organs showed no FL.

Meanwhile, the absence of in vivo toxicity of gelatin-LM was also confirmed, which
was further confirmed by blood tests (Table 2-4). After 7 days, there was no statistically
significant difference in the CBC or biochemical parameters of mice intravenously

injected with PBS or gelatin-LM nanoparticle dispersion.
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Table 2-4 CBCs and biochemical parameters of the mice injected with PBS or y-ray-
radiated gelatin-LM nanoparticle dispersion after 7 days.

Measured value Entry Unit PBS (n=5) Gelatin-LM (n=15) P value
WBC x10%/uL 58.67+4.16 55.00 £ 1.41 >0.05

RBC x10*/uL 839.60 = 44.64 857.00+£65.19  >0.05

HGB g/dL 12.20 +£0.77 12.60 +£0.96 >0.05

HCT % 39.32+2.17 40.18 £2.75 >0.05

eBe MCV fL 46.82 +0.27 46.90 = 0.50 >0.05
MCH pg 14.52+0.23 14.70 £0.19 >0.05

MCHC g/dL 31.02+0.40 31.36 £0.42 >0.05

PLT x10*/uL 68.38 +£5.95 66.02 +9.42 >0.05

TP g/dL 3.96 +0.13 3.90+£0.20 >0.05

ALB g/dL 2.80+£0.17 2.72+£0.22 >0.05

BUN mg/dL 20.28+0.79 21.75+4.27 >0.05

CRE mg/dL 0.08 £0.01 0.10 £0.01 >0.05

Na mEq/L 150.80 = 1.34 151.80+ 1.30 >0.05

Biochemical K mEq/L 3.72+0.59 3.28+0.51 >0.05
parameters Cl mEq/L 119.20+1.79 119.20 £ 1.30 >0.05
AST IU/L 54.50 £ 6.36 55.40+9.10 >0.05

ALT IU/L 35.50+3.54 39.40 £ 13.03 >0.05

LDH IU/L 259.33 £ 64.50 231.00+£72.76  >0.05

AMY IU/L 1800.40 £312.12  1841.00+24.04 >0.05

CK IU/L 175.20 + 107.48 170.40 £ 115.24 > 0.05

Data are represented as means = standard errors of the mean (SEM.); n = 5 biologically
independent mice. Statistical analyses comprise the Student’s two-sided t test.

Abbreviations: ALB, albumin; ALT, alanine transaminase; AMY, amylase; AST, aspartate
aminotransferase; BUN, blood urea nitrogen; Cl, chlorine; CK, creatine kinase; CRE, creatining;
HCT, hematocrit; HGB, hemoglobin; K, potassium; LDH, lactate dehydrogenase; MCH, mean
corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration; MCV, mean
corpuscular volume; Na, sodium; PLT, platelet; RBC, red blood cell; TP, total protein; WBC,
white blood cell.
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These results indicated that strong DyLight800-gelatin-LM NIR FL might be used
to visually identify tumor location. The optical phenomena could aid in the development
of cancer phototherapy, which uses simultaneous laser irradiation and fluorescence
observation to eliminate tumors.

The in vivo assessments of the therapeutic efficacy of laser-induced gelatin-LM were
further investigated using a syngeneic tumor model. According to Figure 2.23, when
tumor volumes reached 100 mm?® after Colon 26 cells transplantation, 200 pl gelatin-LM
(100 mg ml') or PBS was intravenously injected into Colon26-bearing
immunocompetent mice. After 24 h injection, the solid tumors were irradiated using the
808nm NIR laser at 0.6 W (~30.6 mW mm?) for 5 min. Simultaneously, the surface
temperature of solid tumors was monitored by using a thermographic camera during the
laser irradiation at 0, 1, 3, and 5 min. As shown in Figure 2.24, the surface temperatures
of the solid tumors in the mice were approximately 34 °C without laser irradiation. In
comparison, due to the EPR effect, gelatin-LM nanoparticles accumulated in the solid
tumor and generated heat, the surface temperature of the solid tumors of mice injected
gelatin-LM nanoparticles can reach around 53 °C after 5 min 808 nm NIR laser irradiation.
Notably, under the NIR laser irradiation, PBS-injected mice also displayed a temperature
increase, possibly because skin, blood, and tissue converted light energy to heat. Though,
a photosensitizer's dark toxicity is a major issue in laser-based anticancer treatment,
particularly photodynamic therapy. As mentioned earlier, the temperature increase caused

by the optical properties of gelatin-LM nanoparticles can be completely controlled by the
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power of the NIR laser and irradiation time, avoiding dark toxicity.*
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Figure 2.23 Experimental design of photothermal therapy using gelatin-LM in syngeneic

tumor models.
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Figure 2.24 A) Infrared thermal images of whole-mouse bodies with and without laser
irradiation. B) Solid tumor surface temperature of Colon26-bearing mice under 808 nm

laser irradiation. Data represented as means = SEM; n = 5 independent experiments. ns,
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not significant; **, p <0.01, and ***, p <0.001.

Furthermore, under regular laser irradiation, due to the excellent photothermal
conversion of gelatin-LM nanoparticles, solid tumors were ablated on d-10 (Figure 2.25).
Although it might have a potential slight burn of the skin on the tumor, on d-26, the scar
from the burn had sloughed off (Figure 2.26). Importantly, it indicates the laser-induced

gelatin-LM nanoparticles are effective for photothermal therapy of cancer.

PBS PBS+Laser  Gelatin-Lm  CClatin-LM
: +Laser

Day 0

Day 10

Figure 2.25 Mouse images after 0 and 10 d intravenous PBS injection and gelatin-LM

with and without tumor laser irradiation.
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Figure 2.26 Gelatin-LM injected mouse image at d-26.

In addition, the body weight and tumor volume of the mice of PBS + Laser and
gelatin-LM + Laser group were measured every other day respectively (Figure 2.27). As
shown in Figure 2.27A, tumor volume of PBS + Laser and LM — Laser group continued
to increase with days, whereas LM + Laser group showed a decreased tumor volume
under NIR laser treatment. The mice body weight of all groups increased steadily over

time during the experiment, demonstrating no side effects (Figure 2.27B).
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Figure 2.27 A) Average solid tumor size changes under the in vivo anticancer effect of
NIR laser-induced LM nanoparticles. B) Average body weight of mice after treatment.
Data presented as means + SEM (n = 5 biologically independent tests). ns, not significant;

% 1 <0.01.

The solid tumor suppression behavior of NIR laser-induced gelatin-LM was further
investigated using hematoxylin and eosin (H&E) staining and terminal deoxynucleotidyl
transferase (TdT)mediated 2'-deoxyuridine, 5 -triphosphate (dUTP) nick end labeling

(TUNEL) analysis (Figure 2.28). Only in laser-induced gelatin-LM did H&E staining
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demonstrate tumor destruction with intercellular fragmentation. In the control groups
(PBS, PBS + Laser, and LM — Laser), representative logical traits such as tight
arrangement and nuclear atypia were detected. Furthermore, cancer cell death was
improved by NIR laser-induced gelatin-LM treatment, as evidenced by an increase in
TUNEL-positive cells. PBS, PBS + laser, and LM control groups, on the other hand, did
not show apoptotic TUNEL color development within the tumor mass. These results
indicated that the strong photothermal conversion of gelatin-LM was photothermal

conversion activity was a key role in antitumor effectiveness in vivo.
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Figure 2.28 Mouse treatment-group hematoxylin and eosin- and TUNEL-stained tumor

tissue on d-2.

2.4 Conclusion

In this study, we developed a series of novel functional LM nanoparticles as

innovative therapeutic materials for the treatment of cancer. The unique core-shell
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nanostructures were prepared by y-ray irradiation, and the characterization of LM
nanoparticles modified with different biomolecules was studied for the first time. The
modified gelatin-LM nanoparticles can maintain high stability and dispersibility in an
aqueous solution for up to 30 days. In particular, the surface of gelatin-LM nanoparticles
was further modified with DyLight™ 800 NHS ester, making it useful for near-infrared
bioimaging systems to identify tumor sites in mice.

Furthermore, the photothermal conversion efficiency of the gelatin-LM at 808 nm
was 49%. In comparison, other photothermal nanomaterials such as metal-based materials,
carbon dots, and semiconductor polymer nanoparticles, have lower efficiency than
gelatin-LM nanoparticles. Especially, the efficiency of gelatin-LM nanoparticles also
shows higher compared to most of other functionalized LM nanoparticles. Therefore, the
laser-inducted gelatin-LM nanoparticles are of great significance for photothermal
therapy of cancer due to their excellent photothermal conversion ability. During 26 days
of photothermal treatment, the mice's tumors completely disappeared.

This study provides a promising strategy for advancing photothermal therapy in
cancer treatment. We thus believe that these multifunctions of nanoconjugates would be

available for future cancer treatment.
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Chapter 3

Light-activatable liquid metal immunostimulants for cancer

nanotheranostics
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3.1 Introduction

3.1.1 Brief introduction of liquid metals

As introduced in Chapter 2, liquid metals (LMs), including pure gallium, gallium-
based, and bismuth-based alloys, as a new class of functional soft materials with unique
characteristics of low melting points and metal properties, have aroused increasing
attention among multidisciplinary fields ranging from soft robotics, wearable electronics,
and injectable materials to healthcare sensor and disease therapeutics thanks to their
attractive features.!” In particular, leveraging the combined properties of fluidity and
metallic characteristics, LM nanoparticles exhibit high biocompatibility, minimal vapor
pressure, and excellent photothermal conversion efficiency, making them promising
candidates for a wide range of biomedical and biotechnological applications.*® Among
these applications, photothermal therapy using functionalized LM nanoparticles has
gained attention as a noninvasive tumor treatment. This approach harnesses the potent
photothermal properties of LMs to efficiently convert light into heat energy, enabling the
targeted ablation of cancerous tumors upon exposure to an external light source, such as
a near-infrared (NIR) laser.”'* LM-based photothermal therapy exhibits significant
advantages compared with traditional cancer treatment because of its high specificity,
repeatable treatment ability, and low adverse side effects.!*!® Although the conjugation
of LM nanoparticles with various biomolecules for cancer phototherapy has been
investigated in Chapter 2, further complex design and facile multi functionalization of
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LM nanoparticles with various bioactive molecules remain challenging.

3.1.2 Immuno-functionalization of LM nanoparticles

Recent successful immuno-functionalization of nanoparticles will enable new
generations of immunomodulatory drugs that aim to improve clinical outcomes of
nanoparticles in response to refractory cancer.!”?> Immuno-functionalized nanoparticles
boost the immune system's ability to recognize and destroy cancer cells, much like
photothermal therapy, and offer the distinct advantage of high targeting precision.
Accurate activation, effective infiltration, and integrated orchestration of various immune
cells are key issues of immuno-functionalization of nanoparticles for effective
immunological stimulations for innovative cancer treatment. Herein, we report a light-
activatable immuno-functionalization LM nanoparticles for combining photothermal
therapy with immunotherapy. The LM immunostimulants is composed of a eutectic
gallium-indium (EGaln) LM alloy and a biocompatible lipid poly(ethylene glycol)
conjugated with potent immunological modulators and a fluorescent reporter molecule
via self-assembly approach by simple sonication process and quick chemical reaction.
Prepared LM nanoconjugates can effectively stimulate T cells and dendritic cells (DC)
owing to its modified immunological modulators to elevate the innate antitumor
immunity. Once systemic administration occurs, LM nanoconjugates selectively
accumulate at the targeted tumor milieu through enhanced penetration and retention (EPR)

effects®®, and remotely release the immunological modulator from LM nanocomplex by
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NIR laser irradiation; in addition, strong photothermal conversion property of LM is
activated under NIR light to induce a thorough denaturation of aggressive tumor cells.
Synergistic effects of photothermal and control drug releasing properties and
immunological stimulations can induce the infiltration and activation of cytotoxic T cells
and DC in targeted tumors for enhanced cancer immunotherapy. The proposed design and
therapeutic strategy of LM nanoconjugates have great potential to evoke antitumor
immunity in a controlled manner and regulating the intratumoral and systemic

immunological activities.

3.1.3 Objective of this study

In this study, we intended to develop a light-activatable immunostimulant based on
EGaln nanoparticles as an innovative therapeutic material for the treatment of cancer. It
could be used for targeted delivery of therapeutics and diagnostics by intravenous
injection. However, as investigated in Chapter 2, EGaln LM itself is a water-immiscible
material, which makes the handling and processing very problematic for nanomedicine
applications. To date, many efforts have been made to prepare water-dispersible EGaln
LMs, and numerous methods for chemical functionalization of EGaln LMs have already
been reported.?*** Among them, surfactants are often used for functional surface
modifications of EGaln LMs in addition to certain improvement of water dispersibility
of EGaln LMs.?* Thus, we propose a facile and effective approach to prepare water-

dispersible EGaln LM nanoparticles by the introduction of immunological modulator
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imiquimod (IMIQ) just by sonication process using 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[amino(polyethylene glycol)-2000] (DSPE-PEG2000—NH>).
IMIQ is an imidazoquinoline compound that acts as a potent immunomodulator
especially against DC and displays anti-angiogenic, anti-viral, anti-inflammatory, and
anti-cancer properties.?”> 28 IMIQ stimulates cytotoxic T cells and exhibits synergistic
antitumor activity through multiple immunological pathways. Additionally, the anti-PD-
L1 antibodies on the nanoconjugates surface are expected to block the PD-L1 immune
checkpoint on tumor cells. We believe that the convergence of immuno-functionalization
of nanoparticles and LM technology could provide a promising modality to trigger ideal

immune responses for advancing cancer immunotherapy.

3.2 Materials and Methods

3.2.1 Nanoparticle synthesis

The PEG-IMIQ-LM nanoparticles were prepared as fellows. Basically, 10 mg
DSPE-PEG2000-NH2 (NOF Corporation, Tokyo, Japan), 10 mg IMIQ (Tokyo Chemical
Industry, Tokyo, Japan), and 100 mg LM (Ga:In = 75.5:24.5 wt%; Alfa Aesar, Ward Hill,
MA, USA) was mixed with 10 ml Milli-Q water (Direct-Q UV3, Merck, Darmstadt,
Germany) by pulse-type sonication (VCX-600; Sonics, Danbury, CT, USA) for 10 min in
the ice bath. Then, each 1 ml prepared nanoparticles were mixed with 1 mg Anti-PD-L1
antibody (Leinco Technologies, MO, USA) immediately to make Anti-PD-L1-PEG—
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IMIQ-LM nanoparticles. The PEG-LM nanoparticles were prepared in a similar way
except for adding IMIQ. In addition, highly concentrated PEG-IMIQ-LM or PEG-LM
solution was prepared by increasing the amount of LM and PEG in the same ratio.

The Anti-PD-L1-PEG-ICG-IMIQ-LM were prepared as fellows. 1 mg ICG (Tokyo
Chemical Industry, Tokyo, Japan) was mixed with 1 ml prepared Anti-PD-L1-PEG—
IMIQ-LM solution and stirred up for 1h with dark conditions. The PEG-IMIQ was
prepared by mixing 10 mg DSPE-PEG2000—NH2, 1 mg IMIQ, and 100 pl Cremophor®
EL (Nacalai Tesque, Kyoto, Japan) with 900 pl Dulbecco's Phosphate-Buffered Saline
(D-PBS) buffer (Nacalai Tesque, Kyoto, Japan) in bath-type sonication (CPX2800H-J;

Emerson, Kanagawa, Japan) for 10min.

3.2.2 Nanoparticle structural and optical characterization

The morphology and structure of PEG-IMIQ-LM nanoparticles were observed
under a high-resolution transmission electron microscope (TEM) (JEM-2010; JEOL,
Tokyo, Japan) at 200 kV acceleration voltage. The TEM observations were performed by
the Hanaichi UltraStructure Research Institute Co., Ltd. (Aichi, Japan). The
hydrodynamic diameter of the PEG-IMIQ-LM nanoparticle was measured using
dynamic light scattering (DLS) (Zetasier Nano ZS; Malvern Panalytical, UK). The optical
absorbance and fluorescence (FL) of the PEG-IMIQ-LM and PEG-ICG-IMIQ-LM
nanoparticles were determined using UV—vis—NIR (V-730 BIO; Jasco, Tokyo, Japan) and

FL spectrometers (FP-8600 NIR Spectrofluorometer; Jasco, Tokyo, Japan), respectively.
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3.2.3 Photothermal conversion

PEG-IMIQ-LM nanoparticle dispersions and MilliQ water were irradiated with an
808 nm NIR laser (Civil Laser, Hangzhou, Zhejiang, China) at [1.2 W (~61.1 mW mmZ;
spot diameter ~5 mm), 0.6 (~30.6 mW mm2), and 0.3 W (~15.3 mW mm2)] powers
under the indicated conditions. The temperature of the solutions was measured in real-
time using a temperature sensor (AD-5601A; A&D, Tokyo, Japan). Thermographic
images were recorded using infrared thermography (i7; FLIR, Nashua, NH, USA).

The photothermal stability of PEG-IMIQ-LM nanoparticles was determined as
follows. In a vial, a 100 pL nanoparticle suspension was irradiated at 808 nm for 5 min
at 1.2 W (~61.1 mW mm 2, spot diameter ~5 mm), and the optical absorbance spectra

were analyzed after dilution with MilliQ water using a UV—vis—NIR spectrometer.

3.2.4 Control drug releasing

Control releasing of IMIQ from laser-induced PEG-IMIQ-LM nanoparticle was
performed as follows. A 100 pL PEG-IMIQ-LM nanoparticle dispersion (LM
concentration = 125 ug ml™!, IMIQ = 12.5 ug ml™!) was irradiated with an 808 nm NIR
laser at 1.2 W (~61.1 mW mm 2, spot diameter ~5 mm) power for 5 min. The sumples
were centrifuged before and after laser irradiation, and then measured the released IMIQ

from laser-induced PEG-IMIQ-LM using a UV—vis—NIR spectrometer.
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3.2.5 Cell culture and viability

Murine colon carcinoma (Colon26) and human normal diploid fibroblast (MRCS)
cells were obtained from the Japanese Collection of Research Bioresources Cell Bank
(Tokyo, Japan). The Colon26 cell line was cultured in Roswell Park Memorial Institute
(RPMI) 1640 medium (Gibco, Grand Island, NY, USA) containing 10% fetal bovine
serum (FBS), 2 mM L-glutamine, 1 mM sodium pyruvate, gentamycin, and 100 IU m1!
penicillin-streptomycin. The MRCS cells were cultured in Dulbecco’s modified Eagle’s
medium (Gibco, Grand Island, NY, USA) containing 10% FBS, 2 mM I-glutamine, 1 mM
sodium pyruvate, gentamycin, 100 IU/ml penicillin-streptomycin, and Hank’s balanced
salt solution (Life Technologies, Carlsbad, CA, USA). The cells were maintained at 37
°C in a humidified chamber containing 5% CO-. They were subsequently cryopreserved
in liquid nitrogen in multiple vials. The cell stocks were regularly revived to avoid genetic
instability associated with high passage numbers.

Cell viability was assessed using a Cell Counting Kit (CCK)-8 kit (Dojindo
Laboratories, Kumamoto, Japan) according to the manufacturer’s instructions. Briefly, 5
x 10° cells well' were seeded in 96-well plates, allowed to adhere overnight, then
exposed to nanoparticles, and laser-irradiated as indicated. After washing with fresh
medium, the cells were incubated with CCK-8 solution for 2 h at 37 °C. The absorbance
at 450/690 nm was determined using a microplate reader (Infinite M200 PRO; Tecan,

Minnedorf, Switzerland).
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3.2.6 Intracellular penetration of ICG-IMIQ-LM

Colon-26 cells (2.5 x 10° cells well™!) were seeded in poly-L-lysine coated glass
bottom dishes (Matsunami glass, Osaka, Japan) and allowed to adhere overnight. Cells
were then exposed to 125 ug ml™! of PEG-ICG-IMIQ-LM (ICG concentration = 12.5 pg
ml ™) for 24 h at 37 °C in a fridge or a humidified incubator containing 5% CO>. After
washing thoroughly with fresh PBS solution, Colon-26 cells were observed using a FL
microscopy system (IX73) equipped with a mirror unit (IRDYE800-33LP-A-UOI;
Semrock, Lake Forest, IL, USA) and an objective (x40 magnification, aperture 0.95;

UPLSAPO20X, Olympus) at room temperature.

3.2.7 Tumor spheroids

Colon-26 cells (1 x 10* cells well™') were seeded in a 3D culture spheroid plate (Cell-
able® BP-96-R800; Toyo Gosei, Tokyo, Japan) according to the manufacturer's
instructions provided with the plate. Cells were cultured for 7 days at 37 °C in a
humidified incubator containing 5% CO,. The medium was replaced every 2 days.
Prepared spheroids were then exposed to 125 ug ml™! of PEG-ICG-IMIQ-LM (ICG
concentration = 12.5 pg ml ™) for 24 h at 37 °C in a humidified incubator containing 5%
CO:. After washing thoroughly with fresh PBS solution, spheroids were observed using
a FL microscopy system (IX73) equipped with a mirror unit (IRDYE800-33LP-A-U01;

Semrock) and an objective (x40 magnification, aperture 0.95; UPLSAPO20X, Olympus)
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at 20 °C.

3.2.8 Direct observation of laser-driven cancer cell and spheroid

destruction

Colon26 cells (2.5 x 103 cells ml™!) were seeded in bioimaging dishes and cultured
overnight. Meanwhile, Colon26 spheroids were prepared in a similar way to the
aforementiond method. A normal saline (NS) suspension of PEG-IMIQ-LM
nanoparticles (LM concentration: 500 ug ml') was prepared, or NS was added to the
cells or spheroids for 2 h in a 5% CO; incubator at 37 °C. After washing three times with
PBS, the cells or spheroids were maintained in RPMI media. The destruction of cancer
cells ans spherods triggered by laser-induced nanomedicine using the laser irradiation
setup was performed as follows. An 808 nm, 254 mW (~129 mW mm2) NIR laser beam
from a continuous-wave diode laser (Sigma Koki, Tokyo, Japan) was incorporated into a
microscopy system (IX73; Olympus, Tokyo, Japan). The laser beam (laser spot diameter
50 um) was focused on the target position (X 40 magnification; aperture 0.95;
UPLSAPO40X, Olympus) at room temperature for 5 s. The images were recorded using
an electron-multiplying, charge-coupled device camera system (DP80, Olympus) before

and during irradiation.
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3.2.9 In vivo fluorescent bio-imaging

The animal experiments were conducted following the protocols approved by the
Institutional Animal Care and Use Committee of the Japan Advanced Institute of Science
and Technology (JAIST) (No. 04-007). To monitor the chronological changes in FL
intensity due to the Anti-PD-L1-PEG-ICG-IMIQ-LM tumor-targeting effect, Colon26
tumor-bearing mice (female; 6 weeks; n = 4; average weight = 18 g; average tumor size
= 100 mm’; BALB/cCrSlc; Japan SLC) were injected intravenously with 200 ul NS or
NS containing Anti-PD-L1-PEG-ICG-IMIQ-LM (200 pl, ICG, 11.11 mg kg '; and LM,
0.56 g kg'!'; 200 pl, ICG, 1 mg ml'!; and LM, 100 mg ml ') The mice were euthanized,
and the major organs, including the heart, liver, spleen, and kidneys, in addition to the
tumors, were imaged using an in vivo FL imaging system (VISQUE™ InVivo Smart-LF,
Vieworks, Anyang, Republic of Korea) with a 3-s exposure time and an ICG filter (Ex,
740-790 nm; Em, 810—-860 nm) at 4, 8, 12 and 24 h postinjection. The FL images were

acquired and analyzed using CleVue™ software.

3.2.10 In vivo anticancer therapy

Female BALB/cCrSlc mice (n = 12; 4 weeks old; average weight = 15 g) were
obtained from Japan SLC (Hamamatsu, Japan). Colon26 cell-derived mouse tumors were
generated by injecting 100 pl Matrigel culture medium (v/v =1:1; Dow Corning, Corning,

NY, USA) containing 1 x 10° cells into the dorsal right side of the mice. After
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approximately 1 week, when the tumor volume reached ~100 mm?, the mice were
intravenously injected with 200 pl NS, 200 ul NS containing Anti-PD-L1-PEG-ICG-
IMIQ-LM (LM concentration = 50 mg ml™!), 200 pul NS containing PEG-LM (LM
concentration = 50 mg ml™"), 200 ul NS containing Anti-PD-L1 (concentration = 1 mg
ml™'; 10 mg kg™!), or 200 ul D-PBS containing PEG-IMIQ (concentration = 1 mg ml™).
The dorsal right-side tumors were irradiated for 5 min every other day from 24 h after
sample injection (total 6 times laser irradiation) using an 808 nm laser (0.6 W, ~30.6 mW
mm 2). Thermographic measurements were conducted during irradiation using infrared
thermography. Tumor formation and overall health (viability and body weight) were
monitored every other day. The tumor volumes were calculated using the formula V=L
x W?/2, where L and W denote the length and width of the tumor, respectively. When the
tumor volumes were > 1,500 mm?®, the mice were euthanized according to the JAIST

Institutional Animal Care and Use Committee guidelines.

3.2.11 Immunohistochemistry staining of tumor tissues

Colon26 tumor-bearing mice (n = 5) were euthanized on the day after sample
intravenous injection and laser irradiation. Subsequently, tumor tissue from the treatment
groups was harvested for immunohistochemistry (IHC) staining. ITHC analysis was
performed by the Biopathology Institute Co., Ltd. (Oita, Japan) with standard protocols.
Briefly, primary tumors were surgically removed, fixed in 10% formalin, processed for

paraffin embedding, and cut into 3—4-um sections. After incubation with the primary
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antibody (Table 3-1), the sections were stained with hematoxylin and eosin and examined
using light microscopy (IX73). The areas showing positive staining in tumor tissues were
analyzed using a light microscopy system (BZ-X800) and hybrid cell count and microcell

count software (Keyence).

66



Table 3-1. Antibodies used in this study.

Antibody Type Source Catalog No. Application
CD3 Rabbit Abcam ab16669 IHC (1:100)
Monoclonal
Rabbit Cell Signaling _
D8 Monoclonal Technology 98941 HC (1:200)
Rabbit Cell Signaling )
Granzyme B Monoclonal  Technology 44153 IHC (1:200)
CD11c Rabbit Prointech 17342-1-AP IHC (1:200)
Polyclonal
CD80 Rabbit Bioss bs-1479R IHC (1:200)
Polyclonal
Rabbit Cell Signaling _
cbgo Monoclonal Technology 19589 HC (1:200)
Cleaved Rabbit Cell Signaling _
Caspase-3 Polyclonal ~ Technology 96615 HC (1:100)
Anti- Sheep
digoxigenin- Merck Millipore ~ S7100 Tunel
peroxidase  Polyclonal
TNF-a Rabbit Abcam ab6671 IHC (1:100)
Polyclonal
Goat
IL-6 R&D Systems AF-406-NA IHC (1:100)
Polyclonal

3.2.12 Statistical analysis

All experiments were performed in triplicates and repeated three or more times.
Quantitative values are expressed as the mean =+ standard error of the mean (SEM) of at
least three independent experiments. Statistical differences were identified by the
Student's t-fest or Log-rank (Mantel-Cox) test using GraphPad Prism, version 9.4.0

(GraphPad Software, Boston, MA, USA). A P value of less than 0.05 was considered

statistically significant.
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3.3 Results and Discussion

3.3.1 Characterization of nanoparticles

DSPE-PEG2000-NH:> is one of the useful surfactant for biomedical applications
because of its high biocompatibility and excellent high versatility for improvement of
water-dispersibility of various materials.?” 3 As described, we intend to synthesize the
LM immunological nanostimulators using the scheme in Figure 3.1. The modified LM
nanoconjugates could conveniently be prepared in one simple step using conventional
pulse-type sonication. As expected, the prepared PEG-coated EGaln LM nanoparticles
encapsulating IMIQ (PEG-IMIQ-LM) displayed muddy grey color and high water

dispersibility (Figure 3.2).
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Figure 3.1 Synthesis scheme of the preparation of PEG-IMIQ-LM nanoconjugates.
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Figure 3.2 Image of the prepared PEG-IMIQ-LM and IMIQ-LM aqueous suspension.

For comparison, IMIQ-LM nanoconjugates without PEG coating were also
synthesized using the same method. As shown in Figure 3.2, after incubated at room
temperature overnight, PEG-IMIQ-LM nanoconjugates still maintained high
dispersibility, while IMIQ-LM nanoconjugates lost its dispersibility and precipitated.
This indicates that DSPE-PEG2000-NH2, as a surfactant, contributes greatly to the
improvement of the dispersibility and stability of PEG-IMIQ-LM nanoconjugates.

The hydrodynamic diameter of PEG-IMIQ-LM nanoconjugates after 1-, 3-, and 10-
day incubation after sonication was measured by dynamic light scattering (DLS) test. As
the results show in Figure 3.3, the average hydrodynamic diameter of PEG-IMIQ-LM
in 1, 3, and 10 days were 122.4, 164.2, and 190.1 nm, respectively. As expected, although
the particle size slightly increased after one week of incubation, the good dispersion and

nanoscale hydrodynamic diameter were still maintained.
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Figure 3.3 The DLS result of PEG-IMIQ-LM in 1, 3, and 10 days.

We further observed the Transmission electron microscopy (TEM) images. TEM
said that spherical nanoparticles with diameter of 50~150 nm were individually
distributed on a TEM grid (Figure 3.4). Single nanolayer (5~10 nm) derived from gallium
oxide, DSPE-PEG2000—NH2, and IMIQ on LM surface was also observed under high-
resolution TEM. This is consistent with the previously measured DLS results, indicating
that PEG-IMIQ-LM formed a nanoscale shell structure under the encapsulation of

DSPE-PEG2000—NHa.
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Figure 3.4 TEM images of PEG-IMIQ-LM. High-magnification image on the lower left.

Moreover, the ultraviolet—visible—near-infrared (UV—-vis—NIR) optical absorption
spectra of PEG-IMIQ-LM nanoparticle in aqueous solution were determined at 31, 63,
and 125 pg ml™' LM concentrations (Figure 3.5). An appreciable absorbance over the
NIR region (700-1000 nm) was certainly observed and a linear increase in NIR optical
absorbance at 808 nm with increasing concentration of the LM nanocomplexes in aqueous
solution, which provides evidence for further exploring its photothermal conversion in
the NIR region. Meanwhile, in the synthesized PEG-IMIQ—-LM nanoparticle suspension
(LM concentration = 125 pg ml™!), absorption was found around 320 and 340 nm, which
was confirmed to be the characteristic peaks of encapsulated IMIQ (Figure 3.6). All these
data demonstrated that LM nanoparticles could tightly encapsulate IMIQ thanks to
excellent dispersing property of DSPE-PEG2000—-NHz, and they could be used as an

optically activating nanomedicine.
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Figure 3.5 UV—vis—NIR absorption spectrum of PEG-IMIQ-LM suspension at different

LM concentrations.
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Figure 3.6 UV—-vis—NIR absorption spectrum of PEG-LM, PEG-IMIQ, and PEG—

IMIQ-LM suspension.

Since PEG-IMIQ-LM nanoparticles have an absorption in the NIR region that
increases linearly with LM concentration, we further characterized the thermodynamic
properties of PEG-IMIQ-LM nanoparticles. A fiber-coupled 808 nm continuous wave

diode laser was used in this study because of high biopermeability, convenient visibility
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for targeting to objectives, and inexpensive commercial availability. Indeed, aqueous
suspensions of the PEG-IMIQ-LM nanoparticle exhibited a significant increase in
temperature with increasing LM concentration under NIR-laser irradiation (808 nm) at
1.2 W (~61.1 mW mm2), whereas control without the PEG-IMIQ-LM nanoparticle
displayed a much smaller photothermal conversion effect as a result of absorbance by
MilliQ water (Figure 3.7). For the 1.0 mg ml! PEG-IMIQ-LM suspension, the
temperature changes (A7) reach to 50.3 °C under the 1.2 W laser irradiation for 5 min. In
addition, exothermicity of PEG-IMIQ-LM nanoparticle was easily controllable just by
changing external laser power. As shown in Figure 3.7, when the power of NIR laser
decreased to 0.6 W (~30.6 mW mm 2) and 0.3 W (~15.3 mW mm ?), the PEG-IMIQ-LM
suspension of the same concentration released less heat (lower AT), which reach to
31.9 °C and 15.9 °C, respectively. The above data show that we can control the heat
release of LM nanoparticles by adjusting the LM concentration, NIR laser power and

irradiation time, thus improving the controllability.
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Figure 3.7 Laser-induced temperature increase in MilliQ water (control) and PEG—

IMIQ-LM suspension at different concentrations and different powers of NIR laser.
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Figure 3.8 Stability testing of the PEG-IMIQ-LM suspension under photothermal
heating and natural cooling cycles by 808 nm laser irradiation.
Furthermore,

the thermal stability of PEG-IMIQ-LM nanoparticles was

investigated. In the laser on/off cycles (four times off and on) at 1.2 W laser power, the
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temperature changes of PEG-IMIQ-LM nanoparticle suspension showed a negligible
fluctuation and an insignificant decline, indicating satisfying photothermal stability of
PEG-IMIQ-LM nanoparticle (Figure 3.8). In fact, the UV—vis—NIR optical absorption
spectra of the PEG-IMIQ-LM nanoparticle was not changed at all except for UV region
from 230 to 330 nm because of photo responsive IMIQ releasing before and after laser
irradiation for 5 min (Figure 3.9). More interestingly, IMIQ molecules can be remotely
released from the PEG-IMIQ-LM nanocomplexes by laser irradiation. It was reflected
in the increase of absorption in the UV region between 230 to 330 nm after laser
irradiation, which is the characteristic region of IMIQ (Figure 3.10A). In addition, the
releasing of IMIQ was spatiotemporally controllable by laser irradiation time. As shown
in Figure 3.10B, the release of IMIQ increased with the laser irradiation time, and the
maximum release reached 69.16%. We consider that photo-response shape transformation
of LMs caused by thermal expansion could contribute on this facilitated drug releasing

behaviours.” 1
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Figure 3.9 UV—vis—NIR absorption spectrum of PEG-IMIQ-LM before and after laser

irradiation at 1.2 W power for 5 min.
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Figure 3.10 Laser-driven control release of IMIQ from the LM nanocomplex. A)
UV—vis—NIR absorption spectrum (230-350 nm) of PEG-IMIQ-LM before and after
laser irradiation at 1.2 W power for 5 min. B) Drug release profile from laser-induced

PEG-IMIQ-LM.
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The photothermal conversion efficiency of the PEG-IMIQ-LM nanoparticle at 808
nm was about 47%. The efficiency of PEG-IMIQ-LM was greater than other light-
triggered photo-exothermic nanomaterials such as metal-based materials, carbon dots,
and semiconductor polymer nanoparticles (Tables 3-2 and 3-3).7 10-12.3133 These results
clearly indicate that the NIR laser-driven PEG-IMIQ-LM nanoparticle act as a powerful

and rigid photothermal drug nanocarriers for immunotherapy.
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Table 3-2. The photothermal conversion efficiency of materials in previous reports.

Material Photothermal conversion efficiency (%)  Reference

PEG-IMIQ-LM 47 This study
Gold nanorods 21 31
Gold nanoshells 13 31
Copper selenide 22 31
Carbon dots 31 32

Semiconducting polymer

37 33

nanoparticles

Table 3-3. The photothermal conversion efficiency of LM nanoparticles in previous

reports.
Material Photothermal conversion efficiency (%)  Reference
DSPE-PEG2000-amine— 59 7
DC(8,9)PC-LM
PEG-IMIQ-LM 47 This study
Melanin—-LM 37 12
SH-PEG-HS-CTAB-LM 33 11
Silica-LM 22 10
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3.3.2 In vitro anticancer efficacy of PEG-IMIQ-LM nanoparticles

Many research groups carefully verify that gallium-based LMs themselves have high
biocompatibility.”” To test the cytotoxicity of PEG-IMIQ-LM nanoparticles, we
incubated human normal diploid fibroblast (MRC5) and murine colon carcinoma
(Colon26) cells with different concentrations of LM nanoparticles for 24 hours. The result
was shown in Figure 3.11, the synthesized PEG-IMIQ-LM nanoparticle did not also
show cytotoxicity at all against MRCS5 and Colon26 cells at any concentration. While,
radio-immunoprecipitation assay (RIPA) lysis buffer, which was used as a positive control,

indicated strong cytotoxicity to both cell lines.

Il Colon 26 [ MRC5

120~
S 100-
2 80
g 60-
> 40-
S 20-

0 125 250 500 1000RIPA
Buffer

Concentration (ug/mil)
Figure 3.11 Viability of MRCS5 and Colon26 cells treated with the RIPA buffer (control)
and PEG-IMIQ-LM at various LM concentrations. Data presented as means + standard
error of the mean (SEM) (n = 5; biologically independent tests), ***, p < 0.001 versus

control without nanoparticles (Student’s ¢-zest).
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More interestingly, Colon26 and MRCS5 cells containing PEG-IMIQ-LM were
effectively eliminated at 500 or 1000 pug ml™' under an 808 nm NIR laser irradiation at
1.2 W (~61.1 mW/mm?) thanks to powerful photothermal conversion property of LM. As
shown in Figure 3.12, high concentrations of PEG-IMIQ-LM have stronger light-
induced toxicity, which indicates that the photothermal properties of PEG-IMIQ-LM can
still be easily controlled in in vitro experiments. At the same time, the laser irradiation
group without PEG-IMIQ-LM did not cause toxicity to cells, which showed almost same
cell viability with control group, indicating that photothermal therapy using PEG-IMIQ-
LM has high precision. Notably, the cytotoxicity of PEG-IMIQ-LM against normal
MRCS cells was less than that against Colon26 cancer cells after laser irradiation because
cancer cells are basically heat sensitive because of selective biochemical responses of
cancer cells such as heat-shock proteins and unique molecular signalling through
heating.** In any case, laser-induced PEG-IMIQ-LM indicates selective anticancer

efficacy.
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Figure 3.12 Laser-induced PEG-IMIQ-LM cytotoxicity evaluation in MRCS5 and
Colon26 cells with 5 min laser irradiation at various LM concentrations. Data presented
as means = SEM (n = 5; biologically independent tests), ***, p < 0.001, by Student’s #-

test.

Additionally, internalization and distribution of LM nanoparticle in Colon26 cells
and spheroids were investigated using fluorescent microscopy. To that end, fluorescent
PEG-IMIQ-LM encapsulating indocyanine green (ICG) (PEG-ICG-IMIQ-LM) was
prepared using simple sonication process, briefly, 1 mg ICG was mixed with 1 ml
prepared PEG-IMIQ-LM solution and stirred up for 1h with dark conditions. (Figure
3.13) Hydrophobic ICG molecules can be entrapped with IMIQ in the hydrophobic region
formed by long alkyl chains of DSPE-PEG2000—NH2 molecules. Fluorescent spectrometer

said that the synthesized PEG-ICG-IMIQ-LM (LM concentration = 125 ug ml™!, ICG =

81



12.5 ug ml™") had strong NIR fluorescence (FL) emission by various NIR light excitation.
(Figure 3.14) These excited fluorescent molecules can be observed by fluorescence
microscopy to investigate the in vitro biological distribution of PEG-ICG-IMIQ-LM.
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Figure 3 13 Schematic illustration of PEG-ICG-IMIQ-LM nanoparticle.
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Figure 3.14 FL spectra of PEG-ICG-IMIQ-LM at different excitation wavelength.

The FL microscopy images are shown in Figure 3.15 and 3.16, intracellular PEG—
ICG-IMIQ-LM uptake (black and/or pink dots) in Colon 26 cells and spheroids model
were observed after incubation at 37 °C for 24 h. The black dots are the PEG-ICG-IMIQ-
LM nanoconjugates accumulated in cancer cells and spheroids observed under the
differential interference contrast (DIC) microscopy, and the pink dots are the released
fluorescence signals of nanoconjugates observed by the fluorescence microscopy. This
indicates that after cells or spheroids are co-incubated with PEG-ICG-IMIQ-LM, the
LM nanoconjugates enter and accumulate inside the cells via endocytosis, providing
evidence for further exploration of NIR laser-driven photocytotoxicity. On the other hand,
non-treatment cells and spheroids did not show any black or pink dots derived from PEG—

ICG-IMIQ-LM nanoconjugates at all.
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Non-treatment

Figure 3.15 In vitro biological distribution of PEG-ICG-IMIQ-LM in Colon26 cells

(left), and non-treatment as control (right).

DIC

PEG-ICG-IMIQ-LM

Non-treatment

Figure 3.16 In vitro fluorescent bioimaging of Colon26 cancer spheroids.

We further investigated the real-time anticancer activity of NIR laser-driven PEG—
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IMIQ-LM nanoconjugates by using a beam from a single laser that had been incorporated
into the FL microscopy set-up. Surprisingly, the structures of Colon26 cells and spheroids
were immediately destructed while forming bubbles presumably after 808nm laser
irradiation at 254 mW (~129 mW mm 2) because of water vaporization by strong photo-
exothermicity of LM (Figure 3.17 and 3.18). In the control experiments performed
without the PEG-IMIQ-LM complexes, there were no destruction of cancer cells and
spheroids at all. These results clearly indicate that the powerful photothermal conversion
of the LM nanoparticles are able to accurately direct the elimination of the targeted cancer

cells and spheroids.
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Figure 3.17 Colon26 cells destruction by laser-induced PEG-IMIQ-LM before and after

laser irradiation.
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Figure 3.18 Colon26 spheroid destruction by laser-induced PEG-IMIQ—-LM before and

after laser irradiation.

3.3.3 In vivo cancer theranostics

The final goal of the present research is to develop a multifunctional LM immune-
nanostimulator for cancer theranostics. To this end, we used the n-hydroxysuccinimide
(NHS) group of a commercially-available functional PEG lipid (DSPE-PEG2000-NHS)
for the condensation reaction with anti-programmed death ligand-1 antibody (Anti-PD-
L1), which is one of the promising immune checkpoint inhibitors (Figure 3.19). The
binding of PD-L1 to PD-1 inhibits T-cell proliferation and activity, leading to tumor
immunosuppression.®> 3¢ Thus, Anti-PD-L1 allows blocking of the PD-L1 on cancer cells

to evoke anticancer T-cell functions. The Anti-PD-L1 loading concentration was
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calculated as ~108.5 pg ml™! (reaction yield ~86.8%) to PEG-ICG-IMIQ-LM (LM

concertation: 1 mg ml™") through a bicinchoninic acid assay (BCA assay).
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Figure 3.19 Schematic illustration of Anti-PD-L1-PEG-ICG-IMIQ-LM.

Next, the systemic distribution of functional Anti-PD-L1-modified PEG-ICG-
IMIQ-LM (Anti-PD-L1-PEG-ICG-IMIQ-LM) nanoparticles was studied to clarify the
tumor targeting and anticancer eradication ability of the LM immuno-nanostimulators. As
shown in Figure 3.20, the prepared Anti-PD-L1-PEG-ICG-IMIQ-LM suspension
exhibited sufficient NIR FL by using a bioimager, which PEG-IMIQ-LM showed
nothing. The tumor targeting distributions of LM nanoparticles were observed in tumors
at4, 8, 12, and 24 h after intravenous (i.v.) injections of Anti-PD-L1-PEG-ICG-IMIQ-
LM through the tail vein of Colon26-bearing mice. As expected, NIR FL was observed in
mice after injection of Anti-PD-L1-PEG-ICG-IMIQ-LM and accumulated at the tumor
site over time because of the EPR effects (Figure 3.21A).* The control group which

injected NS did not display any FL intensity in the whole body of Colon26-bearing mouse.
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In addition, the mice were dissected 24 hours after injection, and the NIR FL intensity of
major organs including heart, liver, spleen, lung, kidney and tumor tissues were observed
by using a bioimager (Figure 3.21B). A minor amount of fluorescence in the kidneys
suggests that the major elimination pathway for LM nanocomplexes is renal excretion
thanks to the enhanced long-term blood circulation of nanomedicines because of its
typical excellent water dispersibility and immune evasion properties by PEGylation.*” 3

These results definitely indicate that the prepared Anti-PD-L1-PEG-ICG-IMIQ-LM

should have high tumor selectivity through a single administration.

L Anti-PD-L1-
PEGTIMIQ"LM * pEG-1cG-IMIQ-LM
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Figure 3.20 FL images of PEG-IMIQ-LM (left) and anti-PD-L1-PEG-ICG-IMIQ-LM

(right) suspensions.
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Figure 3.21 FL imaging of A) Colon26 tumor-bearing mice and B) extracted vital organs

and tumor tissue after an i.v. injection. Blue dashed circles denote the solid tumor location.

We then investigated the in vivo photothermal conversion capability of Anti-PD-L1-
PEG-IMIQ-LM nanoconjugates (and other samples as control) at tumor sites. The
targeted Colon26 tumor of a mouse was irradiated using an 808 nm laser at 0.6 W (~30.6
mW mm ?) after 24 h of single i.v. administration of each sample. We then continuously
monitored the body surface temperature by using a thermographic camera during
irradiation (Figure 3.22). Among them, the tumor surface temperatures of mice injected

with  Anti-PD-L1-functionalized PEG-IMIQ-LM (Anti-PD-L1-PEG-IMIQ-LM)
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significantly increased after 5 min of NIR irradiation, reaching a maximum value at
approximately 55 °C (Figure 3.23). Although DSPE-PEG2000—NH2-modified LM (PEG—
LM) also showed marked temperature increases, laser-induced Anti-PD-L1-IMIQ-LM
demonstrated higher tumor surface temperature than laser-induced PEG-LM, indicating
that Anti-PD-L1-PEG-IMIQ-LM accumulated in solid tumors and effectively heated the
deeper internal tumor tissue due to the EPR effect, binding of Anti-PD-L1-PEG-IMIQ-
LM onto PD-L1 of the Colon26 tumor cells, and phagocytosis by myeloid cells, such as
macrophage and DC, owing to the immunological activation by IMIQ molecules.
Contrarily, the control groups including NS, DSPE-PEG2000—NH2-modified IMIQ (PEG—
IMIQ), and Anti-PD-L1-injected mice, displayed slight surface temperature increases
after laser irradiation, probably because the skin, blood, and tissue converted light energy
to heat.

Anti-PD-L1-
PEG-IMIQ-LM  PEG-LM Anti-PD-L1 PEG-IMIQ

Figure 3.22 Thermographic measurement of the tumor on the mouse body surface for

60 °C

0 min

Laser irradiation time

5 min

treatment with laser irradiation.
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Figure 3.23 Solid tumor surface temperature of Colon26-bearing mice after injection
followed by 808 nm laser irradiation for 5 min. Data are expressed as means + standard
error of the mean (SEM); n = 5 independent experiments. Statistical significance was
calculated in comparison with the NS group. **, p <0.01, and ***, p <0.001, by Student's
t-test.

Laser-induced Anti-PD-L1-PEG-IMIQ-LM exhibited the highest anticancer
efficacy compared with the other control groups (Figure 3.24). In fact, the irradiated solid
tumors totally disappeared after laser irradiation for just six times with Anti-PD-L1-
PEG-IMIQ-LM owing to the powerful photothermal property of LM, excellent tumor
targeting effect, effective controlled drug-releasing of IMIQ, and multidimensional
immunological stimulations; 100% complete response (CR) was confirmed in the case at
the 22-day follow-up. Due to the excellent photothermal conversion ability of LM
nanoparticles, the heat generated by laser irradiation would burn part of the surface skin,

however, the scab was observed to fall off on the 29-day and the skin healed. Notably, the
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group receiving treatment with Anti-PD-L1-PEG-IMIQ-LM and laser irradiation
considerably achieved faster healing of tumors and injured parts than other control groups
(Figure 3.25). Although the LM + laser group indicated CR of the tumor because of the
potent photothermal conversion, tumor reoccurrence was unfortunately observed. The
Anti-PD-L1 + laser group showed somewhat stronger antitumor effectiveness than the
NS + laser group probably because of PD-L1 blocking. The PEG-IMIQ + laser group
also displayed better efficacy than the NS + laser group owing to DC activation. These
results potentially indicate that laser induction might help in immunological activation by

heat energy from the natural photothermal conversion of biological tissue.
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Figure 3 24 In vivo anticancer effect of various samples with and without laser irradiation.
Irradiation time = 5 min every day (total six times irradiation). Data are expressed as
means *standard error of the mean (SEM) (n = 5 biologically independent tests). *, p <
0.05, and ***, p < 0.001, by Student's t-test. The black arrows display the time point of

sample administration.
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Figure 3.25 Images of mice after each treatment.

Furthermore, the laser-induced Anti-PD-L1-PEG-IMIQ-LM nanostimulator-
treated mice exhibit not only excellent anticancer responses but also significant prolonged
survival rates (Figure 3.26). Contrarily, the control groups without laser irradiation,
especially Anti-PD-L1-PEG-IMIQ-LM and Anti-PD-L1, have somewhat anticancer
effectiveness even by single administration due to the excellent anticancer efficacy of
Anti-PD-L1 itself and the targeted delivery of IMIQ into the tumor by EPR effect. NS,
PEG-LM, and PEG-IMIQ alone did not show therapeutic performances at all The body
weight of all treatment groups was relatively constant during the experimental period,

indicating no side effects (Figure 3.27).
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Figure 3.26 Kaplan—Meier survival curves of Colon26-tumor-bearing mice (n = 5

biologically independent mice) after tumor implantation for 30 days. Statistical

significance was calculated in comparison with the NS group. ***, p < 0.001 by Log-

rank (Mantel-Cox) test.
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Figure 3.27 Average mouse body weight after treatments during the treatment period.
The black arrow displays the time point of the sample administration. Data are expressed
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Furthermore, blood tests said that Anti-PD-L1-PEG-IMIQ-LM did not show any in
vivo toxicity (Table 3-4). There was no statistically significant difference in the complete
blood count or biochemical parameters of mice after intravenously injection with NS or
Anti-PD-L1-PEG-IMIQ-LM suspension after 30 days. These results clearly indicate that
laser-induced Anti-PD-L1-PEG-IMIQ-LM was effective and safe as a multidimensional
anticancer agent, and both photothermal conversion and immunological stimulation could

exert synergetic antitumor therapeutic effects for cancer treatment.
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Table 3-4 CBCs and biochemical parameters of the mice injected with NS or Anti-PD-
L1-PEG-IMIQ-LM nanoparticle dispersion after 30 days.

Anti-PD-L1-
Measured value Entry Unit NS (n=7) PEG-IMIQ-LM P value
(n=7)
WBC x10? /uL 64.0+7.03 61.9+7.57 >0.05
RBC x10*/uL 936.1 £8.79 923.1+21.20 >0.05
HGB g/dL 143 +£0.31 14.2+0.32 >0.05
CBC HCT % 42.8+0.78 42.6 £1.09 >0.05
MCV fL 45.7£0.51 45.9£0.39 >0.05
MCH pg 153+0.27 153+0.14 >0.05
MCHC g/dL 33.5+0.32 33.4+0.38 >0.05
PLT x10*/uL 77.2+6.21 75.1 £3.64 >0.05
TP g/dL 40+0.14 42+0.12 >0.05
ALB g/dL 2.7+0.14 2.8+0.08 >0.05
BUN mg/dL 18.5+1.42 19.3+£0.71 >0.05
CRE mg/dL 0.1+£0.02 0.1 £0.01 >0.05
Na mEq/L 145.6 £ 1.72 1473+ 1.11 >0.05
Biochemical K mEq/L 3.5+0.25 3.4+0.20 >0.05
parameters Cl mEq/L 114.0 +£3.92 118.4+£1.90 >0.05
AST IU/L 71.9 +28.07 65.1 £13.22 >0.05
ALT IU/L 3461198 30.9 £5.58 >0.05
LDH IU/L 227.9 £20.68 241.1+31.54 >0.05
AMY IU/L 1701.6 £191.77  1656.6 £99.17  >0.05
CK IU/L 140.3 +38.06 134.6 +48.66  >0.05

Data are represented as means = standard errors of the mean (SEM.); n = 7 biologically
independent mice. Statistical analyses comprise the Student’s two-sided t test.

Abbreviations: ALB, albumin; ALT, alanine transaminase; AMY, amylase; AST, aspartate
aminotransferase; BUN, blood urea nitrogen; Cl, chlorine; CK, creatine kinase; CRE, creatinine;
HCT, hematocrit; HGB, hemoglobin; K, potassium; LDH, lactate dehydrogenase; MCH, mean
corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration; MCV, mean
corpuscular volume; Na, sodium; PLT, platelet; RBC, red blood cell; TP, total protein; WBC,
white blood cell.
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3.3.4 The mechanism of tumor suppression by LM nanostimulant

To explore the immunological mechanism related to solid tumor regression by light-
triggered LM immune-nanostimulant, hematoxylin and eosin (H&E) and
immunohistochemical (IHC) staining analyses were performed (Figure 3.28A). Image-
guided statistical [HC analysis using computer-aided software was also applied in this
study because it is a highly useful and reliable technique for detection and quantification
of target epitopes (e.g., proteins, structures, cellular components, etc.) in a wide variety
tissue types (Figure 3.28B).> ** Among them, the anti-PD-L1-PEG-IMIQ-LM + laser
group demonstrated obvious structural destruction of solid tumor with intercellular
fragmentation by H&E staining assay, indicating a strong antitumor efficacy. Meanwhile,
the PEG-LM + laser showed slight tumor degradation, and the anticancer therapeutic
efficacy was lower than that observed in the Anti-PD-L1-PEG-IMIQ-LM + laser group.
Contrarily, H&E staining of tumor tissues showed no discernible lesions throughout the
treatment process in the Anti-PD-L1 + laser, PEG-IMIQ + laser, and NS + laser groups.
Terminal deoxynucleotidyl transferase (TdT)-mediated 2'-deoxyuridine, 5 -triphosphate
(dUTP) nick end labeling (TUNEL) assay also confirmed the results of H&E staining,
revealing many apoptotic cells, especially in the anti-PD-L1-PEG-IMIQ-LM + laser
group. Simultaneously, the Cleaved Caspase-3 staining assay used also further confirmed
the strong in vivo anticancer mechanism of the laser-induced Anti-PD-L1-PEG-IMIQ-

LM.
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Figure 3.28 Mechanism of tumor suppression by laser-driven Anti-PD-L1-PEG-IMIQ-
LM. A) H&E, TUNEL, and IHC stained tumor tissues collected from different groups of
mice at day 1 after their respective treatments. B) Statistical analyses of IHC and TUNEL-
positive stained tumor tissues in Figure 3.28A. Data are represented as mean =+ standard
error of the mean (SEM); n = 10 independent areas (region of interest) in each tumor
tissue collected from the groups of mice on day 1 after treatments. Statistical significance
was calculated in comparison with the NS group. *, p < 0.05, **, p <0.01, and ***, p <

0.001 by Student’s #-fest.
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IHC staining of CD3 (T-cell marker), CD8 (T-cell marker), Granzyme B (T-cell
marker), CD11¢c (DC marker), CD80 (DC marker), and CD86 (DC marker) could also
recognize the immunological reactions for the modulation of tumor regression by laser-
induced Anti-PD-L1-PEG-IMIQ-LM. Laser-induced Anti-PD-L1-PEG-IMIQ-LM
exhibited the expression of all immunological biomarkers probably because Anti-PD-L1
and IMIQ molecules could work as stimulants for T-cell and DC, respectively. In fact, the
anti-PD-L1 + laser group significantly stimulated the T-cell markers. Contrarily, the
PEG-IMIQ + laser group certainly modulates the DC markers. The other control
approaches of PEG-LM + laser and NS + laser were ineffective for immunological
stimulation, as compared with Anti-PD-L1-PEG-IMIQ-LM + laser, Anti-PD-L1 + laser,
and PEG-IMIQ + laser. Particularly, the NS + laser treatment did not affect the expression
of immunological biomarkers at all. Moreover, significant color developments of DC-
derived immunostimulatory factors, including TNF-a and IL-6, in the Anti-PD-L1-PEG—
IMIQ-LM + laser and IMIQ + laser groups were also observed (Figure 3.29A and B).
We further performed flow cytometry analysis to confirm the immune effect stimulated
by Anti-PD-L1-PEG-IMIQ-LM. Flow cytometry also said that Anti-PD-L1-PEG-
IMIQ-LM especially showed effective activation of T cell and DC in spleen, which is a
central repository for immune cells and makes diverse contributions to systemic immune

responses against cancerous tumors (Figure 3.30).
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Figure 3.29 A) TNF-a and IL-6-stained tumor tissues were collected from different
groups of mice on day 1 after the respective treatments. B) Statistical analyses of TNF-a
and IL-6-positive stained tumor tissues in Figure 3.29A. Data are represented as mean +
standard error of the mean (SEM); n = 10 independent areas (region of interest) in each
tumor tissue collected from the groups of mice on day 1 after treatments. Statistical
significance was calculated in comparison with the NS group. ***, p <0.001 by Student’s

t-test.
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Figure 3.30 Flow cytometry analyses of expression of CD3, CD8a, CD11b, and CD80 in
spleens after i.v. injection of each sample for 3 h. A) Representative gating strategy for
flow cytometry experiments assessing T cell (CD3 and CD8a) and DC (CD11b and CD80)
populations after treatment with Anti-PD-L1-PEG-IMIQ-LM. The lymphocytes or the
population of monocytes and granulocytes were gated by SSC-H vs. FSC-H, and then
plotted in a new graph to calculate the percentages of the CD3, CD8a, CD11b, and CD80

positive cells in the selected total cells. Dead cells were excluded by selecting all live
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cells from the plots with PI staining. B) Statistical analyses of immunological biomarkers
relevant to T cell and DC activations. Data are represented as mean =+ SEM; n = 3
independent spleen tissues. Statistical significance was calculated in comparison with the

NS group. *, p <0.05, **, p <0.01, and ***, p <0.001, by one-side Student’s z-zest.

In sum, we consider that laser-induced Anti-PD-L1-PEG-IMIQ-LM represents
obvious tumor regression and fast healing of injury due to synergistic T-cell and DC
stimulations and photothermal destruction of cancerous tumors by effective inhibition of
PD-L1 on cancer cells, DC activation by IMIQ, and powerful photothermal conversion
and light-driven drug-releasing properties of Anti-PD-L1-PEG-IMIQ-LM (Figure 3.31).
We believe that these synergistic immunological effects and optical nano functions of

LMs have wide therapeutic application prospects.
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3.4 Conclusion

In this study, we synthesized the multifunctional LM nanocomplexes, which are
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Figure 3.31 The scheme of the proposed mechanism.

highly water-dispersible with high biocompatibility, by simple pulse-type sonication.
Moreover, the NIR laser-triggered LM nanocomplex can be used to effectively eliminate
cancer cells and spheroids due to its powerful photothermal properties. For
immunological modulations, further functionalization of the LM nanocomplex with an
immune checkpoint inhibitor (Anti-PD-L1) and DC activator (IMIQ) was also developed
by sonication and one-step chemical reaction. The light-induced functional immunogenic

LM nanocomplex can effectively eradicate colorectal tumors in living mice due to the
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synergistic anticancer performances of immunomodulators, powerful photo-
exothermicity of LM, unique remote drug-releasing effect, and excellent tumor targeting
effect. Furthermore, nanocomplexes remotely produced the fluorescent emission in cells,
spheroids, and living mice when irradiated with NIR light. This study is the first to exploit
the wvarious physicochemical properties of LM nanocomplexes for cancer
immunotheranostics. We believe that the design strategy and concept of the current LM
nanocomplexes are useful and expandable for improving the biomedical theranostic
effects of LM not only for cancer treatment but also for various disease treatment and

care.
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Chapter 4

lonic liquid-modified carbon nanohorns as magnetically driven

photothermal nanoconjugates
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4.1 Introduction

4.1.1 Introduction of ionic liquid

Room temperature ionic liquids (RTILs) are a new class of organic soft materials,
with the characteristics of low flammability, negligible vapor pressure, ionic conductivity,
and chemical and thermal stability. Due to these attributes, RTILs have found wide
applications in fields such as electrochemistry, soft materials gel, organic synthesis,
bioengineering, and pharmaceuticals.!” Notably, some studies have reported that RTILs
exhibit promising anticancer properties in some cancer cell lines, prompting recent
interest in exploring RTILs as novel anticancer agents.%'° 1-butyl-3-methylimidazolium
tetrachloroferrate ([Bmim][FeCl4]) is a special room temperature ionic liquid that is
paramagnetic due to the presence of high-spin FeCls anions and can respond to external
magnetic fields. This magnetic ionic liquid combines the favorable properties of ionic
liquids with magnetism, making it attractive for expanded applications. This special
property suggests that we can control the movement of particles through an external
magnetic field, providing a new solution for the synthesis of a new type of magnetically

controllable nanophotosensitizer.

4.1.2 Introduction of carbon nanohorns

Carbon nanohorns (CNHs) are a promising material with high surface area and

microporosity. Due to their unique structure and ideal size, CNHs become a promising
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material in the application of sensor, gas storage, adsorption, and catalyst support.!!!?
Furthermore, due to their biocompatibility and low cytotoxicity, CNHs are widely utilized

14, 15, as

in the biomedical field as carriers for the delivery of drug molecules or antibodies
well as for in vivo bioimaging applications!® ”. In particular, CNHs have been employed
in PTT for tumor eliminating due to their strong photothermal conversion capabilities in
the NIR region.'® ! However, efficiently delivering CNHs nanoparticles in substantial
quantities to tumors presents a significant challenge. As previously introduced, while the
enhanced permeability and retention (EPR) effect can lead to increased accumulation of
nanoparticles in tumor tissues compared to normal tissues, only a small fraction of the
total administered dose typically reaches solid tumors.?® This limitation significantly
hampers the broader application of CNHs nanoparticles as novel functionalized
nanoparticles in cancer treatment. It is crucial to synthesize a highly targeted CNHs-based

nanocomplex as a novel type of photothermal agent.

4.1.3 Objective of this study

In this chapter, we propose a novel type of magnetically driven functional
nanoconjugates based on IL and CNHs. We intend to encapsulate IL in CNHs as a
potential drug delivery system. Due to the loading of IL, the IL-CNHs nanoconjugates
will be magnetically responsive. By fixing the rubidium magnet at the tumor site, more
IL-CNHs nanoconjugates will accumulate at the tumor site under the action of the

magnetic field. Notably, CNHs have high photothermal conversion capability, thus
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enabling more precise photothermal therapy. In addition, loading drugs on IL-CNHs is
also expected to enable controllable drug delivery and release using magnetic fields. This
study pioneers the first use of magnetic ionic liquids in cancer treatment, offering a

promising platform for advanced nanotheranostics.

4.2 Materials and Methods

4.1.1 Nanoconjugates synthesis

The [Bmim][FeCls]-PEG—CNH nanoconjugates were prepared as follows. Basically,
1 mg of CNHs (average diameter, =~ 80-100nm; purity, 95%; metal-free, NEC
Corporation, Tokyo, Japan), 1 mg of DSPE-PEG2000—NH2 (NOF Corporation, Tokyo,
Japan), and 200 pl (275.52 mg) of [Bmim][FeCls] (Tokyo Chemical Industry, Tokyo,
Japan) was mixed with 10 ml PBS buffer (Wako Pure Chemical, Osaka, Japan) by pulse-
type sonication (VCX-600; Sonics, Danbury, CT, USA) for 10 min with crushed ice. The
control CNHs nanoconjugates without magnetism were prepared in a similar way except
for adding [Bmim][FeCls]. In addition, [Bmim][FeCl4]-PEG-CNH or PEG-CNH
suspension in high concentration was prepared by increasing the amount of CNHs and
DSPE-PEG2000-NH2> in the same ratio.

The ICG functionalized [Bmim][FeCls]-PEG-CNH nanoconjugates
([Bmim][FeCl4]-PEG-ICG-CNH) were prepared as follows. 0.1 mg of ICG (Tokyo
Chemical Industry) was mixed with 1 ml of prepared [Bmim][FeCl4s]-PEG-CNH
suspension (CNHs concentration = 0.1 mg ml ') and stirred up for 1h with dark conditions.
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Additionally, highly concentrated [Bmim][FeCl4s]-PEG-ICG-CNH suspension was
prepared by using increasing the amounts of [Bmim][FeCls]-PEG—CNH and ICG in the

same ratio.

4.1.2 Nanoconjugates structural and optical characterization

The morphology and structure of [Bmim][FeCl4]-PEG-CNH nanoconjugates were
observed under a high-resolution transmission electron microscope (TEM) (JEM-2100F,
Japan Electron Optics Laboratory, Tokyo, Japan). The hydrodynamic diameter of the
[Bmim][FeCls]-PEG—CNH nanoconjugate was measured using dynamic light scattering
(DLS) (Zetasier Nano ZS; Malvern Panalytical, UK). The optical absorbance and
fluorescence (FL) of the [Bmim][FeCls]-PEG—-CNH and [Bmim][FeCl4]-PEG-ICG—
CNH suspension was measured by using UV-vis-NIR (V-730 BIO; Jasco, Tokyo, Japan)
and FL spectrometers (FP-8600 NIR Spectrofluorometer; Jasco), respectively. The
amounts of PEG and [Bmim][FeCl4] conjugated with CNH were estimated by TG
analysis (TG-DTA8122; Rigaku, Tokyo, Japan). TGA traces were recorded for the series
using a ramp rate of 5 °C/min in air. The [Bmim][FeCl4]-PEG-CNH and PEG-CNH
were synthesized by the same way as the above protocol of nanocomplex synthesis except
for using distilled water instead of PBS. The freeze dried [Bmim][FeCl4]-PEG—-CNH and
PEG-CNH was prepared by a freeze dryer (FDU-1200; EYELA, Tokyo, Japan) before

TG measurements.
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4.1.3 Photothermal conversion

[Bmim][FeCls]-PEG—CNH suspension and PBS buffer were irradiated with an 808
nm NIR laser (Civil Laser, Hangzhou, Zhejiang, China) at [0.7W (~35.6 mW mm2; spot
diameter ~3 mm), and 0.3 W (~15.3 mW mm 2)] powers under the indicated conditions.
The temperature of the solutions was measured in real-time using a temperature sensor
(AD-5601A; A&D, Tokyo, Japan). Thermographic images were recorded using infrared
thermography (i7, E6; FLIR, Nashua, NH, USA).

The photothermal stability of [Bmim][FeCls]-PEG—-CNH nanoconjugates were
determined as follows. 100 pl of [Bmim][FeCls]-PEG—CNH suspension was diluted with
1.9 ml of PBS buffer. And irradiated with an 808 nm NIR laser for 5 min at 0.7 W (~35.6
mW mm 2, spot diameter ~3 mm). Analyzed the optical absorbance spectra of before- and

after-laser by using the UV-vis-NIR spectrometer.

4.1.4 Controllable Movement of [Bmim|[FeCls]|-PEG—CNH droplet

The [Bmim][FeCls]-PEG-CNH droplet (~20 pl) was pipetted to the liquid surface
of dish (diameter 90 mm; ND90-15, AS ONE, Osaka, Japan) containing 10 ml of 3M™
Novec™ 7300 Engineered Fluid (3M, MN, USA). The magnetic-driven movement was
observed by placing a neodymium magnet obliquely above the droplet (distance ~1.5 cm)
and the direction of movement was adjusted by moving the neodymium magnet. Similarly,

the light-driven movement was observed by using the 808 nm NIR laser (0.7 W, ~35.6
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mW mm?; spot diameter ~3 mm) to irradiate the edge of the droplet, the direction of

movement was adjusted by changing the direction of laser irradiation.

4.1.5 Cell culture and viability

Murine colon carcinoma (Colon26) cells and normal diploid lineage bud (TIG-103)
cells were obtained from the Japanese Collection of Research Bioresources Cell Bank
(Tokyo, Japan). The Colon26 cell line was cultured in Roswell Park Memorial Institute
(RPMI) 1640 medium (Nacalai Tesque, Kyoto, Japan) containing 10% fetal bovine serum
(FBS), 2 mM of L-glutamine, 1 mM of sodium pyruvate, gentamycin, and 100 IU ml™! of
penicillin-streptomycin. The TIG-103 cells were cultured in Eagle's minimal essential
medium (Nacalai Tesque) containing 10% FBS, 2 mM of L-glutamine, 1 mM of sodium
pyruvate, gentamycin, 100 IU ml™! penicillin-streptomycin. Both of cells were maintained
at 37 °C in a humidified chamber containing 5% CO.. They were subsequently
cryopreserved in liquid nitrogen in multiple vials. The cell stocks were regularly revived
to avoid genetic instability associated with high passage numbers.

Cell viability was assessed using a Cell Counting Kit-8 (CCK-8) (Dojindo
Laboratories, Kumamoto, Japan) according to the manufacturer’s instructions. Briefly,
5,000 cells per well were seeded in 96-well plates, allowed to adhere overnight, then
exposed to nanoconjugates, and laser-irradiated as indicated. After washing with fresh
medium, the cells were incubated with 10 pl of CCK-8 for 3 h at 37 °C in a humidified

chamber containing 5% CO,. The absorbance at 450 nm was determined using a
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microplate reader (Infinite M200 PRO; Tecan, Mannedorf, Switzerland).

4.1.4 Intracellular penetration of [Bmim][FeCl4y]-PEG—CNH

Colon26 cells (2.5 x 10° cells per dish) were seeded in poly-L-lysine coated 35 mm
glass bottom dishes (Matsunami glass, Osaka, Japan) and allowed to adhere overnight.
Cells were then exposed to [Bmim][FeCls]-PEG-CNH (CNHs concentration = 0.1 mg
ml!) suspension for 24 h at 37 °C in a humidified incubator containing 5% CO,. After
washing thoroughly with fresh PBS buffer, Colon26 cells were observed using a
microscopy system equipped with a mirror unit (IRDYE800-33LP-A-U0O1; Semrock,
Lake Forest, IL, USA) and an objective lens (x40 magnification, aperture 0.95;
UPLSAPO20X, Olympus, Tokyo, Japan) at room temperature. For FL bioimaging, the
Colon26 cells were incubated with 0.1 mg ml! of [Bmim][FeCls]-PEG-ICG-CNH
suspension (CNHs concentration = 0.1 mg ml™!, ICG concentration = 0.1 mg ml™") in a
similar manner. After washes with PBS buffer, the cells were examined, and images were

acquired using a FL microscope (BZ-X800, Keyence, Tokyo, Japan).

4.1.5 Direct observation of laser-driven cancer cell destruction

In a similar way, Colon26 cells (2.5 x 10° cells per dish) were seeded in 35 mm glass
bottom dishes and cultured to adhere overnight. [Bmim][FeCl4]-PEG-CNH suspension
(CNHs concentration = 100 ug ml™") or fresh PBS buffer was added to the dishes for 24

h. After washing three times with PBS buftfer, the cells were maintained in RPMI medium.
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The destruction of cancer cells triggered by laser-induced nanoconjugates using the laser
irradiation setup was performed as follows. An 808 nm, 254 mW (~129 mW mm2) NIR
laser beam from a continuous-wave diode laser (Sigma Koki, Tokyo, Japan) was
incorporated into a microscopy system (IX73, Olympus). The laser beam (spot diameter
~50 wm) was focused on the target position (x 40 magnification; aperture 0.95;
UPLSAPO40X, Olympus) at room temperature for 3 s. The videos were recorded using
an electron-multiplying, charge-coupled device camera system (DP80, Olympus) before

and during irradiation.

4.1.6 In vivo anticancer therapy

The animal experiments were conducted following the protocols approved by the
Institutional Animal Care and Use Committee of the Japan Advanced Institute of Science
and Technology (JAIST) (No. 04-007). All the mice were obtained from Japan SLC
(Hamamatsu, Japan) (female; 5 weeks old; n = 40; average weight = 16 g; BALB/cCrSlc).
Colon26 cell-derived mouse tumors were generated by injecting 100 pl Matrigel® Matrix
(mixed with RPMI medium, v/v = 1:1; Dow Corning, Corning, NY, USA) containing 1 x
10° cells into the dorsal right side of the mice. After approximately 1 week, when the
tumor volume reached ~100 mm?, the mice were intravenously injected with 200 ul of
[Bmim][FeCls]-PEG-CNH suspension (CNHs concentration = 1 mg ml™!, [Bmim][FeCla]
concentration = 10 pl ml™"), PEG-CNH suspension (CNHs concentration = 1 mg ml™"),

or fresh PBS buffer respectively. Especially, for magnetic groups, the neodymium magnet
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(diameter ~6 mm; magnetic flux density ~230 mT, Okazaki, Wakayama, Japan) was fixed
on the tumor top by medical bandage (NICHIBAN, Tokyo, Japan). The dorsal right-side
tumors were irradiated for 5 min every day 24 h after sample injection (a total of four
laser irradiation sessions) using an 808 nm laser (0.7 W, ~35.6 mW mm, spot diameter
~3 mm). Thermographic measurements were conducted during irradiation using infrared
thermography. Tumor formation and overall health (vitality and body weight) were
monitored every other day. The tumor volumes were calculated using the formula V=L
x W?/2, where L and W denote the length and width of the tumor, respectively. When the
tumor volumes reached 1,500 mm?, the mice were euthanized according to the JAIST

Institutional Animal Care and Use Committee guidelines.

4.1.7 In vivo fluorescent bio-imaging

To monitor the chronological changes in FL intensity due to the [Bmim][FeCl4]—
PEG-CNH nanoconjugates tumor-targeting effect, Colon26 tumor-bearing mice (female;
6 weeks old; n = 4; average weight = 18 g; average tumor size = 100 mm?; BALB/cCrSlc)
were injected intravenously with 200 ul of PBS or [Bmim][FeCl4]-PEG-CNH
nanoconjugates suspension (ICG concentration = 1 mg ml~!, CNHs concentration = 1 mg
ml ") The mice were euthanized, and the major organs, including the heart, liver, spleen,
lungs and kidneys, in addition to the tumor, were imaged using an in vivo FL imaging
system (VISQUE™ InVivo Smart-LF, Vieworks, Anyang, Republic of Korea) witha 3 s

exposure time and an ICG filter (Ex, 740-790 nm; Em, 810-860 nm) at 4, §, 12 and 24 h
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postinjection. The FL images were acquired and analyzed using CleVue™ software.

4.1.8 Immunohistochemistry staining of tumor tissues

Colon26 tumor-bearing mice (n = 4) were euthanized on the day after sample
intravenous injection and laser irradiation. Subsequently, tumor tissue from the treatment
groups was harvested for immunohistochemistry (IHC) staining. THC analysis was
performed by the Biopathology Institute Co., Ltd. (Oita, Japan) with standard protocols.
Briefly, primary tumors were surgically removed, fixed in 10% formalin, processed for
paraffin embedding, and cut into 3—4 pm sections. After incubation with the primary
antibody (Table 4-1), the sections were stained with hematoxylin and eosin and examined
using light microscopy (IX73, Olympus). The areas showing positive staining in tumor
tissues were analyzed using a light microscopy system (BZ-X800, Keyence) and hybrid

cell count and microcell count software (Keyence).

Table 4-1 Antibodies used in this study.

Antibody Type Source Catalog No. Application
Anti- Sheep

digoxigenin- Merck Millipore ~ S7100 Tunel
peroxidase  Polyclonal

Caspase-3  —abit  Cell Signaling g0 IHC (1:100)

Polyclonal ~ Technology

4.1.9 Safety tests

The complete blood count (CBC) was measured using a Celltac a blood cell counting

118



machine (Microsemi LC-712; HORIBA, Japan), and biochemical parameters were
investigated by Oriental Yeast Co. (Tokyo, Japan). BALB/cCrSlc mice (female; 6 weeks;
n = 5; average weight = 18 g; Japan SLC, Inc.) were injected in the tail vein with PBS
buffer (200 pl) or [Bmim][FeCl4]-PEG-ICG—-CNH nanocomplex (200 ul, CNH
concentration = 1 mg ml™'. Blood samples were collected from the inferior vena cava of
each mouse after 7 days.

Vital organ tissues from the different treatment groups were harvested after
nanocomplex administration for 7 days for histological staining. All surgeries were
performed under anaesthesia and all efforts were made to relieve suffering. The histology
of liver, spleen, heart, lungs, and kidney was analysed using a light microscopy system
(BZ-X800). H&E staining was performed by the Biopathology Institute Co., Ltd.. Briefly,
excised organ tissues were fixed in 10% neutral buffered formalin for at least 48 h, then
dehydrated with increasing concentrations of ethanol and embedded in paraffin. Tissue
sections of 3—4 um thick were attached to positively charged glass slides and stained with

H&E.

4.1.10 Statistical analysis

All experiments were performed in triplicates and repeated three or more times.
Quantitative values are expressed as the mean =+ standard error of the mean (SEM) of at
least three independent experiments. Statistical differences were identified by the
Student's t-fest or Log-rank (Mantel-Cox) test using GraphPad Prism, version 9.4.0
(GraphPad Software, Boston, MA, USA). A P value of less than 0.05 was considered

statistically significant.
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4.3 Result and Discussion

4.3.1 Characterizations of nanoparticles

CNH nanoparticles are inherently insoluble in water, but their water dispersibility
can be enhanced through surfactant modification. [Bmim][FeCls] also exhibits
hydrophobic properties. As introduced Chapter 3, 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[amino(polyethylene glycol)—2000] (DSPE-PEG2000—NH>) is
one of the useful surfactant for biomedical applications because of its high
biocompatibility and excellent high versatility for improvement of water-dispersibility of
various materials.?’* 2 In this study, we developed a simple and effective preparation
method for synthesizing  water-dispersible  [Bmim][FeCls4]-modified = CNH
nanoconjugates by utilizing DSPE-PEG2000—NH>, chosen for its high biocompatibility
and versatility. Using a conventional pulsed ultrasound method, we synthesized PEG-
modified CNH nanoconjugates with excellent water dispersibility. (Figure 4.1) The
prepared [Bmim][FeCl4]-PEG—CNH suspension was black, and no precipitation was
observed after standing overnight at room temperature, indicating that the surface-

modified nanoparticle suspension had high dispersibility and stability (Figure 4.2).
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Figure 4.1 Synthesis scheme of the preparation of [Bmim][FeCls]-PEG-CNH

nanoconjugates.

Incubate
overnight

Figure 4.2 Image of the prepared [Bmim][FeCls]-PEG-CNH aqueous suspension.

Dynamic light scattering (DLS) measurements also further confirmed the stability

of [Bmim][FeCl4]-PEG-CNH. The diameter of [Bmim][FeCls]-PEG-CNH

nanoconjugates in aqueous dispersion remained at ~160 nm and maintained almost

unchanged particle size for at least 7 days (Figure 4.3). Transmission electron microscopy
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(TEM) images further showed the morphology and particle size (diameter ~160 nm) of
well-dispersed [Bmim][FeCl4]-PEG-CNH nanoconjugate suspension, which was
consistent with the DLS results (Figure 4.4). The above data indicates that the prepared
[Bmim][FeCls]-PEG-CNH has a small particle size and a stable structure, which

provides the possibility for further investigation of its characteristics.
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Figure 4.3 DLS results of [Bmim][FeCl4]-PEG-CNH on 1-, 3- and 7-days after

incubation at 25 °C.
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Figure 4.4 The TEM images of [Bmim][FeCl4]-PEG-CNH nanoconjugates. Inlet is

magnified view of the conjugate.

Additionally, the ultraviolet—visible—near-infrared (UV—vis—NIR) absorption spectra
of [Bmim][FeCls]-PEG—CNH and PEG—-CNH in aqueous solution were further analyzed.
The results showed that absorption was observed in the near-infrared (NIR) region and
the absorbance increased linearly with the increase in CNHs concentration. Notably, a
characteristic peak of [Bmim][FeCls] appeared in the spectra of [Bmim][FeCl4]-PEG—
CNH around 560 nm, due to the conjugation of [Bmim][FeCls] with CNHs (Figure 4.5).%
We thus estimated that almost [Bmim][FeCl4] molecules could be sufficiently loaded onto
the surface of CNH via hydrophobic and n-r interactions, since no ionic liquid layer was
observed in the prepared vials and no aggregation from the DLS results. Overall, these
data suggest that PEG-modified CNH nanoparticles can effectively encapsulate
[Bmim][FeCls] molecules while maintaining dispersing stability, highlighting their

potential as light-responsive nanodrug in cancer therapy. We also believe that anionic
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[FeCls] molecules are loaded onto CNH by ionic interaction with cationic [Bmim]
molecules. In fact, thermogravimetric analysis (TGA) showed that approximately 0.98
mg of PEG and 273 mg of [Bmim][FeCls4] were coated on surface of 1 mg of CNH
(Figure 4.6). The loading efficiency of PEG and [Bmim][FeCls] onto CNH are 98% and
99%, respectively. By using a UV—vis—NIR spectrometer, we could also make sure that
98% [Bmim][FeCl4] was remained within nanocomplexes even after filtration (Figure
4.7). These results clearly indicate that [Bmim][FeCls] and PEG molecules are surely

attached on the surface of CNH.
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Figure 4.5 UV—vis—NIR absorption spectra of [Bmim][FeCl4]-PEG-CNH and PEG-

CNH suspension.
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Figure 4.7 UV—vis—NIR absorption spectra of the filtrate of [Bmim][FeCls]-PEG-CNH.

The aqueous suspension was filterd (0.22 pm-polytetrafluoroethylene syringe filter,

Osaka Chemical, Osaka, Japan) before the measurement.
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Subsequently, the photothermal conversion capability of [Bmim][FeCls]-PEG—
CNH was evaluated based on their absorbance at the NIR region. Under 808 nm NIR
laser irradiation, the temperature increase (AT) at a power of 0.7 W (~35.6 mW mm )
and 03 W (~153 mW mm?) was measured for various concentrations of
[Bmim][FeCls]-PEG-CNH suspensions using a thermocouple. The results showed that
the AT of each [Bmim][FeCl4]-PEG-CNH suspension increased with prolonged laser
irradiation, while the MilliQ water control exhibited almost no temperature rise. As shown
in Figure 4.8, the temperature of 100 pg ml™' [Bmim][FeCls]-PEG-CNH suspension
increased 40.7 °C under the power of 0.7 W laser irradiation during 5 min. By adjusting
the CNHs concentration or laser power and irradiation duration, we can easily control the
temperature, thereby enhancing the operability and precision of [Bmim][FeCl4]-PEG—

CNH for potential photothermal therapy applications.
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Figure 4.8 Laser-induced temperature increase in MilliQ water (control) and
[Bmim][FeCls]-PEG—CNH suspension at different concentrations and different powers

of NIR laser.

Figure 4.9 presents thermographic images illustrating the temperature changes in
[Bmim][FeCls]-PEG—CNH suspensions before and after laser irradiation. These images
support similar conclusions, showing that at a laser power of 0.7 W, the surface
temperature of a 100 pug ml! [Bmim][FeCls]-PEG-CNH suspension significantly
increased, reaching approximately 69 °C after 5 minutes of irradiation. Furthermore,
suspensions with different concentrations of [Bmim][FeCls]-PEG-CNH (10 pg mI™!, 50
pg ml™!, or 100 ug ml™") exposed to a lower laser power of 0.3 W (~15.3 mW mm?) also

exhibited varying degrees of temperature increase after 5 minutes of irradiation,
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demonstrating concentration-dependent photothermal effects.

0.7W 0.3 W 65 °C

100 pg/ml

..

Figure 4.9 Thermographic images of various concentrations of [Bmim][FeCls]-PEG—

50 ug/ml

10 pg/ml

20°C

CNH suspension after 5-min laser irradiation at NIR laser powers of 0.7 and 0.3 W.

The photothermal stability of [Bmim][FeCls]-PEG-CNH was evaluated using a
laser on/off cycling test. Under 0.7 W NIR laser irradiation, [Bmim][FeCls]-PEG-CNH
underwent four cycles of heating and natural cooling. The maximum temperatures
reached after each cycle of laser irradiation remained consistent, demonstrating the
excellent photothermal stability of the nanoconjugates (Figure 4.10). Notably, from the

second cycle onwards, the maximum temperatures were slightly higher than in the first
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cycle. This can be attributed to incomplete cooling after the first cycle, where the
temperature at the end of the cooling phase (10 min) did not return to the initial baseline
(0 min), and this discrepancy disappeared in subsequent cycles. Additionally, the
UV—vis—NIR optical absorption spectra of the [Bmim][FeCl4]-PEG—CNH suspension
before and after laser irradiation showed no change in absorbance, confirming that the

nanoconjugates did not undergo degradation during NIR laser exposure (Figure 4.11).

~ 80-

(‘C

e
o
<

Temperatur

0O 5 1015 20 25 30 35 40
Time (min)

Figure 4.10 Stability testing of the [Bmim][FeCl4]-PEG-CNH suspension under

photothermal heating and natural cooling cycles by 808 nm laser irradiation.
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Figure 4.11 UV-vis—NIR absorption spectra of [Bmim][FeCls]-PEG—-CNH pre- and

post-laser irradiation at 0.7 W power for 5 min.

The photothermal conversion efficiency of [Bmim][FeCl4]|-PEG—-CNH at 808 nm
was calculated to be 63%. In comparison, other photothermal nanomaterials, such as
metal-based materials, carbon dots, and semiconductor polymer nanoparticles, exhibit
lower conversion efficiencies than [Bmim][FeCls]-PEG-CNH.?**¢ (Table 4-2) This
superior efficiency highlights the potential of [Bmim][FeCl4]-PEG—-CNH as a highly

effective photothermal agent for cancer photothermal therapy.
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Table 4-2 The photothermal conversion efficiency of materials in previous reports

Material Photothermal conversion efficiency (%)  Reference
[Bmim][FeCls]-PEG-CNH 63 This study
Gold nanorods 21 24
Gold nanoshells 13 24
Copper selenide 22 24
Carbon dots 31 25

Semiconducting polymer
37 26
nanoparticles

As magnetic ionic liquid, [Bmim][FeCls] exhibits a strong response to external
magnetic fields. By using this property, we tested the ability of [Bmim][FeCls]-PEG—
CNH droplets to move under a magnetic field. When a neodymium magnet was brought
near the [Bmim][FeCls]-PEG—CNH droplet from above, the droplet was attracted and
moved toward the magnet. By adjusting the magnet's position, the trajectory of the droplet
could be precisely controlled (Figure 4.12A). Interestingly, when irradiated with the
0.7W of NIR laser, the powerful photothermal conversion ability of CNHs generated
thermal convection at air-liquid interface, caused the dynamic motion of the

[Bmim][FeCl4]-PEG-CNH droplet in a fluorous solvent (Figure 4.12B). The
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temperature of the [Bmim][FeCl4]-PEG—-CNH droplet reached at 36.5 °C from about
21.0 °C just after laser irradiation (Figure 4.13). In contrast, only the [Bmim][FeCly]
droplet could not be moved by laser irradiation because of the absence of photothermal
conversion and absorbance in NIR region. Briefly, the surface-tension gradient (thermal
convection) can be generated by a temperature gradient. The natural flow of liquid due to
different surface tensions, resulting in the spontaneous movement of liquids.?” ® This
combination of magnetic and photothermal control offers the potential for precise
manipulation of [Bmim][FeCl4]-PEG—-CNH, opening new possibilities for their

application in targeted therapies and controlled delivery systems.

Figure 4.12 The movement of [Bmim][FeCls]-PEG—CNH droplet by A) magnet and B)

laser irradiation.
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Figure 4.13 Thermographic image of [Bmim][FeCls]-PEG-CNH and [Bmim][FeCl4]
droplet in a fluorous solvent after laser irradiation at NIR laser powers of 0.7 W (~35.6
mW mm 2). The white arrows represent the location of [Bmim][FeCls]-PEG-CNH and

[Bmim][FeCls] droplets.

4.3.2 In vitro anticancer efficacy of [Bmim][FeCls]-PEG — CNH

nanoparticles

The high biocompatibility and low toxicity of CNHs have been confirmed by many
research groups.'*!7 After characterizing various properties of synthesized CNHs
nanoconjugates, the cytotoxicity was evaluated using normal diploid fibroblast cells
(TIG-103) cells and murine colon carcinoma (Colon26) cells. The cells were incubated
for 24 hours with varying concentrations of PEG—CNH and [Bmim][FeCl4]-PEG-CNH
nanoconjugates respectively. PEG—CNH suspension at different concentrations exhibited
no cytotoxicity toward either TIG-103 or Colon26 cells (Figure 4.14). In contrast, after
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encapsulating the ionic liquid, the [Bmim][FeCl4]-PEG-CNH nanoconjugates
demonstrated cytotoxicity in both cell lines. Notably, the [Bmim][FeCl4s]-PEG-CNH
nanoconjugates showed stronger cytotoxic effects on Colon26 cancer cells compared to
TIG-103 cells, due to the specificity of conventional nonmagnetic ionic liquids toward
cancer cells (Figure 4.15).2°3! In general, normal cells have healthy cell and nuclear
membranes and rigid protein and mitochondrial structure rather than cancer cells those
are endlessly and destructively proliferated. Therefore, ionic liquids might directly
interact and destruct such fragile and deregulated cancer cell and cancer nuclear
membranes themselves through several different mechanisms, such as altering cell
membrane viscoelasticity and lipid distribution, mitochondrial dysfunction and
permeabilization, disruption of cell and nuclear membranes, producing reactive oxygen
species, changing the functions of transmembrane and cytoplasmatic proteins and
enzymes, and fragmenting DNA.***?> For both nanoconjugates, the
radioimmunoprecipitation assay (RIPA) lysis buffer was used as a positive control,

consistently inducing strong cytotoxicity in both cell lines.
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Figure 4.14 Viability of TIG-103 and Colon26 cells treated with the RIPA buffer (control)
and PEG—CNH at various CNHs concentrations. Data presented as means =+ standard error
of the mean (SEM) (n = 5; biologically independent tests), ***, p < 0.001 versus control

without nanoparticles (Student’s ¢-fest).
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Figure 4.15 Viability of TIG-103 and Colon26 cells treated with the RIPA buffer (control)
and [Bmim][FeCl4s]-PEG-CNH at various [Bmim][FeCls] concentrations. Data
presented as means + standard error of the mean (SEM) (n = 5; biologically independent

tests), ***, p <0.001 versus control without nanoparticles (Student’s -test).
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The cytotoxicity of laser-induced [Bmim][FeCls]-PEG—CNH nanoconjugates was
further investigated. TIG-103 and Colon26 cells co-incubated with either PEG—CNH or
[Bmim][FeCls]-PEG-CNH were partially eliminated upon exposure to an 808 nm NIR
laser at 0.7 W (~35.6 mW mm2) for 5 min, owing to the strong photothermal conversion
properties of CNHs (Figure 4.16). Interestingly, by placing neodymium magnets at the
bottom of well-plate, under the influence of magnetic field, [Bmim][FeCls]-PEG-CNH
nanoconjugates were more effectively accumulated in the cells, leading to enhanced cells
elimination (Figure 4.17). Notably, the laser-induced cytotoxicity of [Bmim][FeCls]-
PEG—-CNH was significantly lower in normal TIG-103 cells compared to Colon26 cancer
cells. This can be attributed to the inherent heat sensitivity of cancer cells, which arises
from selective biochemical responses such as the activation of heat-shock proteins and
unique molecular signaling pathways under thermal stress.’> These results further
emphasize the selective anticancer efficacy of laser-induced [Bmim][FeCls]-PEG-CNH
and the fact that the external magnetic field increased the accumulation of the

nanoconjugates.
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Figure 4.16 Laser-induced [Bmim][FeCls]-PEG-CNH cytotoxicity evaluation in TIG-
103 and Colon26 cells with 5 min laser irradiation at various CNHs concentrations. Data
presented as means + SEM (n = 5; biologically independent tests), ***, p < 0.001, by

Student’s #-test.
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Figure 4.17 Laser-induced [Bmim][FeCls]-PEG-CNH cytotoxicity evaluation in TIG-
103 and Colon26 cells with 5 min laser irradiation under the magnet field at the bottom
of the well plate at various CNHs concentrations. Data presented as means £ SEM (n =

5; biologically independent tests), ***, p < 0.001, by Student’s ¢-test.
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To further validate the laser-induced cytotoxicity of [Bmim][FeCls]-PEG—CNH
nanoconjugates, we assessed their real-time anticancer activity using a single laser beam
integrated into a fluorescence microscopy setup. Remarkably, after 808 nm laser
irradiation at 254 mW (~129 mW mm 2), the structure of Colon26 cancer cells incubated
with [Bmim][FeCls]-PEG-CNH or PEG-CNH was immediately disrupted, forming
bubbles, which are likely due to water vaporization caused by the strong photothermal
conversion of CNHs (Figure 4.18). In contrast, control groups without nanoconjugates
showed no cancer cell destruction, confirming that the photothermal effect was specific
to the nanoconjugates. These results align with previous findings, further demonstrating
that laser-activated [Bmim][FeCl4]|-PEG—-CNH nanoconjugates can precisely target and
eliminate cancer cells, underscoring their potential as highly effective agents in cancer

photothermal therapy.
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Figure 4.18 Colon26 cells destruction by laser-induced [Bmim][FeCls]-PEG-CNH

before and after laser irradiation.

4.3.3 In vivo cancer theranostics

To assess the tumor-targeting capability of [Bmim][FeCl4]-PEG-CNH
nanoconjugates, indocyanine green (ICG) was encapsulated to synthesize
[Bmim][FeCls]-PEG-ICG—-CNH nanoconjugates, briefly, 1 mg ICG was mixed with 1
ml prepared [Bmim][FeCls]-PEG-CNH suspension and stirred up for 1 h with dark

conditions (Figure 4.19). Hydrophobic ICG molecules can be entrapped with IMIQ in
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the hydrophobic region formed by long alkyl chains of DSPE-PEG2000—NH> molecules.
The fluorescence (FL) emission of [Bmim][FeCls]-PEG-ICG-CNH nanoconjugates
were measured by FL spectra under the excitation of NIR region, which [Bmim][FeCl4]—
PEG-CNH didn’t show any FL intensity (Figure 4.20A). Meanwhile, Figure 4.20B
shows that the synthesized [Bmim][FeCl4]-PEG-ICG—CNH had strong FL emission by

various NIR light excitation.

/ [Bmim][FeCl,]

CNH
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Figure 4.19 Schematic illustration of [Bmim][FeCls]-PEG-ICG-CNH nanoconjugates.

140



Excitation at 750 nm

= 5007 — [Bmim][FeCl,]-PEG-CNH
© 400+ — [Bmim][FeCl,]-PEG-ICG-CNH
2 300- — 166G
2
© 2001
£
;1004
L
0 T T 1
800 850 900
Wavelenth (nm)
B
= 3007 — Ex 750 nm
© — Ex 760 nm
= 2004 — Ex 770 nm
‘B Ex 780 nm
C
(0]
£ 1001
—
L
0

800 850 900
Wavelenth (nm)
Figure 4.20 A) FL spectra of [Bmim][FeCl4]-PEG-CNH, [Bmim][FeCl4]-PEG-ICG—

CNH, and ICG at 750 nm excitation wavelength. B) FL spectra of [Bmim][FeCl4]-PEG—

ICG—CNH at different excitation wavelength.

To investigate the systemic pharmacokinetics of [Bmim][FeCls]-PEG-ICG-CNH
in vivo, fluorescence distribution was monitored in mice using a bioimager. The
distributions of CNHs nanoconjugates were observed over time (4, 12, and 24 h) in
tumors after intravenous (i.v.) injections through the tail vein of Colon26 tumor-bearing

mice (Figure 4.21). Owing to the EPR effect, the gradual accumulation of
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[Bmim][FeCls]-PEG-ICG-CNH nanoconjugates was observed in the tumor site over
time.?’ Interestingly, in mice with neodymium magnets fixed at the tumor site, higher
accumulation of nanoconjugates was observed, accompanied by stronger fluorescence
intensity. In contrast, mice injected with PEG-ICG—CNH nanoconjugates and mice
injected with [Bmim][FeCl4]-PEG-ICG—CNH nanoconjugates but without neodymium
magnets exhibited similar fluorescence distribution. The PBS control group showed no
fluorescence throughout the body. In addition, the mice were dissected 24 hours after
injection, and the NIR FL intensity of major organs including heart, liver, spleen, lung,
kidney and tumor tissues were observed by using a bioimager (Figure 4.22). A minor
amount of fluorescence was detected in the liver and kidneys after dissection, suggesting
that the primary elimination pathway for the nanoconjugates is through renal excretion.
The fluorescence observed in the lungs may be attributed to the pulmonary extraction by
immune cells such as alveolar macrophages.* 3> Nanoparticle-mediated pulmonary drug
delivery is recently gaining increasing attention as a means to overcome the biological
barriers and accomplish site-specific drug delivery by controlling release of the loaded
drug(s) at the target site.’® In any case, these findings conclusively demonstrate that
[Bmim][FeCls]-PEG-ICG-CNH nanoconjugates retain exceptional in vivo targeting

abilities and can be effectively accumulated at the tumor site under magnetic control.
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Figure 4.21 FL imaging of Colon26 tumor-bearing mice after an i.v. injection. White

dashed circles denote the solid tumor location.
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Figure 4.22 FL imaging of extracted vital organs and tumor tissue after an i.v. injection.

White dashed circles denote the solid tumor location.
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After confirming the targeting selectivity and controllability of [Bmim][FeCls]—
PEG—CNH nanoconjugates in vivo, we further evaluated their laser-induced photothermal
conversion efficiency using a homologous tumor model. Following intravenous injection
of the nanoconjugates, neodymium magnets were affixed to the solid tumors of select
mice. After 24 hours, the solid tumors were exposed to an 808 nm NIR laser at 0.7 W
(~35.6 mW mm ) for 5 minutes. During the laser irradiation, the surface temperatures of
the solid tumors were continuously monitored using a thermographic camera (Figure
4.23). The surface temperatures of the solid tumors in all mice were approximately 35 °C,
before the laser irradiation. However, after 5 minutes of NIR laser irradiation, the surface
temperature of tumors of mice injected with [Bmim][FeCl4]-PEG—CNH after magnetic
attraction increased significantly, reaching around 56 °C (Figure 4.24). In contrast,
tumors of mice injected with PEG-CNH or [Bmim][FeCl4]-PEG—CNH after magnetic
induction displayed a lower temperature increase, reaching around 48 °C. Besides, even
PBS-injected mice showed a slight temperature rise under NIR laser irradiation, likely

due to light energy conversion to heat in the skin, blood, and tissue.
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Figure 4.23 In vivo photothermal conversion activity of the laser- and magnetic field-

55°C
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Laser Time
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induced Bmim FeCl4—PEG-CNH. A) Experimental design of the in vivo anticancer
experiment. PBS or a suspension of [Bmim][FeCls]-PEG-CNH, PEG-CNH, was
intravenously injected into Colon26-bearing mice. A neodymium magnet was placed on
the tumor using a bandage. After 24 h, the neodymium magnets were removed and the
tumors were exposed to 808 nm laser irradiation [0.7 W (~35.6 mW mm 2) for 5 min each
day (total of four times)]. B) Thermographic measurement of the tumor on the mouse

body surface for treatment with laser irradiation.
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Figure 4.24 Solid tumor surface temperature of Colon26-bearing mice after injection
followed by 808 nm laser irradiation for 5 min. Data are expressed as means + standard
error of the mean (SEM); n = 5 independent experiments. Statistical significance was
calculated in comparison with the PBS group. **, p < 0.01, and ***, p < 0.001, by
Student's #-test.

Meanwhile, the absence of in vivo toxicity of [Bmim][FeCl4]-PEG-CNH
nanoconjugates were further confirmed by blood tests (Table 4-3). After 7 days, there
was no statistically significant difference in the CBC or biochemical parameters of mice
intravenously injected with PBS or [Bmim][FeCl4]-PEG—CNH suspension. Furthermore,
[Bmim][FeCls]-PEG—CNH did not show any toxicity in tissues 7 days after i.v. injection
(Figure 4.25). Indeed, hematoxylin and eosin (H&E) staining analyses demonstrated that
the tissues of post i.v. injection of [Bmim][FeCl4]-PEG-ICG-CNH resemble that of

control group (PBS buffer).
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Figure 4.25 H&E staining in conventional organs sectioned after i.v. injection of

[Bmim][FeCls]-PEG—CNH or PBS after 7 days.
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Table 4-3 CBCs and biochemical parameters of the mice injected with PBS or
[Bmim][FeCls]-PEG-ICG—CNH nanoparticle dispersion after 7 days.

[Bmim][FeCls]-
Measured value Entry Unit PBS (n=106) PEG-ICG-CNH P value
(n=0)
WBC x10? /uL 65.8 £3.85 61.8+7.73 >0.05
RBC x10*/uL 869.2 + 28.25 874.7+22.88  >0.05
HGB g/dL 15.0+0.43 15.3+£0.28 >0.05
CBC HCT % 15.5+1.39 15.6 £0.75 >0.05
MCV fL 52.3+0.68 52.1£0.62 >0.05
MCH ng 17.3+0.29 17.5 + 0.30 >0.05
MCHC g/dL 33.0+0.30 33.5+0.21 >0.05
PLT x10*/uL 833+343 86.4 + 8.69 >0.05
TP g/dL 46+0.15 4.7+0.15 >0.05
ALB g/dL 3.0£0.12 3.1£0.08 >0.05
BUN mg/dL 26.1+2.43 235+ 1.68 >0.05
CRE mg/dL 0.1£0.01 0.1 +£0.01 >0.05
Na mEq/L 1443 +1.25 143.8 £0.69 >0.05
Biochemical K mEq/L 22.3+1.32 23.0+0.70 >0.05
parameters Cl mEq/L 104.5 + 1.80 103.3+ 1.80 >0.05
AST IU/L 46.7 £5.47 447+ 1.11 >0.05
ALT IU/L 21.0+3.46 20.5+0.76 >0.05
LDH IU/L 246.0 = 59.66 239.2 +23.69 >0.05
AMY IU/L 23783+ 192.85 2662.7+107.20 >0.05
CK IU/L 65.5+10.31 53.0+4.51 >0.05

Data are represented as means = standard errors of the mean (SEM.); n = 6 biologically
independent mice. Statistical analyses comprise the Student’s two-sided t test.

Abbreviations: ALB, albumin; ALT, alanine transaminase; AMY, amylase; AST, aspartate
aminotransferase; BUN, blood urea nitrogen; Cl, chlorine; CK, creatine kinase; CRE, creatinine;
HCT, hematocrit; HGB, hemoglobin; K, potassium; LDH, lactate dehydrogenase; MCH, mean
corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration; MCV, mean
corpuscular volume; Na, sodium; PLT, platelet; RBC, red blood cell; TP, total protein; WBC,
white blood cell.
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Very interestingly, the synthesized CNHs nanoconjugates demonstrated significant
anticancer effects with daily NIR laser irradiation. In mice injected with [Bmim][FeCls]—
PEG—CNH after magnetic induction, complete tumor elimination was observed by the
fourth irradiation, achieving a 100% cure rate (CR) and there was no recurrence in the
following 20 days (Figure 4.26). Although slight burns appeared on the skin at the tumor
site, these burn scars eventually fell off in later tests (Figure 4.27). In contrast, while the
solid tumor volumes of mice injected with PEG-CNH or [Bmim][FeCl4]-PEG-CNH
without magnetic attraction were generally controlled under NIR laser irradiation, with a
few tumors even being cured, tumor regrowth occurred once the laser treatment was
stopped. This suggests the instability of relying solely on the EPR effect for tumor
targeting. In the control group, which did not receive NIR laser irradiation, the anticancer
properties of the ionic liquids still had some effect. The growth rate of solid tumors of
mice injected with [Bmim][FeCls]-PEG-CNH slowed down, with even slower tumor

growth observed in mice where magnets were fixed at the solid tumor site.
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Figure 4.26 In vivo anticancer effect of various samples with and without laser irradiation.
Irradiation time = 5 min every day (total four times irradiation). Data are expressed as
means + standard error of the mean (SEM) (n = 5 biologically independent tests). *, p <
0.05, ** p <0.01, and *** p <0.001 by Student's #-test. The black arrows display the

time point of sample administration.
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Figure 4.27 Images of mice after each treatment.

Besides, the body weight and survival rate of the mice were monitored every other
day. Across all groups, the body weight of the mice increased steadily throughout the
experiment, indicating no adverse side effects from the treatments (Figure 4.28). Notably,
due to the anticancer effects of light-induced [Bmim][FeCl4]-PEG-CNH, the survival
rate of mice injected with the nanoconjugates was significantly extended, demonstrating

the therapeutic safety of [Bmim][FeCl4]-PEG—-CNH in cancer treatment (Figure 4.29).
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Figure 4.29 Kaplan—Meier survival curves of Colon26-tumor-bearing mice (n = 5
biologically independent mice) after tumor implantation for 30 days. Statistical
significance was calculated in comparison with the NS group. ***, p<0.001 by Log-rank

(Mantel-Cox) test.
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The solid tumor suppression behavior of NIR laser-induced [Bmim][FeCls]-PEG—
CNH was further investigated using hematoxylin and eosin (H&E) staining, terminal
deoxynucleotidyl transferase (TdT)-mediated 2'-deoxyuridine, 5 -triphosphate (dUTP)
nick end labeling (TUNEL), and cleaved caspase-3 staining analysis (Figure 4.30A).
Image-guided statistical IHC analysis using computer-aided software was also applied in
this study because it is a highly useful and reliable technique for detection and
quantification of target epitopes (e.g., proteins, structures, cellular components, etc.) in a
wide variety tissue types (Figure 4.30B).3”- 3 H&E staining shows that, the solid tumor
structure and cells were destroyed in [Bmim][FeCls]-PEG-CNH + Magnet + Laser,
[Bmim][FeCl4]-PEG-CNH + Laser and PEG-CNH + Laser groups under laser
irradiation, among which [Bmim][FeCls]-PEG—CNH + Magnet + Laser was the most
obvious, indicating a strong anti-tumor effect. Similarly, in TUNEL staining,
[Bmim][FeCl4]-PEG-CNH + Magnet + Laser also showed more apoptotic cells
compared with other groups. Contrarily, H&E staining of tumor tissues showed no
discernible lesions in the [Bmim][FeCls]-PEG-CNH + Magnet, [Bmim][FeCl4]-PEG—
CNH, PEG-CNH, and PBS groups since no laser irradiation. Cleaved Caspase3 staining
further confirmed the potent in vivo anti-cancer mechanism of laser-induced
[Bmim][FeCls]-PEG-CNH. Notably, cleaved caspase3 staining also shows brown dots
in [Bmim][FeCls]-PEG-CNH + Magnet and [Bmim][FeCl4]-PEG—CNH groups which
are without laser irradiation, indicating the anti-cancer effect of [Bmim][FeCls]. The PBS
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group as control didn’t show any positive signal from all the staining.
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Figure 4.30 A) H&E, TUNEL, and Cleaved Caspase3 stained tumor tissues collected
from different groups of mice at day 1 after their respective treatments. B) Statistical
analyses of IHC and TUNEL-positive stained tumor tissues in Figure 4.26A. Data are
represented as mean =+ standard error of the mean (SEM); n = 7 independent areas (region
of interest) in each tumor tissue collected from the groups of mice on day 1 after
treatments. Statistical significance was calculated in comparison with the PBS group. *,

p <0.05, and *** p <0.001 by Student’s t-test.
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4.4 Conclusion

In this chapter, we developed a chemotherapeutic, optical, and magnetically driven
ionic liquid-modified CNH nanocomplex with excellent water dispersibility and
photothermal stability. This represents the first application of a magnetic ionic liquid in
cancer treatment. These nanocomplexes exhibited efficient tumor targeting under an
external magnetic field and potent photothermal and NIR FL effects for cancer cell
theranostic in vitro and in vivo. By improving the precision control of the EPR effect, our
approach offers a promising strategy for precise and effective cancer theranostic, paving
the way for advanced biomedical applications of multifunctional nanomaterials. /n vivo
anticancer efficacy of CNH nanocomplex was obviously amplified to suppress tumor
growth via a simple and efficient nanoformulation strategy. At least, the efficacy of this
proposed CNH nanocomplex system against a syngeneic mouse model is better than those
of previous functional nanoparticles.>***! Moreover, we believe our nanosystem is better
than chemotherapeutic, light, and magnetic field monotherapy because the combination
therapy has apparently improved rates and durability of response to therapy. We also
envision that the advantage of synergistic strategy of the developed nanosystem is
effectively applicable to address tumor heterogeneity. Meanwhile, immune modulation
induced by nanosystem would offer a novel approach for an innovative cancer
immunotherapy.*** The proposed nanocomplex will be useful for designing an effective

platform for sophisticated immunological regulation.
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Conventional magnetic nanoparticles offer high magnetic moments and surface-
area-to-volume ratios that make them attractive for cancer hyperthermia and active-
targeted drug delivery system.** Additionally, they can function as contrast agents for
magnetic resonance imaging and can improve the sensitivity of biosensors and diagnostic
tools.** However, magnetic nanoparticles themselves do not have anticancer trait at all
unless modification with anticancer drugs. In this study, we first found that magnetic ionic
liquid itself has anticancer property in addition to various unique physicochemical traits
for cancer treatments and manipulation of droplets. We believe that magnetic ionic liquid
potentially offers versatile control due to their nature: 1) excellent fluidity, 2) adjustable
surface tension, 3) chemical controllability and designability, 4) ionic and thermal
conductivities, and 5) the ability to conjugate with other materials. These all-in-one
properties empower magnetic ionic liquid to exhibit controllable molecular functions, and
make magnetic ionic liquid susceptible to various fields, including electric, magnetic,
electromagnetic, wave, light, and biomedical fields. Moreover, the manipulation of
magnetic ionic liquid enable intriguing morphological changes and controllable motion
(e.g., directional locomotion) of magnetic ionic liquid with new fluidic phenomena and
practical applications such as soft electronics and robotics in addition to the current
proposed nanomedicine. Exploring of potentiality of magnetic ionic liquid functions has
just begun. We envision that the current study would help to stimulate imaginations for

developing future innovative applications of magnetic ionic liquids.
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Chapter 5

General Conclusion

161



Cancer remains one of the leading causes of death globally due to its invasive and
metastatic nature. Conventional treatments like surgery, chemotherapy, and radiotherapy
face limitations, including poor specificity, significant side effects, and limited efficacy
in metastatic stages. Photothermal therapy (PTT) has emerged as a promising alternative
for cancer treatment due to its advantages of high specificity, minimal invasiveness, and
reduced toxicity. PTT leverages photosensitizers that convert near-infrared (NIR) light
into heat, enabling the thermal ablation of cancer cells. Nanoparticles, due to their
enhanced permeability and retention effect, have shown promise as photosensitizers, but
challenges in stability, targeting, and functionalization have limited their broader
application.

This research focused on the development of multifunctional soft nanomaterials and
proposed a series of advanced intravenously injectable soft nanoconjugates for cancer
photothermal therapy. In Chapter 2, we discussed the synthesis of functional liquid metal
(LM) nanoparticles. Gallium-based eutectic alloys were used with surface modifications
using biomolecules to improve stability, dispersibility, and biocompatibility. The
nanoparticles demonstrated exceptional stability in aqueous solutions for extended
periods and high photothermal conversion efficiency (up to 49%), outperforming many
existing materials. The laser-induced LM nanoconjugates showed potent tumor ablation
capabilities in both in vitro and in vivo models, selectively targeting cancer cells with
minimal harm to normal tissues. In Chapter 3, we further modified the LM

nanoconjugates with anticancer drugs and immuno-checkpoint inhibitors, the
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incorporation of immunostimulants into LM nanoparticles enabled the combination of
PTT with immune system activation, opening the way for synergistic cancer treatments.
It is the first to exploit the various physicochemical properties of LM nanoparticles for
cancer immunotheranostics. Under synergistic treatment, tumors are eliminated more
efficiently and accurately. In Chapter 4, an optically and magnetically driven drug
delivery system using functional soft material ionic liquids and promising photo
exothermic material carbon nanohorns (CNHs) was proposed, which will expand the
concept of traditional nanoparticle accumulation mechanisms (EPR effect) by active
targeting effect. In fact, the synthesized CNHs nanoconjugates have more efficient
photothermal conversion efficiency (up to 63%) and can accumulate more effectively at
the tumor site due to the loading of magnetic particles, achieving precise tumor
elimination. Future studies should explore scaling production, detailed pharmacokinetics,
and long-term safety assessments in human trials. Additionally, integrating more
advanced targeting mechanisms and combining these nanoconjugates with other
therapeutic modalities could further enhance their efficacy.

In conclusion, our research on multifunctional soft nanomaterials has achieved
encouraging results. From biomolecule-modified nanoconjugates that highly rely on the
EPR effect, to antibody-bound immunogenic nanoconjugates with drug delivery
capabilities, and finally to smart nanoconjugates that can be controlled by external
magnetic fields. We believe that these multifunctional nanoconjugates will provide new

solutions for photothermal cancer therapy.
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