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Abstract

Photodynamic therapy, a non-invasive cancer treatment strategy, is one of the promising remedies
for malignant skin cancers. This therapy provides many advantages; high accuracy, minimal
invasiveness, availability of multiple irradiations at the same area, no long-term side effects, and
high cost-performance. Treating skin cancer with this method, it is essential to permeate sufficient
photosensitizer molecules into cancer cells before shining light for effective activation of
photosensitizers in a tumor to express potent reactive oxygen species, such as superoxide (O2"),
hydroxyl radical (OH"), singlet oxygen, and hydrogen peroxide (H20z), for eradicating cancer
cells. However, transdermal drug delivery using conventional photosensitizers has major
challenges due to skin barriers, resulting in less effective drug penetration and therapeutic
efficacies. To overcome these limitations, we applied biocompatible, physiologically dissolvable,
and optically activatable functional microneedle devices for effective percutaneous penetration of
drug molecules into the solid tumor under the skin of a mouse. One of the additional disadvantages
of photodynamic therapy is the powerful laser light needed to activate the photosensitizer. After
undergoing laser therapy, patients frequently experience skin burns, inflammation, edema, and
redness due to the strong laser light energy. Herein, we considered wireless LED light-induced
functional microneedle devices, effectively induce cancer cell apoptosis and disruption of the
tumor area, could enhance in vitro, ex vivo, and in vivo drug delivery effectiveness for skin cancer
treatment. The design and strategy of the present functional microneedle devices would help shed

light on future advanced cancer therapy.

Keywords: skin cancer, dissolvable microneedles, light-emitting diode, photodynamic therapy,

chemotherapy
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1.1 Introduction of skin cancer and treatments

The skin is the largest organ in the body. It accounts for approximately 15% of the body's weight.*
The skin exfoliates and produces new skin cells continuously. Inappropriate division of the skin
cell may cause it to spread and develop into skin cancer.? Skin cancer is found in approximately
5% of all cancers. It is often found among Caucasian people, people aged over 40 years, and in
more men than women. There are three types of skin cancer: basal cell carcinoma, squamous cell

carcinoma, and melanoma.?”’

Basal cell carcinoma (BCC) begins in the basal cells, which are cells that have a high ability to
divide (mitotically active). The cell's shape is columnar with a large nucleus, found at the bottom
of the epidermis. Basal cell carcinoma is the most common type of skin cancer. More than 80% of
skin cancer patients have this type of skin cancer.® This type of carcinoma occurs when one of the
skin's basal cells develops a mutation in its DNA. Basal cell carcinoma can arise from a variety of
factors, including radiation therapy, aging, immunosuppressive medications, a personal or family
history of skin cancer, and prolonged sun exposure. Prolonged sun exposure is thought to be the
main cause of basal cell carcinoma.®® Consequently, areas that are frequently exposed to sunlight
are common areas to find this type of cancer, such as head and neck areas. It is found more in
white people than in dark-skinned people.® Symptoms discovered include a smooth, shiny, pink,

red, or skin-colored lump. There could be tiny capillaries visible on the bump's surface.?®
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Figure 1.1 Basal cell carcinoma (BCC).°

Squamous cell carcinoma (SCC), or epidermoid carcinoma, is the second most common type of
skin cancer. It often appears on areas of the skin that are exposed to sunlight as well. In white-
skinned Westerners can be found in up to 20 percent of the total population.t! Compared to basal
cell carcinoma, squamous cell carcinoma can grow more quickly and has a larger chance of
spreading to other parts of the body. The origin of squamous cell carcinoma is the squamous
epithelial cell, a type of flat cell that is found in the middle layers of skin throughout the body,
including the cervix, lips, and mouth. Squamous cell carcinoma can arise from a variety of factors,
including immune deficiency, smoking, sunlight, toxins like arsenic, chronic wounds, radiation
therapy, some wart viruses (such as the human papilloma virus), and hereditary abnormalities.!>*3
The symptoms include a raised bump with a hard base and a scaly top. It can also occasionally

break into a wound, bleed, and enlarge.'*
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Figure 1.2 Squamous cell carcinoma (SCC).%*

Basal cell carcinoma (BCC) and Squamous cell carcinoma (SCC) are the main types of non-
melanoma skin cancer. The severity levels of non-melanoma skin cancer can be classified into 5

stages; 1>

« Stage 0 (Carcinoma in situ): A carcinoma indicates the presence of cancerous cells. The term "in
situ" refers to the cells remaining where they began to develop. Thus, although the cells have begun

to develop into cancer, they still have not proliferated or disseminated to neighboring skin regions.
« Stage I: Cancer has developed, and the tumor is no larger than 2 cm.
« Stage Il: The tumor measures larger than 2 centimeters, but not larger than 4 centimeters.

« Stage I1l: The tumor measures larger than 4 centimeters. It spreads into the area surrounding a
nerve (perineural invasion), beneath the subcutaneous tissue layer of fat beneath the skin, or close
to bones. A tumor that is smaller than 4 centimeters but spreads to one lymph node on the same

side of the body can be classified into this stage.
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- Stage IV: Any size of cancer may have spread to the subcutaneous tissue or to the tissue
surrounding the nerves beneath the dermis. It could damage bone by spreading to bone marrow or
other bone, including the base of the skull. Additionally, there are already cancers in one or more

lymph nodes.

Malignant melanoma is a cancer that arises from melanocytes that produce pigment in the skin.
Compared to other types of skin cancer, this one is less frequent but more dangerous because it
can quickly spread into the bloodstream. It is the cause of death for 75% of all skin cancer
patients.!” This kind of melanoma is usually observed in up to 160,000 cases worldwide annually,
with the majority of cases occurring in the white population.'® According to its characteristics,
melanoma can be classified into five types: superficial spreading melanoma, nodular melanoma,
lentigo maligna melanoma, acral lentiginous melanoma, and amelanotic melanoma. There are
many causes of melanoma skin cancer. A significant factor is UV radiation exposure in sunlight.
Additional causes include certain hereditary diseases, immune deficiency, chemicals such as
arsenic, chronic wounds, radiation therapy, certain types of wart viruses (the human papilloma

virus), smoking, etc.1%20
The severity levels of melanoma can be classified into 5 stages;'??

« Stage 0 Melanoma (in situ): The malignant tumor is still limited to the epidermis, the topmost
layer of the skin. It has not spread into the dermis, the second layer of skin. It has not spread beyond

the primary tumor.

« Stage | Melanoma (localized tumor): Tumors can be found in both the epidermis and dermis.
Melanoma is up to 2 mm thick and may or may not have ulceration. There is no evidence that the

cancer has spread to lymph nodes or has metastasized.
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« Stage Il Melanoma (localized tumor): Tumor can be found in both the epidermis and dermis. The
melanoma is more severe than Stage I. The tumor is deeper than stage I, and there is a presence of

ulceration. The cancer has not spread to lymph nodes or has metastasized.

« Stage Il Melanoma (regional spread): Tumor has spread to regional lymph nodes or has
developed in-transit deposits of disease. However, no evidence of distant metastasis has been
observed. It has reached the closest lymph nodes from the initial tumor, but it has not migrated to

further areas.

« Stage IV Melanoma (metastasis beyond regional lymph nodes): Melanoma has spread beyond
the initial tumor location and the local lymph nodes to more remote parts of the body. The most
often metastasized sites for Stage IV melanoma, for example, bone, brain, lungs, liver, and/or

intestines.

Figure 1.3 Malignant melanoma.?®

There are currently a number of treatments available for skin cancer, such as surgery, curettage
and electrodessication, cryotherapy, radiation therapy, chemotherapy, and photodynamic

therapy.2* The effectiveness of each cancer treatment method is different depending on the type of
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skin cancer and the severity of the cancer. Dermatologists will use their discretion in choosing
treatment methods that are appropriate for each patient. They can treat skin cancer more

successfully by employing more than one therapy method.?
1.2 Standard cares of skin cancer

Skin cancer diagnosis is a prerequisite for treatment. The doctor may carry out the following

examinations and procedures to identify skin cancer;1516:2>-27

« Skin exam: Checking the skin for lumps or areas that look abnormal in terms of size, color, form,

or texture.

« Take a sample of skin that seems suspicious for testing (skin biopsy): The doctor may remove
the suspicious-looking skin for lab testing. A biopsy can identify the type of skin cancer. The 4
principal types of skin biopsies are shave biopsy, punch biopsy, incisional biopsy, and excisional

biopsy.

If patients are diagnosed with skin cancer, they may undergo further testing to ascertain the extent

(stage) of the disease as follows:

« CT scan (CAT scan): A process that creates a number of detailed pictures of internal body parts,
like the head, neck, and chest, from various perspectives. The images are created using a computer
connected to an x-ray machine. The names for this process are computerized tomography,

computerized axial tomography, and computed tomography.

* Chest x-ray: An x-ray is a kind of energy beam that can create an image of parts of the body by

passing through it and onto film.

» Lymph node biopsy: The excision of a lymph node in its entirety or in part. A pathologist looks

under a microscope at the tissue from the lymph nodes to check for cancerous cells.
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« Positron emission tomography scan (PET scan): The process identifies cancerous cells within the
body. A tiny quantity of sugar, or radioactive glucose, is injected into a vein. Since cancerous cells
are more active and absorb more glucose than healthy cells, the PET scanner creates an image of
the areas of the body where glucose is being consumed by cancerous cells and appears brighter in

the image.

« Ultrasound exam: A process that creates echoes when high-energy sound waves, or ultrasonic
waves, bounce off inside structures like lymph nodes or organs. The echoes create an image of
body tissues called a sonogram. An ultrasonography examination of the local lymph nodes may be

performed for basal cell carcinoma and squamous cell carcinoma of the skin.

Once patients have been informed of the type and stage of their skin cancer, a dermatologist will
select the treatments that take into consideration the size, type, depth, location of the lesions, and

stage of the skin cancer.

« Surgery: This type of treatment can be appropriate for any type of skin cancer. A dermatologist

excises the malignant tissue and the surrounding margin of healthy skin.

« Cryosurgery: This technique, which uses liquid nitrogen to freeze cancerous tumors, can be
appropriate for actinic keratoses and some early skin cancer. The dead tissue sloughs off when it

thaws.

» Mohs micrographic surgery: The doctor removes the skin growth layer by layer until no abnormal
cells are left under the microscope. This treatment is most appropriate for treating early-stage,
localized skin cancers, particularly when the cancer is at stage 0 (carcinoma in situ) or stage | and
stage Il skin cancers. However, it may also be used in certain cases of higher-stage or recurrent

cancers when precise removal is necessary.
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« Radiation therapy: This treatment uses powerful energy beams, such as X-rays, to eliminate
cancer cells. This treatment can be used for various stages of skin cancer. Its appropriateness
depends on the type and specific circumstances of the cancer, including early-stage skin cancer
(stages I and I1), locally advanced skin cancer (stage Il1), and palliative treatment for advanced

skin cancer (stage V).

« Curettage and electrodesiccation: The tumor is cut from the skin with a curette, a sharp instrument
created like a spoon. An electric current is then applied to the area using a needle-shaped electrode,
which stops the bleeding and eliminates any cancer cells that might still exist around the wound's
edge. This treatment is primarily appropriate for treating early-stage skin cancers, specifically
stage O (carcinoma in situ) and stage | cancers. It is most often used for small, well-defined,
superficial non-melanoma skin cancers due to its effectiveness in treating cancers that are not

deeply invasive.

« Immunotherapy: This treatment against cancer through employing the patient's immune system.
Immunotherapy is increasingly used for advanced-stage skin cancer, particularly for stage 111 and
IV melanoma, and in certain cases for advanced squamous cell carcinoma (SCC). It is most
beneficial for cancers that have spread beyond the primary site or that are resistant to traditional

treatments.

« Chemotherapy: This treatment employs drugs that either Kkill or prevent the division of cancer
cells to stop the growth of cancer cells. Chemotherapy is typically used for advanced-stage skin
cancer (usually stage Il or IV) or for cases where other treatments, like surgery or radiation, are
not effective or possible. It is generally not the first-line treatment for most types of skin cancer,
particularly non-melanoma skin cancers like basal cell carcinoma (BCC) and squamous cell

carcinoma (SCC), which are often treated with localized therapies.
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« Photodynamic therapy: Photodynamic therapy is a cancer treatment that eliminates cancer cells
by combining a drug with a certain kind of light. The drug, which is either applied or injected into
a vein, accumulates higher in cancer cells than in normal cells. A drug is inactive until it is exposed
to light. Photodynamic therapy is primarily used for early-stage, superficial skin cancers,
particularly stage O (carcinoma in situ) and stage | cancers. PDT is most effective for non-
melanoma skin cancers that are located on or near the surface of the skin, as well as for some

precancerous lesions.
1.3 Photodynamic therapy

Photodynamic therapy is one of the most widely used methods for treating cancer. This method is
frequently used to treat many types of cancer, such as pancreatic cancer, bile duct cancer,
esophageal cancer, lung cancer, brain cancer, and is commonly used to treat certain skin diseases
(actinic keratosis and nonmelanoma skin cancer).? To treat skin cancer using photodynamic
therapy, dermatologists first exfoliate the skin to eliminate dry skin or crusting before applying a
photosensitizer (PS) and waiting at least three hours for the agent to penetrate the cancer cells.
Then, involving the doctor shining light on the skin to activate photosensitizer to generate reactive
oxygen species (ROS), including superoxide (O27), hydroxyl radical (OH"), singlet oxygen, and
hydrogen peroxide (H202), to kill cancer cells.?® Photodynamic therapy has several benefits for the
treatment of cancer, including high precision, less invasiveness than surgery, repeatability in the
same location, lack of long-term side effects, and lower cost compared to other skin cancer
treatments.3® However, the limitations of photodynamic therapy still exist. Since applying drugs
to the cancer tumor is the strategy used in photodynamic therapy, this can cause limitations in drug
delivery efficiency due to the stratum corneum (outer layer of the skin), which functions as a

barrier to prohibit foreign objects from entering the body through the skin.3! As a result, the applied
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drug is unable to be delivered to the cancerous tumor as effectively, which affects the efficiency
of treating skin cancer. Moreover, adverse effects from photodynamic therapy still result from the

use of high-intensity laser light to stimulate the photosensitizer's activity. After undergoing laser

therapy, patients frequently report experiencing skin burns, inflammation, edema, and redness.3%3
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Figure 1.4 Schematic illustration of photodynamic therapy.?®

1.4 Dissolvable microneedles

Microneedles (MN) are micron-sized needles, ranging from 25 to 2000 um in height, made of a
variety of materials and shapes.* Application of MNs to the skin can create micron-sized transport

pathways that allow enhanced delivery of a wide range of drug molecules. MNs were first
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introduced in 1971 by Gerstel and V. A. Place, which were made from silicon. The initial concept
was to create skin micropores before applying drugs.®>*® With the advancement of technology,
there are now five main categories of microneedle technology: solid, coated, hollow, hydrogel-
forming, and dissolvable.*® Dissolvable microneedles (DMNs) are one of the MNs used to enhance
drug delivery through the skin. They were first published in the report in 2005 by Miyano et al.
They created DMNs from maltose, a disaccharide made from two units of glucose, to distribute
vitamin C through the skin.®* DMNs can be formed by several methods, including droplet air
blowing®, drawing lithography®, photopolymerization®, and micromolding®. Currently, it can
be molded from a variety of materials that must have properties such as being harmless, degradable
in human skin, cellularly compatible, and biocompatible.>*4° These materials are commonly used
in the molding of DMNs, for example, gelatin®*2 polyvinyl alcohol (PVA)%,
polyvinylpyrrolidone (PVP)*, hyaluronic acid (HA)*, and sugars*®4’. The working principle of
DMNs is that when they are implanted into the skin, the needle will dissolve in the interstitial fluid
in the skin and release the loaded drug into the skin. The advantages of using DMNs for
transdermal drug delivery are that they are drug release-controlled, safe, non-invasive,
inexpensive, self-administered, non-biohazardous, and waste-sharpless.3® DMNs have reportedly
been used to deliver different active compounds into the skin. Among them is the delivery of
cancer drugs. For example, in the study by Ye et al.*® They used hyaluronic acid (HA)-based
microneedles to deliver the immunoinhibitory receptor programmed cell death protein 1 (PD1)
and the immunosuppressive enzyme indoleamine 2,3-dioxygenase (IDO) to B16F10 melanoma in
immunotherapy. The results demonstrated that HA-DMNs sustained the release and enhanced
retention of checkpoint inhibitors in the tumor microenvironment. Furthermore, it was shown that

combining PD1 with IDO produced a synergistic effect that improved the effectiveness of cancer
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treatment. In the study by Fu et al.,*® they used dissolvable microneedles fabricated from
vinylpyrrolidone-vinyl acetate copolymer (PVPVA) to deliver two types of cancer drugs:
photosensitizer IR820 and chemotherapy agent cisplatin (CDDP) for chemo-photodynamic
therapy against breast cancer. The results demonstrated that PVPVA-DMNs performed well at
delivering drugs to the skin. The needle dissolved within 10 minutes after being inserted into
murine skin. Furthermore, it was discovered that the combination of IR820 (photosensitizer) with
CDDP (chemotherapy drug) results in a more effective synergistic effect on cancer eradication

than either drug used alone.

SRS

Figure 1.5 Dissolution mechanism of dissolvable microneedles.
1.5 Light-emitting diode

LED is a semiconductor device that combines a P-type region (positive charges, larger hole
concentration). P-type regions are typically made of elements or compounds that have free-valence
electrons, typically silicon (Si) or germanium (Ge).>° Another part is the N-type region (negative
charges, larger electron concentration). N-type regions are typically made of elements or
compounds that have extra-valence electrons, typically phosphorus (P), arsenic (As), or antimony
(Sb).>! An LED operates on the basis that when it receives a sufficient voltage, current flows and
electrons move across the junction from the N region into the P region, where the negatively

charged electrons combine with positive charges. Each combination of charges is associated with
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an energy level reduction that may release a quantum of electromagnetic energy in the form of a
light photon.>? Making changes in the characteristics of the semiconductor material allows for the

various frequencies and perceived colors of emitted photons.

The origin of LED lighting begins with the discovery of electroluminescence. The creation of LED
lights is based on the electroluminescence principle.>® This occurrence was observed in 1907 by
Henry Joseph Round of Marconi Laboratories using a silicon carbide crystal and a cat's-whisker
detector.%® The first light-emitting diode for practical application was created in the 1950s using
semiconductor gallium arsenide. The development of LEDs continued until 1962, when Nick
Holonyak, Jr. created the first LED that produced red light that could be clearly observed while
working for General Electric.>” With the advantages of LED are that its long-lasting capability,
low power requirements, swift response time, and fast switching capabilities.>* Nowadays, there
are many types of LEDs that have been invented, including miniature LEDSs, high-power LEDs,
flash LEDs, bi- and tri-color LEDs, alphabetic LEDs, and lighting LEDs.5® LEDs have been
developed and employed in a wide range of applications including robotics, optical
communication, remote control operations, security and alarm systems, and, especially recently,
photodynamic therapy for the treatment of cancer.®° For example, Shi et al.*® investigated the
application of three different LED types: intense, sparse, and point, to increase the activity of
hematoporphyrin derivatives (photosensitizers) in the eradication of gastrointestinal cancer in both
in vitro and in vivo experiment. The experimental results demonstrated that the type of LED array
significantly affected the performance of PDT for gastrointestinal cancer. Intensive LED-PDT
induced earlier and more serious cell death, including apoptosis and necrosis, than sparse LED-
PDT and point LED-PDT. Choi et al.?® investigated the use of an implantable micro-scale LED by

implanting the LED into the core of a tumor to generate mild visible light and activate the
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verteporfn (photosensitizer) in order to eradicate CT26 colon tumors in mice. The results
demonstrated that 100% total tumor regression can be achieved with implanted micro-LED guided
PDT in combination with immune checkpoint suppression. Furthermore, the procedure creates
systemic immunological memory that helps prevent tumor recurrence.
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Figure 1.6 The principal operation of LEDs.5!
1.6 Purpose and outlines

Dissolvable microneedles (DMNSs) are an effective device for delivering drugs into the skin with
the ability to regulate drug release rate, safety, non-invasiveness for the user, cost-effectiveness,
and lack of sharp waste. Numerous studies have reported on the use of DMNs to deliver various
types of active compounds. One such application involves the delivery of photosensitizer into the
skin before light-shining to treat cancer following a photodynamic procedure. The results
demonstrated that DMNs help deliver drugs into the skin more efficiently, resulting in improved
cancer treatment efficiency. Moreover, the use of a high-intensity laser for stimulating
photosensitizer was also considered due to reports that patients experienced skin burns,

inflammation, edema, and redness after light shining. Shining light from LEDs instead of using
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high-intensity laser light to stimulate the photosensitizer is an interesting method as an alternative

light source for treating skin cancer using photodynamic techniques.

Based on the previously provided information, the researcher created the microneedle optical
device (MOD), a device for skin cancer treatment employing photodynamic therapy strategies.
The device consists of two parts. One is a part of dissolvable microneedles (DMNSs) fabricated
from sorbitol in micron-sized needles containing chlorin e6, a photosensitizer, and doxorubicin, a
chemotherapeutic drug. When these two drugs are used in combination, they provide a synergistic
effect that improves the result of skin cancer treatment. Another part is a small light-emitting bulb.
The researchers used LEDs instead of high-intensity laser light. Using LED causes fewer negative
effects and is less expensive than using laser light. The usage of MOD is in two steps, the first step
is to puncture the DMNs loading drugs onto the skin tumor area. The sorbitol needle dissolves in
the interstitial fluid of the skin, allowing the drugs to be released into the skin. The support will be
peeled off then. The second step involves applying the LED to the skin to activate chlorin e6's
activity. The goal of the research is to develop a novel approach to treat skin cancer with this
microneedle optical device (MOD). We would like to create a device that effectively combats skin
cancer while minimizing the adverse effects from employing high-intensity lasers. Without the use
of laser equipment, the MOD is smaller in size, which is easier to use, has a lower price, and can
be developed as a self-use device following the dermatologist’s guidance. The self-use feature of
this device and its reasonable price make it appropriate for people who cannot afford hospital
medical care or who live far from a medical facility. This device may be utilized to suppress the

growth of cancerous tumors in patients before receiving further treatment.
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2.1 Introduction

Dissolvable microneedles (DMNs) operate using the simple "poke and release" principlel,
whereby the drug contained in the microneedle tips is released as soon as the microneedle
penetrates the skin. There are many materials commonly used to create DMNSs, such as gelatin®?,
polyvinyl alcohol (PVA)?* polyvinylpyrrolidone (PVP)®° hyaluronic acid (HA)®, and mono-
disaccharide”®. Each type of material has different physical characteristics and drug release rates,
depending on the desired usage. DMNs that require rapid drug-release in the skin, mono-
disaccharides are a common material option because of their hydrophilic characteristics, rapid
solubility in water, and good mechanical strength. Mono-disaccharide-based DMNs will dissolve
rapidly in the skin's interstitial fluids after application. Mono-disaccharides that have been reported

to be used to fabricate DMNSs such as sucrose®, maltose®1?, trehalose®!2, and sorbitol*314,

Sorbitol is a sugar substitute obtained from the glucose-reducing process with the enzyme
aldehyde/aldose reductase®®. There have been reports of the formation of DMNSs using sorbitol, for
example the report from Kolluru et al.'3, they investigated the use of DMNs fabricated from a
mixture of maltodextrin and D-sorbitol in histidine buffer for storage and delivery of polio vaccine
(IPV) compared with conventional liquid IPV. The results demonstrated that commercial liquid
IPV types 1 and 2 lost almost all activity in less than a month when stored at 40 °C, whereas IPV
type 3 had less than 40% activity. In contrast, DMNs are more effective than traditional liquid IPV
at preserving IPV activity. After two months and a year, all three IPV serotypes maintained >40%
and >20% activity, respectively, at 40°C. Moreover, DMNs can rapidly deliver drugs to the skin.
The needle dissolved within 15 minutes after inserting DMNSs into a shaved porcine cadaver.
Caffarel-Salvador et al.!* investigated the use of polyvinylpyrrolidone-based MNs and sorbitol-

based MNs to deliver human insulin (HI) through the palate and buccal mucosa of swine. The
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results demonstrated that both kinds of DMN needles dissolved rapidly and delivered HI
effectively. In the case of polyvinylpyrrolidone-based MNs, HI Cmax of 76 and 135 pM were
observed after 40 to 50 min after application to the palate and buccal mucosa, respectively.
Meanwhile, sorbitol-based MNs demonstrated higher variability when administered
subcutaneously, with an HI concentration of up to 600 pM. HI Cmax of 111 and 130 pM were
observed after 70 to 40 min after application to the palate and buccal mucosa, respectively.
According to the research mentioned above, sorbitol has been demonstrated to be a desirable
material for DMN creation due to its ability to maintain the active's quality while dissolving rapidly
in the skin. Moreover, sorbitol is a sugar with a low glycemic index and has an antimicrobial effect.
When sorbitol is fabricated as DMNSs, it possesses not only the typical characteristics of DMNs
made of mono-disaccharides but also the ability to have antibacterial properties and not raise users'

blood sugar levels.1%

There are now a number of techniques for creating DMNSs, including droplet air blowing*é,
drawing lithography*®, photopolymerization®®, and micromolding®®. One of the most often used
techniques for creating DMNs is micromolding, which is energy-efficient, portable, and capable
of producing several workpieces at once.?’ The micromolding method involves placing the fluid
material to be molded onto the microneedle mold. The material's fluid is then able to enter the
microneedle mold once the air is removed by vacuuming the mold. The DMNSs are subsequently

peeled off the mold after drying.

In this study, the researcher therefore developed an interest in creating sorbitol-based DMNs using
micromolding method with a 13 x 12 microneedle mold contained in a polydimethylsiloxane
(PDMS) mold patch size of 12 x 11 mm. The drugs chlorin e6 (Ce6, photosensitizer), doxorubicin

(DOX, chemotherapeutic drug), the combination of Ce6 and DOX, and methylene blue (MTB,
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model drug) were loaded into sorbitol-based DMNs, and their various characteristics were then

investigated.
2.2 Materials and methods
2.2.1 Preparation of silicone mold

The silicone rubber fluid (Rungart Resin Company, Thailand) was homogenously mixed with
silicone crosslinker (1:1, 100 mL) before being poured into iron master molds (Mineed
Technology, Thailand) and placed under vacuum for 5 min. The silicone-filled iron master molds
were incubated at 100 °C for 15 min. The crosslinked silicone molds were subsequently cooled to

room temperature (25°C) before being peeled off the iron master molds.
2.2.2 Preparation of DMNSs loading methylene blue (MTB-loaded DMNs)

The silicone molds were degased in DI water for 5 min before loading of MTB solution (10 mg
mL* in distilled water, 22.3 pL) on silicone molds. The MTB-filled mold was placed in a light-
proof box containing silica gel (AS ONE Corporation., Osaka, Japan) until it dried. The sorbitol
solution (235% wi/v in distilled water, 0.4 mL) was then dropped on the MTB-filled silicone and
vacuumed for 2 min. The excess sorbitol solution on the silicone mold was cut off and placed in
the light-proof and moisture-controlled chamber for 24 h. Then the bandage (1.2 x 1.2 cm) is
placed on the mold and put them in the light-proof and moisture-controlled chamber for 48 h before

peeling the DMNs from the silicone mold.

2.2.3 Preparation of DMNs loading chlorin e6, doxorubicin, or a combination of Ce6 and

DOX (Ce6—, DOX—, or Ce6-DOX-loaded DMNSs)

The silicone molds were degased in distilled water for 5 min before loading of Ce6 solution (2 mg

mL? in ethanol, 90 pL) or/and DOX solution (1 mg mL* in distilled water, 43.2 pL). The drugs-
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filled mold was placed in a light-proof box containing silica gel (AS ONE Corporation., Osaka,
Japan) until dried. The sorbitol solution (235% w/v in DI water, 0.4 mL) was then dropped on the
Ce6—, DOX—, or Ce6-DOX-filled silicone and vacuumed for 2 min. The excess sorbitol solution
on the silicone mold was cut off and placed in the light-proof and moisture-controlled chamber for
24 h. Then the bandage (1.2 x 1.2 cm) is placed on the mold and put them in the light-proof and

moisture-controlled chamber for 48 h before peeling the DMNSs from the silicone mold.

- OH OH
- oA Ao
OH OH
\]:I'/

Pump to degas

and prime mold Sorbital
solution
Drop drug Dried  Drop sorbitol Dried  Attachthe  Peel Yy
A i . solution into solution into bandage
CeB-DOX solution MTB solution primed mold casted mald Vacuum CeB-DOX-loaded

DMNs
and
MTB-loaded DMNs

Figure 2.1 Schematic of DMN preparation using micromolding method.
2.2.4 Morphology of DMNs

The MTB-loaded DMNs and Ce6-DOX-loaded DMNs were kept in a light-proof box containing
silica gel (AS ONE Corporation., Osaka, Japan) before being imaged by digital microscope (3R

AnytyTM).

2.2.5 Drug loading efficiency

The total needles from Ce6-loaded DMNs and DOX-loaded DMNs were detached from the base
and dissolved in ethanol and DI water, respectively. The needle solutions were evaluated using a

fluorescence spectrometer to determine the concentration of Ce6 or DOX, comparing the standard

solution curves. The drug loading amount was calculated according to the following equation:
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Loadi ffici _ Amount of loaded drug in the needles (ug) < 100
oading etidency = Amount of drug used to load (ug)

2.2.6 Mechanical properties

Ce6-DOX-loaded DMNs were carried out using the universal testing machine (UTM, Shimadzu
EZ-S, Shimadzu Corporation, Tokyo, Japan). These DMNs were analyzed using a compressor
with a diameter of 1.5 cm at the constant crosshead speed of 1.0 mm min™. The displaced distance
was recorded along with the compressive force with the maximum compressive force set at 400
N. The measurement was stopped when the compressor reached the maximum force. The

mechanical results are divided by the total number of needles to examine the force per needle.
2.2.7 In vitro efficacy of drug delivery

Franz diffusion cell was used to carry out the released MTB from MTB-loaded DMNSs. Briefly,
phosphate buffer saline (pH 7.4, 10 mL) was used as the receptor medium, which was controlled
at 37°C and continuously stirred by a magnetic stirrer. MTB-loaded DMNs were pressed and
mounted on the porcine skin. At different time points (3 h, 6 h, 12 h, and 24 h), incubated solution
(1 mL) was taken out and replaced with an equal volume of phosphate buffer saline (pH 7.4). The
taken-out solutions were evaluated using UV-visible spectrometer to determine the released MTB
comparing standard solution curve (Figure 2.4). To evaluate released MTB from MTB solution
alone or MTB solution with Tween 80 (5% v/v) solution, the solutions were applied on porcine
skin and performed the same experiment as the MTB-loaded DMNs’s experiment. All experiments
were performed in triplicate. The delivery efficiency was calculated according to the following

equation:

Deli ffici _ Amount of released MTB (ug) e
CHVeLy eICIeneY = Amount of MTB in the patch/gel (ug)
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2.2.8 Ex vivo efficacy of drug delivery

To evaluate the diffusion of MTB-loaded DMNSs in porcine skin, fresh porcine skin was placed on
the phosphate buffer saline (pH 7.4) at controlled temperature (37 °C) for 15 min. Then, MTB-
loaded DMNs were pressed for 10 s and mounted with plastic tape. The DMNs-pressed skin was
placed on phosphate buffer saline (pH 7.4) at 37 °C. At different time points (0, 5, 10, 20, 30, 60,
90, 120, 150, and 180 min), the DMNs-pressed skin was surgically sectioned, and the tissue section
was examined under digital microscope (3R AnytyTM). To evaluate the diffusion of MTB solution
alone or MTB with Tween 80 (5% Vv/v) solution in porcine skin, fresh porcine skin was placed on
the phosphate buffer saline (pH 7.4) at controlled temperature (37 °C) for 15 min. Then, skin was
gently treated with MTB solution alone or MTB with Tween 80 (5% v/v) solution and performed

the same experiment as the MTB-loaded DMNSs’s experiment.

MTB-loaded DMNs

Porcine skin
— PBS

— Aluminum bath

—Water bath (37 °C)

Figure 2.2 Ex vivo investigation of drug distribution in porcine skin.

2.2.9 Statistic analysis

Every experiment was carried out in triplicate and repeated three or more times. Quantitative
values are demonstrated as the mean + standard deviation (SD) of at least three independent

experiments. Statistical differences were performed by the one-way analysis of variance
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(ANOVA). P-values <0.05 were considered significant, and P-values <0.01 were considered

highly significant.
2.3 Results and discussion
2.3.1 Fabrication and characterization of Ce6-DOX-loaded DMNs and MTB-loaded DMNs

DMNs loading chlorin €6 and doxorubicin (Ce6-DOX-loaded DMNs) and DMNs loading
methylene blue (MTB-loaded DMNs) have been successfully fabricated via micromolding process
(Figure 2.3). Both Ce6-DOX-loaded DMNs and MTB-loaded DMNs have dimensions of 12 x 11
mm containing an array of 13x12 needles. The needles are rectangular prism with a pyramid on
top. The average height of the needle is 1000 um, with the height of pyramid part and prism part
of 600 um and 400 um, respectively. The size of the needle-base is 300x300 pum which located on
half circle with a diameter of 300 um. The tip-to-tip distance of 1000 um. The majority of drugs
are loaded at the tip of needles. This assists in delivering the drug to the skin's deeper layers when

implanted into the skin.

Figure 2.3 Morphology of A) Ce6-DOX-loaded DMNs and B) MTB-loaded DMNS.

2.3.2 Drug loading efficiency

Ceb6-loaded DMNs and DOX-loaded DMNs were scraped off only the needle part. The Ce6
needles and DOX needles were then dissolved in ethanol and distilled water, respectively. The

emission of the Ce6 needle solution and the DOX needle solution was measured comparing
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standard solutions using a fluorescence spectrometer at 667 nm and 593 nm as shown in Figure

2.4, respectively. The results demonstrate that the micromolding method for creating DMNSs yields

the encapsulation efficiency of Ce6 and DOX at 91.12% and 86.37%, respectively.
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Figure 2.4 Relationship between concentration and absorbance, and calibration curve of A) Ce6,

2.3.3 Mechanical properties

B) DOX, and C) MTB standard solutions.

The mechanical properties of three Ce6-DOX-loaded DMNs were measured using the universal

testing machine. The results demonstrate that Ce6-DOX-loaded DMNs have a force tolerance of

1.34 N/needle (Figure 2.5), which is greater than the minimal force tolerance of 0.345 N/needle

required for MN implantation into the mammalian skin.
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Figure 2.5 Mechanical measurement of Ce6-DOX-loaded DMNSs. A) Graphs of displaced
distances and applied forces of Ce6-DOX-loaded DMNs and B) photos of Ce6-DOX-loaded

DMNs after mechanical compression.
2.3.4 In vitro efficacy of drug delivery

MTB was used as a model drug to study drug release profiles using the Franz cell technique. The
study examined three different types of drug delivery through the skin: applying MTB solution
alone, applying MTB solution mixed with Tween 80 (5% v/v), and implanting MTB-loaded DMNs
on porcine skin. The results are demonstrated in Figure 2.6. After 3 h of application, the drug
solution or the drug mixing the penetration enhancer (Tween 80) had drug delivery efficiencies of
3.21% and 4.93%, respectively. Even after 24 h, only 14.17% and 17.77% of the drug could be
delivered into the medium, respectively. Meanwhile, using MBT-loaded DMNSs, even after only 3
h, the drug can be delivered up to 11.92%, which improves the efficiency of drug delivery into the
skin more than two times compared to topical application. After the 24-h period has passed, the
drug can be delivered up to 32.56%. Thus, it may be concluded that the use of DMNSs results in a

better efficiency of drug delivery into the skin than drug delivery in the form of topical application.
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Figure 2.6 In vitro cumulative released MTB using Franz cell technique. Data are expressed as
means * standard error of the mean (SEM) (n=3). Significance was assessed using one-way

analysis of variance (ANOVA); **p < 0.01 and *p < 0.05.

2.3.5 Ex vivo efficacy of drug delivery

The MTB distribution in the skin of the three different types of samples was examined by cross-
section using a digital microscope at various times. As demonstrated in Figure 2.7, applying the
MTB either as a MTB solution alone or as a MTB mixed with Tween 80 reveals minimal
absorption and distribution of MBT in the skin. The majority of the MBT remained on the skin. In
the meantime, MBT can be delivered intradermally into deeper layers using MTB-loaded DMNSs.
The MTB distribution was evidently widespread and deep in the porcine skin over the same period
of time. As a result, it may be argued that using DMNSs to deliver drugs into the skin results in a

more effective drug distribution and delivery than applying drugs topically.
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Figure 2.7 Ex vivo MTB distribution in porcine skin.
2.4 Conclusion

A simple micromolding method was used to successfully fabricate Ce6-, DOX-, Ce6-DOX-, and
MTB-loaded DMNSs. The majority of the drugs were located at the needle's tip, with the
encapsulation of Ce6 and DOX of 91.12% and 86.37%, respectively. The 12 x 11 mm moldable
DMN containing 13 x 12 micron needles, each with a height of 1000 pum. The Ce6-DOX-loaded
DMNs can withstand a pressure of up to 1.34 N/needle, which is strong enough to penetrate
mammalian skin. By implanting DMNSs into porcine skin to investigate drug release and drug
distribution using MTB as a model drug, DMNs were found to significantly increase drug delivery
and distribution in the skin when compared to applying MTB solution alone or MTB solution with
Tween 80 (5% v/v). In a 24-hour period, DMNs were able to improve drugs penetration into the
skin by 32.56%, whereas using MTB solution alone or in combination with Tween 80 had

penetration percentages of only 14.17% and 17.77%, respectively.
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3.1 Introduction

Colon-26 is a mouse colon cancer cell line produced from the tumor tissue of Balb/c mice bearing
Colon-26 carcinoma, generated by a single rectal administration of N-nitroso-N-methyl-urethan
(NMU).12 Colon-26 is typically cultured in RPMI 1640 supplemented with 10% FBS and rises in
15to 20 hours. The Colon-26 cells were used to produce the cachectic mouse model for the purpose
of studying cancer cachexia, a syndrome characterized by a gradual loss of skeletal muscle mass
and adipose tissue that results in weight loss and weakness.! Following Colon-26 cell inoculation,
the transplanted mice developed the following syndromes: hypoglycemia, hypercorticism,
prolonged and significant weight loss as tumor progression, and abnormalities of hepatic
functioning. As the Colon-26 tumor grew, muscular cross-sectional area and muscular strength
decreased, and skeletal muscle and adipose tissues were gradually eliminated. The loss of muscle
tissue caused by the Colon-26 tumor might be related to the activation of proteolytic mechanisms
in skeletal muscle.’? To eliminate Colon-26 or other cancer cell lines in cachectic mice models,
many anticancers have been used in several studies. The drugs were investigated, including

photosensitizers and chemotherapy drugs.*’

B16F10 melanoma is a murine (mouse) cell line extensively used in cancer research, particularly
in studies related to melanoma, a severe form of skin cancer.® The B16F10 cells came from a
spontaneous melanoma in C57BL/6 mice. They are known to be aggressive and have a high ability
to metastasize, which makes them a useful tool for studying cancer biology and possible
treatments.® B16F10 melanoma cells exhibit rapid growth and the ability to metastasize to various
organs, including the lungs, liver, and spleen, mimicking the behavior of human melanoma.® This
property allows researchers to study not only primary tumor development but also the mechanisms

underlying metastasis, which is a critical aspect of cancer progression and patient prognosis.
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Photosensitization is the fundamental principle of photon absorption and subsequent energy
transfer. Photosensitizers are molecules capable of absorbing photons of specific wavelengths,
typically within the ultraviolet or visible spectrum. Upon absorption, these molecules undergo a
transition to an excited state, characterized by increased energy levels. This energy can then be
transferred to adjacent molecules, initiating diverse photochemical processes.!*'? There are
various mechanisms of photosensitizer, depending on their specific properties and the target
application.’> In photodynamic therapy (PDT) to eliminate cancer tumors, photosensitizers are
administered to selectively target cancer tumors. Upon exposure to light of an appropriate
wavelength, these sensitizers generate reactive oxygen species (ROS) through a series of
photochemical reactions. ROS, such as superoxide (O2"), hydroxyl radical (OH"), singlet oxygen,
and hydrogen peroxide (H20>), inflict oxidative damage to cellular components, ultimately leading
to cell death or apoptosis.t>® This precise localization of phototoxicity enables PDT to selectively
eradicate cancerous cells while minimizing damage to healthy tissue. There are many
photosensitizers that are certified by the Food and Drug Administration (FDA) for cancer

treatment, such as porfimer sodium, temoporfin, motexafin lutetium, and chlorin 6.’

Chlorin e6 (Ce6) is a naturally occurring porphyrin derivative belonging to the family of
chlorophyll-related compounds. Its molecular structure comprises four pyrrole rings
interconnected by methine bridges, forming a tetrapyrrole macrocycle.*® This structure confers
chlorin e6 with unique optical and chemical properties, making it an ideal candidate for
photodynamic therapy and other photomedicine applications. One of the notable features of chlorin
e6 is its absorption spectrum, which extends into the red region of the electromagnetic spectrum.*®
This characteristic allows chlorin e6 to effectively absorb light with longer wavelengths, enabling

deeper tissue penetration compared to photosensitizers with absorption predominantly in the blue
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or green regions. Moreover, chlorin e6 exhibits strong fluorescence properties, emitting light upon
excitation by an external light source. This fluorescence phenomenon serves not only as a
diagnostic tool for detecting the presence of chlorin e6 in tissues but also contributes to its
therapeutic efficacy by enhancing the generation of reactive oxygen species (ROS) during

photodynamic therapy. Applications of chlorin e6 include cancer therapy, antimicrobial treatment,

and diagnostic imaging.2%
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Figure 3.1 Structural formula of chlorin e6 and its anticancer mechanism through various

pathways.??

Chemotherapeutic drugs employ a diverse array to combat malignant cells and inhibit tumor
growth.? These drugs exert their effects through various mechanisms, which can be broadly
categorized as including interference with DNA synthesis, induction of apoptosis, inhibition of
cell signaling pathways, and disruption of the tumor microenvironment.?* Chemotherapeutic drugs
encompass a broad spectrum of agents with diverse chemical structures, mechanisms of action,
and therapeutic indications. Some of the major classes of chemotherapeutic drugs include

interference of DNA replication and transcription (cyclophosphamide, cisplatin, and
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temozolomide), interference of nucleic acid synthesis (methotrexate, 5-fluorouracil (5-FU), and
gemcitabine), disruption of microtubule assembly (paclitaxel, vincristine, and docetaxel), specific
inhibition of molecular mechanisms involved in cancer growth and progression; tyrosine kinase
inhibitors (imatinib and erlotinib); monoclonal antibodies (trastuzumab and rituximab);
proteasome inhibitors (bortezomib), topoisomerase inhibitors (etoposide, irinotecan, and

doxorubicin).?>2

From the chemotherapy drugs already described, doxorubicin (DOX), is one of the
chemotherapeutic drugs commonly used in cancer treatment because it exhibits broad-spectrum
activity against various types of cancer and long-term survival benefits, including reduced risk of
disease recurrence and prolonged progression-free survival.?’?® Doxorubicin, a member of the
anthracycline class of chemotherapeutic agents, stands as a cornerstone in the treatment of various
cancers. Doxorubicin exerts its anticancer effects through multiple mechanisms, targeting critical

pathways involved in cell proliferation, DNA synthesis, and cellular metabolism.?°
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Figure 3.2 The structural formula of doxorubicin and its anticancer mechanism through DNA

synthesis.?
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For these reasons, the researcher in this study investigated the removal of Colon-26 cells and
B16F10 melanoma cells using Ce6, DOX, and a combination of Ce6 and DOX. The effectiveness
of each drug type in eradicating Colon-26 cells and B16F10 melanoma cells was investigated

under both light and dark conditions.
3.2 Cell culture and cell viability assays

The Colon-26 cells or B16F10 melanoma cells were cultivated in Roswell Park Memorial Institute
1640 Medium (Gibco, Grand Island, NY)) containing 10% fetal bovine serum, L-glutamine (2mM),
sodium pyruvate (1mM), gentamycin, and penicillin-streptomycin (100 IU mL™?), following the
manufacturer's suggested methodology. Cells were seeded at 7000 cells per well in 96-well tissue
culture plates at 37 °C in a humidified incubator containing 5% CO; and left to adhere throughout
the entire night. The cells were then incubated for 48 h with various concentrations of drugs under
the same conditions. The cells were then washed with phosphate buffer saline (pH 7.4) and
incubated for 3 h at 37 °C with the Cell Counting Kit-8 solution (CCK-8; Dojindo Laboratories,
Kumamoto, Japan). The orange formazan products were measured at the absorbance of 450/690
nm was determined to analyze the living-cell using a microplate reader (Infinite M200 PRO;

Tecan, Mannedorf, Switzerland).
3.3 Cellular experiment conditions

3.3.1 The Ce6 and DOX concentration on cell viability under dark, red LED shining, and

white LED shining

Following well growth and adhesion of Colon-26 cells or B16F10 melanoma cells in the 96-well
cell culture plates, both cells were rinsed with PBS and incubated for 48 hours at different

concentrations of either DOX (100, 50, 25, 12.5, 6.3, 3.1, 1.6, 0.8, 0.4, 0.2, 0.1, 0.05, and 0.02 pg
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mL1) or Ce6 (100, 50, 25, 12.5, 6.3, 3.1, 1.6, 0.8, 0.4, 0.2, 0.1, 0.05, and 0.02 pg mL1). Before
cell incubation accomplished 48-hour maturity, red or white LEDs were placed on 96-well cell
culture plates and left exposed for 15 minutes (Figure 3.3). Then, the cells were washed with
phosphate buffer saline (pH 7.4) and incubated with the Cell Counting Kit-8 solution (CCK-8;
Dojindo Laboratories, Kumamoto, Japan) for 3 h at 37 °C under humidified chamber containing
5% CO,. The orange formazan products were measured at the absorbance of 450/690 nm was
determined to analyze the living-cell using a microplate reader (Infinite M200 PRO; Tecan,

Ménnedorf, Switzerland).
3.3.2 The combination of Ce6 and DOX on cell viability

Following well growth and adhesion of Colon-26 cells or B16F10 melanoma cells in the 96-well
cell culture plates, both Colon-26 cells or B16F10 melanoma cells were rinsed with PBS and
incubated for 48 hours under various combinations of Ce6 and DOX at different concentration
ratios [Ce6 (ug mL ™) : DOX (ugmL %) =16:1.6,16:0.8,1.6:0.4,1.6:0.2,0.8:1.6,0.8:0.8,
0.8:04,08:0.2,04:16,04:0.8,04:04,04:0.2,0.2:1.6,0.2:0.8,0.2:0.4,and 0.2:0.2].
Before cell incubation accomplished 48-hour maturity, white LEDs were placed on 96-well cell
culture plates and left exposed for 15 minutes. Then, the cells were washed with phosphate buffer
saline (pH 7.4) and incubated with the Cell Counting Kit-8 solution (CCK-8; Dojindo
Laboratories, Kumamoto, Japan) for 3 h at 37 °C under humidified chamber containing 5% CO..
The orange formazan products were measured at the absorbance of 450/690 nm was determined
to analyze the living-cell using a microplate reader (Infinite M200 PRO; Tecan, Mannedorf,

Switzerland).
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Figure 3.3 Cellular experiment with wireless LED system.

3.4 Statistic analysis

Every experiment was carried out five times. Quantitative values are demonstrated as the mean +
standard deviation (SD) (n = 5) of at least five independent experiments. Statistical differences
were performed by the one-way analysis of variance (ANOVA). P-values <0.05 were considered

significant.
3.5 Results and discussions

3.5.1 The Ce6 and DOX concentration on Colon-26 viability under dark, red LED shining,

and white LED shining

Ce6 and DOX concentrations affect Colon-26 cell viability under dark, red, and white light
conditions, as determined by the MTS assay 48 hours after various drug concentrations were
introduced. Ce6 concentration's influence on Colon-26 cell viability (Figure 3.4A) demonstrated
that under dark, white LED, and red LED lighting, cell viability tended to decrease as Ce6

concentrations increased. In addition, the results demonstrated that the combination of red and
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white LED shining was more effective at eradicating Colon-26 cells compared to when there was
no light. However, when red LED and white LED were compared, the results demonstrated that at
lower Ce6 concentrations, white LED was shown to be substantially more effective than red LED
in stimulating Ce6 to generate ROS, which in turn eradicated Colon-26 cells. Resulting in lower

Colon-26 cell viability.

The effect of DOX concentration on Colon-26 cell viability was examined (Figure 3.4B), and it
was discovered that a higher DOX concentration was associated with a reduction in Colon-26 cell
viability. Red and white LED irradiation were found to have no effect on the effectiveness of DOX
in eradicating Colon-26 cells when compared to no irradiation at all concentrations. This result
may be due to the fact that DOX is a chemotherapeutic drug and does not require light to activate
like a photosensitizer. Consequently, DOX's ability to eradicate Colon-26 at all concentrations was

unaffected by either red LED or white LED irradiation.
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Figure 3.4 In vitro viability of Colon-26 cells treated with A) Ce6 and B) DOX (under dark, red
LED shining, and white LED shining) including red LED, white LED, and sorbitol (5 mg mL™).
Data are expressed as means + standard error of the mean (SEM) (n = 5). Statistical analysis was
assessed using one-way ANOVA followed by Tukey’s test; **** p < 0.0001; ***, p <0.001;

** p<0.01; * p<0.05.

3.5.2 The Ce6 and DOX concentration on B16F10 melanoma cell viability under dark, red

LED shining, and white LED shining

Ce6 and DOX concentrations on B16F10 melanoma cell viability under dark, red, and white light
conditions, as determined by the MTS assay 48 hours after various drug concentrations were
introduced. The effect of Ce6 concentration on B16F10 melanoma cell viability (Figure 3.5A)

revealed that cell viability tended to decrease as Ce6 concentrations increased under dark, white
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LED, and red LED lighting. In addition, the results demonstrated that the combination of red and
white LED shining was more effective at eradicating B16F10 melanoma cells compared to when
there was no light. However, when red LED and white LED were compared, the results
demonstrated that at lower Ce6 concentrations, white LED was shown to be substantially more
effective than red LED in stimulating Ce6 to generate ROS, which in turn eradicated B16F10

melanoma cells. Resulting in lower cell viability.

The white LED was more effective than the red LED in activating Ce6 and eradicating both Colon-
26 cells and B16F10 melanoma cells, which could be attributed because Ce6 can absorb light in
the 320-420 and 650-690 nm ranges, which are the blue- and red-light ranges.*® The light from a
white LED comprises three main ranges of light wavelength: blue (400-500 nm), green (450-600
nm), and red (550750 nm) wavelengths, which fully cover two of the light wavelengths that Ce6
can absorb.3:% For these reasons, white LED surpassed red LED in the activation of Ce6, which

resulted in a more effective eradication of Colon-26 cells and B16F10 melanoma cells.

The effect of DOX concentration on B16F10 melanoma cell viability was examined (Figure 3.5B),
and it was discovered that a higher DOX concentration was associated with a reduction in B16F10
melanoma cell viability. Red and white LED irradiation were found to have no effect on the
effectiveness of DOX in eradicating B16F10 melanoma cells when compared to no irradiation at
all concentrations. This could be the same rationale for the previously mentioned usage of DOX

to eradicate Colon-26 cells.
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Figure 3.5 In vitro viability of B16F10 melanoma cells treated with A) Ce6 and B) DOX (under
dark, red LED shining, and white LED shining) including red LED, white LED, and sorbitol (5
mg mL). Data are expressed as means + standard error of the mean (SEM) (n = 5). Statistical

analysis was assessed using one-way ANOVA followed by Tukey’s test; **** p < 0.0001; ***,

p < 0.001; **, p < 0.01; *, p < 0.05.

3.5.3 The combination of Ce6 and DOX on Colon-26 cell viability under white LED shining

White LED is more efficient than red LED in activating Ce6 to generate ROS to eradicate both
Colon-26 cells and B16F10 melanoma cells. In this part, we study the use of white LED with a

combination of Ce6 and DOX on cell viability, comparing in the absence of light.

Considering the combination of Ce6 and DOX on Colon-26 cell viability, employing Ce6 in
combination with DOX in various ratios under either dark or white LED conditions, as shown in
figure 3.6. Under the dark condition, the efficiency of Colon-26 cell eradication employing the
combination of Ce6 and DOX is lower than using DOX alone. Under the condition of white LED
irradiation, it was found that the combination of Ce6 and DOX led to a higher efficiency of Colon-
26 cell eradication than the use of either compound alone at the same concentration. The
effectiveness of Ce6 and DOX when combined to eradicate cancer cells was investigated by
examining the ratios of Ce6 to DOX at various ratios. The results showed that a ratio of Ce6 greater
than DOX provided superior efficacy in eradicating Colon-26 cells (cell viability = 3.44% at Ce6:
DOX of 8: 1). This ratio provided the efficiency of eradicating Colon-26 cells, which was better
than both the ratio of Ce6 equal to DOX (cell viability = 3.63% at Ce6: DOX of 1: 1) and the ratio
of DOX greater than Ce6 (cell viability = 12.28% at Ce6: DOX of 1: 8). The experimental results

indicate that combining Ce6 with DOX and white LED irradiation provides a synergistic effect
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that enhances the efficacy of Colon-26 cell eradication when compared to the use of either drug
individually. The synergistic effect in eradicating Colon-26 cells was better when the ratio of Ce6

was greater than DOX.
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Figure 3.6 Viability of Colon-26 cells treated with Ce6, DOX, and the combination of Ce6 and

DOX under the dark condition (A) and white LED irradiation (B) at various drug concentrations.

Data are expressed as means + standard error of the mean (SEM) (n = 5).
3.5.4 The combination of Ce6 and DOX on B16F10 melanoma cell viability

Ce6 in combination with DOX in various ratios under either dark or white LED conditions, as
shown in figure 3.7. Under the dark condition, it was found that using Ce6 in combination with
DOX at all concentrations did not result in improved eradication efficiency of B16F10

melanoma cells. The eradication efficiency of B16F10 melanoma cells is also lower than using

52| Page



only DOX. Under the condition of white LED irradiation, it was found that the combination of
Ce6 and DOX led to a higher eradication efficiency of B16F10 melanoma cells than the use of
either compound alone at the same concentration. The effectiveness of Ce6 and DOX when
combined to eradicate cancer cells was investigated by examining the ratios of Ce6 to DOX at
various ratios. The results showed that a ratio of DOX greater than Ce6 provided superior
efficacy in eradicating B16F10 melanoma cells (cell viability = 2.92% at DOX: Ce6 of 8: 1).
This ratio provided the efficiency of eradicating B16F10 melanoma, which was better than both
the ratio of Ce6 equal to DOX (cell viability = 4.26% at Ce6: DOX of 1: 1) and the ratio of Ce6
greater than DOX (cell viability = 10.84% at Ce6: DOX of 8: 1). The experimental results
indicate that combining Ce6 with DOX and white LED irradiation provides a synergistic effect
that enhances the efficacy of B16F10 melanoma cell eradication when compared to the use of
either drug individually. The synergistic effect in eradicating B16F10 melanoma was better when

the ratio of DOX was greater than Ce6.
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Figure 3.7 Viability of B16F10 melanoma cells treated with Ce6, DOX, and the combination of

Ce6 and DOX under the dark condition (A) and white LED irradiation (B) at various drug

concentrations. Data are expressed as means + standard error of the mean (SEM) (n = 5).
3.6 Conclusion

Ceb (a photosensitizer) and DOX (a chemotherapeutic drug) can eradicate both Colon-26 cells and
B16F10 melanoma cells in cellular experiments. In the case of employing Ce6, the results
demonstrated that both red LED and white LED irradiation could activate Ce6 to produce ROS in

eradicating both Colon-26 cells and B16F10 melanoma cells more effectively than no irradiation.
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Furthermore, a comparison between red and white LEDs revealed that white LED was noticeably
more efficient than red LED at activating Ce6 to generate ROS, which eradicated Colon-26 cells
and B16F10 melanoma cells more effectively. In the case of employing DOX, the results
demonstrated that the use of red LED or white LED in DOX did not affect the effectiveness of the

drug in eradicating both Colon-26 cells and B16F10 melanoma cells.

The following study investigated the efficacy of employing Ce6 and DOX combinations to
eradicate Colon-26 cells and B16F10 melanoma cells in the presence of white LED light compared
to the absence of light. The results demonstrated that a combination of Ce6 and DOX did not
remove Colon-26 or B16F10 melanoma more effectively in dark conditions. The effectiveness of
eradicating both Colon-26 cells and B16F10 melanoma cells was lower than using DOX alone. In
contrast, the combination drugs under white LED irradiation provided a synergistic effect that
surpasses the use of either treatment alone at the same concentration in terms of eradicating Colon-
26 cells or B16F10 melanoma cells. Colon-26 cells were eradicated more efficiently when the ratio
of Ce6 was greater than DOX in a combination. Meanwhile, B16F10 melanoma cells were

eradicated more efficiently when the ratio of DOX was greater than Ce6 in a combination.
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4.1 Introduction

Skin cancer, comprising various malignancies arising from the skin's epidermal and dermal layers,
presents a significant public health concern globally. With rising incidence rates and diverse
subtypes, effective management of skin cancer requires a nuanced approach that addresses tumor
heterogeneity, treatment resistance, and individual patient characteristics.! In recent years,
combination therapies have emerged as a promising strategy for enhancing treatment efficacy,
minimizing toxicity, and improving outcomes in patients with skin cancer.>® By integrating
multiple treatment modalities, such as surgery, radiation therapy, chemotherapy, immunotherapy,
and targeted therapy, combination treatments offer a multifaceted approach to combating this
complex disease. Combination treatments for skin cancer encompass a diverse array of modalities,
including surgery and radiation therapy, chemotherapy and immunotherapy, targeted therapy and
immunotherapy, photodynamic therapy (PDT) and immunotherapy, and photodynamic therapy
(PDT) and chemotherapy.*® One of the combination treatments that is widely used to treat skin
cancer is photodynamic therapy and chemotherapy. This combination offers several potential
advantages for the treatment of skin cancer, including synergistic antitumor effects, the eradication
of diverse tumor cell populations, minimizing the development of treatment resistance, and
reducing treatment toxicity.®° A number of studies have reported the use of photodynamic therapy
in combination with chemotherapy for the treatment of skin cancer. For example, Chen et al.®
investigated the use of two types of polymeric nanocarriers: 4-methylbenzyl alcohol-conjugated
dextran (MA-DEX) and phenylboronic pinacol ester-conjugated dextran (PPE-Dex) to deliver
chlorin e6 (Ce6, photosensitizer) and doxorubicin (DOX, a chemotherapeutic drug) and combined
with 655 nm laser light to eradicate B16-F10 melanoma cells. The results demonstrated that

employing Ce6 in combination with DOX and laser light had a synergistic effect that surpassed
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the use of a single medication in the eradication of B16-F10 cells. Moreover, the materials used to
create the polymeric nanocarriers also affect synergy in eradicating cancer cells. In all
combinations of Ce6 and DOX, Dox-Ce6-loaded PPE-Dex was more effective than Dox-Ce6-
loaded MA-Dex at eradicating B16-F10 cells because when Dox-Ce6-loaded PPE-Dex
nanocarriers are irradiated with laser light, PPE-Dex nanocarriers can be triggered by the ROS
generated, resulting in better drug release than MA-Dex nanocarriers, which are ROS-insensitive
nanocarriers. In Fu et al.,° IR820 (photosensitizer) and cisplatin (chemotherapeutic drug) were
delivered using dissolvable microneedles (DMNs) fabricated from vinylpyrrolidone—vinyl
acetate copolymer (PVPVA) in the eradication of 4T1 mouse breast cancer cells. The results
demonstrated that combining drugs with laser-shining reduces the size of the cancer tumor
significantly more successfully than employing a single drug. Moreover, DMNs have a good

degree of penetration into the skin and dissolve within 10 minutes.

Therefore, the objective of this research is to use chlorin e6 (Ce6, a photosensitizer) and
doxorubicin (DOX, a chemotherapeutic drug) to eradicate Colon-26 tumor in Colon-26 tumor-
bearing mice. The dissolvable microneedles (DMNSs) fabricated from sorbitol (sorbitol-based
DMNs) were employed to deliver both types of drugs into the Colon-26 tumor. Then, white light
from a tiny LED is emitted to stimulate Ce6 activity and eradicate Colon-26 tumors in combination
with DOX. The skin cancer treatment device that the researchers invented is called a microneedle
optical device (MOD). It is anticipated that the MOD will advance in development and provide an

optional avenue for the treatment of skin cancer.
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4.2 Materials and methods
4.2.1 Preparation of gel containing chlorin e6 and doxorubicin (Ce6-DOX gel)

Ce6 (18 mg) was dissolved in ethanol (Nacalai Tesque Inc., Kyoto, Japan) (1 mL) while DOX (4.3
mg) was dissolved in distilled water (9 mL). The Ce6 and DOX solutions were then mixed. Then,
xanthan gum (Tokyo Chemical Industry Co., Ltd., Tokyo, Japan) (30 mg) and Tween 80 (Sigma-
Aldrich, St. Louis, MO, USA) (500 mg) were gently mixed with the solution, and then vigorously
stirred until the solution became gel-like. Finally, the Ce6-DOX gel was kept overnight at 4°C to

remove air bubbles. Prepared gels was warmed to 20°C before being used in experiments.
4.2.2 In vivo therapeutic effects of MOD

The animal experiments were approved by the Institutional Animal Care and Use Committee of
JAIST and conducted at JAIST with the guidelines. To investigate in vivo anticancer therapy using
Colon-26-bearing mice by injecting 100 puL of the culture medium/Matrigel (Dow Corning,
Corning, NY, USA) mixture (v/v = 1:1) containing 1 x 10° cells into the left side of the backs of
the nude mice (female; 6 weeks; n = 15; average weight = 18 g; BALB/cCrSlc-nu/nu; Japan SLC).
After the tumor reached about 100 mm?3, the mice were separated into 6 groups of 5 mice per
group: the first group that received no treatment, the second group received white-LED
illumination alone, the third group that received topical application of Ce6-DOX gel (100 pL,
containing 180 ug of Ce6 and 43 pg of DOX) without white LED shining, the fourth group that
received DMNs containing Ce6 and DOX (Ce6-DOX-loaded DMNSs, loaded with 180 pg of Ce6
and 43 pg of DOX) without white LED shining, the fifth group that received topical application
of Ce6-DOX gel (100 pL, containing 180 ug of Ce6 and 43 pg of DOX) with white LED shining,
and sixth group that received MOD (Ce6-DOX-loaded DMNs, loaded with 180 pg of Ce6 and 43

pg of DOX, with white LED shining). The application area was wiped with 70% ethanol and
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allowed to dry before Ce6-DOX gel or Ce6-DOX-loaded DMNs were applied for 10 min equally.
The support of the Ce6-DOX-loaded DMNs was then peeled off. After treating with Ce6-DOX
gel or Ce6-DOX-loaded DMNs for 1 h, fourth and fifth group were irradiated with white LED all
of time during the period of experiment. The body weight and tumor size were measured every

other day for 18 days (Figure 4.1). The tumor volume was computed according to the equation**:

Length (mm) x Width? (mm?)
2

Tumor volume (mm?3) =
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Figure 4.1 Timeline of photodynamic therapy using MOD.
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Figure 4.2 Schematic of the use of microneedle optical device (MOD) for treating skin cancer.
A) The chemical composition and structure of Ce6-DOX-loaded dissolvable microneedles
(DMNSs). B) Two-step processes of using MOD for cancer cell eradication, which consists of
applying Ce6-DOX-loaded DMNs and irradiating with the white LED. LEDs are wirelessly
illuminated by a noncontact electro-charging system. C) Circuit diagrams for wireless charging

of LED via electromagnetic induction.
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Figure 4.3 Photos of A) LEDs and a bandage, B) Colon-26 tumor-bearing mice with MOD,
LEDs, and a bandage (before treatment), and C) optical treatment of Colon-26 tumor-bearing

mice using the wireless LED light-driven MOD device.
4.2.3 Immunohistochemistry (IHC) staining of tumor tissues

The Colon-26 tumor-bearing mice were euthanized the day after the administration of Ce6-DOX
gel or Ce6-DOX-loaded DMNs with white LED irradiation. The control groups did not receive
any treatment. Thereafter, the tumor tissues from the different treatment groups were harvested for
IHC staining. The IHC analysis was performed by Biopathology Institute Co., Ltd. (Oita, Japan)
using standard protocols. Briefly, primary tumors were surgically removed, fixed in 10% formalin,
processed for paraffin embedding, and cut into 3—4-um-thick sections. After incubation with
primary antibodies (listed in Table 4.1), the sections were stained with hematoxylin and examined

using light microscopy (1X73)
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Table 4.1 Antibodies used in this study.

Antibody Type Source Catalog No. Application

Caspase-3 Rabbit Cell  Signaling | 9661S IHC (1: 100)
Polyclonal Technology

Anti- Sheep Merck Millipore | S7100 Tunel

digoxigenin- Polyclonal

peroxidase

4.3 Results and discussions
4.3.1 In vivo therapeutic effects of MOD

The efficacy of treating Colon-26 tumor-bearing mice was investigated by comparing the use of
Ce6-DOX gel and Ce6-DOX-loaded DMNs with equivalent doses of each drug with/without
shining a white LED to activate Ce6's activity to work with DOX in the treatment of Colon-26
tumors. Colon-26 tumor-bearing mice were treated every other day, and the tumor size and mice’s
weight were recorded throughout the experiment (Figure 4.4 A, D). The results demonstrated that
without any treatment (control) and treating with white LED alone, the size of the tumor grew
rapidly. At the end of the experiment, the tumor without any treatment (control) or treating with
white LED alone was 15.3 times or 10.3 times larger than it had been on day 8. Meanwhile, the
Ce6-DOX gel treatment or Ce6-DOX DMNs treatment without shining white LED displayed a
partial tumor inhibitory effect; the tumor continued to grow and become larger, but it grew at a
slower rate than the control. At the end of the experiment, the tumor treated with Ce6-DOX gel or

Ce6-DOX DMNs was 8.6 times or 7.2 times larger than the day of the first treatment (day 8).
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When the white LED was applied, Ce6-DOX gel or Ce6-DOX DMNs demonstrated against tumor
growth better than Ce6-DOX gel or Ce6-DOX DMNs without white LED shining. Comparing
Ce6-DOX gel with white LED shining and Ce6-DOX DMNs with white LED shining (MOD),
the results demonstrated that MOD can inhibit tumor growth better than Ce6—DOX gel with white
LED. At the end of the experiment, the tumor treated with MOD was only 3.4 times larger
compared to the day of the first treatment. Meanwhile, the tumor treated with Ce6-DOX gel with
white LED was 5.6 times larger compared to the day of the first treatment (day 8) (Figure 4.4 B,
C). The experiment in this part reveals that the drug delivery method is as crucial as the drug's
efficacy. Even though the drug has the same dosage and efficacy, different delivery methods result
in different treatment efficacy. Apart from suggesting that drug delivery via DMNSs is more
efficient than topical application, photodynamic therapy can effectively treat cancer through the

use of white LED.
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Figure 4.4 In vivo therapeutic efficacies of Ce6-DOX gel and Ce6-DOX-loaded DMNSs against
Colon-26 tumor-bearing BALB/c-nu/nu mice. A) Images of Colon-26 tumor-bearing mice with
no treatment (negative control), white LED alone, Ce6-DOX gel with/without white LED
irradiation, and Ce6-DOX-loaded DMN with/without white LED irradiation groups. B) Photos
of excised tumors at the end of each treatment (Day 18). C) Tumor growth profiles with each
treatment. Data are expressed as means + standard error of the mean (SEM) (n = 5 biologically

independent tests). Significance was assessed using one-way ANOVA followed by Tukey’s test;
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** p<0.01and *, p <0.05. D) Body weight of mice throughout the animal experiment. Data are
expressed as means * standard error of the mean (SEM) (n = 5 biologically independent tests).

Significance was assessed using one-way ANOVA followed by Tukey’s test; n.s., not

significant.

Figure 4.5 Photos of the mouse after attachment of Ce6-DOX-loaded DMNs. Ce6-DOX-loaded

DMNs were completely dissolved into skin after application just for 10 min.

4.3.2 Immunohistochemistry (IHC) staining of tumor tissues

In order to investigate whether the use of Ce6-DOX gel or Ce6-DOX-loaded DMNs with/without
white LED shining affects the effectiveness of Colon-26 cell eradication, the tumor tissues from
Colon-26 tumor-bearing mice after the first treatment were isolated and stained for histological
analysis. Cellular apoptosis in tumors was examined using terminal deoxynucleotidyl transferase—
mediated 2"-deoxyuridine, 5 -triphosphate nick end labeling (TUNEL) and cleaved-caspase 3
staining, and the pattern, shape, and structure of cells in a tumor were examined via hematoxylin
and eosin (H&E) staining. The experimental results (Figure 4.6) demonstrate that cell apoptosis

was almost rarely observed in the control, Ce6-DOX gel without white LED shining, and Ce6—
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DOX-loaded DMNs without white LED shining. Histological analysis of tumor is no obvious
change were found. Meanwhile, treating cancer via Ce6-DOX gel with white LED shining and
MOD (Ce6-DOX-loaded DMNs with white LED shining) has been found to be effective in
inhibiting cancer cells by inducing a higher level of cell apoptosis than other groups (Figure 4.7).
However, when Ce6-DOX gel with white LED shining and MOD were compared, it was
discovered that MOD caused a greater degree of cell apoptosis than Ce6-DOX gel with white LED
shining. A significant region of severe cellular destruction was discovered in the Colon-26 tumor-
bearing mice receiving MOD. According to these results, white LEDs are effective enough to be
developed for photodynamic therapy. When combined with DMN devices, their efficacy surpasses

that of topical application and enhances the efficacy of cancer treatment.

Ce6-DOX gel +
white LED MOD*

No treatment White LED Ce6-DOX gel

TUNEL

Caspase-3

H&E

*MOD = Ce6-DOX DMNs + white LED 20'_;Jm

Figure 4.6 Histological analysis (TUNEL, caspase-3, and H&E staining) of tumor tissues after
treatment with control (no treatment), white LED, Ce6-DOX gel, Ce6-DOX-loaded DMNss,

Ce6-DOX gel with white LED and MOD (Ce6-DOX-loaded DMNs with white LED).
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Figure 4.7 Intensity of color development (TUNEL and caspase-3) of tumor tissues after

treatment with control (no treatment), white LED, Ce6-DOX gel, Ce6-DOX-loaded DMNSs,

Ce6-DOX gel with white LED and MOD (Ce6-DOX-loaded DMNs with white LED).

Significance was assessed using one-way ANOVA followed by Tukey’s test; ***, p < 0.001; **,

p<0.01and*, p<0.05.

4.4 Conclusion

MOD was successful in inhibiting the growth of the Colon-26 tumor. However, Ce6-DOX-loaded

DMNSs, a component of MOD, without white LED did not show effectiveness against tumor

growth. Consequently, it can be argued that white LED plays a crucial role in activating Ce6 to
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generate ROS in combination with DOX to eradicate the Colon-26 tumor. When white LEDs were
employed with Ce6-DOX-loaded DMNs or Ce6-DOX gel, the results demonstrated that Ce6—
DOX-loaded DMNs with white LED shining (MOD) provide the effectiveness against tumor
growth better than Ce6-DOX gel with white LED shining. These results demonstrated that the
effectiveness of DMNs for drug delivery surpasses that of topical application and improves the
effectiveness of cancer treatment as well, under white LED shining. In histological analysis results,
the Colon-26 tumor treated with MOD exhibited the highest level of cell apoptosis compared to
other groups. A significant region of severe cellular destruction was discovered in the Colon-26
tumor-bearing mice receiving MOD. With the success of using MOD in treating skin cancer, the
researcher consequently anticipates that MOD will be evolved into a self-used device for skin

cancer treatment.
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General conclusion

DMNs with an array of 13x12 needles and an average needle height of 1000 um were successfully
created through the simple micromolding method. DMNs have strong enough needles to penetrate
skin, which delivers the model drug into the skin and allows enhanced drug distribution over
topical treatments (ex vivo and in vitro). The efficacy of drugs (Ce6 and DOX) combining with
LEDs (red and white LEDs) in eradicating model cancer cells (Colon-26 cells and B16F16
melanoma cells) was also investigated. The results demonstrated that combining Ce6 and DOX
along with an irradiating white LED provided a synergistic effect, resulting in the highest

efficiency in eradicating both Colon-26 cells and B16F10 melanoma cells.

Following the results of previous experiments, we developed the microneedle optical device
(MOD), which consists of Ce6-DOX-loaded DMNs and white LED. When MOD was applied to
study the inhibition of the Colon-26 tumor in mice, the results demonstrated that applying MOD
provided significantly greater tumor growth inhibition in terms of enhanced cell apoptosis and cell
membrane destruction than Ce6-DOX-loaded DMNSs alone, Ce6-DOX gel with/without white
LED, and control (no treatment). At the end of the experiment, Colon-26 tumor-bearing mice that
received MOD treatment had tumors that were noticeably smaller than those of Colon-26 tumor-
bearing mice that received other treatments. Regarding the efficacy of MOD in treating Colon-26
tumor-bearing mice, the researchers expect that MOD will be further evolved into a self-use device

for skin cancer patients, following the dermatologist's instructions.
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