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Abstract

Breast cancer treatment presents significant medical challenges globally.
Traditional treatments are available, but leave serious side -effects.
Therefore, advanced and innovative approaches are urgently required for
effective therapeutic treatments. This research focuses on developing NIR-
responsive thin films for enhanced chemo-photothermal therapy in treating
oral cancer. The approach involves synthesizing iron oxide nanoparticles
(IONPs), Prussian blue nanoparticles (PBNPs), and Prussian blue-coated
iron oxide nanoparticles (PB@IONPs), which are then incorporated into
sodium alginate-based thin films. These films are designed to improve drug
delivery and photothermal efficiency under NIR laser exposure. The drug
used is 5-fluorouracil (5-FU), which is known for killing rapidly dividing
cancer cells. In vitro studies show controlled drug release without laser
exposure and a burst release with NIR laser irradiation. Notably, PBNPs and
PB@IONPs-loaded thin films exhibit superior photothermal efficiency and
drug release kinetics compared to IONPs. The nanoparticles are found to be
biocompatible, and the thin films demonstrate promising photothermal
efficiency with sustained release without laser exposure and burst release,

providing a promising platform for advanced breast cancer therapy.

Keywords: Thin film, NIR-responsive nanoparticles, drug delivery,

Photothermal therapy, breast cancer.
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Chapter 1

Introduction

Cancer is a complex group of diseases characterized by an uncontrolled
cell cycle and the potential to metastasize to other parts of the body. It is
the top-leading cause of mortality in the world. There are 20 million new
cases of cancer in 2022, and 9.7 million deaths from cancer worldwide®.
Research in cancer aims to understand the underlying mechanisms,
develop effective treatments, and ultimately find a cure. The deadliest
cancers are breast cancer, prostate cancer, lung cancer, oral cancer,
colorectal cancer, skin cancer, etc. Breast cancer is the leading cancer
worldwide, responsible for more than 6,70,000 deaths in 2024. Females
are more prone to this deadliest cancer. Approximately 99% of breast
cancers occur in women, and 0.5-1% of breast cancers occur in men 2.
Certain risk factors for breast cancer include increasing age, obesity, use
of alcohol, family history of breast cancer, history of radiation exposure,
reproductive history (such as menarche and menopause), tobacco use,
and postmenopausal hormonal therapy. Approximately half of breast
cancers develop in women who have no signs or symptoms and are over
40 years old. Certain inherited high-penetrance gene mutations greatly
increase breast cancer risk, the most dominant being mutations in the
genes BRCA1, BRCA2, and PALB-2 3. Specific inherited genetic
mutations, such as BRCA1 and BRCAZ2, significantly increase the risk
of breast cancer. Higher levels of estrogen and progesterone can increase
the risk. Factors like early menstruation, late menopause, and hormone
replacement therapy may influence this. Researchers are working to
improve response rates and overcome resistance to these therapies.
Traditional chemotherapy and radiotherapy, while effective, often come
with significant side effects and limitations in targeting cancer cells
precisely. The chemotherapy method uses drugs to kill rapidly dividing
cancer cells. It can also harm healthy cells, leading to side effects like
nausea, hair loss, and fatigue . Radiotherapy uses high-energy radiation

to destroy cancerous cells. It may damage surrounding healthy tissues,
1



causing skin irritation, fatigue, and other side effects. In traditional
surgical methods, physicians remove the tumor cells or tissue physically.
However, it is invasive, with risks of infection and complications, and
not always feasible for aggressive or metastasized cancers °. Therefore,
researchers are continuously finding suitable alternative methods for

effective cancer treatment.

Photothermal therapy (PTT) is an innovative alternative to cancer
treatment that leverages the photothermal effect, where light energy is
converted into heat to destroy cancer cells selectively®. This method is
particularly promising for topical cancer due to its minimally invasive,
precise targeting and fewer side effects than traditional methods. In PTT,
a photothermal agent is introduced to the target area. When exposed to a
specific wavelength of light, these agents absorb the light and convert it
into heat, increasing the temperature of the cancerous tissue to a level
that induces cell death. This localized heating minimizes damage to
surrounding healthy tissues. Nanotechnology has been a promising tool
in clinical healthcare, which has resulted in the development of nano- or
micro-carriers for diagnosis, imaging, and drug delivery in various
diseases like cancers. The primary goal is to deliver a drug and release it
in a controlled manner at a particular site, i.e., cancerous cells or tissue.
This can be achieved effectively by using nanocarriers. Generally,
nanoparticles are small colloidal molecules that are less than 1000 nm in
size. The intended nanocarriers are highly biodegradable and
biocompatible, with minimum cytotoxicity and stable accumulation in

the target tissue ’.

Recent advancements in PTT involve using nanoparticles, especially
near-infrared responsive ones, such as gold nanoparticles, gold nanorods,
magnetic nanoparticles, Prussian blue nanoparticles, and polydopamine
nanoparticles, which have excellent photothermal conversion efficiency
and advanced imaging compatibility & Among them, magnetic
nanoparticles and Prussian blue nanoparticles are extensively used as

effective photothermal agents in cancer. However, iron oxide



nanoparticles are highly prone to aggregation, highly reactive, have a
higher oxidation state, and are susceptible to environmental factors,
making them unstable °. Therefore, iron oxide nanoparticles were coated
with Prussian blue to prevent this instability and improve the synergistic
photothermal effect. Coating PB onto magnetic nanoparticles (MNP) is
possible by reacting hexacyanoferrate (I1) with ferric ions in the presence
of MNP, though acidic conditions are preferred for better coating
efficiency due to the creation of Fe3* sites on the MNP surface . PTT
can also be synergistically combined with other therapies, such as
immunotherapy or chemotherapy, to enhance the overall efficacy of the
treatment. This photothermal effect facilitates controlled drug release
and directly induces hyperthermia in cancer cells, leading to their
apoptosis or necrosis. Among the epithelial cancer drugs, the FDA-
approved drug 5-fluorouracil (5-FU) is extensively used for breast cancer
1 1t can inhibit DNA replication, disrupt RNA, and arrest the cell cycle,
making it an ideal therapeutic agent for cancer treatment. It also has
intrinsic fluorescence properties for better visualization. By leveraging
the dual functionality of photothermal therapy and controlled drug
release, this approach aims to enhance the therapeutic efficacy against
breast cancer while reducing systemic cytotoxicity and adverse side

effects.

Polymeric thin films are versatile materials composed of polymers that
can be tailored for various applications, particularly in drug delivery.
Various polymers are extensively utilized in the fabrication of thin films,
particularly for applications in drug delivery 2. These polymers are
polyvinyl alcohol (PVA), poly-lactic acid (PLA), polycaprolactone
(PCL), chitosan, sodium alginate, etc. These films exhibit unique
properties such as adjustable thickness, porosity, and biodegradability,
enhancing their functionality in effectively delivering drugs. Such films
can be engineered to control the drug release rate, ensuring that
therapeutic agents are delivered sustainably over a specific period. In
cancer treatment, thin films are designed to carry therapeutic agents
directly to the tumor site, enhancing the efficacy of the treatment while
3



minimizing side effects. Their ability to provide controlled and sustained
drug release ensures a consistent therapeutic level in the body, which is
crucial for effective cancer treatment. Moreover, thin films can be
engineered to respond to specific stimuli, such as pH changes, light, or
temperature, allowing for targeted and controlled drug release in the
tumor site 3. This targeted approach can improve the therapeutic
outcomes and reduce the systemic toxicity typically associated with
conventional cancer therapies. These films utilize several strategies to
deliver therapeutic agents effectively in terms of drug release
mechanisms. Diffusion-controlled release occurs when the drug
gradually diffuses through the polymer matrix 3! In contrast,
degradation-controlled release relies on the gradual breakdown of the
polymer to release the drug over time. Moreover, some films are
engineered for environment-responsive release, allowing the release of
drugs triggered by specific stimuli such as changes in light, pH, or

temperature.

One innovative approach is to incorporate photothermal responsive
nanoparticles into the single thin film platform, taking care of its
biocompatibility and biodegradability. These nanoparticles absorb near-
infrared (NIR) light, converting it into heat, which triggers the release of
the drug from thin films, allowing for precise drug release °. The
primary strategy of the research project is to incorporate iron oxide
nanoparticles, Prussian blue nanoparticles, and Prussian blue-coated iron
oxide nanoparticles, and anti-cancer drugs 5-FU into the sodium
alginate-based thin film, enabling the system to respond to NIR light,
generating localized heat that can trigger the sustained release of
encapsulated anticancer drugs to the tumor site. These approaches offer
less invasive, highly targeted treatment options tailored to individual
patient needs, potentially transforming breast cancer treatment and
improving patient outcomes. The successful development of this thin
film could pave the way for new, minimally invasive treatments for

topical cancer and potentially other types of cancer as well. By advancing



research in these areas, scientists are edging closer to a cure while
improving the quality of life of cancer patients.

808 nm NIR Laser
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Figure 1.1: Schematic representation of thin film-mediated drug
delivery in treating breast cancer using Chemo-photothermal effect
under NIR laser exposure.






Chapter 2

Literature review

Integrating near-infrared (NIR) responsive nanoparticles into polymeric
thin films for controlled drug delivery in cancer treatment has garnered
significant attention in recent years. This literature focuses on using
magnetic and Prussian blue nanoparticles in photothermal therapy (PTT)

and drug delivery systems.

2.1. Magnetic Nanoparticles as a photothermal agent:

The development of PEGylated iron/iron oxide core/shell nanoparticles
(Fe@Fe304 NPs) for cancer theranostics, combining magnetic targeting,
MRI, and near-infrared (NIR) photothermal therapy (PTT). These
nanoparticles demonstrate high photothermal conversion efficiency
(~20%), excellent stability, and low toxicity. They outperform gold
nanorods in terms of stability under NIR exposure, and their magnetic
properties allow for enhanced tumor targeting, improving treatment
precision. In both in vitro and in vivo studies, the nanoparticles
effectively ablated cancer cells with minimal damage to healthy tissues,

making them a promising tool for cancer treatment *°.

2.2.  Prussian blue nanoparticles as a photothermal agent:

Prussian blue nanoparticles (PBNPs) are another class of NIR-responsive
agents that have shown promise in cancer treatment. PBNPs possess
excellent photothermal conversion efficiency and biocompatibility,
making them suitable for PTT applications. Moreover, PBNPscan be
easily synthesized and modified to carry therapeutic agents, allowing for
simultaneous drug delivery and photothermal therapy. Research has
demonstrated that PBNPs can be integrated into a thin film, resulting in
a multifunctional system for controlled drug release andeffective cancer

treatment 7.



2.3.  Prussian blue coating on magnetic nanoparticles:

One study presents the development of Prussian blue-coated magnetic
nanoparticles (PB@MNP) for efficiently removing radioactive cesium
(Cs) from contaminated environments. Prussian blue, known for its high
cesium adsorption capacity (96 mg Cs/g), is coated onto magnetic
nanoparticles, allowing easy recovery through magnetic separation. This
coating enhances the nanoparticles' stability and adsorption efficiency.
The PB@MNP demonstrates high performance in capturing cesium at
both high and low concentrations, making it a promising solution for
environmental cleanup and potential medical applications for radio-

cesium removal 18,
2.4. 5-Fluorouracil in breast cancer treatment:

One study reviews the efficacy of continuous infusion of 5-fluorouracil
(5-FU) in treating breast cancer. Traditionally used in bolus injections,
5-FU has shown promise in continuous infusion, particularly for heavily
pretreated patients. Studies indicate that continuous 5-FU increases
response rates, with combination chemotherapy yielding response rates
as high as 89%. Additionally, prolonged infusion reduces myelotoxicity,
allowing for higher cumulative doses. However, new toxicities, such as
palmar-plantar erythrodysaesthesia (PPE), have emerged. The paper
highlights the pharmacokinetics and metabolism of 5-FU, underscoring
the importance of infusion in optimizing drug exposure during tumor cell
replication. Clinical trials confirm its effectiveness, though the optimal
dose and administration strategy remain under evaluation. The study
advocates for further randomized trials to assess continuous 5-FU’s role
in breast cancer treatment and its potential in combination regimens,

particularly in metastatic and adjuvant settings.®



2.5.  Stimuli-responsive thin film-mediated drug delivery:

Various studies represent the development of stimuli-responsive
polyelectrolyte multilayer (PEM) films for multi-drug delivery. These
films, made from poly(allylamine hydrochloride) (PAH) and
poly(methacrylic acid) (PMA), change their morphology in response to
environmental stimuli like pH and ionic strength, enabling controlled
drug release. The films were loaded with bovine serum albumin (BSA)
and ciprofloxacin hydrochloride (CH), showingsustained release for up
to 8 hours. The study highlights the potential of these biocompatible
films for applications in transdermal drug delivery, antimicrobial

coatings on implants, and drug-releasing stents.?

Sodium alginate-based thin film, synthesized through solvent casting on
a Petri plate, offers several advantages for drug delivery, including
Enhanced Bioavailability, Patient Compliance, Controlled Release,
Targeted Delivery, and Non-invasiveness .. Incorporation of NIR-
responsive nanoparticles into thin film has enhanced the efficacy of drug
delivery systems by providing controlled and sustained release of drugs
in response to NIR-laser exposure. Studies have highlighted the potential
of thin film-based systems in improving the therapeutic outcomes of
cancer treatments. Combining magnetic nanoparticles, Prussian blue
nanoparticles, and Prussian blue-coated iron oxide nanoparticles along
with drug in a thin film represents a novel approach to cancer therapy.
This dual-functional system leverages the advantages of both types of
nanoparticles, providing enhanced photothermal effects and controlled
drug release. Recent research has explored the synergistic effects of
combining these nanoparticles, demonstrating improved therapeutic

efficacy in clinical breast cancer models.



10



Chapter 3

Objective of the project

> Development of NIR-responsive thin film loaded with 5-
Fluorouracil for effective chemo-photothermal therapy in

breast cancer treatment.

11
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Chapter 4

Materials and methodology

4.1. Materials:

Ferric chloride (Rankem, India), Ferrous sulfate (Rankem, India),
Sodium hydroxide, Potassium hexaferrocyanide (Loba Chemie), sodium
alginate (Loba Chemie), glacial acetic acid (EMPARTA, India),
Polyvinylpyrrolidone (PVP) (Sigma Aldrich), calcium chloride (SRL),
3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium bromide (MTT),
dimethyl sulphoxide (DMSO) from Sigma-Aldrich Chemicals Ltd. (St.
Louis, MO, USA). Dulbecco's modified Eagle media, antibiotics, Fetal
Bovine Serum, Trypsin, PBS, and all other cell culture reagents from
Himedia, Propidium lodide, Annexin V (from Thermo Fisher Scientific),
Glycylphenylalanyl-aminocoumarin  (GF-AFC) from Promega Pvt.
Limited.

4.2. Methods:
4.2.1. lron-oxide nanoparticles (IONP) synthesis:

The iron oxide nanoparticles were synthesized using the co-precipitation
approach, which involved mixing 1% (w/v) FeClz and 1% (w/v) FeSO4
in a beaker in a 2:1 ratio. The beaker was then placed on a magnetic
stirrer set to 500-700 rpm. The pH was then kept at 12 by gradually
adding 5 M NaOH. The suspension was heated at 80 to 90° Celsius for
two hours after the pH was kept at 12. The suspension was centrifuged
for 15 minutes at 5000 rpm three times using pure ethanol. After that, the
pellet was dried in a lyophilizer and kept for future additional

characterization and analysis.?

13



4.2.2. Prussian blue nanoparticle (PBNP) synthesis:

The Prussian blue nanoparticles were synthesized using the co-
precipitation method. 3.5% (w/v) polyvinylpyrrolidone (PVP) was added
to 15 mL of distilled water. A 0.63% (w/v) potassium ferrocyanide was
added to the solution under a magnetic stirrer, and pH 4-4.5 was
maintained. Equimolar concentrations, i.e., 0.63% (w/v) of FeCls, were
added to get Prussian blue precipitation. PVP is a stabilizing and
reducing agent crucial for Prussian blue nanoparticle synthesis. Then, the
suspension was washed thrice with distilled water by centrifugation for
15 minutes at 8000 rpm. The pellet obtained was then lyophilized and
kept for future analysis.?

4.2.3. Prussian blue coated-iron oxide nanoparticles (PB@IONP)
synthesis:

Prussian blue can be coated onto iron oxide nanoparticles through the
chemical interaction method. Firstly, 50 ml of 10 mm potassium
ferrocyanide solution was prepared in distilled water. The mixture was
continuously stirred for 20 min. Iron oxide nanoparticles were added to
the mixtures, pH 2-3 was maintained by 100 mM HCI, and the mixtures
were kept for 1-2 hours at 50°C for effective coating. Then, the
suspension was washed thrice with distilled water by centrifugation for
15 minutes at 10000 rpm. The pellet obtained was then lyophilized and
kept for future analysis.?*

4.2.4 Characterization of nanoparticles:

The size and morphology of the synthesized nanoparticles were analyzed
using field emission scanning electron microscopy (FE-SEM). The
sample of iron oxide, Prussian blue, and Prussian blue-coated iron oxide
nanoparticles was synthesized, and FE-SEM images were taken. The
elemental composition of nanoparticles was confirmed by the Energy
Dispersive X-ray spectroscopy (EDX). Similarly, it also confirmed the

Prussian blue coating on magnetic nanoparticles. The zeta potential was

14



measured using Anton Paar Litisizer equipment for surface charge

analysis.

X-ray diffraction (XRD) was also used for the characterization of
nanoparticles, which provides information regarding the crystal structure
and elemental composition. The sample was taken in powdered form.
The composition of particles was confirmed by comparing the position
and intensity of the peaks with the standard reported available data.

4.2.5. Photo-thermal efficiency of nanoparticles:

The photo-thermal efficiency of IONP, PBNP, and PB@IONP was
analyzed by exposing the particles dissolved in 1 ml of distilled water to
an 808 nm, 1 W Near-infrared (NIR) Laser. First, all the nanoparticles
were exposed to a constant pulse (1 pulse) of 808 nm, 1W for different
time intervals (0 min, 2.5 min, 5 min, 7.5 min, and 10 min). The rise in
temperature was recorded in the thermocouple as occurring due to NIR
laser exposure. Here, we have taken two concentrations of nanoparticles:
5 mg/ml and 500 pg/ml for photothermal efficiency. The reason behind
taking 500 pg/ml nanoparticles was that the experimental concentration
of nanoparticles loaded on a small thin film was 500 pg/ml.

4.2.6. Preparation of thin film:

Sodium alginate (SA) was completely dissolved in distilled water under
a continuous stirrer at 40 °C for 3-4 hours. The concentration of SA is
4% (w/v), i.e., 0.4 g of SA was taken in 10 ml of distilled water. During
the mixing, nanoparticles were added to the solution. After being evenly
distributed, the solution was cast on 30 mm Petri plates. The petri plates
were allowed to dry at room temperature for 12-15 hours. After drying
up, the thin film was peeled off the Petri plate and punched off to get a

small thin film and stored for future work.2®
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4.2.7. Characterization of thin film:

The synthesized thin film was characterized by field emission scanning
electron microscopy (FE-SEM), which confirmed the surface
morphology and alignment of the film. It confirms the presence of
nanoparticles embedded in the thin film. Further, elemental compositions
were analyzed through EDX and XRD. Atomic Force Microscopy
(AFM) was used to analyze the surface topology and surface roughness
of the synthesized thin films. It also confirmed the alignment of

nanoparticles on the thin film.
4.2.8. Photo-thermal efficiency of thin film:

The photothermal efficiency of IONP, PBNP, and PB@IONP loaded
thin film was checked by exposing 808 nm, 1 W NIR laser. First, one
small thin film was checked at various time points (0, 2.5, 5, 7.5, 10
mins) with 1 W pulse, and the temperature was recorded with a
thermocouple. Secondly, small, thin films immersed in 200 pl distilled
water in a 96-well plate were checked for photothermal efficiency, and

temperature rise was recorded.
4.2.9. Infra-red imaging using NIR thermal camera:

Temperature rise was analyzed in thin films, kept in a 96-well plate with
200 pl, while exposing the thin films to an NIR laser (1 W, 808 nm) for
5 min, which was checked with an NIR thermal camera. The experiment
was done in a dark room at room temperature. The temperature change
was visualized by a thermogram generated by the NIR thermal camera
(Fluke PT i120).

4.2.10. Nanoparticle release profile:

The nanoparticle release profile study, as was the drug release study, was
crucial for effective photothermal therapy. For the study, all thin films
are exposed to a laser time-dependent manner, like laser-induced drug
release. On the other hand, the solution of immersed thin film was
checked for intermittent time intervals (1 hr, 6 hrs, 12 hrs, 24 hrs, 48 hrs),
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simultaneously done without laser-induced drug release. This was done
through a UV-vis spectrophotometer, and based on the corresponding

peak, it confirmed the release of nanoparticles.
4.2.11. Swelling index:

The swelling index was studied by measuring the percentage of water
uptake by the thin films 26, Accurately weighed dry crosslinked thin films
were taken in an MCT containing 1 ml of water and allowed to stand for
up to 60 minutes. The excess liquid retained on the thin films was
removed with filter paper, and the swollen thin films were weighed
again. The experiments were performed in a biological triplicate manner.

The swelling index of the thin films was calculated by using the formula:

Swelling index = (weight of swollen thin film - initial weight of dry thin film) x 100

initial weight of dry thin film

4.2.12. Drug encapsulation efficiency in the thin film:

The entire thin film is dissolved in 1 ml of distilled water in order to
completely degrade and obtain the drug encapsulation efficiency in the
thin film. The dissolved solution was centrifuged, and the sodium
alginates were deposited as a pellet. The drugs were in supernatant,
measured at 266 nm in a UV-vis spectrophotometer, and the drug
encapsulation efficiency was calculated. As the drug can be present on
the surface of the thin films while dipping in CaCl; solution, the surface-
associated drug leaches out into the solution. The UV-visible spectrum
was measured, and the final drug encapsulation efficiency of each thin

film was calculated after the crosslinking step.
4.2.13. In vitro drug release study:

An in vitro drug release study was used to determine the amount of the
drug released from the thin films at different time intervals (2.5, 5, 7.5,
and 10 mins). The drug-loaded thin films were suspended in 10 ml of
distilled water and kept on a magnetic stirrer at 200 rpm and 37°C. Then,

1 ml of sample was withdrawn at different intervals by replacing it with
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fresh 1 ml DI. The readings of the withdrawn samples were taken using
an HPLC at 266 nm, and then the percentage of drug release was

calculated.
4.2.14. Laser-induced drug release study:

For the laser-induced drug release study, thin films were placed in 1 ml
DI containing MCT and exposed to a 1W, 808 nm laser in a time-
dependent manner. After each specific time, the laser-exposed thin film
was removed, and the sample was stored for the drug release study. All
the samples were tested in HPLC to determine the drug release kinetics,

and the graph for the same was plotted.
4.2.15. In vitro cytotoxicity test:

Biocompatibility or MTT assay of synthesized nanoparticles was done
on human embryonic kidney cell line HEK-293 and breast cancer cell
line MCF-7. The cells were plated at 8 x102 cells/well and subsequently
incubated at 37°C with 5% CO.. After 24 h, various concentrations (0.00,
10, 50, 100, 200, and 400 pg/ml) of extraction media replaced the old
culture media. Then, after 48 h, MTT reagent was added to each well of
a 96-well plate and incubated further for 3h. DMSO was added, and
optical density was measured on a plate reader at 570 nm. The ICso of 5-
FU was also determined on the MCF-7 cell line. All the experiments

were done in a biological triplicate manner.
4.2.16. Live and Dead cell analysis:

The Live and Dead cell assay was done to check the number of live and
dead cells after treating MCF-7 with synthesized thin films. Around
7,000 cells per well were seeded in 24-well plates and allowed to grow
in complete DMEM media with 10% FBS and 1% antibiotics. Only
nanoparticles and nanoparticle-drug-loaded thin films were kept in the
centre of each well plate and were exposed to a 1 W, 808 nm NIR laser
for 5 minutes. The intact thin film was incubated for 30 minutes and then

removed. The whole plate was incubated for 6 hr. Then, for live cell and
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dead cell analysis, glycylphenylalanyl-aminofluorocoumarin (GF-AFC)
and propidium iodide (PI) were used, respectively. The spent medium
containing the dead cells was collected in MCTs from the respective
wells and centrifuged at 600 g for 10 minutes. In the meantime, for the
staining of live cells, the GF-AFC stock was added to the assay buffer at
a 1/1000 dilution and supplemented to the cells. After the centrifugation
of dead cells, the supernatant was removed gently, and 10 pg/ml of PI
was added. Both cell populations were mixed and allowed to incubate
for 20 minutes. Then the fluorescent cells were visualized by a
fluorescence microscope (Invitrogen by Thermo Fisher Scientific) using
emission spectra 505-535 nm. Also, a similar experiment was conducted
for multi-thin film-mediated chemo-photothermal cell death, and images

were taken.
4.2.17. Reactive Oxygen Species (ROS) & Apoptosis studies:

Similarly to the live-dead cell assay, an Apoptosis and ROS production
study was conducted on the thin film and laser-treated cells in two
different sets. The ROS study was determined using 2'.7'-
Dichlorodihydrofluorescein diacetate (DC-FDA) stain, and the apoptosis
was studied through Annexin V stain and co-stained with propidium
lodide (PI). The spent media contained in each well was discarded, and
10 pg/ml DC-FDA was added to each well and incubated for 20 minutes.
Similarly, for apoptosis, 10 pug/ml annexin V and 10 pg/ml PI stain were
added, and the plate was allowed to incubate. Then, the ROS-producing
and apoptotic fluorescent cells were visualized through fluorescence

microscopy.
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Chapter 5

Results and discussions

5.1. Characterization of IONP nanoparticles
5.1.1. Absorbance in UV-vis spectrophotometer:

When the absorbance of synthesized iron oxide nanoparticles was
taken using a UV-visible spectrophotometer, a broad spectrum was
observed from 200 nm to 800 nm. Since the IONP has a broad
spectrum and blackish brown compound, therefore, it is highly used

for photothermal therapy.
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Figure 5.1: The absorption spectrum graph of iron oxide nanoparticles
shows a broad spectrum (200-900 nm) in the NIR region.

5.1.2. Magnetic properties of iron-oxide nanoparticles:

The magnetic properties of iron oxide nanoparticles were seen when a
magnetic bead was placed near the particles; the nanoparticles were

attracted and formed a cluster towards the bead, as seen in Figure 5.2.
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Figure 5.2: Iron oxide nanoparticles show a magnetic

attraction toward a magnetic bar.

5.1.3. FE-SEM images of IONP:
IONP was characterized through Field Emission Scanning
Electron Microscopy (FE-SEM) at the Sophisticated
Instrumentation Centre, 11T Indore. The result showed that the
diameter of the particles is 16.7+1.2 nm and well distributed
under the accelerating voltage of 5 kV and a working distance

of 5.6 mm.

Particle size 16.7+ 1.2 nm
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Figure 5.3: FE-SEM images of IONP and
particle size distribution curve derived from

ImageJ Software.
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5.1.4. Zeta-potential:
Zeta-potential of the nanoparticles was measured for 20 cycles.
Based on the relative frequency, the zeta potential of IONP is -

29.49 mV, and the standard deviation is 2.31 mV.
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Figure 5.4: Zeta-potential of IONP suspended in DI water.

5.1.5. XRD analysis:
X-ray Diffraction (XRD) of Iron oxide nanoparticles was done at
the Department of Metallurgy and Materials Science, IIT Indore.
The angle of diffraction (20) was set as 20° to 80°. The XRD peak
at 20 of the nanoparticles was 30.1°, 35.5°, 42.6°, 57.0° and 64.1°.
The peak was analyzed and verified using previously published

data. 2’
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Figure 5.5: XRD peak of IONP at corresponding 26, depicts the

crystalline nature of the nanoparticles.
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5.2. Characterization of prussian blue nanoparticles:
5.2.1.  Absorbance in UV-vis spectrophotometer:

The absorbance graph of Prussian blue nanoparticles was taken
using a UV-vis spectrophotometer, showing a maximum peak at
around 708 nm, a characteristic peak of Prussian blue. The graph

depicts Prussian blue nanoparticles were successfully formed.

0.8 -
0.7 -
06 1
>
- 05 .
%04 i 704
e
€ 0.3 A
202 4
o
20.1 -

< 9

200 300 400 500 600 700 800 900 1000
Wavelength (nm)

Figure 5.6: The absorption spectrum graph of Prussian blue

nanoparticles showing its peak at around 704 nm.

5.2.2. FE-SEM images and EDAX report of PBNP:
PBNP was characterized through Field Emission Scanning
Electron Microscopy (FE-SEM) at the Sophisticated
Instrumentation Centre (SIC), IIT Indore. The particle size
distribution curve showed that the size of the particles is
approximately 18.9 + 3.9 nm and well distributed under the
accelerating voltage of 5 kV and a working distance of 5.6 mm.
The elemental dispersive X-ray analysis (EDX) shows 38.7%
carbon, 41.5% nitrogen, 11.7% iron etc.
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Figure 5.7: FE-SEM images and particle size distribution curve
and EDX analysis report of PBNP.

5.2.3. Zeta-potential:

Zeta-potential of the nanoparticles was measured for 20 cycles.
Based on the relative frequency, the zeta potential of PBNP is
1.8 mV, and the standard deviation is 2.26 mV. It depicts the
low electrostatic repulsive forces between the particles, which
tend to aggregate in the solution.
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Figure 5.8: Zeta potential of PBNP in DI water.
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5.2.4. XRD analysis:

X-ray Diffraction (XRD) of Prussian blue nanoparticles was performed,
and the corresponding peak was recorded. The 26 of PBNP is 17.38°,
25°, 39°, 55° 65° and 78°. The data was verified with previously
published data.?®
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Figure 5.9: XRD peak of PBNP at the corresponding 26 peak.

5.3.  Characterization of prussian blue-coated iron oxide
nanoparticles
5.3.1. Absorbance in UV-vis spectrophotometer
The absorbance graph of Prussian blue-coated nanoparticles
was taken using a UV-vis spectrophotometer, showing a
maximum peak at around 783 nm, a characteristic peak of
Prussian blue. The graph depicts that Prussian blue coating may
be present on iron oxide nanoparticles. The absorption peak at

283 nm may be due to the presence of unreacted FeCls.
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Figure 5.10: The absorption spectrum graph of prussian blue-

coated nanoparticles showing itspeak at around 783 nm.

5.3.2. FE-SEM images and EDAX report of PB@IONP:
The characterization of PB@IONP was done through Field
Emission Scanning Electron Microscopy (FE-SEM) at the
Sophisticated Instrumentation Centre, IIT Indore. The particle
size distribution curve showed that the size of the particlesis 21.9
+ 4.9 nm and well distributedunder the accelerating voltage of 5
kV and a working distance of 6 mm. The EDX report showed
45.19% iron, 26.95% oxygen, 10.55% carbon, and 12.55%

nitrogen.
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Figure 5.11: FE-SEM images, particle size distribution curve,
and EDX report of PB@IONP.

5.3.3. Zeta-potential:

Zeta-potential of the nanoparticles was measured for 20 cycles.
Based on the relative frequency, the zeta potential of PB@IONP
is -21.39 mV, and the standard deviation is 1.32 mV. As the
Prussian blue was coated on IONP, the zeta potential of the

nanoparticles slightly decreased.
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Figure 5.12: Zeta potential of PB@IONP in
DI water.

5.34. XRD Analysis:

X-ray Diffraction (XRD) of PB@IONP was done at the
Department of Metallurgy and Materials Science, IIT Indore. The
angle of diffraction (20) was set as 20° to 80°. The XRD peak at
20 of the nanoparticles was 17.5°, 24.7°, 35.5°, 35.69°, 40°
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43.30°, 53.69°,57°, 62.98°. It confirms the presence of IONP and
Prussian blue (26=17.5°, 24.7°) coating on it. After rigorous
washing, some KCI salt was still present in the particles. The XRD

peaks at 40° confirm the presence of KClI salt.

Figure 5.13: XRD peak of PBIONP at the corresponding 20
peak.

5.4. Characterization of thin film:

5.4.1. Solubility in water:
The synthesized thin film was punched with the help of a paper
punching machine to get a small, thin film. A small thin film was put
in distilled water to check its water solubility and observe. After 5
minutes, the film is dissolved in water. Therefore, the Sodium
alginate-based thin film is crosslinked with 1% (w/v) CaCl> to make
it insoluble in water and increase the thin film's mechanical

strength.?®

Figure 5.14: Observation of thin film’s solubility in water

and crosslinking step with 1% (w/v) CaCl..
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5.4.2. FE-SEM images and EDX of thin films:

The FE-SEM of sodium alginate-drug-loaded, IONP, PBNP, and
PB@IONP-loaded thin film has been observed, and the EDX report of
all thin films confirms the elemental composition. The control, i.e., only
drug-loaded SA thin film, has a smooth surface compared to the

nanoparticles-drug-loaded SA thin film. The random distribution of the
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Figure 5.15: FE-SEM images and EDX of thin films: (A) SEM
images of SA +D TF after CaCl Crosslinking, (B) SEM of SA+D TF
before crosslinking, (C) EDX of SA+D TF, (D) SEM of IONP TF, (E)
SEM of PBNP TF, (F) EDX of IONP TF, (G) SEM of PB@IONP TF
(H) EDX of PBNP TF (1) EDX of PB@IONP TF.
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5.4.3. XRD analysis of Thin Films:

XRD of all four thin films was done, and the obtained data was plotted.
This data confirmed the elemental composition of thin films. In case of
SA+D TF, 20 = 16° and 21° & drug: 34.5°, in IONP TF, 260 : 16°, 21°,
30.1°, 35.5°, 42.6°, 57.0° and 64.1°, in PBNP TF, 20: 16°, 17.4°, 21°,
24.7°,35.1°,39.9°,43.5°,50.8° 54.1°,57.3° 65.2%nd 68.3°, and finally
in PB@IONP TF, 20: 19°, 22.5° 35.5°, 38.1°, 50.8°, 61.7°, 62.6° and
73°. Here, in the case of PBNP & PB@IONP TF, 20 at 39.9°, 50.8°, and

50.1° confirms the presence of potassium chloride salts.
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Figure 5.16: XRD images of thin films: (A) XRD peak of SA+D TF, (B)
XRD peak of IONP TF, (C) XRD peak of PBNP TF, (D) XRD peak of
PB@IONP TF.

5.4.4. AFM of thin films:

Atomic Force Microscopy (AFM) is a powerful technique used to
analyze surfaces of thin films at the nanoscale. It measures the forces
between a sharp probe (attached to a cantilever) and the sample surface.
The deflection of the cantilever is detected using a laser beam, allowing
the creation of high-resolution images of the surface. Our experiment
was done in Non-Contact Mode. In Non-Contact Mode (NCM), the

probe does not touch the sample surface. Instead, it oscillates near the
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surface, detecting changes in forces such as van der Waals forces. This
mode is beneficial for delicate samples, as it avoids physical contact that
could damage the surface. %

AFM of all four thin films was done, and the 3D images, average
roughness (Sa), grain size, and developed interfacial area ratio (SDR) are
described. In SA+D TF, Sa: 0.0017 pm, grain size: 6.1 nm, SDR:
0.015%; in IONP TF, Sa: 0.0033 um, grain size: 26.85 nm, SDR: 0.64%;
in PBNP TF, Sa: 0.0044 um, grain size: 46.58 nm, SDR: 0.015%, and in
PB@IONP TF, Sa: 0.0093 um, grain size: 49 nm, SDR: 0.469 %. A
smooth surface in control SA+D TF and a rough surface in nanoparticles
loaded thin film were observed through AFM.

(A) -

©

Figure 5.17: (A) AFM 3D images of SA+D TF, (B) AFM 3D
images of IONP TF, (C) AFM 3D images of PBNP TF, (D)
AFM 3D images of PB@IONP TF.
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5.4.5. Swelling Index (SI) of thin films:

In the current research work, the swelling index was determined by
measuring the weight of swelling of thin films in the given DI water.
All the thin films exhibited very high values of swelling index. The
results of the swelling index for all thin films are shown in the figure.
The swelling index was higher in SA TF and PBNP TF compared to
IONP and PBIONP TF. All the thin films exhibited a swelling index
between 750 and 1050. The higher swelling index of SA TF and PBNP
was due to free spaces and the presence of hygroscopic salts,
respectively. However, the swelling index is also dependent on the
degree of crosslinking. There was a slight change in the swelling index
in the thin film due to different cross-linking degrees, though all were
kept in the cross-linking solution simultaneously. A higher degree of
cross-linking retards the swelling ability of the system and maintains

the physical integrity of the thin films.?
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Figure 5.18: Swelling index of all 4 thin films immersed in 1 ml DI
solution: (A) Sl of SA+D TF, (B) SI of IONP TF, (C) Sl of PBNP TF,
(D) Sl of PB@IONP TF.
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5.5. Photo-thermal efficiency of nanoparticles:

The photo-thermal efficiency of the three nanoparticles was successfully
measured by exposing them to 808 nm, 1 W NIR-laser. Two
concentrations of the three nanoparticles were taken: 5 mg/ml and 500

pl/ml.

A good temperature rise was observed when the IONP, PBNP, and
PB@IONP were exposed to an NIR laser (1W, 808 nm) at varying times
(0, 2.5, 5, 10 mins) and a constant pulse of 1 W. For a 5 mg/ml
concentration, in the case of IONP, the maximum temperature rise was
around 25.3°C; in the PBNP, the maximum temperature rise was around
25.6°C, and PB@IONP showed a maximum of 27.45°C when exposed
for 10 min. For a 500 ul/ml concentration, the IONP TF has shown
15.6°C, the PBNP TF has shown 19.9°C, and the PB@IONP has shown
23.85°C after 10 minutes of laser exposure. The comparative study
depicted and confirmed the possibility ofa massive temperature rise in
PBNP and PB@IONP compared to IONP.
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Figure 5.19: The graph of temperature rise in IONP, PBNP, and
PB@IONP under 808 nm NIRlaser in varying time & constant pulse,

and their comparative analysis has been plotted.
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5.6. Photothermal efficiency of thin film:

The photothermal efficiency of IONP, PBNP & PB@IONP-loaded
sodium alginate thin film was tested for photothermal efficiency under
NIR-laser 1 W, 808 nm. It was done in two different volumes of DI

solution: 1 ml and 200 pl.

When IONP, PBNP & PB@IONP-loaded thin film were exposed to a
NIR laser (1W, 808 nm), a suitable temperature was observed. In 1 ml
DI solution, in the case of IONP-loaded thin film, the maximum
temperature rise has shown 17.35°C; in PBNP-loaded thin film, the
maximum temperature has risen to 17.35°C, and the PB@IONP has
shown a maximum temperature up to 19.75°C. But in 200 pl DI solution
in a 96-well plate, IONP TF has shown 20.7°C, PBNP TF has shown
23.05°C, and PB@IONP TF has shown 24.4°C. In the case of our control,
SA+ D TF has shown a maximum 2-5° C temperature rise. The
Comparative study depicted and confirmed the possibility of a massive
temperature rise in PBNP and PB@IONP-loaded thin film compared to
IONP thin film.
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Figure 5.20: Graphical representation of temperature rise in IONP,
PBNP & PB@IONP-loaded thin films in 1 ml and 200pl solution after
exposure with 808 nm NIR laser for different time intervals (2.5, 5, 7.5,

and 10 mins) and constant pulse (1W, 808 nm).
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5.6.1. IR-thermal Imaging:

IR thermal imaging was performed to determine the heat emitted from
various NIR-responsive materials. The thermal energy released from the
material, in the form of infrared (IR), is captured by a thermal imaging
camera and visualized as a thermogram, the visual output created by the
thermal camera. The thermograph has different colors of the visible
range (400 to 700 nm), demonstrating different temperatures. The high-
temperature areas are represented by red color, whereas the low-
temperature areas are represented by blue. This is the basic principle of

the IR-thermal camera.
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Figure 5.21: Thermal image of all four thin films by the exposure to NIR

1 W, 808 nm laser for 5 minutes by using an IR thermal imaging camera.

After exposure to NIR 1 W, 808 nm laser on the thin films kept in a 96-

well plate containing 200 ul DI, the temperature rise was recorded by the
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thermal camera as shown in Figure 23. The maximum temperature
recorded was 64.7°C in PBNP TF and 61.5°C in PBIONP TF to control
SA TF. Also, the IONP TF showed a temperature rise to 50.4°C. This
indicates that while exposing a 1 W, 808 nm laser for 5 minutes, the
temperature of the thin films and surroundings increased, indicating the
characteristics of the photothermal effect.

5.7. Characterization of 5-fluorouracil (5-FU):
5.7.1. Absorbance spectrum of 5-FU:

The UV-visible spectrophotometric absorbance of 5-FU dissolved in
distilled water was observed at a maximum peak of 266 nm. The

previously published data showed similar absorbance.
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Figure 5.22: The maximum absorbance peak of 5-FU at
266 nm.

5.7.2. Calibration Curve of 5-FU:

The calibration curve of 5-FU was plotted using the chromatographic
area of samples having different diluted concentrations at 266 nm in
HPLC. The retention time of the drug was 7.5 minutes. The calibration curve
has a regression coefficient R? value of 0.998.The equation of the curve
IS y= 128441x-140901. The equation was further used to calculate the
drug loading efficiency and drug release kinetics from the thin film.
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Figure 5.23: Standard curve and retention time of 5-FU analyzed by
HPLC.

5.8. Drug-Encapsulation Efficiency:

Drug encapsulation efficiency is most vital part of any drug delivery
experimentation. It is essential to determine the drug release kinetics of
the material i.e. the thin film. During solution making, how much drug
is incorporated inside the thin film, that is the drug encapsulation
efficiency of thin films. Here, the drug may be present in the surface of
the thin film or on the inside of the thin film. As the thin films contain
surface-associated drugs, the drug was released during crosslinking with
the CaCl, solution. So, after the crosslinking process, we checked the
final drug encapsulation efficiency of each thin film. After the
crosslinking process, the drug encapsulation efficiency of SA+D thin
film is 58.14%, IONP TF is 56.06%, PBNP TF is 58.73%, and
PB@IONP TF is 57.47%. This was useful for further calculation of drug

kinetic release studies.
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Figure 5.24- Drug release percentage from thin films after CaCl
treatment and final drug encapsulation efficiency of each thin film.

5.9. InVitro Drug Release Profiles in Thin Film:

IONP, PBNP, and PB@IONP-loaded thin films were extensively studied
for drug release profiles. In laser-induced drug release, the absorbance of
the 1 mL solution was measured in a spectrophotometer. Without the
laser drug release method, the absorbance of 1 ml of a 10 ml solution was
measured in a spectrophotometer. Without laser exposure, the drug
release percentage was calculated using the calibration equation obtained
through a standard HPLC chromatogram. The cumulative drug release
percentage of our control drug-loaded sodium alginate (SA+D) was
observed at 50% after 5 hrs. The IONP-loaded thin film showed
cumulative drug release at 70% after 10 hrs. The PBNP-loaded thin film
has shown cumulative drug release at 70% after 10 hrs. The PB@IONP
thin film has shown cumulative drug release at 80% after 24 hrs. In the
case of laser-induced drug release studies, the SA+D TF has
demonstrated 43 % drug release after 10 minutes of laser exposure, the
IONP TF has shown 65% drug release after 10 minutes of laser exposure,
the PBNP TF has shown 70 % drug release after 10 minutes, and the
PB@IONP TF has demonstrated 81% drug release after 10 minutes of

laser exposure. Therefore, sustained drug release was seen without laser
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drug release, whereas burst drug release was seen under NIR-laser

exposure to thin film.
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Figure 5.25: The drug release percentage from SA+D, IONP,
PBNP, and PB@IONP-loaded thin films without laser exposure

(upper) and with laser exposure (lower).

5.9. Nanoparticles release profile:

We simultaneously analyzed the nanoparticle's release profile during the
drug release studies, which is crucial for photothermal therapy. In the
case without laser, no nanoparticles were released for up to 1 hr, but very
slowly, nanoparticles were released after 6 hr, up to 48 hrs. On the other
hand, under NIR-laser irradiation for 10 minutes, gradual nanoparticle
release was observed. Therefore, it is effective in photothermal Killing of
cancer cells under the laser irradiation. However, in the IONP thin film,
no nanoparticle release was seen. Therefore, after carefull consideration,
we kept IONP thin film aside and furthur forwarded With PBIONP and
PBNP thin film.
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Figure 5.26: The NPs release profile from IONP, PBNP, and
PB@IONP-loaded thin films without NIR-laser for different time
intervals (1, 6, 12, 24, 48 hrs) and with 808 nm, 1 W NIR-laser

exposure for different time intervals (2.5, 5, 7.5, and 10 mins).

5.11. In Vitro cytotoxicity of nanoparticles and drug by MTT
analysis:

The cytotoxicity effect of nanoparticles was determined by performing a
colorimetric MTT assay. This assay is based on the ability of viable cells
to reduce soluble yellow MTT (3-(4,5-dimethylthiazol-2-yl)-2,5 2,5-
diphenyltetrazolium bromide) to insoluble purple formazan crystals by
NADPH-dependent oxidoreductase enzyme. Then, these insoluble
crystals are dissolved using DMSO, and the resulting solution is
quantified by taking absorbance at 570 nm and 590 nm using a
spectrophotometric plate-reader.

Biocompatibility and cytotoxicity of synthesized nanoparticles, i.e.,
PBIONP and PBNP, are tested for their cytotoxicity in HEK-293. In all
cases, the nanoparticles up to 400 pg/ml are safe for cells, describing

their biocompatibility and non-cytotoxicity.
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Figure 5.27- MTT assay of PBNP & PBIONP nanoparticles in HEK
293 cell line.

In this context, we have performed an in vitro cytotoxicity assay in MCF-
7 and the desired oral cancer SCC-9 cell lines using the Alamar blue
assay of PBIONP nanoparticles and determined the ICso of the drug.
From the cell viability graph of drug-treated MCF-7 and SCC-9, the IC50
of 5-FU is 43.49 uM in the MCF-7 cell line and 4.5 uM in the SCC-9. It
shows a higher efficiency in oral cancer SCC-9 cell lines compared to
MCEF-7 cell lines. In case of PBIONP-treated MCF-7 and SCC-9, the
IC50 of 850 and 950 1M concentrations of PBIONP have been shown to
MCF-7 and SCC-9 cell lines, respectively. So our synthesized PBIONP

is biocompatible and non-cytotoxic.
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Figure 5.28- In vitro cytotoxicity assay of 5-Fluorouracil (left) and
PB@IONP (right) nanoparticles in breast cancer cell line MCF-7 and

oral cancer SCC-9 using Alamar blue assay.
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5.12. Live-dead assay using chemo-photothermal therapy:

For the live-dead cell analysis, the MCF-7 cells were treated with thin
films followed by laser exposure. After laser exposure and a time-
dependent incubation period, the cells were stained with GFAFC and Pl
for live and dead cells, respectively. The GF-AFC stain penetrates the
live cells, and the cellular aminopeptidase enzyme removes the glycine
and phenylalanine acid residues and releases blue, fluorescent AFC. The
blue intensity is directly proportional to the number of viable cells. On
the other hand, Pl-stained dead cells in red. It cannot pass through live
intact cell membranes but can freely enter the membrane-compromised
cell, intercalate into dsDNA, and emit red fluorescence. In various
combinations, MCF-7 cells were treated with one thin film of each, i.e.,
SA +D, PBNP, and PBIONP TF. The cells with thin film were exposed
1W, 808 nm laser for 5 minutes, followed by incubation for 6 hours. The
live-dead cells were visualized with fluorescence microscopy. The
maximum cell death was seen in cells incubated with PBIONP & PBNP
TF for 6 hours (75-90%) because of a maximum temperature rise and
high drug release kinetics. This shows that the synthesized PBNP and
PBIONP TF have excellent photothermal properties and chemo-
photothermal effects in killing cancer cells effectively. Therefore, cell

death occurred when we treated MCF-7 with laser 1 W, 808 nm.
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Figure 5.29: Live and Dead analysis- Fluorescence image of live
and dead analysis by fluorescent microscopy by treating MCF-7
cells with different combinations of thin films, followed by
exposure to a 1 W, 808 nm NIR laser, with a graphical

representation of the percentage of live and dead cells.

Next, the MCF-7 cells were treated with most potential multiple
PBIONP thin films for up to 5 thin films. The cells were exposed to 1 W,
808 nm NIR laser for 10 minutes, followed by a 12-hour incubation for
sustained drug release. When we expose nanoparticles with a laser, there
is a burst release of the drug, due to which cell death occurs. The cells
treated with multi-PBIONP TFs showed more cell death than the control
and single thin film, especially 4 & 5 TFs, which showed maximum cell
death. The increasing red color intensity graph proves the effective
chemo-photothermal effect on cells, leading to high death occurrence.
This implies that cell death occurs due to the photothermal effect and

laser-induced drug release.
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Figure 5.30: Live and Dead analysis using multiple PBIONP TF in
MCF-7 cells exposed to laser and a long incubation period (12 hours) for
chemo-photothermal therapy, and the graphical representation of the
percentage of live and dead cells.
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5.13. ROS study in cells:

MCEF-7 cells were treated with different combinations of three, i.e., SA,
PBNP, and PBIONP TF, focusing on drug and laser exposure. The
treated cells were incubated for 6 hours. For Reactive Oxygen Species
(ROS) production studies in MCF-7 cells, dichlorodihydrofluorescein
diacetate (DCFDA) stain was used. DCFDA is a non-fluorescent, cell-
permeable stain that is converted to dichlorofluorescein. During the laser
exposure and incubation period, the increasing temperature and the
released drug 5-FU generate ROS inside the cell, and the ROS oxidize
the dichlorofluorescein to highly green fluorescent dichlorofluorescein.
The ROS-producing cells were visualized using fluorescence
microscopy. The maximum ROS production was seen in drug-loaded
PBIONP thin film (22-fold ROS generation change) and drug-loaded
PBNP TF (18-fold ROS generation change) with laser-treated cells
compared to the control and SA TF. The fold ROS generation change

graph for various combinations is plotted for better understanding.
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Figure 5.31: ROS production studies in cells treated with thin
films under laser exposure and drug release conditions. The
DCFDA color, i.e., ROS generation fold change graph was

calculated.

5.14. Apoptosis study on cells:

MCEF-7 cells were treated with different combinations of three, i.e., SA,
PBNP, and PBIONP TF, focusing on drug and laser exposure. The
treated cells were incubated for 6 hours. For apoptosis studies in MCF-7
cells, annexin V stain was used. Annexin V is a protein with a high
affinity for phosphatidylserine (PS). In the normal cell, the PS is located
inside, the stain can't bind, but in the apoptotic cell, the PS is exposed in
the outer membrane, and annexin V binds with PS, providing green
fluorescence. PI stain was used for late-stage apoptosis or necrosis and
dead cell determination. Apoptosis is one of the key highly regulated
mechanisms of cell death. Amongst physiological processes, apoptosis
is a well-characterized, controlled morphological characteristic of cell
death. The vital hallmark and earliest feature of the apoptotic process is
the exposure of PS on the plasma membrane. During the laser exposure
and incubation periods, the increasing temperature and drug release lead

to the exposure of PS on the outer membrane. In this study, the maximum
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apoptosis (intensity is 35) was seen in drug-loaded PBIONP TF treated
cells. The annexin V colour intensity graph was plotted to understand the

degree of apoptosis in treated MCF-7 cells.
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Figure 5.32: Apoptosis studies in cells treated with thin films under laser
exposure and drug release conditions. The Annexin V color intensity

graph was calculated.
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Chapter 6

Conclusions

This research project presents the successful development and
comprehensive evaluation of an NIR-responsive thin film platform for
chemo-photothermal therapy in breast cancer treatment. The research
demonstrates the synthesis and characterization of iron oxide nanoparticles
(IONPs), Prussian blue nanoparticles (PBNPs), and Prussian blue-coated
iron oxide nanoparticles (PB@IONPs), each exhibiting distinct
photothermal properties and biocompatibility. Incorporating these
nanoparticles, along with the chemotherapeutic agent 5-fluorouracil (5-FU),
into sodium alginate-based thin films enabled the creation of a
multifunctional system capable of both sustained and laser-triggered drug
release. The PB@IONP-loaded thin films, in particular, showed superior
photothermal conversion efficiency and drug release kinetics, achieving up
to 81.5% drug release within 10 minutes of NIR laser exposure and 80%
over 24 hours in the absence of laser, indicating their potential for precise,
on-demand therapy. In vitro cytotoxicity assays confirmed the
biocompatibility of the nanoparticles and the efficacy of the thin films in
inducing significant cancer cell death when combined with NIR irradiation,
highlighting the synergistic effect of chemo-photothermal therapy. The
system also facilitated efficient generation of reactive oxygen species (ROS)
and promoted apoptosis in cancer cells, further validating its therapeutic

potential.

These findings align with recent advances in nanomaterials-based chemo-
photothermal therapy, emphasizing the advantages of combining localized
hyperthermia with controlled drug delivery to enhance therapeutic
outcomes, minimize systemic toxicity, and overcome limitations associated
with conventional cancer treatments. The dual-action approach of the

developed thin films, leveraging both photothermal ablation and
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chemotherapeutic delivery, addresses critical challenges in breast cancer
therapy, such as drug resistance, non-specific toxicity, and inadequate drug
release profiles. Moreover, the platform’s ability to provide minimally
invasive, tunable, and targeted treatment offers significant promise for
clinical translation. The modularity of the thin film system allows for
adaptation to other drug molecules and cancer types, potentially broadening
its impact within the field of oncology. Future research should focus on in
vivo validation, long-term safety assessment, and optimization for large-

scale manufacturing and clinical application.

Overall, the developed NIR-responsive thin film system represents a
promising advancement in the field of targeted breast cancer treatment. By
leveraging the dual-action of photothermal ablation and chemotherapeutic
drug release, this approach offers a minimally invasive, tunable, and
effective strategy for combating aggressive and drug-resistant cancer types.
Future work should focus on in vivo validation and optimization of the
system for clinical translation, aiming to improve patient outcomes and
expand the therapeutic possibilities beyond breast cancer and potentially

other solid tumors.
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