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COMBINATION THERAPY: DUAL DRUG-LOADED SUPERPARAMAGNETIC IRON-
OXIDE NANOPARTICLE FOR TARGETED DRUG DELIVERY AND TREATMENT OF
CANCER

An Abstract of the Thesis by
Himanshu Polara

Lung cancer is the most occurring form of cancer of all ages in the United States after
breast cancer. Many treatments are currently available in the market to treat cancer, but they all
have some side effects. The concept of nanomedicine-based targeted drug delivery has been
developed to overcome the limitations of current treatment. The advantages of this method of
treatment include biocompatibility, significant toxicity towards cancer cells, immediate drug
response, and fewer side effects. For the specific treatment of A549 lung cancer cells, polyacrylic
acid (PAA) coated Iron Oxide Nanoparticle (IONP) was introduced for magnetic resonance
imaging (MRI) of lung cancer. To make these nanoparticles specifically target A549 cells, a folate
receptor targeting ligand was conjugated on the surface through carbodiimide chemistry. The novel
approach of combining two drugs, doxorubicin and fingolimod, was designed for this study. Drugs
were co-encapsulated within the PAA coating of Magnetic Nanoparticles (MNPs) by the solvent
diffusion method. Doxorubicin was encapsulated with MNPs to target the tumor cells to compare
the synergistic effect of combination therapy on a tumor site at different time-points. Significant
synergistic cell killing was accomplished in doxorubicin and fingolimod dual drug-loaded vesicles
in lung cancer cells. This combination therapy's therapeutic efficacy over a single drug usage was

confirmed using several cell-based assays such as a comet, ROS, cell migration, and apoptosis.
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Chapter |

Introduction

Cancer is a significant public health concern and the second most common leading cause
of death globally. According to the American Cancer Society (ACS), lung cancer accounts for an
estimated 1.8 million new cases and 606,520 deaths in the United States in 2020.* A survey taken
by the world health organization shows that cancer-related death is expected to be nearly 12 million
worldwide by 2030.2 There are various types of cancer, such as breast cancer, prostate cancer,
thyroid cancer, colorectal cancer; however, in this study, the main focus was the lung cancer. After
indicating all these statistics of deaths worldwide, scientists came up with various treatments to
treat lung cancer. Current treatments include surgery, radiation, chemotherapy, and hormone
therapy for any cancer. Although these regular treatments improve a cancer patient's survival rate,
they cause damage and become toxic to normal cells because of the non-specific distribution of
drugs, causing adverse side effects such as hair loss, weakness, and nausea.® To overcome this
limitation, nanomedicine has been of significant interest over the decades as it can simultaneously
carry both; drugs and imaging probes, and through this, specific targetability is achieved to avoid
damage to healthy tissue. The presence of a functional group on the surface of nanoparticles is used
to conjugate drugs for targeted drug delivery to the tumor.

Lung cancer is most common in active smokers, and people who may have never smoked
have a risk of getting lung cancer.? Lung cancer is predominantly classified into two different types:
non-small cell lung cancer (NSCLC) and small cell lung cancer (SCLC). NSCLC accounts for 85%
of lung cancer deaths due to the scarcity of timely detection of NSCLC.* Whereas, SCLC is less
common and accounts for the rest of the 15% of lung cancer. Adenocarcinoma (ADC) is one of the
most usual histological subtypes of NSCLC.%® Acute side effects, multidrug endurance, and low
survival rate are restrictions for the prevailing NSCLC treatment; thus, urgency in developing an
effective treatment arises for NSCLC. Platinum-based combination chemotherapy demonstrates
the usual care of patients with NSCLC, improving lung cancer's overall survival rate. ° The most

common cancer types with estimated new cases and deaths in 2020 are shown in figure 1. As seen



in figure 1, prostate and lung cancer are most common in males accounting for 34% of total cases.

Whereas breast and lung, cancer accounts for 42% of total cases in females.*®

Estimated New Cases

Prostate 191,930 21% Breast 276,480 30%

Lung & bronchus 116,300 13% Lung & bronchus 112,520 12%
Colon & rectum 78,300 9% Colon & rectum 69,650 8%
Urinary bladder 62,100 7% Uterine corpus 65,620 7%
Melanoma of the skin 60,190 7% Thyroid 40,170 4%
Kidney & renal pelvis 45,520 5% Melanoma of the skin 40,160 4%
Non-Hodgkin lymphoma 42,380 5% Non-Hodgkin lymphoma 34,860 4%
Oral cavity & pharynx 38,380 4% Kidney & renal pelvis 28,230 3%
Leukemia 35470 4% Pancreas 27,200 3%

Pancreas 30,400 3% Leukemia 25,060 3%

All Sites 893,660 100% All Sites 912,930 100%

Estimated Deaths

Males Females

Lung & bronchus 72,500 23% Lung & bronchus 63,220 22%

Prostate 33,330 10% Breast 42,170 15%

Colon & rectum 28,630 9% Colon & rectum 24,570 9%

Pancreas 24,640 8% Pancreas 22,410 8%

Liver & intrahepatic bile duct 20,020 6% QOvary 13,940 5%
Leukemia 13,420 4% Uterine corpus 12,590 4%

Esophagus 13,100 4% Liver & intrahepatic bile duct 10,140 4%

Urinary bladder 13,050 4% Leukemia 9,680 3%
Non-Hodgkin lymphoma 11,460 4% Non-Hodgkin lymphoma 8,480 3%
Brain & other nervous system 10,190 3% Brain & other nervous system 7,830 3%
All Sites 321,160 100% All Sites 285,360 100%

Figure 1: The estimation of new cancer cases and deaths for ten leading cancers by sex in the
United States in 2020. These estimated figures were rounded to the nearest ten and exclude basal
cell and squamous cell skin cancers and in situ carcinoma except for urinary bladder. The ranking

is based on modeled projections and might differ from the most recent observed data.*®

1) Nanotechnology: A better way of treatment

Over the five decades, chemotherapy has been used as a primary treatment to cure any
cancer. In this non-specific treatment, the drug attacks the tumor site, attacks normal cells and
causes side effects. To overcome the limitation, scientists need to determine how the drug goes
specifically to the tumor site. The recent development in cancer shows that nanotechnology played
a vital role in the drug delivery system. Therapeutic nanoparticles (NPs) that can precisely target

and deliver drugs without causing damage to normal cells have been created.!* Multiple NPs with



the ability to target cancer cells and release the desired anticancer drugs in a controlled and time-
dependent manner were developed using targeting ligands such as amino acids, antibodies, and
proteins.'? The multimodal functionality of iron oxide nanoparticles (IONP) proves that they can
be used as a contrast agent in MR imaging due to their superparamagnetic nature. Likewise, gold
nanoparticles (AuNPs) have the same properties to carry and deliver anticancer drugs in cancer
treatment. Various polymeric nanoparticles are also used in drug delivery as they effectively

enhance the therapeutic benefits.™®

1.1) Polymeric nanoparticles for drug delivery:

The consideration of various polymeric nanoparticles has been increasing because they
play a vital role in drug delivery over the decades. Biodegradable polymers, for example, polylactic
acid (PLA), polylactic-co-glycolic acid (PLGA), and polycaprolactone (PCL) and their copolymers
with poly(ethylene glycol) (PEG) have been usually used to form polymeric nanoparticles (NPs) to
encapsulate different types of therapeutic agents along with a surface modification to attach ligand

for targeted delivery. These contain polymeric micelles, capsules, colloids, dendrimers, and so
on 14-18

In this direction, Santra et al. introduced folate conjugated hyperbranched polyester
(HBPE) nanoparticles used as a drug carrier to treat cancer.’® The HBPE nanocarrier was
synthesized and encapsulated with therapeutic CT20p peptide. Polyethylene glycol (PEG) was
conjugated on the surface of HBPE to minimize the non-specific binding. As shown in figure 2A,
folic acid was linked to HBPE using ethylenediamine as a linker. Figure 2B shows a STEM image
indicating Folate-HBPE CT20p is nearly 80 nm in size, fulfilling the definition of a nanoparticle.
The time and pH-dependent release profile of CT20p peptide shown in figure 2C.
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Figure 2: (A) Nanocarrier HBPE (CT20p) with conjugated folate and diethylenediamine as a
linker. (B) Scanning transmission electron micrograph (STEM) image of the nanocarrier. (C)
CT20p peptide release profile from HBPE nanoparticle at pH 5.0 and 7.4.°

The protonation of the carboxylic group of polymer makes a disturbance between hydrogen
bonding and van der Waals interaction that is initializing release at acidic pH.*® As seen in figure
3A, cell viability was measured when LNCAP cells were treated with various concentrations
ranging from 0-12 nM. After incubating LNCaP cells with folate HBPE and folate-HBPE(CT20p),
results showed more than 80% cell death achieved with 6 nM concentration of peptide (Figure 3D)
in 48 h. Figure 3B,E demonstrated that PSMA (+) PC3 cells treated with drugs showed practically
the same response as LNCaP cells. PC3 cells are PSMA (-), thus resulted in no cytotoxicity as usual
(Figure 3C, 3F).1°
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Figure 3: Dose- (a—c) and time- (d—f) dependent cytotoxicity assay (MTT) of prostate cancer cells
treated with Folate HBPE(CT20p)-NPs and Folate-HBPE. LNCaP cells (A,D) PSMA (+) PC3
(B,E) and PC3 cells (C,F).*®

1.2) Gold nanoparticles for drug delivery:

Michael Faraday found the ruby gold nanoparticles (Au-NPs), which turned into the
establishment for advanced nanotechnology.?-?> Mie tried to find out the different colors of gold
colloids.? Lately, the uses of Au-NPs stretched into different bio-clinical fields, for example, photo
thermolysis, biosensors, immunoassays, clinical science, genomics, microorganisms recognition
and control, optical imaging, and checking of biological cells and tissues by scattering, and targeted
drug delivery.?*%

Gold nanoparticles have unique characteristics such as surface modification, imaging, and
proposing gold nanoparticles to apply to anticancer drug carriers.?® In healthy cells, the vascular
endothelial film is highly attached and arranged in such a manner that prevents the passage of
fragments. Neovasculatures are formed with tumor advancement and are considered a highly
disordered vascular endothelial layer with large gaps between tissues, resulting in leaks and
susceptibility for the passage of particles.?® Molecule of specific sizes, such as liposomes,
nanoparticles are found more in cancerous tissue than the healthy tissue, called the enhanced
permeability and retention (EPR) effect.3%-3? Due to the EPR effect of nanoparticles' growth in solid
tumor sites by inactive targeting, NPs act as a drug carrier and demonstrate a substantial impact on

tumor sites and fewer theragnostic effects on healthy organs (Figure 4).
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Figure 4: Graphic demonstrating the accumulation of circulating gold nanoparticle conjugates at

tumor sites by the enhanced permeability and retention effect.?

Nanosphere Nanorod Nanoshell Nanocage SERS
(1-100 nm) (50 nm) (140 nm) (50 nm)

Figure 5: Different types of gold nanoparticles commonly used in the anticancer diagnosis and
therapeutic applications shown.?

Besides size and surface chemistry, the shape of the nanoparticle is the main factor for
cellular uptake. For example, spherical gold nanoparticles show more absorption than rod-shaped
gold nanoparticles.®® Gold nanoparticles are available in various surface sizes ranging from 1 nm
to 150 nm (Figure 5); thus, GNPs can easily modify in a controlled manner for drug release study.

1.3) Silica nanoparticles for drug delivery:

Recent developments in the field of surface functionalization of inorganic nanoparticle-
based delivery vehicles, like mesoporous silica nanoparticles (MSN), add a promising new
direction for drug delivery research.®* Due to their significant applications as a drug-carrier, MSNs
are popular amongst different inorganic nanoparticles. The characterization of silica nanoparticles



includes wide surface area, controlled particle sizes and shape of the particles, pore size, and dual-
functionalized surfaces.®® The size and shape of controllable pores are useful for carrying drugs and
preventing the drugs' early release before it reaches the tumor.® Caruso and his colleagues
recognized an alternative approach utilizing mesoporous silica particles as templates to make
submicrometer-sized polymer capsules for anticancer drug delivery.3"-%

Hudson et al. reported that intravenous administration of 1.2 g kg* MSNs is harmful to
SV129 mice, but it is safe for a mouse when used in less quantity (40 mg kg?).%° Inductively
coupled plasma mass spectroscopy (ICP-MS) was performed to determine the dissemination of
drugs over the organs. A mouse was injected with human breast cancer tumor and then injected
with fluorescent mesoporous silica nanoparticles (FMSNSs) and folic acid conjugated fluorescent
mesoporous silica nanoparticles (F-FMSNS) via tail. After 4 h incubation with FMSNSs, the silica
concentration moved to 45 ng/mg in the tumor. In contrast, the concentration of Si varies from 3 to
20 ng/mg in other organs (Figure 6). Over 24 h of incubation, the concentration of Si increased by
60 ng/mg in the tumor when treated with FMSNs, while Si's concentration increased by 105 ng/mg
was observed in the tumor when treated with F-FMSNs. However, folate conjugated nanoparticle
F-FMSN demonstrated a high concentration of Si in the tumor, with the highest concentration
detected at 24 h. In other parts of the body, a lower concentration of Si was observed. Thus, the
study showed that FMSNs are biocompatible at different doses, efficient enough to diminish the
toxicity of the drugs, accumulate in tumors with or without targeting, and are quick and capable of

drug delivery.**
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Figure 6: ICP-MS quantitative measurement of Si concentrations in each organ of the mice with

xenograft tumors. The results were shown as mean values +/- SD.*



1.4) Iron oxide nanoparticles for drug delivery:

Superparamagnetic iron oxide nanoparticles (SPION) have been used for cancer treatment
in the medicinal industry. 1ONPs become superparamagnetic when the size of the surface reached
~20 nm or less at room temperature.*? One of the most significant applications of SPION is that
they are MRI contrast agents. Lee and his colleague characterize the thermally cross-linked
superparamagnetic iron oxide nanoparticles (TCL-SPION) to treat cancer. Then, the dye was
conjugated with TCL-SPION, which does not contain any targeting ligand. The fluorescence study
demonstrated that the dye conjugated TCL-SPION was able to identify the tumor.*®

Wang et al. study was directed on the therapeutic agent for the treatment of cancer. In his
research, they were able to characterize TCL-SPION as an MRI contrast agent. A10 RNA aptamer
(Apt) binds the extracellular domain of the prostate-specific membrane antigen (PSMA) to target
nanoparticles for cancer treatment and imaging. The amount of doxo that can bind to the TCL-
SPION-Apt using intercalation into the aptamer and adsorption with a negatively charged NP’s
surface was investigated initially. The conjugation of doxo with the aptamer indicated the
quenching of doxo fluorescence.**¢ A fixed amount of doxo was titrated with TCL-SPION and
TCL-SPION-Apt using the Spectro fluorophotometer.
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Figure 7: Fluorescence spectra of doxorubicin solution (12 mg in 0.45 mL) with increasing
amounts of a) TCL-SPION (from top to bottom: 5, 15, 30, 36, 52, 100, 150, 260, 360, and 520 mg)
and b) TCL-SPION-Apt (from top to bottom: 4, 13, 22, 31, 44, 88, 133, 220, 311, and 440 mg).*



As seen in figure 7, the amount of TCL-SPION and TCL-SPION-Apt used to quench 12
mg of doxo were 0.52 and 0.44 mg, respectively. 85% of doxo was attached to the polymer via
electrostatic interaction, and the rest of the 15% doxo was conjugated into an aptamer. Wang et al.
calculated the antiproliferation activity in both LNCaP and PC3 cell lines for formulated doxo
loaded nanoparticles. As seen in figure 8, the cytotoxicity of Apt-SPION was less potent as the
control. However, free doxo demonstrated similar toxicity to both the cell lines. In comparison,
TCL-SPION-Apt is considerably more effective with the PSMA targeting LNCaP cell than the
non-targeted PC3 cell.*®
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Figure 8: Cell proliferation assay for LNCaP B s PC3 cells.*®

The ability to detect molecular changes in tumors and identify the therapeutic outcome
against these targets is critically essential to treat cancer. New imaging-based magnetic resonance
techniques have given a piece of new equipment to scientists to care for cancerous tumors. MRI is
one of the best imaging tools available in diagnostic imaging because it allows imaging of tissue
and organs and redevelops non-invasive images.*” MRI has become a crucial technique for routine
clinical diagnosis and is universally used for in vivo research.®® Due to its numerous benefits,
including short imaging times, non-invasive characteristics, signal-to-noise (S/N) ratio, and high
spatial resolution, MRI has achieved significant consideration in the field of molecular imaging.*°
Molecular imaging techniques facilitate pathologic biomarker detection, thus, enhancing the
diagnosis of diseases and improved therapeutic management.*’-4°

Inappropriate diagnostic procedures for early detection and ineffectual therapeutic

strategies resulted in the harmfulness of lung cancer. The nano-size particles were introduced for



promising drug delivery for lung cancer. As discussed, different types of nanoparticle-based drug
delivery systems are available in the market. However, these systems are not entirely successful for
targeted delivery. Among them, IONPs shows a unique ability to hold drug and dye simultaneously.
This drug delivery system enhances the therapeutic efficacy of cancer tumors and diminishes the
toxicity to healthy cells.

This study synthesized nanoparticles using anticancer drugs as a multimodal MR imaging
and treatment of lung cancer. IONPs encapsulated with anticancer drugs, doxorubicin and
fingolimod, and then folic acid was conjugated on the surface of iron oxide nanoparticle (IONP-
Folate) to attain specific targetability to lung cancer cells containing folate receptors. The
mechanism of these drugs helps to acquire theranostic effect on lung cancer cells. As seen in figure
9, the cytotoxicity of doxorubicin is primarily due to DNA damage and fingolimod blocks the
lymphocytes from going out from lymph nodes, decreasing the number of lymphocytes in the
blood. Encapsulation of these drugs into IONPs shows improved drug delivery and the synergetic
effect of drugs in a cancer patient. In this study, a combination of two drugs, doxorubicin (doxo)
and fingolimod (fingo), for the targeted treatment of lung cancer was developed. Overall, the novel
combination approach provided a synergistic effect within the lung cancer cells.
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Figure 9: Schematic representation of a combination approach to treat A549 lung cancer cells. The

figure represents the endocytosis of IONP-Fol-Doxo-Fingo and the action of drugs on cells.
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The chemotherapeutic drug doxorubicin has been used for prostate, stomach and breast
cancer treatment since the food, and drug administration approved it in 1995. Doxorubicin
interferes with topoisomerase 11.%° Also, it undergoes numerous actions like interaction with DNA
using intercalation and inhibition of macromolecule biosynthesis. One of the most powerful
functions of doxorubicin is to target several tissues to yield cytotoxicity, and DNA damage.®*% The

structures of doxorubicin and fingolimod are shown in figure 10A-B, respectively.

B)

HO.

HO

Figure 10: Structural formula of the drugs; A) Doxorubicin, B) Fingolimod.

Fingolimod is a medically approved biological therapeutic drug widely used for multiple
sclerosis (MS).%® Fingolimod acts as a hydrophobic and hydrophilic group, which represents its
amphipathic nature. Also, it has a robust binding affinity towards the sphingosine-1-phosphate
receptor.>* The mechanism in which fingolimod employs the therapeutic effect in multiple sclerosis
is still unknown. However, the application includes the reduction of the lymphocyte migration into

CNS and immunosuppressive drugs for organ transplantation.®

11



Chapter 11

Results and Discussion

In this study, polyacrylic acid-coated iron oxide nanoparticles were synthesized by the
water-based precipitation method. Targetability was achieved by reacting folic acid with
ethylenediamine via carbodiimide chemistry to give folate-amine (Fol-NH;). Simultaneously,
IONPs were co-encapsulated with doxorubicin and fingolimod (2A-C, Figure 11). Then, to get the
IONP-Fol-Doxo-Fingo (3A, 1 mM, Figure 11), folate-amine was added dropwise to the IONP-
Doxo-Fingo. A schematic diagram shows the synthesis and design of nanoparticles (Figure 11).
The doxorubicin’s determination in the nanoparticle was confirmed through the UV-Vis
spectroscopy due to its fluorescence property. The dynamic light scattering (DLS) studies were
taken to measure if size of nanoparticles is appropriate enough to go in and out of the tumor. The

zeta potential of the nanoparticles was observed by DLS to confirm functionalization with folate.

12
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Figure 11: Synthesis of folate functionalized nanomedicine from drug encapsulated iron oxide
nanoparticles (IONPs). EDC/NHS chemistry and Solvent diffusion method were used to design

nanoparticles.

2.1) Characterization of IONP-COOH:

A water-based precipitation method was used to synthesize the polyacrylic acid (PAA)
coated iron oxide nanoparticles, and the surface conjugation was completed by carbodiimide
(ECD/NHS) functionalization chemistry (Figure 11). After the end of the synthesis, IONP-COOH
(1, Figure 11) was purified by utilizing a magnetic column and, lastly, by dialysis in deionized
water (DI water) (dialysis bag MWCO = 6-8 kDa). The magnetic column helps in specifically
passing unreacted nonmagnetic reactants, and pure magnetic nanoparticles are acquired. All size
and zeta potential were measured using Zetasizer Nano ZS90 from Malvern instruments. The size
and zeta potential of purified PAA coated IONP-COOH (4 mM) was measured utilizing dynamic
light scattering (DLS). The size of the IONP-COOH was measured to be 50 + 3 nm (Figure 12A),
and the relevant zeta potential was found to be -22 £ 1 mV, which confirms the polyacrylic acid
coating on the surface of IONP-COOH (Figure 12B).
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Figure 12: Characterization of IONP-COOH. (A) The size of IONP-COOH was 50 = 3 nm, and
zeta potential was -22 = 1 mV.

2.2) Characterization of IONP-Doxo-Fingo:

Doxorubicin and fingolimod were encapsulated into IONP-COOH (1, Figure 11) using the
solvent diffusion method to form IONP-Doxo-Fingo (2A, 2 mM, Figure 11). Size and zeta
potential were measured to confirm the presence of drugs in the nanoparticles. The hydrodynamic
size of IONP-Doxo-Fingo was found to be 55 + 1 nm (Figure 13A), and the relevant zeta potential
was -24 + 3 mV (Figure 13B). The absorbance was measured at Aaws = 490 nm (Figure 13C), and
maximum fluorescence was achieved at Amax = 600 nm (Figure 13D). The characterization study

of IONP-Doxo-Fingo shows successful encapsulation of doxorubicin and fingolimod with iron
oxide nanoparticles.
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Figure 13: The characteristics of IONP-Doxo-Fingo were studied by dynamic light scattering and
UV-Vis spectroscopy. DLS studies showed the size changed to 55 £ 1 nm (A), and the zeta potential
was —24 + 3 mV (B). Spectroscopic studies expressed the absorbance to be Aaps = 490 nm (C), and

fluorescence was Amax = 600 nm (D).

2.3) Characterization of IONP-Fol-Doxo-Fingo:

Next, PAA coated IONPs were functionalized through EDC/NHS chemistry to form IONP-
Fol-Doxo-Fingo (3A, 1 mM, Figure 11). The hydrodynamic size of IONP-Fol-Doxo-Fingo was
observed to be 60 + 2 nm (Figure 14A), and the corresponding zeta potential was -25 £ 2 mV
(Figure 14B). After conjugation, the size was increased by about 5 nm; the increment in size
confirms the folate receptor on the surface of IONPs. Likewise, the change in zeta potential also
indicates the surface conjugation of folate on IONPs. The presence of folate was also confirmed
via UV absorbance and emission spectroscopy. The maximum absorbance for doxorubicin and
folic acid was achieved at Aaps = 495 nm and Aaps = 350 nm (Figure 14C), and the emission spectra
found at Amax = 600 nm and Amax = 450 nm (Figure 14D), respectively. Overall, the characterization

study of IONP-Fol-Doxo-Fingo (3A, Figure 11) indicates successful surface conjugation of folate
on the surface of IONP-Doxo-Fingo (2A, Figure 11).
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Figure 14: Characterization studies of IONP-Fol-Doxo-Fingo. (A) The hydrodynamic size was
found to be 60 + 2 nm, and the zeta potential was achieved at —25 + 2 mV (B). Absorbance and

emission spectra of folic acid and doxorubicin in nanoparticles (C,D).

2.4) Cytotoxicity studies:

MTT assay is a technique that determines the therapeutic efficacy and cytotoxicity of the
compounds. The assay depends on the change of MTT into formazan crystals by active cells, which
regulate the mitochondrial activity. The total mitochondrial activity is correlated to the number of
live cells in most of the cell population. In other words, the absorbance intensity in purple formazan
crystals is directly proportional to the number of living cells. MTT assay is widely used to measure
the cytotoxicity of drugs on different cell lines.

Nevertheless, the mitochondrial concentration is small to such an extent in the dead cells
that reduction of MTT to its insoluble formazan does not occur. A549 cells were incubated with
different drugs such as IONP-Folate, IONP-COOH (1, 4 mM, Figure 11), IONP-Folate-Doxo-
Fingo (3A, 1 mM, Figure 11), IONP-Folate-Doxo (3B, Figure 11), IONP-Folate-Fingo (3C,
Figure 11); to quantify the inhibition proliferation (cell death) via MTT assay. Cell viability of
A549 cells was measured for 24 h, 36 h, and 48 h of post-treatment with indicated drugs (Figure
15). Figure 15 indicates that at 24 h, individual drugs, doxo and fingo, show 75% and 63% cell
viability, respectively. However, drug combination (Comb) delivers 53% cell death in 24 h. Cells

treated with IONP-COOH and IONP-Folate showed negligible response throughout the study to
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toxicity due to the absence of drugs. At 36 h, the cell viability in IONP-Fingo is higher than that of
IONP-Doxo, which means that fingolimod will become less toxic to the cells after 24 h.
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Figure 15: Time-dependent cell viability assay for A549 cells when treated with different
nanoparticles. The lowest cell viability or the highest cell proliferation was observed in
combination at 48 h.

In comparison with IONP-Fingo, a combination of drugs will have just 25% viable cells.
In 48 h, the combination becomes lethal to A549 cells showing only 13% cell viability (87% cell
death). This result shows the minimal cell viability and maximum toxicity at 48 h when cells are
treated with combined drugs. The sudden decrease in cell viability obtained for IONP-Doxo from
24 h to 48 h is because doxorubicin starts inhibiting with the topoisomerase 1l to break the DNA
strands after 36 h. This synergetic impact in combination with the targeting modality of the folate
conjugated IONPs makes powerful treatment while limiting the effects on live or healthy cells that
do not overexpress folate receptors.

The MTT assay was also performed to control Chinese hamster ovary (CHO) cells in the
same manner. CHO cells are epithelium cell lines derived from the ovary of a hamster. CHO cells
do not have a folate receptor on the surface. CHO cells were incubated with IONP-Folate, IONP-
COOH (1, 4 mM Figure 11), IONP-Folate-Doxo-Fingo (3A, 1 mM, Figure 11), IONP-Folate-
Doxo (3B, Figure 11), IONP-Folate-Fingo (3C, Figure 11) for 24 h, 36 h, and 48 h to measure the

cytotoxicity of the drugs. As seen in figure 16, the drugs show negligible toxicity to cells due to
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the receptor's absence on the surface; it cannot bind with the drug. In nutshell, this experiment
indicates that formed nanoparticles are specifically targeted to the tumor.
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Figure 16: Time-dependent cell viability assay for CHO cells when treated with different
nanoparticles. The highest cell viability was observed throughout the study except in combination

because of a lack of receptors on the surface.

2.5) Reactive Oxidative Species (ROS) assay:

A better way to accomplish more beneficial anticancer treatment is to improve reactive
oxidative species (ROS) levels in cancer cells. The generation of ROS in the cell is measured by
dihydroethidium (DHE), a fluorescent dye that is oxidized to 2-hydroxyethidium in the presence
of reactive oxygen species and gives red fluorescence after intercalating in DNA. The fluorescence
was observed at 24 h, 36 h, and 48 h after treatment. As we go from left to right, the number of
cells is dying because increasing treatment time with the drug resulted in a diminution in the number
of cells. As seen in figure 17 A-B, the live cells with weak ROS intensity were observed after 24
h of incubation. Cell death was observed in MTT assay when A549 cells were incubated with
doxorubicin and fingolimod, but more cell death was observed when these two drugs were
combined and treated with A549 cells for 48 h (Figure 17). In ROS, more cell deaths were observed
in 48 h, confirming the result of the MTT assay. Increasing the treatment time resulted in an
increase in the red fluorescence intensity, which indicates an increase in ROS generation. The
improved strain further demonstrates nanomedicine's synergetic effect and reduced cell number
observed at 36 h (Figure 17 C-D) and 48 h (Figure 17 E-F) after treatment. Overall, these results
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indicate successful ROS generation in A549 cells over time when incubated with IONP-Fol-Doxo-
Fingo, causing a therapeutic effect.

Figure 17: To measure Reactive Oxidative Species (ROS) generation in A549 lung cancer cells
were incubated with nanomedicine for 24 h, 36 h, and 48 h. The bright field of reactive species are
shown in figure A, C, E and corresponding red filter images B, D, F. (Scale bar 100 um)

2.6) Cellular apoptosis studies:

The proof of ROS generation provoked the observation of cell death of A549 lung cancer
cells. We performed an apoptosis assay to confirm the cell death via apoptotic way. In the apoptotic
assay, phosphatidylserine-a phospholipid remains in the cells' internal leaflet transfers to the
external leaflet of the cells. Phosphatidylserine is more attracted to a protein. Once this protein
attaches to the apoptotic cells, FITC dye-labeled protein (Annexin-V) starts giving fluorescence to
the apoptotic cells. Cell apoptosis assay was performed for A549 cells with the treatment of IONP-
Fol-Doxo-Fingo (3A, 1 mM, Figure 11). These time-dependent studies were taken at 24 h, 36 h,
and 48 h. As seen in figure 18 A-B, more live cells are present after 24 h of post-incubation. Figure
18 C-D indicates that drugs started showing a synergistic effect on the cells after 36 h. The cells
are neither completely live nor altogether dead. However, most of the cells were dead after 48 h
incubation with nanomedicine (Figure 18 E-F). Interestingly, the morphology of A549 cells was
changed from branches to a circular shape, indicating apoptosis in the cells. The results signify that

nanomedicine is proficient in killing cancer cells.
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Figure 18: Cellular apoptosis of A549 cells with IONP-Fol-Doxo-Fingo at 24 h, 36 h, and 48 h. A,
C, and E are the bright field of apoptotic cells. B, D, and F are green filter images, dye-labeled

cells. (Scale bar 100 pum)

2.7) Migration assay:

The transwell migration assay presented here were performed using A549 lung cancer
cells. Cell migration is a significant study to focus on cancer research, and it can similarly be
applied to development, immunological, and wound healing analyses. Cells were seeded in serum-
free media for 24 h in the invasion chamber. After 24 h, cells were treated with PBS (control)
showing that most of the cells were migrated to the lower chamber. In contrast, cells were incubated
with IONP-Fol-Doxo-Fingo resulted in fewer cells moved to the lower feeder tray. As seen
in figure 19, a 4-fold increment in the cells moved toward the chemo-attractant in contrast with the
control (Figure 19). Overall, the transwell assay resulted that IONP-Fol-Doxo-Fingo has anti-

metastatic properties.
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Figure 19: The image shows the anti-metastatic property of IONP-Fol-Doxo-Fingo in A549 lung

cancer cells. Control has PBS, and the combination has both the drugs, doxorubicin and fingolimod
in IONP-Folate.
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Chapter 11

Experimental Section

3.1) Materials:

Ferric chloride hexahydrate (FeCls; 6H,0), ferrous chloride tetrahydrate (FeCl..4H.0), N,
N-dimethyl sulfoxide (DMSO), phosphate buffer saline (PBS), ammonium hydroxide (NH,OH),
and hydrochloric acid (HCI) were obtained from Fisher Scientific and stored at an appropriate
temperature. 2-morpholinoethanesulfonic acid (MES) and Polyacrylic acid (PAA) were received
from Sigma-Aldrich and used without further purification. 4,6-diamidino-2-phenylindole (DAPI)
dye was bought from Invitrogen. Apoptosis and necrosis quantification kit (FITC-Annexin V,
Ethidium homodimer 11l and 5X Annexin V binding buffer) was bought from Biotium and stored
at 4 °C for future use. Paraformaldehyde was acquired from electron microscopy science. A549
and CHO cells were obtained from ATCC and thawed upon arrival. DMEM, penicillin-
streptomycin solution (100X) and fetal bovine serum (FBS) were also acquired from ATCC.
Doxorubicin was purchased from Fischer scientific and placed at 4 °C for further use. 1-ethyl-3-
(3-(dimethylaminopropyl)carbodiimide hydrochloride (EDC) was obtained from Thermo
Scientific, while N-Hydroxy succinimide (NHS) was purchased from ACROS organics and stored
at a suitable temperature. Further 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) was purchased from MP bio medicals and stored at 4 °C.

3.2) Synthesis of PAA coated IONPs:
PAA coated iron oxide nanoparticle (IONP) was synthesized using a water-based solvent
precipitation method. For preparing PAA coated IONPs, these three solutions were prepared:
1. Iron salts (0.65 mg of Fecls.6H,O and 0.35 mg of Fecl,.4H,0) dissolved in 100 pL of 12
N HCl and 2 mL of DI water.
2. Stabilizing agent (0.86 mg of Polyacrylic acid (PAA) dissolved in 5 mL of DI water)
3. Analkaline solution (1.8 mL of 30% NH4OH in 15 mL of DI water)
The synthesis began with adding an iron salt solution directly to the alkaline solution at

1000 rpm. Next, a stabilizing agent solution was added to the solution, which contains iron salt and
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alkaline solution. The mixture was vortex for 60 min at 3000 rpm. The resultant was further
centrifuged at 3000 rpm and 4000 rpm for 20 min each. Finally, IONP-COOH supernatant was
passed through a magnetic column and dialyzed using a dialysis bag with a molecular weight cut
of range 6-8 kDa. Dialysis was performed in a beaker containing DI water and a magnetic stirrer.
The water was changed periodically for 24 h, and the purified solution of IONP-COOH (1, 4 mM,

Figure 11) was taken out of the dialysis bag and stored at 4 °C for further use.

3.3) Synthesis of Folate conjugated IONPs:

The IONPs were conjugated with folate using EDC/NHS chemistry. Folic acid was
dissolved in 5 mL PBS buffer (pH 7.4). 5 mg of EDC was mixed in 100 uL. MES buffer (pH 6.0)
and then added in 2 parts to the solution, which contains folic acid. The solution was mixed
appropriately by tilting back and forth for at least 15 seconds. 3 mg of NHS was mixed in 100 pL
MES buffer (pH 6.0) and added in 2 parts to the above-prepared solution. The mixture was mixed
accurately by tilting back and forth for 3 min. 2 uL of EDA mixed in 100 pLL. DMSO and then added
dropwise to the solution in an interval of 10 seconds between each drop. Later, this mixture was
departed on table mixture at 6 rpm for 3 h. This mixture was then taken into a dialysis bag and
dialyzed in DI water for 1 hour to eliminate all unreacted particles. Thus, prepared folate-NH;
solution added dropwise (5 pL each time) to 2 mL of IONP. This solution was again dialyzed for

overnight to extract impurities from the IONP-Folate solution.

3.4) Encapsulation of drugs:

Doxorubicin and fingolimod were co-encapsulated with the folate-coated IONP through
the solvent diffusion method. 5 puLL of doxorubicin and 9 pL of fingolimod were mixed with 200
pL of DMSO. The combined drug particles were then added dropwise to the 2 mL folate conjugated
IONP, mixed with 2 mL of PBS (pH 7.4). The size of the drop added to the solution was 10 puL
each time. The nanoparticles then put on a table mixture for 3 h at 6 rpm. In addition, non-

conjugated particles were taken apart using dialysis technique for 1 h.

3.5) Cytotoxicity assay (MTT assay):

To measure the toxicity of the drugs, MTT assay was performed. A549 cells were
incubated in 96 well plates for 24 h and stored in an incubator at 37 °C. On the next day, cells were
treated with 100 uL of IONP-Folate, IONP-COOH (1, 4mM, Figure 11), IONP-Folate-Doxo-Fingo
(3A, ImM, Figure 11), IONP-Folate-Doxo (3B, Figure 11), IONP-Folate-Fingo (3C, Figure 11),
and the plates were incubated for 24 h, 36 h, and 48 h. After the treatment time, 30 uL of 5 mM
MTT (3-(4,5-dimethyl-2-thiazolyl)-2, 5-diphenyl-2H-tetrazolium bromide) solution was added to

23



each well and treated for 5 h to allow the formation of purple color formazan. Purple color formazan
crystals were solubilized with the help of 75 pL of acidic isopropyl alcohol. The amount of
formazan was measured by changes in absorbance at 570 nm using TECAN infinite M200 PRO
plate reader. A similar experiment was also performed for the control cells CHO.

3.6) ROS assay:

For the activity of oxygen species within the cells was measured through ROS assay Kit.
A549 cells were incubated for 24 h in incubator. After incubation, 100uL of IONP-Folate-Doxo-
Fingo (3A, 1mM, Figure 11) was added to the dishes for 24 h, 36 h, and 48 h. After treatment time,
cells were rinsed with 1X PBS and stained with DHE dye for 30 min. Then after cells were fixed
with 4% paraformaldehyde and images were taken using Olympus 1X73 fluorescence microscope.

3.7) Apoptosis assay:

In order to determine the apoptic cells apoptosis quantification kit was used. A549 cells
were incubated for 24 h in incubator (37 °C, 5% CO,). 100 uL of IONP-Folate-Doxo-Fingo (3A,
1mM, Figure 11) was added to the dishes for 24 h, 36 h, and 48 h. Post treatment period, the cells
were washed 2 times with 1X PBS (Phosphate Bovine Serum). Then, 1X binding buffer was added
and stained with 5 uLL of FITC dye for 15 min. Cells were washed with 1X annexing binding buffer
and fixed with 4% paraformaldehyde for 15 min. These fixed cells were washed again with 1X

binging buffer and fluorescence images taken in Olympus 1X73 fluorescence microscope.

3.8) Migration assay:

The anti-metastatic property of the cells was analyzed via migration assay. A chemicon
QCM 96-well cell migration assay kit from Millipore was used for the experiment. Initially, A549
cells were incubated in serum-free media for 24 h in a big petri dish. Following that, cells were
treated with folate conjugated, and drugs encapsulated IONPs (IONP-Fol-Doxo-Fingo; 3A, Figure
11) and PBS for control study. After the treatment time, cells were seeded in the upper invasion
chamber for 30 min. Next, the invasion chamber was placed onto a feeder tray containing 10% FBS
media and incubated for 24 h to let the cell migrate. The migrated cells were then dislodged from
the invasion chamber and placed on a new feeder tray containing cell detachment buffer for 30 min.
The cell lysis buffer and CyQuant dye were added to the solution to stain the migrated cells. The
fluorescence was taken measured at wavelength 480-530 nm using TECAN infinite M200 PRO

plate reader.
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Chapter IV

Conclusion and Future Study

IONP-Fol-Doxo-Fingo nanoparticles were successfully synthesized from folate
conjugated, and drugs encapsulated IONPs to treat A549 lung cancer. Drugs were encapsulated to
give a synergistic effect on tumor cells, and targetability was achieved by folate conjugation on the
iron oxide nanoparticles' surface. The theranostic effect of the nanoparticle was confirmed using
various cell-based assays. Apoptosis assay proved the drugs' synergistic effect by increasing
apoptotic cells from 24 h to 48 h. The migration assay confirmed the anti-metastatic property of
the combinations of the two drugs. The nanoparticles were internalized by cancer tumors and
successfully released drugs from the vesicle and resulted in 85% cell proliferation after 48 h of
incubation. Thus, the combination approach ended up being a successful model for the treatment

of lung cancer.

This combination approach can be tailored for specific targeting and various types of
cancer tumors such as prostate and breast cancer after such not-specific target-oriented, unstable,
and less cell viability treatments available in this area of cancer research. Future works include an
in-vivo study of lung cancer to understand better this drug carrier after individual experiments in
an in-vitro setting. Therefore, this study of delivering drugs with iron oxide nanoparticles would

affect the cancer tumor and help future treatments.
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