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ABSTRACT
DEVELOPMENT OF NOVEL CELLULAR ASSAY MODEL AND
THERAPEUTIC DEEP EUTECTIC SOLVENTS TO OPTIMIZE THE ACTIVITY
OF ANTICANCER AGENTS
NIZAM UDDIN

2023

Multidrug resistance (MDR) is the major burden behind chemotherapeutic treatment
failure. It is the principal mechanism by which cancer cells evade chemotherapeutic
treatment. As a result, aggressive cancer cells survive and continue uncontrolled cell
division. Multidrug resistance affects survival rate of almost all types of cancer patients
and death toll rises at an alarming rate. There are seven different mechanisms for evolving
MDR. The most common mechanism in efflux activity of overexpressed ABC transporters.
MRP1 is a prominent ABC transporter that pumps out a wide variety of anticancer drugs
from the cells and thereby reduces intracellular drug concentrations and develops
chemoresistance. Currently there are several protocols available to assess interaction
between MRP1 and probable substrate anticancer drugs. However, these protocols have
several limitations in common, such as expansive instrument set up, trained personnel,
complex image analysis, separation of drugs from cell lysate, preparation of membrane
vesicle, and results are based on accumulation of secondary fluorescence or radiolabeled
substrates. To the best of our knowledge, there are no known protocols that can directly
detect interaction between MPP1 and chemotherapeutic agents and categorize as MRP1
substrates. To solve this issue, in first project we developed an easy to follow and efficient

novel mammalian cell-based efflux assaying using HPLC-UV technique to detect whether



XXi

MRP1 considers anticancer drug as substrate and directly pumps the drug of the cancer
cells. We chose MDCK-II parental and MDCK-II MRP1 overexpressed cells to establish
the assay. To evaluate the efficacy of novel protocol, the result was compared with a known
MRP1 substrate anticancer drug vincristine (positive control). To conduct the assay, we
chose total seven MRP1 modulator anticancer drugs identified previously in our laboratory.
We exclusively focused on extracellular media for pumped-out drugs from both cell lines.
Initially, incubation (1 hour) and efflux time points (2 hours) were optimized. In the final
step, parental and MRP1 overexpressed cells were incubated with drugs for 1 hour. After
that, cells were washed and replaced with fresh transport buffer and waited for 2 hours to
collect pumped out drugs from the cells. Then the solution was injected into HPLC for
determining concentration. Our research idea is that if the drug works as MRP1 substrate,
it will be pumped out directly by MRP1 and extracellular concentration will significantly
increase compared to parental cells (no MRP1 overexpression). Our idea worked perfectly
and we identified some anticancer drugs namely, alisertib, mesalamine and celecoxib that
are highly susceptible to MRP1 mediated drug resistance. Next, we validated our novel
protocol using popular MTT assay. We used same cell lines for MTT. From MTT we
noticed that for these substrate drugs cell viability was high in MRP1 overexpressed cells
compared to parental cells. It confirmed the outcome of the novel efflux assay. The novel
protocol will pioneer direct and rapid detection of new MRP1 substrates with accuracy. It
could also be applied to other prominent ABC transporters to identify specific substrates.
The novel assay will also promote development of ABC transporter specific inhibitors to
inhibit activity of transporters and restore the pharmacological potential of

chemotherapeutic agents.
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In second project, we formulated a novel therapeutic deep eutectic solvent (THEDES)
where anticancer natural product Ethyl Gallate and acetylcholine chloride were used as
components. The main aim of the project is to evaluate the spectroscopic properties and
possibility of biological application of the novel formulation. To prepare THEDES, ethyl
gallate was mixed with choline chloride, acetylcholine chloride, glycerol, and PEG 400 in
different molar ratios. We successfully prepared DES by mixing all the ingredients. We
selected ethyl gallate and acetylcholine chloride-based DES (1:2) for further assessment.
To characterize the spectroscopic and physicochemical properties, we conducted IR, NMR
and solvatochromism. IR, *HNMR and 3 CNMR indicate nonbonding interaction between
components in formulating DES. Solvatochromism provides polarity parameters in
different temperatures. Solubility study was performed to assess high concentration of drug
delivery in the aqueous medium. The novel solvent tremendously improved the solubility
of ethyl gallate in aqueous medium. DES improved solubility of ethyl gallate 38 times
higher than pure form. Quantum calculations were performed to analyze the extent of
nonbonding interaction between both ingredients in the solvent. Electrostatic potential
analysis represents possible electrophilic and nucleophilic attack between hydrogen bond
donor and hydrogen bond acceptor. Thermogravimetric assay showed melting point
depressed from 154 to below zero-degree celsius for DES. Furthermore, we presented the
bio application of the green solvent. Cell viability assessments were performed on drug
resistant MRP1 overexpressed cells and pancreatic cancer cells. In both cases DES showed
comparatively better performance than pure ethyl gallate. Based on cell viability, we
further conducted cell cycle analysis using flow cytometer. The result is interesting, and it

shows DES could stop cancer cell growth in G1 phase. To get probable insight about
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molecular mechanism of pancreatic cancer cell growth inhibition, we performed molecular
modeling studies against various key protein parameters responsible for pancreatic cancer
cell proliferation and we found that ethyl gallate based DES mostly works by inhibiting

HER?2 and Akt.

Poorly water-soluble anticancer agent dodecyl gallate was incorporated in tetra butyl
ammonium bromide and polyethylene glycol -400 to formulate DES. Structural properties
were calculated and compared between two dodecyl gallate incorporated DESs. Both DES
improved water solubility of dodecyl gallate. IR spectroscopic assessment confirmed
hydrogen bonding interaction between dodecyl gallate-TBABR (1:1) and dodecy! gallate-
PEG400 (1:1). According to solvatochromism, both DES are closely related to polarity of
commonly available ionic liquids and organic solvents. Computational study provides us
informative analysis about electrostatic potential for analyzing hydrogen bonding
interaction between DES components. Thermal decomposition shows that DESs were

found thermally stable formulations up to 250 °C.

Overall, the newly formulated therapeutic solvents demonstrated good bioactivities
compared to pure form of gallate compounds. It opens door for the anticancer therapies to
be incorporated into novel solvent to accelerate pharmacological properties and successful

drug delivery in near future.



CHAPTER ONE: PROBLEM STATEMENT AND BACKGROUND



1.1. Introduction
1.2. Problem statement

The main goal of this study is to develop a bioanalytical assay and novel therapeutic solvent
formulation to optimize the efficacy of anticancer agents. To reach the goal two specific

objectives will be achieved.

In the first objective, a novel cell-based efflux assay will be developed using HPLC-UV to
identify substrates of MRP1 drug resistant protein. To conduct the experiment 6 MRP1
modulators were selected based on previous laboratory research projects. To establish the
assay, we will focus on extracellular concentration instead of intracellular conc. Currently
several protocols are followed to determine ABC transporter mediated drug resistance and
all the protocols are based on either fluorescent or radioactive molecule accumulation or
intracellular drug content determination. This novel protocol exclusively focuses on
pumped out drug from MRP1 overexpressed cell lines. It will simplify direct and rapid

detection of MRP1 substrate anticancer drugs.

In the second objective our prime research interest is mainly focused on formulation of
novel THDESs where poorly water-soluble ethyl gallate and dodecyl gallate will be used
as primary ingredients. Analysis of structural and spectroscopic properties of the new
formulations, cell- viability assessment, solvatochromism, and solubility experiments will
be performed. The new formulations will significantly increase the solubility and
bioavailability of ethyl gallate. It will lead to breakthrough in pharmaceutical drug
development and delivery research. The novel formulation will shape the anticancer

therapy to treat various types of cancer.



1.3. Chemoresistance

Cancer is a deadly disease, and it can affect any part of our body. Each year millions of
people die due to cancer. When cancel cells grow in uncontrolled manner, they spread and
affect different organs of human body. According to the American Cancer Society, 1 in 3
women and 1 in 2 men will undergo cancer diagnosis in future [1,2]. Chemotherapy is the
most used cancer treatment option for managing different stages of cancer. Along with
chemotherapy, hormone therapy, immune therapy, radiation therapy, targeted therapy and
surgery are other available treatment options. Resistance to chemotherapy is becoming
evident day by day and emerging as the major treatment obstacle. Cancers develop
resistance against all types of chemotherapeutic agents and, as a result, the survival rate
and health condition of cancer patients is impacted [3,4]. Approximately 90% mortality is

related to cancer drug resistance directly or indirectly [5].

1.4. Factors affect chemoresistance

Several factors govern development of chemoresistance. These are mainly categorized by
two classes. Intrinsic chemoresistance and acquired chemoresistance (Figure 1.1) [1].
Intrinsic resistance develops before administration of chemotherapy. It might also develop
concurrently in the time of chemotherapeutic treatment. Tumor heterogenicity due to
inherent genetic mutation, differentiation, self-renewal, overexpression efflux transporters,
mi RNA heterogenicity, proteomic heterogenicity, etc. are known as intrinsic factors [6].
Acquired resistance develops after chemotherapeutic treatment [6]. This type of resistance
develops due to mutation in target protein, tumor microenvironment heterogenicity, genetic
alteration of up and downstream regulating factors, reduced drug absorption, alteration in

cell death pathway, impaired drug metabolism, etc. are some crucial factors behind



developing acquired resistance [7,8]. The figure below outlines simple diagram of acquired

and intrinsic resistance (Figure 1.1).
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Figure 1.1. Acquired and intrinsic resistance. Intrinsic resistance occurs before any
chemotherapeutic treatment and acquired resistance develops due to chemotherapeutic
treatment. Genetic mutation is the root cause of development of chemoresistance. Both

types of resistance might happen concurrently during tumor growth and development [1].

1.5. ABC transporters and functions

Drug molecules cross the biological barrier through active and passive diffusion. As a part
of biological membrane transporter proteins facilitate the transport of drugs, as well as
other endogenous and endogenous molecules of drugs. There are 400 transporters available
in our body and out of these 400, 30-40 transporters are known to exchange drug molecules.
Drug transporters have a wide impact on the pharmacological activities of drugs which
include pharmacokinetics, pharmacodynamics, efficacy, toxicity, and drug safety profile

[9-13].



Drug transporters are divided into two major families: ATP-binding cassette (ABC) and
solute carrier (SLC)[14,15]. Among these two families, ABC transporters efflux the drug
molecule out of the cells against the drug concentration gradient with the help of ATP
hydrolysis (Figure 1.2). Normally they are membrane-bound proteins and they have
conserved structure functions. This family of proteins needs two NBD (nuclear binding
domain) and two TBD (transmembrane binding domain) to function. In our body these
transporters are distributed in liver, kidney, brain, and intestine. These transporters have

the unique ability to transport xenobiotics, endobiotic, and a wide variety of amphipathic

and hydrophobic molecules across the biological membrane [16-20].
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Figure 1.2. A simple ATP-driven mechanism of ABC transporters. Ligand binding to
active pocket of TBD (transmembrane domain) induces conformational change in
nucleotide binding region (NBD). Two ATP molecules bind to the NBDs and cause energy
release. Energy released by the formation of the closed NBD dimer triggers conformational
change in the transmembrane binding domain. ATP hydrolysis dissolve closed NBD dimer
and further triggers conformational changes in the TMDs. In the final step, release of
phosphate and ADP restores the ABC transporter to the open NBD dimer for next efflux

cycle [21].



Cancer is one of the leading causes of death and the deadliest disease around the world.
Day by day the number of cancer death is increasing. The cancer cells develop resistance
towards chemotherapy. As a result, chemotherapy fails to show efficacy. The most
common cause of multidrug resistance (MDR) is altered function of ABC transporters
which efflux chemotherapeutic drug molecules out of the tumor cells. Faulty efflux is
linked with overexpression and gene amplification of these transporters. Overexpression
of these transporters is a common phenomenon in different types of cancer such as lung
cancer ovarian cancer, colorectal cancer, prostate cancer, breast cancer, etc. P-gp is the
first ABC transporter found to be expressed in kidney proximal tubule, apical membrane
of hepatocytes, blood brain barrier and mucosal membrane. P-gp transports a wide variety
of cytotoxic agents, immune suppressive agents, anthelmintic, cardiac glycosides and so
on [22-26]. In addition, P-gp also transports lipid, hormone, peptide and cytokines like
endogenous compounds[27-30]. MRP1 is the second most expressed ABC transporter. It
confers resistance to chemotherapy for example, methotrexate, doxorubicin and
vincristine. Substrates of MRP1 includes hydrophobic molecules, ionic conjugates, and
some non-conjugates [31]. In addition to the drug molecules, this protein also transports
glutathione conjugates and free glutathione as endogenous compounds [32,33]. BCRP is
another type of transporter which are predominantly expressed in various organs and
transport a wide variety of exogenous and endogenous compounds across the biological

membranes [34-36].

To overcome the drug resistance associated with ABC transporters, selective ABC
transporter inhibitors are used to inhibit the efflux activity and sensitize the cancer cells

towards the chemotherapy. Third generation MDR inhibitors have high selectivity towards



ABC transporters and already showed promising results however, there are some reports
of clinical trial about poor outcome [37-39]. That is why there is need of highly selective
and high-affinity modulators to alter the function of these proteins. Scientists are also
looking for targeting the MDR expression using novel approaches. The role of ABC
transporters and evaluating their functions play important role in drug discovery and
development research. Selecting the proper efflux-based transport experiment will help us
to avoid variability in different assays and to set and validate proper acceptance criteria for

ABC transporter specific substrates and inhibitors.

1.6. Treatment option for chemoresistance

Due to dynamic tumor heterogeneity in growing numbers of patients and high complexity
of tumor microenvironments, it is challenging to treat and overcome chemoresistance.
However, development of high-throughput screening of inhibitor and modulator drugs, and
high throughput cancer genomics introduced a new era for treating chemoresistance. The

following figure outlined some strategies to combat against chemoresistance [2].
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Figure 1.3. Strategies to battle against chemoresistance. Chemoresistance reduces

effectiveness of chemotherapy. Early diagnosis followed by treatments with novel

combination therapies and targeting cancer stem cells [1].

Early detection of chemoresistance will accelerate improvement of chemotherapeutic
treatment. Genomics, proteomics, biomarker, and other tests for cancer are emerging
rapidly to detect genes and proteins responsible for early development of chemoresistance
[40]. Recently nanoparticle-based medicine introduced a new era in chemotherapy
treatment (Figure 1.3). Nanoparticle treatments deliver chemotherapeutic agents in the
targeted site of action and boost cytotoxicity (Figure 1.3). Using nanoparticle-based drug
delivery it was possible to treat germ cell and hematological cancers, but the approach

showed poor response in solid tumor treatment [41][42]. Nowadays natural products are



used extensively to combat drug resistance. Diverse structural scaffolds and
pharmacological potential rendered them an effective strategy against chemoresistance
[43]. Natural product-based drug discovery works by two approaches. First, natural
products inhibit the efflux activity of ABC transporters and second, they induce cell death
through different mechanisms like, apoptosis, necrosis, autophagy, etc. [44]. Another
robust and effective strategy is the use of combination therapy. Frequent mutation of cancer
cells causes failure of monotherapy. As a result, there is an urgent need to coadminister
transporter inhibitor in the conventional chemotherapy to treat resistance [45,46]. There is
growing interest in identifying effective inhibitors or modulators through high throughput
screening from available drug libraries by treating in combination with traditional
chemotherapeutic agents. In a high-throughput assay, 16 new MRP1 inhibitors were
reported. Their activity was confirmed though flow cytometers and confocal microscopic
assessment. Afatinib, doramapimod, celecoxib, mifepristone, MK-2206, and rosiglitazone
reversed MRP1-mediated drug resistance in vincristine, doxorubicin and etoposide treated
lung cancer cell lines [47]. In a different study four compounds, namely CHIR-124,
Elesclomol, Tyrphostin-9 and Brefeldin A were identified as potential P-glycoprotein
inhibitors though cell-based P-gp efflux models [48]. Cancer stem cells are a subpopulation
of cancer cells that initiate tumor formation and metastasis. These cells are responsible for
causing chemoresistance and are identified in a variety of cancers such as brain cancer,
thyroid cancer, colon cancer, and others. To improve clinical outcomes, targeting stem cells
will be a valuable alternative strategy to treat chemoresistance. The antihyperglycemic
agent metformin resensitized chemoresponse to tumor metastasis inducing apoptosis. It

induces apoptosis in breast cancer cell lines [1,49].
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1.7. Available protocols to assess drug resistance

Lots of assays are available for determining the efflux activity of ABC transporters. These

can be classified as in vitro assays, in vivo assays and ex vivo assays.

1.7.1. In vitro assays
1.7.1.1. Membrane vesicle-based assay

To perform this assay, plasma membranes with overexpression of specific transporters are
prepared from a variety of cells and tissues. Since transporter proteins do not traverse
biological membranes, the membranes are prepared as inside out vesicles. Transport of the
drug molecules and quantification are determined in the presence of ATP because the
proteins are ATP-driven pumps. Here AMP is used as negative control. The membrane
vesicles are prepared using a rapid filtration technique [50-52]. If the drug molecules work
as substrates, there will be high amount of molecules deposited inside the vesicle. On the
other hand, if the drug molecules work as inhibitors, it will deposit low amount of probe
substrates. Control experiment is performed where there is no overexpression of transporter
proteins. This experiment is used to assess the effect of endogenously expressed
transporters. This assay also adds benefits in determining the kinetic parameters: Km and
inhibitory concentration (ICsg). Km is for substrates and ICsq is for inhibitors [53]. Using
LC/MS/MS and LC-UV the compounds can be quantified. Other approaches are also used
such radiolabeling and fluorescence intensities [47,54—61] . This is a straightforward assay

and can be easily developed to a high throughput screening assay.

Recently Iram et al developed a novel approach to assess the transport efficiency, known
as the Fluorescence Spectroscopy-Based FRET approach. The research group engineered

two Color MRP1 constructs [57]. Using a distinctive GFP sequence, the final two
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recombinant sequences of protein were separated between the N and C terminus with
distinctive amino acid linkers. After getting the two color MRP1 constructs, they were
expressed in MRP1-overexpressed cell line using mammalian transfection reagent. By
utilizing flow cytometry, both GFP-and RFP-expressing cells were sorted out. The author
constructed different constructs for the experiment: GR-638, GR-881, GR-888, and GR-
905. Among the different constructs, GR-881, GR-888, and GR-905 showed very
promising results in a substrate free FRET efficiency experiment. GR-881 was chosen
based on overall FRET efficiency. Membrane vesicle was prepared from these two color
MRP1 overexpressed cells. To further validate the two-color biosensor-based model
screening using 40 anticancer drugs was conducted. Drugs were incubated with GR-881
biosensor and then FRET intensity was measured in fluorometer. The percent change in
FRET is calculated using the equation: (1 — IDA/ID) x 100, where IDA means acceptance
fluorophore and ID means donor fluorophores. Among the 40 drugs, 10 hits showed
conformational change when interacted with MRP1. The compounds might be substrate or
modular. Due to the large pocket of the MRP1, it can show nonspecific interaction with
the test compounds which might provide a false positive result. Further investigation is
needed to confirm the interaction of the test compounds with MRP1. The figure below

presents the FRET efficiency for the best hits in GR-881 construct [57].
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Figure 1.4. A) screening of 40 anticancer drugs with two color GR-881 construct. B) top
10 anti-cancer hits which presented high FRET efficiency. Image used form corresponding

author’s consent [58].

Membrane vesicles can also be purchased commercially. Variability should be assessed
before selecting the commercial vesicles with the help of probe inhibitors and substrates.
This technique is suited for compounds with low nonspecific binding and low permeability.
Compounds with high nonspecific binding and high permeability might give false results.
Additionally, precaution should be taken to prepare the vesicles because the protocols are

technically complicated and time consuming.

1.7.1.2. ATPase assay
ABC transporters export compounds out of cells with the help of ATP hydrolysis [62].

Therefore, ATPase activity has been utilized to evaluate the interaction between transporter

proteins and substrates/inhibitors. By trapping the ABC transporter with vanadate, the
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experiment is performed to determine the substrate and inhibitors. The sensitivity of
vanadate changes due to the presence of substrates and modulators. When ATP hydrolysis
occurs, inorganic phosphate is released. Using a simple colorimetric method, the amount
can be calculated. The amount of the released is correlated with the efflux activity of the
transporter proteins. Those compounds which are substrates of can stimulate the ATPase
activity of the transporters. This can be quantified by determining the high amount of Pi
(phosphates) released in the reaction medium. To determine the ATPase inhibitory activity,
probe substrates and inhibitors are used [63-66]. Besides the Pi quantification strategy,
there are other approaches to detect the unmetabolized the ATP. These are luminescence-
based using luciferase. This strategy is an alternative to the direct ATPase assay. Low
intensity corresponds to high ATP consumption and high intensity indicates low ATP
consumption. If the amount of unmetabolized ATP is high, it can be correlated with low
release of Pi in the ATPase assay. On the other hand, inhibitors of ABC transporters show
high amount of unmetabolized ATP and low release of Pi. This assay also helps us to

perform and analyze kinetic experiments related to substrates and modulators [67,68].

Though the assays are simple to perform, it is not always easy to differentiate between
substrate and modulator because of high cell variability. Compounds might stimulate or
inhibit the transport activity at high or low concentrations. Sometimes the lipids and
endogenous components of membrane become vanadate sensitive and interfere with signal.
Sometimes compounds do not interact directly with the ABC transporters and as a result

produce a false result.
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1.7.1.3. Photoaffinity Labeling Assays

These assays have been used to determine the binding of substrates and modulators to the
ABC transporters. To evaluate the binding affinity and binding sites, the transporter
proteins or the membranes expressed by these proteins are incubated with specific
radiolabeled compounds. These samples are then irradiated with strong UV radiation and
separated by sodium dodecyl sulphate gel electrophoresis. Using autoradiography, the

radiolabeled proteins are visualized [69]

There is another way to assess the substrate-transporter binding interaction. This is
nucleotide trapping. A radiolabeled ATP known as 8-azido-ATP is used to analyze the
transient cycle during the ATP hydrolysis. This method was applied at first for P
glycoprotein. In this technology under normal condition, radiolabeled ATP binds to ABC
transporter. This is quantified and visualized by size fractionation and autoradiography.
Normally the ATP hydrolysis occurs rapidly. Here phosphate mimicking vanadate is used,
and it stabilizes the transition state by trapping the nucleotide agent in the nucleotide
binding domain. The greater is the formation of transition state, the greater is the rate of

transport of substrate [70-73].

The protocols to perform both techniques are complicated and not easy to use. Moreover,
these are not a preferable routine screening to distinguish between substrate and

modulators.

1.7.1.4. Monoclonal antibody (MAB) strategy to react with cell surface transporters
and inhibition of the activity

Specialized MABs are used to tag the extracellular epitope of ABC transporters. Among

all ABC transporters, MDR1 was first targeted, and function of the protein was modified.
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MABs namely MRK16 and MRK17 were generated successfully to treat specific ABC
transporter. MRK16 showed activity in modulating the transport of vincristine. Moreover,
it also inhibited the growth of human MDR-expressing cells in tumor xenocraft model.
Another monoclonal antibody was developed by a research group which is known as UIC2.
UIC2 inhibited the efflux activity of MDR1 substrates. In addition, it increased the
cytotoxicity of substrate compounds of the protein. It was found that the antibody interacts
with the MDR in its transition state. It can block the function of the MDR1 in transient

state [74-77].

Antibody-mediated inhibition of human ABC transporter has potential clinical application.
But there is no specific information about how the MABSs interact with the transporters.
Recently, scientists mapped the epitopes of P-gp-specific monoclonal antibodies MRK-16,
UIC2 and 4E3 to understand how these agents interact with the extracellular loops 1 and 4
of the p-glycoprotein. Their findings demonstrate that, the discontinuous epitopes of these

antibodies are located in the same region of the two loops (ECL) of P-gp [78].

1.7.1.5. Cytotoxicity assays

Cytotoxicity assays are used as markers of substrates or modulators of the ABC
transporters. With the help of ICso values it is possible to distinguish between substrates
and inhibitors. For the substrate, the ICso value (concentration inhibits cell growth by 50
%) of wild-type cell will be less than the ICso value of overexpressed cells. The inhibitor
will increase or decrease the 1Cso values of the probe substrates in overexpressed cell line.

The resistance-reversal agents show its activity by fold resistance [79-83].
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Table 1.1. The effects of selected MRP1 inhibitors on the 1Csg values of vincristine in
H69 and H69AR cells.

Cells/Treatment I1Cs0? (NM) Fold resistance®
H69 05+0.2 1.0
H69AR 23.1+3.0 45.5
H69AR + MK571 10 uM 98+04 194
H69AR + Tipifarnib 1 uM 6.4+0.3 12.7
H69AR + AZD1208 2 uM 11.4+0.7 22.6
H69AR + Rapamycin 10 uM 40x0.9 7.8
H69AR + Deforolimus 10 p 8.7+11 17.1
H69AR + Everolimus 10 uM 6.6+1.9 13.1
H69AR + TAK-733 10 uM 55+05 10.8
H69AR + Temsirolimus 10 uM 9.0+0.6 17.7

®Mean + SEM of n > 3 independent experiments.

bFold resistance is the ratio between ICs value of each drug and 1Cso value of vincristine
alone in H69 cells (0.5 £ 0.2). Table was collected following the permission of the

author.

From the above Table 1.1 we can see that parenteral H69 shows good sensitivity towards
vincristine. That is why the ICso and fold resistance values are very low. In case of H69
AR cells both values are higher than the control cells because the cells are overexpressed
MRP1 proteins. It kicks out most of the drugs from inside. TAK-733 and rapamycin reduce
the resistance to around 10-fold. This result indicates the ability of these drugs to reverse
the resistance of MRP1 overexpressed cell line. These agents might be potent inhibitors. If
any agent works as a substrate, it will not potentiate the fold resistance in the treated

overexpressed cell lines. The inhibitors might contribute to reduction of the poor clinical

outcome of the chemotherapeutic agent which is related to the cancer chemotherapy [54].


https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/multidrug-resistance-associated-protein-1
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/vincristine
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The MTT assay is a widely accepted protocol to conduct cell viability and toxicity. There
is another method to determine the cytotoxicity which is LDH assay. In MTT assay,
metabolically active cells convert MTT salt to formazan. Solubilizing agent is used to
dissolve the crystal and the amount in colored solution is quantified. LDH is another type
of coulometric assay. This assay works on the principle that lactate dehydrogenase is
released by the damaged plasma membrane [84]. Both assays are flexible and convenient.
However, one study found that MTT interacts with efflux activity of p-glycoprotein and if

the tested compound is substrate then it might give erroneous results [85].

1.7.1.6. Western blot analysis and gPCR

To check the overexpression of ABC transporter proteins, an immunoblotting technique is
applied. This technique helps to confirm and select the proper cell line which shows
overexpression of specific transporter proteins. Moreover, the techniques confirm whether
the inhibitor inhibits the expression of protein or not. If the expression is low in the
presence of any inhibitor it means the drug not only inhibits efflux mechanism but also
reduces the expression. To perform this experiment the protein concentration is
determined. After that, following protein gel electrophoresis and membrane blocking, the
samples are then incubated overnight with primary and secondary antibody.
Chemiluminescence agent is used to detect the target protein. Proper normalization is
necessary for densitometry data generated from the experiment and to main the quality

control standard [86-90].
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Iram et al carried out the western blot experiment to assess the overexpression of
different constructs of two color MRP1. From the Figure 1.5 it can be concluded that
wild type MRP1 was not expressed as expected but GR-881, GR-905, GR-638, and GR-
888 demonstrated high expression using anti GFP antibody. Based on the high expression

the researcher selected the constructs for further step [58].

Quantitative PCR is utilized by researchers to detect the specific gene expression. This
technique is a common detection and quantification technique in the field of molecular
biology. From asingle cell it can quantify from small to large amount of mMRNA. In addition
to standard process, it adds the use of fluorescent dye and fluorometer. Normally SYBR
Green fluorescent dye is used for this protocol. This dye binds to the double stranded DNA.
PCR amplification and accumulation depend on parameters of cycle threshold. In the time
of PCR reaction, between the forward and reverse primers, annealing of the probe takes
place. During the reaction, primer extension and replication happens. After every cycle,

the more is the amount of probe cleavage, the higher is the fluorescence intensity [89].
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Figure 1.6. Effect of
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Tan et al performed gPCR analysis to assess the modulatory activity of calcitriol and
caclipotriol on the transport activity of MRP1. Both drugs significantly reduced the mRNA

overexpression index when compared with control [56].

There is another approach which is known as FRET-based approach. Here one dye works
as donor sye and another dye works as an acceptor. In close proximity donor side emits
energy to excite the acceptor side. Finally, both sides emit fluorescence of different
wavelength and the fluorometer signal is monitored. Recently Iram et al generated two
color MRPL1 construct using pTagRFP-N vector as primary backbone by using QPCR
technique. For example, to construct GR-638, C terminal 2.6-kb fragment of MRP1

(encodes amino acid sequence 639-1531 as stop codon) was generated using PCR. He
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generated the following forward and reverse primers: 5> GTA CCG CGG GGG GGC ACG
AAC AGC ATC ACC G 3’(forward) and 5 GTA ACC GGT CT CAC CAA GCC GGC
GTC TTT GGC CAT G 3’(reverse). In the second step, cloning size of 0.7-kb insert
fragment was used to code for GFP. Forward primer 5° GTA GTC GAC ATG GTG
AGCAAG GGC GAG GAG 3’ and reverse primer 5° GTA GTC GAC ATG GTG
AGCAAG GGC GAG GAG 3’ were used to amplify GFP code. In the final step, N terminal
2 Kb fragment of MRP1 (represents amino acid sequence 1-638) was amplified using the
forward primer, 5> GTA GAG CTC ATG GCG CTC CGG GGC TTC TGC AG 3’ and
reverse primer 5 CTA GTC GAC GCC GTC TTT GAC AGG CCG TCG CTC 3’. All the
inserts were incorporated into the background frame to create the main construct. After that
both N and C terminals were separated by inserting valine—aspartate and proline—arginine
amino acid linkers. After removing the stop codon of MRP1 the C terminal end of the
sequence was ligated to the backbone. There were five amino acids —threonine, glycine,
leucine, alanine, and threonine incorporated in between these two segments. The efficiency

of the two-color construct was evaluated using FRET efficiency [58].

1.7.1.7. In silico analysis

Nowadays, different computational methods are used to predict the interaction between
ABC transporters and substrate. From molecular docking to machine learning algorithms,
scientists are utilizing all possible modeling approaches. Several published pharmacophore
models are available for ABCB1, ABCC1 and ABCG2. Pharmacophore models highlight
receptor and protein interaction with hydrophobic and hydrophilic features. However, due
to overlapping substrate specificity, multiple pharmacophore models pave the way to

overcome the limitation of traditional pharmacophore models [91,92]. Li et al presented
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this approach recently for ABCBL1 [93]. The extension of this protocol might also show
promising results for other ABC transporters. Pharmacophore-based QSAR models
consider physicochemical properties of both drug and receptor. It helps the researcher
cancel out unwanted drug receptor interaction for designing better inhibitor. Scientists are
constantly trying different modeling approaches to distinguish between substrate and
inhibitors. Scientist mainly look at the physiochemical properties, especially hydrogen and
hydrophobic bonding interactions between the binding pocket of the ABC transporter and
substrates. Other parameters to be considered are molar mass, logP, surface electron
geometry, free energy change , HOMO-LUMO, and pharmacokinetic parameters

(absorption, distribution, metabolism, excretion and toxicity) [91,94,95].

Though the ABC transporters have long amino acid chains, full and high-resolution
structures are available online in the RCSB protein databank. The structures are available
both in substrate bound and apo form. 5UJ9 is the Cryo-EM structure of bovine ABCC1
and 5UJA is the structure of same MRP1 bound to LTC4, a substrate of MRP1. This is the
crystal structure nucleotide binding domain 1 of human MRP1. For small structures it is
easy to perform crystallization with very high resolution. 3G5U is the crystal structure
available in the data bank for P glycoprotein. For the full structures mentioned here, the
resolutions are above 3 A. Other ABC transporter PDB files are also available in the
databank. Crystal structure helps to figure out binding site and amino acids participating in
the binding interaction. These features help to proceed further for molecular docking and
molecular modeling analysis to design novel inhibitors and assess substrate-ABC

transporter interaction [24,96,97] .
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1.7.1.8. EX vivo assays

ABC transporters (Pgp, MRP1 and BCRP) are expressed mainly in the liver, kidney,
intestine, and brain. For example, P glycoprotein is found in intestinal mucosa. It has great
influence on absorption of different small molecules in the intestine. Ex vivo methods are
followed because it is effective to assess the transport activity using specific animal organs.
The organ is then kept in a specialized chamber and normal biological environment of the
body is maintained in the chamber. After the experiment, the fluid of the chamber bath is

collected for measurement of substrate concentration [98-101].

Shukla et al studied the effect of curcumin on ABCG2, which was expressed in rat brain
capillary. The author found that curcumin inhibited and increased the bioavailability and
Cmax of sulfasalazine, a substrate of ABCG2. For the experiment, brains of rats were
decapitated and then collected the capillary for assessing the inhibitory effect [100].
Parasrampura et al investigated the activity of some Pgp inhibitors on the function of P-gp.
To conduct the experiment, at first peripheral blood mononuclear cells were isolated from
buffy coat and then washed with buffer. The cells were then incubated with rhodamine 123
in the presence of inhibitors. The buffer containing the fluorescence was collected and
measured. In this experiment cyclosporin showed very good inhibitory activity [99].
Ballent et al reported the interaction between ABC transporters and anthelmintic drugs.
The study was performed by isolating rat intestine and adjusting it in using diffusion
chamber. lvermectin significantly reduced Rho 123 efflux activity [98]. In another study
Verstraelen et al compared overexpression of MDR1, BCRP and MRP3 between ex vivo
models, rabbit and porcine corneas and human cornea cells. Here, the rabbit cornea model

confirmed overexpression of MDR1. Overexpression was confirmed using immunoblot,
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PCR and bidirectional transport using specific probe substrates and inhibitors of the

specific proteins [101].

1.7.2. In vivo assay

In vivo animal models are utilized to perform the ABC transporter activity for substrates
and modulators. In vivo animal model study in the final step in confirming whether the test
compound is a substrate or modulator or both and to clear picture about the
pharmacokinetics of the substrates and modulators. Scientists prefer the gene knockout
mouse model with wild type mice to understand the effect of the ABC transporter. To
generate the gene knockout model, the target gene of the ABC transporters is silenced using
gene editing tools. Sometimes naturally occurring mutations are also common for ABC
transporters. Until now, natural mutants of P glycoprotein and MRP2 have been detected
in mice and dogs. MDR1a and MDR1b knockout mouse models were found to be effective
in evaluating the brain uptake and ADME parameters and toxicity profile of Pgp substrates
cyclosporin A, vinblastine, toperamide, donepezil, and digoxin [102-106]. To perform this
assay the target vector was constructed and cloned from 129 CCE-derived stem cells. The
mouse model was generated by injecting in the blastocysts followed by reimplantation.
Clinical hematology parameters were monitored and Pgp content analysis was done using
monoclonal antibody. For the pharmacokinetic analysis, drugs were injected into the tail
vein. After certain time brain, liver, and intestine were collected radioactivity of [*H]
digoxin was measured using liquid scintillation counting and HPLC was used to quantify
paclitaxel. A research group generated MRP1 knockout mice gene editing in the embryonic
stem cells to observe if there is increased accumulation of cerebro spinal fluid (CSF)

etoposide in the absence of MRP1. The study has huge impact on assessing



24

pharmacokinetic and distribution of etoposide through blood brain barrier [107]. Another
research group found that MRPL1 inhibitor reversan increases the chemotherapeutic index
of vincristine, etoposide, doxorubicin in neuroblastoma mouse model. The author deleted
the MRP1 gene in the neuroblastoma cells and then injected into the mouse flanks for the
in vivo experiment. After that the mice were set for further drug treatment [108]. In
addition, BCRP1 knockout mouse model was found to be effective in assessing the BCRP1

mediated efflux of sulfasalazine and nitrofurantoin [100,109].

In order to test the efficacy of substrates or modulators it is imperative to conduct in vivo
experiments. But precaution should be maintained while selecting transgenic animal
models. Deletion of ABC transporter associated gene might upregulate or downregulate
the expression of other ABC transporter proteins and enzymes. Moreover, interspecies
difference among the ABC transporters should be taken into consideration when

extrapolating data from animals to human trial.

Table 1.2. General flow chart for detecting and quantifying the transported substrate and

modulators of ABC transporters.

Selection of test compounds, probe substrates, probe inhibitors and suitable cell line
overexpressing the specific ABC transporters. HEK, H69, MDCK, and CACO-2 cell lines

are commonly used worldwide.
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Optimization and validation of membrane vesicle based transport study to get initial
idea of the transport efficiency of the specific ABC transporters and then proceed to
cell-based accumulation and efflux assay to see whether the drugs really work as
substrate/modulator in the live cell system. It helps to set acceptable parameters to

analyze the outcome.

I

Measurement of the transported fluorescence or radiolabeled substrates using flow
cytometry and liquid scintillation counting. The inhibitory or inducing activity of
the test compound is assessed. This is possible to figure out from the amount of
transported substrates. To directly measure the quantity, LCMSMS, HPLC-MS or

HPLC-UV-based analytical protocols are applied.

I

Further validation of the property of the compounds as substrate and or modulator
using MTT reversal assay, FRET based approach, in vivo animal models, ex vivo
model, and in silico molecular modeling analysis (molecular docking algorithm
figures out binding affinity and molecular dynamics check the stability of the drug

molecule in the binding site ).
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Table 1.3. A short list of substrates and modulators of all types of ABC transporters
[34,47,54,62,110-129].

loperamide, phenytoin,
phenobarbital,
tandutinib, nilotinib,
imatinib mesylate,
hydrocortisone,
corticosterone,
theaflavin, quercetin,
rutin, tamarixetin

ABC transporter | Distribution Substrate Modulator
P glycoprotein Highly expressed | Vincristine, vinblastine, | Verapamil,
in intestine and doxorubicin, cyclosporin A,
cancer cells. daunorubicine, valspodar,
Expression also methotrexate, dexverapamil,
observed in mitoxanthrone, biricodar,
kidney, brain, etoposide, docetaxel, quercetin,
testes, overy, paclitaxel, verapamil, baicalein,
placenta amiodarone, rifampin, tariquidar,
tetracycline,levofloxacin, | laniquidar,
ritonavir, amprenavir, annamycin,
indinavir, losartan, trifluoperazine,
diltiazem, prazosin, biricodar,
erythromycin, dexniguldipine,
cyclosporine A, cycleanin,
sirolimus, amitryptiline, | camptothecin,
fluoxetine, morphine, ergotamine,

harmine, piperine,
epigallocatechin
gallate,
kaempferol,
myricetin,
avermectin,
amiodarone,
avermectin,
capsaicin, piperine,
EGCG, curcumin,
tannic acid,
nelfinavir,

MRP1

Highly expressed
in kidney, testis,
lung, placenta,
heart and cancer
cells.

Moderately
expressed in
brain, small

doxorubicin,
daunorubicin,
vinblastine, vincristine,
etoposide, paclitaxel,
methotrexate, estradiol-
17-B-D-glucuronide,
LTC4, difloxacin,
grepafloxacin, sn-3,
imatinib, gefitinib,

MK571,
cyclosporin A
LTC4, verapamil,
genistein,
indomethacin,
glibenclamide,
probenecid,
rifampicin,
dexamethasone,
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intestine, colon, ciprofloxacin, quercetin,
and peripheral cyclophosphamide, rapamycin,
blood calcein-AM, AZD1208,
mononuclear benzylpenicillin tipifarnib,
cells rapamycin,
everolimus,
deforolimus, ,
temsirolimus,
TAK-733, afatinib,
celecoxib,
doramapimod,
mifepristone, MK-
2206,
rosiglitazone,
calcitriol,
calcipotriol
MRP2-MRP9 Low level in lopinavir, olmesartan, methotrexate, mk-
brian, kidney, anthracyclines, cisplatin, | 571, etoposide,
prostate, liver and | etoposide, methotrexate, | celecoxib,
placenta, overy, | vincristine, topotecan, probenecid,
testes mercaptopurine, diclofenac,
glutathione. indomethacin,
doxorubicin, sulfinpyrazone,
daunorubicin, E217G, rofecoxib,
LTC4, LTD4,LTE4, furosemide,
cascade blue, pyranine spironolactone,
and sulforhodamine 101, | leflunomide,
paracetamol glutathione, | curcumin,
cysteine conjugates, glucuronide,
paclitaxel, tenofovir ibrutinib,
disoproxil, alectinib tariquidar, sodium
butyrate
BCRP Highly expressed | methotrexate, fumitremorgin C,
in liver, brain, sulphasalazine, estrone Ko143, GF120918,
placenta, small 3-sulphate, ritonavir,
intestine, and hematoporphyrin, nelfinavir,
cancer cells E217BG, uric acid, SN- | biochanin A,

38, prazosin,
pheophobide A,

chrysin, gefitinib,
imatinib,
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nitrofurantoin, imatinib, | cyclosporin A,
gefitinib, genistein, novobiocin,
mitoxantrone, 2-amino- | quercetin,
1-methyl-6- oxotremorine,
phenylimidazo [4,5-b] phenobarbita,
pyridine, quercetin, etoposide,
(rosuvastatin, phenobarbital,
rosuvastatin, rifampicin,
simvastatin, zidovudine, | omeprazole,
lamivudine, topotecan, resveratrol
rosuvastatin, tariquidar

List of substrates and modulators for the P-glycoprotein, MRP1 and BCRP

1.8. Therapeutic deep eutectic solvent

Over the past decade ionic liquids have emerged potential solvent system in analytical
chemistry. In the field of science and engineering it became widely studied solvent topic.
lonic liquids are prepared from organic salts and their melting points stay below 100°C.
Due to their solvency power, non-flammability, low vapor pressure, and thermal stability,
they have diverse applications in the fields of biotechnology, pharmaceuticals,
environmental science, and medical science. lonic liquid has been employed in drug
discovery and development research to enhance transdermal permeability, solubility of
active pharmaceutical ingredients and synthesis of drug candidates. Although it displayed
some favorable features, there are limitations because of high cost in synthesis, poor
biodegradability, poor biocompatibility, and toxicity to cellular organelles. As an
alternative of ILs, DES is emerging as popular and highly promising class of green solvent
because of lots of benefits over ILs. DES comprise four subtypes and among these types,
class Il is the most prominent. To prepare type I11 DES, the most used and widely accepted
HBA is choline chloride. It is mixed with HBD such as urea, ethylene glycol or glycerol in

a two or three fold molar ratio. Due to low cost, readily availability, biocompatibility and
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simple preparation steps, type 111 DES turned out to be attractive class among types of deep
eutectic solvents. It became an inseparable part in several research fields such as
pharmaceuticals, extraction and separation, organic synthesis, nanomaterials, and

biomedical sciences.

Deep eutectic solvents are emerging as an attractive solvent due to low toxicity, simple
preparation procedure, inexpensive starting material, and biodegradability. It is a mixture
of two or more components that results in lowering the melting point of the mixture. Binary
mixture is common in the scientific community. It is prepared by mixing one hydrogen
bond acceptor (quaternary ammonium salt) and hydrogen bond acceptor following a certain
molar ratio. The low melting point of the new solvent is less than the melting points of the

pure substance that are used to prepare the DES.

Therapeutic deep eutectic solvents are another emerging practical application of deep
eutectic solvent. To form THEDES, active pharmaceutical ingredients (API) are mixed
with another component and the mixture is heated to form DES. It enhances the solubility,
permeability, and stability of the APIl. Moreover, THEDES prevents recrystallization of
API. API incorporated in THEDES shows promise in topical and transdermal drug
delivery. THEDES successfully improved the transdermal permeability of ibuprofen,
irtaconaole, propranolol, testosterone and lidocaine [130,131]. The enhanced capacity of
transdermal permeation could be attributed to menthol, low melting point of the mixture,
and increased solubility in the membrane [131][130]. Lu and coworkers reported that
NSAIDs such as acetaminophen, aspirin, ibuprofen, ketoprofen and naproxen are more
highly soluble in DES than in water [132]. Silva and coworkers formulated menthol and

fatty acid-based THEDES and reported excellent wound healing properties with potential
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antibacterial activity [133]. In another article they unraveled the anticancer potential of
limomene based deep eutectic solvents prepared with menthol and ibuprofen in different
ratios [134]. Recently one research group prepared a eutectic based transdermal delivery
system for risperidone. They formulated eutectic solvent of the antipsychotic drug with
some fatty acids. Application of the formulation showed enhanced skin permeation and no
inflammation to the skin of animal models [135]. Combining THEDES with a
biodegradable polymer opens a new window for efficient controlled pharmaceutical drug
delivery over long period of time [136]. Aroso et al developed a specialized drug delivery
system by impregnating menthol:ibuprofen deep eutectic solvent with starch:poly-e-
caprolactone and carried out sustainable delivery of bioactive molecules from the polymer
matriX. They found that ibuprofen showed fast release when it is incorporated in as THDES
compared to ibuprofen impregnated alone in the polymer matrix [137]. Recently, THDES
was advantageous in gelatin-based drug delivery. Mano et al incorporated choline
chloride/mandelic acid-based DES in gelatin by electrospinning and reported that the new
nanofiber presented excellent dissolving capacity and enhanced oral bioavailability of drug
[138]. Several experimental reports are published on THEDES but little work has been
done on correlation between experimental studies and computational simulation using
molecular dynamics. Solvation of lidocaine in different deep eutectic solvent was
explained by intermolecular interaction between lidocaine and other components in DES
coupled with the structure of the solvation state [139]. Structural properties of a menthol-
based deep eutectic solvent, menthol:acetic acid (1:1), was investigated using experimental
and computed IR-VCD analysis, Principal component analysis and cluster state analysis

using molecular dynamics and density functional theory at the ®B97XD/6-311G (d,p)
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level [140]. In another research work, thermodynamic property analysis, quantum
calculation, and hydrogen bonding interaction assessment were performed on nine
different choline chloride based DES and it was determined that 1:1 and 1:2 clusters are
more energetically favorable and the clusters are stabilized by several hydrogen bonds
formed between donor and acceptor molecules [141]. With the help of density functional
theory, molecular dynamics, PCA analysis, favorable cluster analysis, and behavior of non-
bonding interaction, detailed atomic-level interactive property between HBA and HBD is

possible.

1.9. Features of Deep Eutectic Solvent

Introduced by Abbott et al. in 2004, DES became hot topic not only in the field of
chemistry, biochemistry, and but also in the fields of pharmaceutical sciences,
nutraceutical, and cosmetic sciences. Since the advent of DES, a number of patents is
increasing day by day [142,143]. Before use of DES, ionic liquids (IL) were used
extensively for manifold applications. Despite manifold applications, extensive use of IL
greatly reduced due to high toxicity, poor biodegradability, and costly production steps.
For this reason, there is a constant search for new and alternative solvents that will
overcome major drawbacks of ILs. DES became the topic of attraction and considered as
alternative of IL because of very low toxicity, rapid biodegradability, low volatility,
availability of starting materials, formulation stability, non-flammability, and tuneability
[142,143]. DES differ from IL in two particular aspects, chemical formulation and source
of raw materials [144]. DES are mainly formed by mixing hydrogen bond donor and
hydrogen bond acceptor in a certain molar ratio. On the other hand, IL are formulated by

mixing two ionic components through formation of ionic bonding. In case of DES, ion-
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dipole attractions mainly govern HBA and HBD interaction in DES. Other types of
bonding e.g., Van der Waals force, and electrostatic forces occasionally contribute to DES
formulation [142,144]. DES is applicable in biomass production process, extraction of
plant components, and stabilization of natural pigments. As an ecofriendly green solvent
and sustainable catalyst, DES has been utilized in traditional organic synthesis reactions
for example, Diels-Alder, Halogenation, Knoevenagel, Henry, Perkin, Paal-Knorr, and
Biginelli reactions. There is a class of DES which is known as NADES (Natural Deep
Eutectic Solvents). In this type of DES natural compounds, like vitamin or amino acids,
are used as DES components. NADES have novel application of DES in the field of

physiology [142-144].

Natural compounds are obtained mainly from plants, microorganisms, fungi and algae.
Along with primary metabolites, natural compounds play significant roles in body defense
mechanisms and nutritional requirements. To extract these compounds several traditional
and modern methods are currently followed [142-144]. Different polarities of organic
solvents and water are primarily used to extract different categories of natural products.
However, several major concerns are associated with currently available protocols. These
ambiguous concerns ultimately affect the physicochemical properties and utilities of
extracted compounds. There is an urgent need of the use of alternative cheap solvent that
will be greener and sustainable than current solvents. From numerous applications it has
been proved that DES satisfies most of the criteria to be a suitable alternative solvent in
this situation. It significantly improves the extraction yield as well as quality of finished

products [142-144].
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Recently biotransformations showed noticeable improvement in DES. Two types of
biotransformation are commonly used to synthesize metabolites [144,145]. First is
harvested enzyme-based biocatalysts and microorganism-based biocatalysts. For high
yield and optimum production of metabolites both methods require non aqueous solvent
system for high yield. Due to adverse effect, instability of products, product post treatment,
and contamination from microbes recently DES emerged as a suitable and highly efficient
nonaqueous green solvent system for biotransformation. DES-inspired biocatalysts
improved solubility of products, chemical inertness, chemical stability, and efficiency of
enzyme. Numerous studies prove the superior efficacy of DES over traditional organic

solvents [142,144].

Application of DES in biomacromolecule preservation is evident from recently published
literature. For example, preservation of DNA molecules in DES is governed through
efficient dissolution by forming hydrogen bonding networks between DES components
and phosphate backbone of DNA. Moreover, different structures of DNA, such as triplex
and quadruplex, are structurally stable in DES due to distinctive physicochemical
properties. Since the last decade there has been considerable improvement observed in
nanotechnology. Due to improved diffusion coefficient, surface tension, and viscosity,
DES significantly improved assembly of nanoparticles in nanostructure format and
facilitates synthesis. Presence of hydrogen bonding, Ostwald ripening, single atom
attachment and coalescence might enhance coordination of nanoparticles in nanostructure

[146,147].
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1.10. Pharmaceutical application of deep eutectic solvent

The number of pharmaceutical solvents is limited, and development of novel solvent
became the priority. Solvents play a major role in drug design and delivery to the
appropriate site of action. Use of solvent is also applicable in reaction media for synthesis
of drug molecules. This section will focus on potential application of DES in the field of

drug delivery and drug design [142].

To treat various heath disorders the most important aspect of the drug discovery process is
appropriate delivery in the proper location. In this case solubility is a critical issue and it
hinders therapeutic activity of drug molecules. Additionally, some drugs suffer from
hydrolysis because of long term storage in water medium. Traditionally, organic solvents
have been used tremendously to increase drug solubility in water but due to toxicity and
other health and environment concerns application of organic solvents are not a viable
solution. DES works as a versatile green solvent for increasing solubility of poorly water-
soluble drugs [142,144]. Several experimental studies confirm the applicability of DES to
increase solubility and delivery of pharmaceutical drugs. Li et al found that solubility of
itraconazole, posaconazole, lidocaine, and piroxicam increased significantly in the choline
chloride-based DES ChCl:glycolic acid compared to water. The DES ratio was 1:2.
Moreover, solubility was also found to be significant in tertiary solvents [148]. According
to Morrison et al, solubility of poorly water soluble danazol, griseofulvin, itraconazole, and
AMG517 were better in ChCl:urea (1:2) and ChCl:malonic acid (1:1) than water [149].
To formulate therapeutic DES, active pharmaceutical ingredient API is used as one
component of DES. As a result, solubility of the API is enhanced at a high rate. Stott et al

improved transdermal delivery, solubility and permeability of ibuprofen incorporated in
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DES composed of a series of terpene molecules including menthol, menthone, thymol, etc.

[131]

Natural deep eutectic solvent showed potential in stabilizing antimicrobial drugs. In a
different study it has been reported that DES stabilized the beta lactam ring of two
commonly used antibiotics, namely imipenem and clavulanic acid. Beta lactam is highly
unstable and prone to degradation due to nucleophilic or electrophilic attack. Deep eutectic
solvent composed from betaine:urea in 1:1.5 ratio retained antimicrobial potency of the
drugs even after seven days of preservation [150]. On the other hand, storage of the
antibiotics in water for consecutive days drastically reduced the potency. In the treatment
of antibiotic drug resistance, application of DES is becoming apparent [150]. Antibiotic
resistance is emerging as a major health hazard globally. It can occur in any time or any
day. Due to overuse and misuse, the problem is accelerating day by day. EXxisting
antimicrobial medication is losing efficacy in treating a growing number of microbial
infections for example, tuberculosis, pneumonia, and others. To treat drug-resistant
bacteria, scientists are developing new treatment options and antimicrobial photodynamic
therapy is one of the options. Recently DES has been introduced in preparing
photodynamic therapy to maximize functions of porphyrin molecules. Several
disadvantages limit the use of organic solvent to dissolve porphyrin. That is why DES
comes in the form of solubilizing agent of porphyrin and acts as photosensitizer compound

porphyrin solubilizer [142].

Successful drug delivery remains a hurdle for the pharmaceutical scientists. From oral
administration to site action is a long route for drug molecules to reach and exert

appropriate mechanism of action. On the way drug molecules undergo degradation due to
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multiple physiological factors. To assist in successful drug delivery, nowadays polymer
technology evolved as a drug delivery vehicle. Polymerization and micelle formation
capacity can encapsulate drug in the inner core of micelle. DES can act as hydrophobic
core in the inner moiety of micelle and dissolve hydrophobic drugs. Outer shell of micelle
is shaped by polymeric career and thus polymer based micelle carries drugs and take to the

desired place by navigating through the internal body environment [151,152].

Application of DES is an interesting topic in improving efficacy of chemotherapeutic
agents. DES can improve solubility and delivery of anticancer agents or itself can act as
anticancer medication when drug molecules can be incorporated in the solvent system. In
addition, DES can facilitate synthesis of novel anticancer agents. Proper analysis of DES
mechanism of action should be conducted for designing better chemotherapeutic drugs and

rendering the normal cells harmless [153].

The overall dissertation is about establishing bioanalytical chemistry-based methods and
therapeutic solvents to enhance therapeutic activity of anticancer drugs and drug like
candidates. In this research | explored all available protocols established for detecting
interaction between ABC transporters and probable anticancer substrates. In first aim, a
novel method to directly detect and quantify probable anticancer substrate
chemotherapeutic drugs was designed and developed. To establish the assay MDCK-I1
MRP1 and its parental cell lines were selected. We exclusively focused on extracellular
conc. Instead of measuring intracellular conc. The idea simplifies the outcome of the
protocol and makes it easy to follow, directly detectable and reproducible. The novel

protocol was confirmed and validated by MTT cell viability assay. In second aim, two
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projects were designed and performed to provide substantial evidence regarding
physicochemical and biological activities of therapeutic deep eutectic solvent prepared
from ethyl gallate and dodecyl gallate. Both molecules have multifaceted therapeutic
activities including anticancer properties. Limited water solubility limits desired
therapeutic activity of these potential candidates. We conducted several experiential
protocols to assess the structural and pharmacological properties of DES. DESs were

identified as promising medium for future drug delivery research.
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2.1. Introduction

Cell-based assays are more accurate and provide reliable result than membrane-based
assays. It is possible to get a clear picture about the parameters involved in assessing
whether the transported compounds are substrates or inhibitors. Although cell-based assays
demand time and labor, these can give us clear idea about specific transporter protein
activity in live conditions. On the other hand, membrane-based assays are complicated and
needs sophisticated techniques. It is possible to grow the cells in a well plate and increase
the expression of selective transporter proteins, which helps to determine specific

substrates and modulators for overexpressed efflux pump.

2.1.1. Bidirectional transport assay

To measure the permeability and transport of the compounds across cell monolayer,
transport assays have been widely used in the field of drug discovery to assess the property
of the compounds as substrates or modulators. The cells overexpressing transporter
proteins are grown on a trans- well filter and allowed to grow by forming tight junction
among the cells. After growing a cell monolayer, the test compounds are loaded either in
the apical side (known as the upper chamber) or basolateral side (known as the bottom
chamber) and the experiment is initiated. Samples are collected from both chambers at
different timepoints and quantified using LC-MSMS, HPLC-MS or HPLC-UV. The efflux
radio (ER) can be calculated by measuring the permeability from either the apical to
basolateral direction or from basolateral to apical direction. If the ER is greater than 2, the
compounds are moved by transporter proteins across the cell monolayer. To test the
inhibitory effect, probe substrates and the test compound are used. To perform this

experiment the cell monolayer is incubated with test compound. Then the probe substrate
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is added, and the ER is calculated for the substrate in the presence of test compounds. If
the ER is less than 2 for the probe substrate in a concentration dependent manner, the test
compound might work as an inhibitor. From the net flux, kinetics parameters such as Vmax

and Km are also determined [1-3].

To perform this assay wild type, knocked out and ABC transporter overexpressed Caco-2
and MDCK cell lines are commonly used. Compounds having low or high permeability
may give false result. Moreover, differences in cell lines, endogenous expression of the
transporters and transfection with specific PGP, MRP1 or BCRP might give variable

results. These factors might lead to difference in ER, Km, and Vmax [4,5].

2.1.2. Uptake assay/intracellular accumulation assay and efflux assay

Cell-based uptake and efflux assays are used to quantify the amount of drugs accumulated
in the cells. Using analytical methods, flow cytometry, and radioactivity, the transport
potential can be assessed for specific transporter proteins. Sometimes substrates might act
as inhibitors. In some cases, it does not behave as an inhibitor. Therefore, the increased
accumulation of the probe substrate in the presence of the test compound indicates that the
test compound might work as inhibitor. While the opposite effect might happen due to an
inducing effect of the test compound. The result is calculated based on the known inhibitor
of specific transporter protein. Calcein AM, mitoxantrone, rhobdamine 123, and
doxorubicin are widely used fluorescent substrates to assess the accumulation property in
ABC-transporter overexpressed cell lines. Calcein AM is used to study MRP1 and P-gp.
Mitoxantrone is used to study BCRP. Rhodamine 123 is used for Pgp. Calcein AM easily
diffuses into the cell. After getting inside the cells, it gets cleaved by esterase enzymes to

fluorescence-active acid calcein. Intracellular accumulation of fluorescent compounds has
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an inverse relationship with ABC-efflux transporter activity. That is why this protocol is
widely accepted for high-throughput inhibitor-screening assays. Confocal microscopy is
also preferable and convenient to generate the map of localization of the fluorescent
compounds in live or fixed cells. By this technique it is possible to get digital images of

the distribution and the analysis [6-26].
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Figure 2.1. Effect on test compounds on Calcein AM accumulation assay. Image collected

from the author with permission [18].

Tan et al showed in Figure 2.1 that in the presence of the MRP1 inhibitor MK-571,
overexpressed HEK MRP1 cells have more accumulation of calcein than the respective
parenteral control cell line. Calctriol and calcipotriol showed very high accumulation
properties is similar to the inhibitor and so they can act as modulator. This calcein AM

assay works to identify potential modulators [18].



57

For doxorubicin, normally people use H69 cancer cell line. Based on the provided data it
proves feasibility for using doxorubicin-based fluorescence accumulation as a mean for

development of the high-throughput screening assay.
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Figure 2.2. 10 uM doxorubicin was added in H69AR cells in the presence and absence of
50 uM MK571 for 15-180 min. Doxorubicin treatment at 30, 60, and 90 min are presented.

Data are shown as mean = SD (n = 3).

H69 AR cells overexpress MRP1 transporter. In case of overexpression and in presence of
inhibitor MK-571, doxorubicin gets accumulated. This is indicated by high fluorescence
intensity. It indicates the inhibitory potential of MK-571 (Figure 2.2). In this way we can
characterize the inhibitory potential of the test compound using the doxorubicin-
accumulation assay [21]. Some research groups worked on MRP1-mediated glutathione
transport of the substrates. They found that MRP1 activity is directly related to glutathione
conjugation. That is why it is imperative to conduct glutathione-content assay to ensure
whether the drug is the MRP1 substrate or not [27]. Similarly drug-metabolizing enzyme,
particularly CYP3A4 and GST, inhibition assays can confirm the potential to overcome

drug resistance [28].

200
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Analytical techniques can identify and quantify ABC transporter substrates based on the
accumulation of drug inside the parental and overexpressed cells. LC-MS or HLPC
techniques are normally followed to prove the activity of the test compounds as substrates
or modulators. Sometimes inhibitors might or might not work as substrates of the
transporter protein. For example, Amila et al performed the cellular-accumulation assay
for Pgp inhibitors [29]. After treating the cells with inhibitors, the cells were collected and
lysed. Supernatant from the centrifuged samples were injected into the mass spectrometer.
Here different buffer solutions were used to sperate the inhibitors in the column
chromatography. Gradient conditions were elected based on the polarity of the drug
molecules. In the MRM mode of the spectrometer, compounds were detected with their
suitable parent/daughter ions. Limit of detection (LOD) and limit of quantification (LOQ)
were calculated. Concentrations of the inhibitors were normalized to the content of protein.
In the LC-MSMS intracellular-content accumulation assay, the drugs 29, 34 and 45 did not
show significant content difference between parental control and P-gp overexpressed cell
lines. In a different experiment a simple technique identified and quantified P-gp substrates
in an MDCK cell accumulation assay. Possible P-gp substrates are determined using
intracellular accumulation of digitalis-like compounds in MDCK-Parental and MDCK-P-
gp-overexpressing cell lines. The further effect of P-gp inhibitors elacridar and Ko143 of
the possible substrates are assessed. The lipophilicity of the drugs might play a role in this

transport assay. The amounts were quantified using LC-MS methods [9].

In cell-based efflux assay, after incubating the cells with drugs, the media is removed, and

fresh media or buffer is added. The radiolabeled test compounds effluxed by the ABC
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transporter get accumulated in the fresh medium. The amount of is measured using liquid

scintillation counter [30].

2.1.3. 3D cell-based experiment

A recent advancement cell-based experiment research is three-dimensional cell-culture
system with image analysis as the added dimension. Three-dimensional based cell cultures
mimic the in vivo conditions. Three-dimensional 3D tumor spheroid is widely used to test
the efficacy of new anticancer molecule because it resembles the structural features of solid
tumor. This spheroid is used to check the drug resistance for anticancer agents [31,32]. For
example, Nanayakkara et al performed calcein AM uptake assay in spheroids. Using
prostate cancer cell line DU145TXR, spheroids were made following some minor
modifications. Spheroids were treated with Pgp inhibitors followed by incubation with
calcein AM. Fluorescence images were processed using the imageJ program and then three

dimensional surface was analyzed based on pixel intensities [29].

2.1.4. Novel cell-based efflux assay

Though there are lots of assays for the identification of ABC-transporter substrates,
inhibitors, or modulators, most of the experiments are complicated to perform technically.
These assays are labor-intensive. Preparation of the cell lysate is complex. Intracellular
drug content determination is time consuming and requires specialized equipment or
expertise. Moreover, image-analysis platforms in substrate accumulation assays are
generally costly. As an alternative approach, to identify substrates of ABC transporter, our
goal was to develop simple HPLC-UV based cellular efflux assay using six selected
compounds identified as modulators from previous experiments in our laboratory. To

screen these compounds, we used a unique library of anticancer drugs [6,21,22]. Our aims
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were as follows: i) determination of the drug content from extracellular, instead of
measuring intracellular drug concentration, ii) evaluation of efflux activity of MRP1 on
substrate drugs in overexpressing cell line and its parental (control) cell line, iii)
comparison of efflux activity between known MRP1 substrate drug and experimental drug

and iv) MTT colorimetric assay, to assess and validate the experiment.

We can hypothesize that cell-based efflux assay using HPLC-UV may identify the drugs
on which MRP1 shows high efflux activity with an excellent efficiency. Further in vitro
and in vivo models should be developed to validate and identify the possibility of these

drugs to work as substrates of MRP1.
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2.2. Materials and methods

2.2.1. Chemicals

Vincristine, alisertib, tozasertib, mesalamine, celecoxib, caboxantinib, and erlotinib were
purchased from Cayman Chemical (Ann Arbor, MI). HBSS (Hank's Balanced Salt Solution
with Ca and Mg added) and DMEM media were procured from GE Healthcare,

Marlborough, MA.

2.2.2. Cell lines and cell culture

MDCKII cells were purchased from ATCC (Manassas, VA). For MDCKII-MRP1, parental
cells were transfected with MRP1 vector. Cells were cultured in DMEM supplemented
with 10 % fetal bovine serum. Cells were grown in a humidified incubator maintaining 5
% CO> at 37 °C. MDCKII-MRP1 was exposed to geneticin (0.2 mg/mL) once a month to

induce the expression of MRP1.

2.2.3. Cell-based efflux assay

2.2.3.1. Optimization of incubation time

The initial time-point study was conducted to select optimal time for drug uptake and
efflux. MDCKII-MRP1 cells were seeded at 1.5x 10° density/dish in small cell-culture
dishes. After 24 hours, when the cell confluency was greater than 90 %, the media was

removed and 50 uM of each drug prepared in 2-mL DMEM was added to the cells.

In the second timepoint experiment, after incubating for one hour, the media was removed,
and cells were washed twice with 500 pL of HBSS buffer to remove residual media
containing drug solution. Cells were then incubated with 1.5 mL HBSS buffer for two

hours. Following incubation, buffer was collected from the cell-culture plate and
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centrifuged at 12000 rpm for seven minutes to pelletize undissolved artifacts. The
supernatants were collected into HPLC vials for analysis. To validate the results, sample
blank, process blank, and spiked sample were run for each drug. Limit of quantification
(LOQ) was quantified as 1 uM and limit of detection was 0.3 uM for the developed method.

Vincristine was used as a control drug in this study [33].

2.2.3.2. Optimization of incubation dose

To select the optimum dose for treatment, we selected drug concentrations ranging from
50 to 150 uM and incubated with MRP1-overexpressed cells at 1.5x 10° cells/dish in small
cell-culture dishes. After incubation, cellular morphology was considered for proper dose

selection.

2.2.3.3. HPLC-UV instrumentation for selected modulators

HPLC preparation protocol was outlined below:

Vincristine and mesalamine were quantified using isocratic methods
Solvent composition:

a) Vincristine: Phosphate buffer/ACN (60:40), pH 3.8
b) Mesalamine: 0.1 % Formic acid in Milli-Q water/ACN (60:40)

For the rest of the drugs, linear gradient elution method was used.

(Solvent composition: 0.1 % Formic acid in Milli-Q water/ACN)

!

The injection volume was 20 pL for each drug sample.

!

Flow rate was 1.2 mL/min and temperature were controlled at 30 °C
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!

Drug concentrations were measured using HPLC-UV (Thermo Scientific, San Jose, CA,
USA).

The analytes were separated using C-18 column (Agilent Zoxbax, 4.6x75mm, 3.5 pum).
2.2.3.4. Experimental outline of cell-based efflux assay

MDCKII-MRP1 and MDCKII-P cells were seeded at 1.5x 10° density/1.5 mL in small cell-

l

After 24 hours, when the cell confluency was greater than 90 %, the media was removed

culture dishes

and 50 pM of each drug prepared in 2 mL DMEM was added to the cells

l

After incubating for one hour, the media was removed, and cells were washed twice with

l

Cells were then incubated with 1.5-mL HBSS buffer for two hours.

l

500 uL of HBSS buffer
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Post incubation, buffer was collected and centrifuged at 12000 rpm for seven minutes to

l

The supernatants were collected into HPLC vials for analysis. Vincristine was used as
control.

pelletize undissolved artifacts.

2.2.3.4.1. Cell viability assay

MDCKII-P and MDCKII-MRP1 cells were plated into a 96-well plate at a density of 5x104

cells/well in 100-pL culture medium.

!

The next day, cells were treated with various concentrations (0.00064 uM to 50 uM) of

drugs in 100 uL of DMEM media. Media only (untreated) was used as control

|

After 72 hours of incubation cells were treated with 10 uL of MTT dye (5 mg/ml in PBS)

and incubated at 37 °C for four hours.

MTT formazan product was dissolved in 100 pL of 15 % SDS containing 10 mM HCI.

Cell viability was determined by measuring spectroscopic absorbance at 570 nm with a

microplate reader.
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2.2.3.5. Molecular Modeling Approach to identify substrate binding site
2.2.3.5.1. Drug and protein optimization and preparation
To identify the substrate-binding site in MRP1, we employed molecular docking. The

protocol is outlined:

> Receptor and drug molecule preparation: Structure of drugs were collected from
Pubchem compound server and MRP1 PDB code was collected (5UJ9) from RCSB
databank.

» Optimization: After collecting the structures, these were optimized by ACD
Chemsketch and PyMol. The optimized structures were saved in PDB format for

further docking.

2.2.3.5.2. Molecular docking
» PyRx was used for molecular docking between optimized drug and protein.
» Docked poses of drug molecules were combined with protein using PyMol.

» Gridbox parameter selected:
center_x = 86.22, center_y = 62.04, center_z = 57.96
size X =67.70, size_y = 35.24, size_z = 35.97

> All docked posed were processed with Discovery studio used for visualization of

ligand receptor nonbonding interaction analysis.

2.3. Data Analysis
Results are presented as meanzSD. All the experiments were performed at three

independent times. Percent drug efflux of MRP1-overexpressed cell line was calculated in
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terms of parental efflux control for each drug. The equation is (Efflux conc. of
MRPI1-Efflux conc. of Parental)/ Efflux conc. of Parentalx100. For each drug we
generated a standard curve to calculate the concentration effluxed drugs by MRP1
overexpressed and parental cell lines. For the MTT assay, we also conducted three

independent experiments.

2.4. Result

2.4.1. Selection of incubation dose and time

Optimization of incubation dose

We selected three concentrations, 50, 100, and 150 uM, and incubated with the drugs to
choose the suitable dose for conducting the experiment. For optimization we selected
alisertib. We observed significant cell detachment from the culture dish for 100 uM and
150 uM drug concentrations. These concentrations were excluded from further assessment.
Since 50 uM had maximum attachment of cells to the culture plates, this dose was selected.

The cells showed no sign of mortality at the selected concentration.

Incubation time optimization

Two timepoint experiments were performed to select the optimum incubation time for
absorption and efflux of drug molecules by MRP1. To select both incubation times, we
proceeded with alisertib. According to the first timepoint experiment, after 1 hour in
MRP1-overexpressed cell lines, maximum absorption was record by the cells. To see

which one shows better absorption in the first-time dependent accumulation study, we
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selected three time points ranges from 45 mins to 2 hours. As shown in Figure 2.3, we

found that one hour shows maximum absorption.

60- _
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&3 60 min
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Figure 2.3. To choose first incubation time, three time points were selected. After
incubating with MRP1-overexpressing cells at different times, aliquots of drug containing
media was collected and injected in HPLC-UV. In the chromatograms, high absorption
indicates low effluxed drug concentration in the extracellular media. Thus, the peak area
and height will be small. One hour showed best response. After one hour, the cells showed

most absorption of the drugs.

To conduct the second time experiment, we chose four points ranging from 0 hour to 4
hours. We observed the maximum efflux and we found that after two hours, MRP1 showed

high efflux activity and drug concentration became maximum in the extracellular media
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(Figure 2.3). From this study, two hours was selected based on efflux rate of MRP1-

overexpressed cells.
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Figure 2.4. Experiment to determine the high efflux activity of MRP1 after adding fresh
HBSS. Aliquots of extracellular media were collected at different times. Before adding the
HBSS buffer, we removed-drug containing media. From the figure we can clearly see that
after two hours the peak started becoming flat and going down until four hours. Two hours

was selected for measuring efflux activity.

2.4.1.1. Optimized HPLC Parameters
Table 2.1. Optimized HPLC parameters such as calibration equation, wavelength of

maximum absorbance and retention time for peak are given below.

Drugs Calibration Equation | Wavelengths of | Retention time in
maximum HPLC
absorbance chromatogram
Alisertib y =0.3326x - 0.6903, 290 nm 6.37min
R2=0.9971
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Tozasertib y =0.3884x - 0.7141, 254 nm 3.58min
R2=0.9932
Mesalamine y =0.6897x + 0.8723, 210 nm 0.62min
R2=0.9906
Celecoxib y = 0.0566x - 0.1488, 254 nm 6.70min
R2=0.9999
Caboxantinib y =0.0052x + 0.098, R? 254 nm 6.92min
=0.9912
EGCG y =0.1252x - 0.4857, 280 nm 3.09min
R2=0.9979
Erlotinib y = 0.0195x + 0.28, R? 254 nm 4.29min
=0.9941
Vincristine y =0.2497x + 2.1896, 210 nm 0.55min
R2 =0.9952

For all the drugs R? values are ranged from 0.9906 to 1.0. Vincristine is used as a control

drug in this experiment. It is a known MRP1 substrate.

Intensity (a.u)

Spiked sample

J

.

50 uM spiked drug conc in
buffer matrix

Pumped out drug present
In the buffer matrix

Buffer from non treated cells

2.5 3

3.5

Time (min)

4.5 5

Figure 2.5. A sample chromatogram between 50 uM of spiked and cell treated

concentrations of tozasertib and non-treated control. The chromatogram indicates that peak

elution time was similar between the samples.
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2.4.1.2. Assessment of efflux method using known substrates and modulator drugs

For incubation one hour was chosen and 50-uM concentration drug was selected for
treatment. After incubation, drug containing extracellular media was removed and fresh
HBSS buffer was added to the cell-culture plate. After two hours, the buffer sample was
collected. The amount of drug pumped out from the cells was quantified using HPLC-UV.
We calculated efflux concentrations from this experiment for all potential substrate drugs.

Table 2.2. The results for seven drugs were as follows.

Drugs Parental efflux MRP1 efflux
Alisertib 3.52+0.292 uM 5.284+0.391 uM
Mesalamine 3.09+0.15 uM 4.17+0.357 uM
Celecoxib 11.34+0.969 uM 14.01+0.902 uM
Caboxantinib 11.28+2.93 uM 12.54+2.465 uM
Erlotinib 14.87+1.356 uM 16.58+1.630 pM
Tozasertib 15.53+2.062 uM 9.48+2.35 uM
Vincristine 16.51+1.294 uM 22.64+1.586 uM

Vincristine is a popular chemotherapeutic agent that is used to treat a variety of cancers.
In this experiment we used vincristine as control because it is a known MRP1 substrate
drug. MRP1-overexpressed cells will pump out most of the drugs. The amount of excreted
drugs will be more than its parenteral control cells. The parental cells might show some
efflux. This is due to endogenous expression of some MRP1 proteins and other ABC
transporters in the parental cell line. If the drug is a substrate of MRP1, efflux concentration

will be higher in MRP1-overexpressed cells. In MRP1-overexpressing cells, vincristine
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(control) showed 37 % more efflux than parental cells. Alisertib shows around 50 % more
efflux, mesalamine showed 35 % more efflux, and celecoxib showed 23 % more efflux in
MRP1 overexpressed cells (Figure 2.6). The difference between both cell lines in terms of

efflux were considered significant (p<0.05).
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Figure 2.6. Efflux activity of MRP1-overexpressed and parental control cells on MRP1
modulators. Results are presented as average of three independent experiments. *P< 0.05

was considered statistically significant. Student’s T test was performed to analyze the data.
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2.4.1.3. MTT assay

To conduct an MTT assay, vincristine was used as control. The drug increased cell viability
in MRP1-overexpressed cell line compared to parental cell line. Alisertib, mesalamine and
celecoxib increased cell viability in MRP1-overexpressed cell lines. From the cell viability
graph, difference in viability between two cell lines is clearly visible (Figure 2.7). For other

drugs there is no considerable difference.
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Figure 2.7. Cell viability in MRP1-overexpressed and parental cell line was determined

using MTT assay. Results are presented as mean + SD (n=3).

2.4.2. Substrate-MRP1 interaction using molecular modeling

Molecular modeling was performed for likely substrate drugs identified in the cell-based
assays. We identified alisertib, mesalamine, and celecoxib as possible MRP1 substrates. It
has been found that along with vincristine, three substrate likely drugs bind in the
transmembrane region before being kicked out by MRP1 (Figure 2.8). In addition to
evaluating the binding site using Discovery studio, we determined the possible amino acids

that interact with the substrate drugs in the transmembrane binding site. All potential
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substrate drugs, including vincristine, show hydrogen and hydrophobic type nonbonding
interaction. The distance between nonbonding interaction between amino acids and
different functional groups of drugs ranges from 2 to 5.5 angstrom (Figure 2.9-2.12, Table

2.3-2.6).

ib
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Figure 2.8. Binding site of alisertib, mesalamine, celecoxib, and vincristine in MRP1

(RCSB code: 5UJ9).
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Figure 2.9. Ligand nonbonding interaction between alisertib and MRP1.

Table 2.3. List of amino acids, types of bonding interaction and bonding distance between

MRP1 and alisertib.

Amino acids Bonding interaction | Distance
Ser542 Hydrogen Bond 2.43837
Lys1091 Hydrogen Bond 2.65062
Leu545 Hydrogen Bond 2.97308
Thr487 Hydrogen Bond 2.87726
GIn1088 Electrostatic 3.64979
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Ala546 Hydrophobic 4.26233
Pro1087 Hydrophobic 5.29246
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Figure 2.10. Ligand nonbonding interaction between mesalamine and MRPL1.

Table 2.4. List of amino acids, types of bonding interaction and bonding distance between

MRP1 and mesalamine.

Amino acids Bonding interaction Distance

Ser1037 Hydrogen Bond 1.68765

Lys1091 Hydrogen Bond 2.43794
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Figure 2.11. Ligand nonbonding interaction between celecoxib and MRPL1.

Leu539 Hydrophobic 5.47189
Ala543 Hydrophobic 4.5404
Ala546 Hydrophobic 5.47976
Pro1087 Hydrophobic 5.07406
__ His985
T NG =

_Arg593

53
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Table 2.5. List of amino acids, types of bonding interaction and bonding distance between

MRP1 and celecoxib.

Amino acids Bonds Distance
Arg593 Hydrogen Bond 2.68273
His985 Hydrogen Bond 2.54941
Ser988 Hydrogen Bond 2.52688
Tyrl235 Hydrogen Bond 2.38311
Asn1099 Hydrogen 2.95291
Asn992 Hydrogen Bond 3.0472
Ala561 Hydrophobic 3.86346
Pro557 Hydrophobic 4.96097
Leu586 Hydrophobic 4.34856
Trp553 Hydrophobic 4.94738
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Figure 2.12. Ligand nonbonding interaction between vincristine and MRP1.

Table 2.6. List of amino acids, types of bonding interaction and bonding distance between

MRP1 and vincristine.

Amino acids Bonding interaction Distance

Asnl1244 Hydrogen Bond 2.52703

Trp553 Hydrophobic 3.63343
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Phe594 Hydrophobic 3.50377
Phe385 Hydrophobic 3.80989
Trpl245 Hydrophobic 4.74317
Met601 Other 5.67833

2.4.3. Discussion

Here our main goal is to show direct efflux of potential substrate chemotherapeutic agents
by MRP1-overexpressed cells. We developed a novel cell-based efflux assay using
MDCKII MRP1 and its parental cell lines. After performing the experiment, we employed
HPLC-UV to detect and quantify the amount of excreted drugs by both cell lines in fresh
HBSS buffer. By using this method, we can directly determine the possible MRP1

substrates.

Using a known MRPL1 substrate drug vincristine we found that our novel protocol shows
efficacy in detecting difference of efflux between MRP1 overexpressed and parental cell
line. The result is statistically significant. MRP1 considers vincristine as substrate and
pumps out from the cancer cells [33]. Moreover, it has been found that beside being kicked
out, vincristine also participate in overexpression of MRP1 [34]. For alisertib we found
that MRP1 pumps out 50 % more in MRP1 overexpressed cells than parental control cells.
The difference in terms of efflux is statistically significant. Alisertib is a known aurora

kinase inhibitor and it is normally developed by Takeda Pharmaceuticals to treat T cell
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lymphoma [35,36]. Iram et al conducted a screening study and found that it inhibited
MRP1-mediated doxorubicin and E217BG efflux across the cellular membrane. The study
provides substantial evidence of MRPL1 interaction with alisertib and might behave as
MRP1 inhibitor [21]. From the current experiment, it is clear that the drug it might work
as a MRP1 substrate because the MRP1-overexpressed cells pump out statistically
significant amounts of drug than control cells. Mesalamine is also sensitive to MRP1 efflux
activity. Iram et al reported that mesalamine (hit molecule from National Clinical
Collection) interacted with two color MRP1 in a screening assay. In that experiment
structure changes during MRP1-mesalamine interaction were detected and recorded by
fluorescence energy transfer [20]. For celecoxib, difference in efflux activity between
MRP1-overexpressing cells and parental cells was found to be considerable. Iram et al
reported celecoxib works as an MRP1 inhibitor. As a NSAID the drug selectively inhibits
COX-2. Its primary function is to reduce and control gastrointestinal bleeding [21]. Based
on the discussion above we can propose that compared to vincristine, these drugs are likely
substrates of MRP1-mediated efflux. Tozasertib, erlotinib, and caboxantinib did not exhibit
considerable variation in efflux rate between the two cell lines. To confirm and validate
our novel protocol, we performed MTT cell viability assay. For alisertib, mesalamine, and
tozasertib, cell viability was high in MRP1-overexpressed cells compared to parental cells
and it produced a dose dependent curve. For other drugs, difference in cell viability was
not considerable. We also demonstrated nonbonding interaction between substrate drugs
and MRP1 before being pumped out from the cells (Table 2.3-2.6, Figure 2.8-2.12). Several
reasons might influence the pumping activity of MRP1 on substrate likely drugs such as

low affinity, hydrophilicity, hydrophobicity and single bipartite substrate-binding site of
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MRP1 [8,9,37]. Further in vivo studies are warranted to justify the substrate relationship
with MRP1 for alisertib, mesalamine, and celecoxib. The novel protocol will assist in the
design and development of selective MRP1 inhibitors to overcome MRP1-mediated MDR

for these substrate likely drugs.

Our newly developed protocol has several advantages over other traditional methods. It is
simple, easy to follow, and avoids complexity to perform. We do not need any sophisticated
or expensive instrument to detect MRP1 substrates. The protocol just needs two cell line
to perform the experiment. In the last final step of experiment, drugs are detected and
quantified by HPLC-UV. The difference in efflux rate between the two cell lines are
expressed as statistically significant. Moreover, the experiment is validated by MTT assay.
As this is a preliminary protocol and all the drugs have positive logP value, we used
alisertib to optimize and select incubation time points. If someone wants to follow our
protocol, we suggest optimizing incubation time points for each new drug. The novel
protocol will assist drug discovery scientist to detect new substrates of MRP1, as well as
substrates of other prominent ABC transporters. Moreover, it will aid in the development

of novel ABC-transporter inhibitors.

2.5. Conclusion

We developed an easy-to-follow cell-based efflux method to detect MRP1 substates. Here
we showed direct interaction of MRP1 with its substrate likely drugs. We found for some
modulator drugs, MRP1 actively pump them out from the cells. We employed HPLC-UV
to detect and quantify the drugs. One key feature of this protocol is that we exclusively
focused on extracellular drug concentration pumped put by MRP1. This strategy avoids

complex intracellular drug concentration measurement. The protocol will the pave the way
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for development of advanced in vitro and in vivo substrate-selective MPR1-deficient and
overexpressed efflux models. LCMS based identification and quantification will increase
accuracy of the protocol. In a nutshell, the novel protocol will assist cancer scientist to
detect resistance in chemotherapy, develop novel ABC transporter inhibitor and identify

non substrate chemotherapeutic agents.
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3.1. Introduction

Due to their low toxicity, straightforward manufacturing process, affordable starting
material, and biodegradability, deep eutectic solvents (DES) are becoming a popular
choice as an alternative of ionic liquid solvents. Lowering the melting point of a
combination is a result of mixing two or more components. Tertiary DES mixing is less
frequent than binary DES mixture. It is made by combining one hydrogen bond acceptor
(quaternary salt) with another hydrogen bond donor in a specific molar ratio. The novel
solvent has a low melting point, which is lower than the melting points of the raw

materials needed to make DES.

lonic liquids have become viable solvent systems in analytical chemistry over the past ten
years. In the domains of biotechnology, pharmacology, environmental research, and
medical science, it has a variety of uses. In order to improve transdermal permeability,
the solubility of active pharmaceutical components, and the synthesis of drug candidates,
ionic liquid is used in drug discovery and development research. Despite certain
commendable qualities, it has drawbacks such as high synthesis costs, low
biodegradability, poor biocompatibility, and toxic effects to vital cellular organelles. Due
to its advantages over ionic liquids, DES is quickly becoming a highly promising class of
green solvent. DES emerged as a desirable class among many deep eutectic solvent types.

It became a crucial component in several scientific domains.

Another class of emerging practical deep eutectic solvents that achieved a breakthrough
is therapeutic deep eutectic solvents. Active pharmaceutical ingredient (API) and another
component are combined and then heated to create THEDES. It improves API's

permeability, solubility, and stability. Additionally, THDES stops APl from
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recrystallizing. The API used in THEDES demonstrated potential for topical and

transdermal drug delivery [1-5].

Correlation study between experimental studies and computational simulation employing
molecular dynamics has recently received considerable interest, in addition to the
numerous experimental results published on THEDES. It is feasible to explore in-depth
atomic level interactive property between HBA and HBD using density functional theory,
molecular dynamics, thermodynamics, PCA analysis, quantum calculation, favorable

cluster analysis, and non-bonding interaction. [6] [7] [8].

Ethyl gallate (EG) is a plant metabolite and it is a naturally occurring antioxidant present
is many plants sources [9]. The phytochemical has a diverse range of pharmacological
properties. It is used as a food additive antioxidant [10,11]. It shows anti-atherosclerosis
activity by blocking the early stage of the plaque formation. The mechanism underlying
this activity might be due to the efflux of HDL cholesterol and suppression of cytokine
activity [12]. Ethyl gallate rich A. nilotica leaf ethanolic extract showed as ECso of 40
ug/mL against the human carcinoma cell line KB. The underlying mechanism of this
therapeutic activity might be due to affecting the DNA and progressing to apoptosis [13].
Treatment with EG significantly inhibit histopathological changes in lung and attenuate
edema formation in LPS-induced pulmonary injury in the rat model [14]. EG can bind
with ERK1 and 2 and work as a novel inhibitor of both receptors. As a result it
suppresses the growth of both anchorage dependent and independent growth of
esophageal cancer cells [15]. It has been found that ethyl gallate decreases MDA-MB-

231 and MCF-7 breast cancer cell proliferation in a dose dependent manner through Akt-
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NF-kB signaling [16]. In terms of solubility EG is slightly water soluble [17]. It showed

high solubility in ethanol and DMSO [18].

In this project our prime research interest is mainly focused on formulation of novel
THDESs where ethyl gallate is used as primary ingredient and analysis of
physicochemical, structural, and spectroscopic properties of the new formulations using
experimental and computational approaches. After that cell-based assays will be
conducted to assess biological activity. The new formulations will significantly increase
the solubility and bioavailability of ethyl gallate. It will lead to breakthrough in

pharmaceutical drug development and delivery research.

3.2. Materials and Methods
3.2.1. Chemicals

Acetonitrile (ACN) was purchased from Thermo-Fischer Scientific (Dubuque, 1A, USA).
Choline chloride (ChCl), Acetylcholine chloride (AChCI), PEG-400, and glcerol were
purchased from Acros Organics (USA) and Tex Lab Supply. All of the chemicals had
purity > 98%. Chemicals used for the in-vitro assay will be discussed in the cell line and
cell culture subsection. Double distilled (DD) water was used for the solubility study.

Ethyl gallate was purchased from Cayman chemicals.

3.2.2. Preparation of THEDES
Ethyl gallate was mixed with different biomolecules in a different molar ratio in order to

formulate the solvent. Overall process is outlined below:
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HO Q Ethyl gallate was mixed with ChCl, AChCI,
O’/\‘ - -
PEG 400 and glycerol in different molar
HO
HO ratios.

Ethyl gallate

' KT he mixtures were heated at 65°C With\

constant stirring (<600 rpm) until ensuring

the appearance of a homogeneous liquid

J

mixture.

Observed for one day to ensure no

possibility of crystal formation.

3.2.3. FTIR Spectroscopic Measurements

FTIR gives us necessary information about the major functional groups participated in
nonbonding interactions. The flowchart given below describes the IR spectroscopic

measurement process.
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FTIR Spectrometer was used to scan the samples.

!

Ethyl gallate, acetylcholine chloride and THEDES were

dissolved in DMSO and then spread on KBr plate before

running the instrument

Spectra were recorded in transmission mode from 400 to

-1
4000 cm . Before each spectrum collection, background

spectrum was collected.

3.2.4. NMR Spectroscopic measurements

To conduct *H and *C NMR, the THEDES were dissolved in deuterated dimethyl
sulfoxide and the chemical shift was measured in ppm (8). The spectra were measured

with a Bruker spectrometer (600 MHz). The outline is given below:



[ Samples were prepared by dissolving 200 mg in deuterated DMSO

gtion was transferred In NMR tubes\

¥

/ Proton and carbon NMR

Peak were analyzed using

BUKER 600MHz
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3.2.5. Solubility Study
Saturated solution of EG and EG based THEDES were prepared in water. At first 1000

ppm solution of EG only was prepared to generate calibration curve. The EG powder and
THEDES were added continuously in water until the disappearance of solute in the water.
The solvation procedure continued until reaching the saturation point. It was observed for
48 hours to ensure that crystallization does not happen. All samples were filtered using a

0.2-um filter and transferred to HPLC vials for further analysis (Figure 3.1).

Dionex UltiMate 3000 HPLC-UV was used to assess the solubility profiles of EG and
EG-based THEDES in water. ZORBAX SB-C18 (4.6x75 mm i.d., particle size 3.5 pm)

column was used to isolate peak. Injection volume was 5 L.

Experimental Protocol: Solubility

‘Prepare different conc. from HPLC-UV
1000 to 125 ppm measurement

Pure EG
Flow rate: 1.0 mL/min
Solvent: 0.1%FA: ACN(60:40) =~ HPLC-UV
Method: Isocratic gradient measurement
»e UV length: 235 nm
unsaturated
et Samples were added in water 3"
dissolves . .
‘ Filtration
EG In separate vials g
EG based saturated "A‘Ei‘
THEDES solution

no more solute
dissolves

Figure 3.1. Outline of experimental procedure to measure solubility in water. Standard
curve was generated by running pure ethyl gallate at different concentrations to calculate

actual solubility of ethyl gallate based DES.

3.2.6. Computational Modeling
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3.2.6.1. Molecular modeling calculations

The initial structures of ethyl gallate and acetylcholine chloride were optimized using
molecular mechanics optimization tool in WebMO [19]. After optimization, electrostatic

potential graph was generated, and energy parameters were calculated.

3.2.6.2. Molecular docking

Structure of ethyl gallate was collected from PubChem compound server. Structures of
MRP1 (5UJ9), MUC1 (6BHB), HER2 (3PP0), and Akt (6HHG) were collected from
RCSB databank and optimized using Swiss pdb viewer [20][21][22]. Finally docking was
performed using PyRx. Docking pose were generated discovery studio and PyMol.
Docking grid box parameters for MRP1 were as follows: (exhaustiveness = 8, center_x =
89.6944725892, center y = 60.7344245156, center z = 55.9919893333, size X =
82.5463550749, size y = 62.7802800506, size_z = 48.9755696918). Docking grid box
parameters for Akt were as follows: (exhaustiveness = 8, center_x = 13.6093, center_y =
-11.7637, center_z = -15.8331, size_x = 49.9149041843, size_y = 66.2937657166, size_z
= 58.248783989). For mucin docking gridbox parameters were (exhaustiveness = 8,
center_x = -2.4748, center y = 25.6566, center _z = 4.0854, size_x = 39.6586597919,
size y = 42.2048911285, size z = 32.259420166) and for HER2, docking parameters
were (exhaustiveness = 8 center_x = 12.4648, center_y = 21.696, center_z = 34.0758,

size_x = 59.7606887054, size_y = 47.3639290977, size_z = 57.6649198341).

3.2.7. Cell lines and cell culture

HEK-P, HEK-MRP1 and pancreatic cancer cells were cultured in Dulbecco’s modified

Eagle’s medium (DMEM) (GE Healthcare Life Sciences, Logan, UT) complemented
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with 10% v/v fetal bovine serum (FBS) (HycloneTM, GE Healthcare Life Sciences). Cell

cultures were maintained at 37 °C in a humidified incubator supplied with 5 % CO..

3.2.7.1. Cell viability assay

Using MTT colorimetric assay the cytotoxic effect of THEDES was evaluated. In brief,
HEK Parental and MRP1 overexpressed cells were plated into a 96-well plate (NEST®,
Rahway, NJ) at a density of 5 x 10* cells/well in 100uL culture medium. For pancreatic
cell line we plated 30,000 cells/well in 96-well plates. The next day, cells were treated
with different concentrations (0.0084 uM to 1000 uM) of the DES and ethyl gallate in
100 pL of DMEM media. For pancreatic cancer cells we treated with 3.125 uM to 1000
uM. Cells incubated with media only were treated as control. Post-incubation for 72 h,
100 pL of culture medium was removed and cells were treated with 10 uL MTT dye (5
mg/ml in PBS) and incubated at 37°C for 4h. For pancreatic cell line we waited for two
hours. The MTT formazan product was dissolved in 100 uL 15 % SDS containing 10mM
HCI. For pancreatic cancer cell line 200 uL DMSO was added to each well to dissolve
the formazan. Ethyl gallate was kept as the positive control to compare the effect of ethyl
gallate DES. Before starting the experiment, 10mM pure ethyl gallate stock solution was
prepared in DMSO. From this stock solution, working concentrations of the pure ethyl
gallate was prepared. Working concentrations of therapeutic solvent were prepared
directly from the ethyl gallate DES. Cell viability was determined by measuring
spectroscopic absorbance at 570 nm with a microplate reader (Hidex Sense Beta Plus.,

Turku, Finland). Results were expressed as percentage of control values.
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3.2.8. Cell cycle analysis

Cells were seeded into six-well plates at a concentration of 500,000 cells/well and
allowed to attach in culture overnight. A total of three mL of culture media containing the
test samples were added. The next day cells were treated with ICsp and 2x ICsg
concentrations of ethyl gallate and ethyl gallate (positive control)-based THEDES and
incubated for 48 h. The cells were washed twice with ice-cold 1X PBS (Hyclone™ L
laboratories, Inc) and collected after trypsinization. Cell pellets were washed two times
with ice-cold 1X PBS and fixed with one mL of ice-cold ethanol for 45min at 20 °C.
After that, ethanol was removed, and cell pellet was resuspended in 500 pL propidium
iodide (Pl)/RNase staining solution (BD Biosciences) and incubated for 15 min at room
temperature and stored in the dark. Cell suspension was collected in a flow cytometer
tube and scanned with a BD Accuri™ C6 flow cytometer (BD Biosciences, San Jose,

CA, USA) using BD Accuri™ C6 software, version 1.0.

3.2.9. Solvatochromism of ethyl gallate based THEDES

Solvatochrmsim was applied to measure solvent polarity in different temperatures.

Experiment was carried out using Nile red, 4 —nitroaniline, and N,N-diethyl-4-

nitroaniline at conc. of 5x10* M. Regents were properly mixed with the solvent.

1

[ A 200 pL aliquot of each sample was loaded into a 96-well plate. ]

l

Maximum absorbance and corresponding wavelength were determined using UV-

Vis spectrometer in different temperatures. UV spectral scanning was initially

selected from 230 nm to 700 nm.
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3.2.10. Melting point determination of ethyl gallate based THEDES

Melting point was determined using TA-Q2000 differential scanning calorimeter at a
heating rate of 10 °C per min. Ten mg of sample was taken in an aluminum pan and an
empty pan was used as reference. Before running the instrument, the sample holder was
covered with aluminum lid. Temperature range was set from -100 to +200 °C. To ensure
no moisture contamination, nitrogen gas was purged at a rate of 20 ml/min. TA-60WS

program was used to generate the thermal scan.

3.3. Result and discussion

3.3.1. Formulation of THEDES

To formulate THEDES, pure ethyl gallate was mixed with choline chloride, acetylcholine
chloride, glycerol, or PEG 400 in different molar ratios. Initially we started from 1:1
molar ratio for all the DES. Then we increased the ratio until getting the successful
formulation. Successful formulations are presented in Table 3.1. All liquid preparations
were viscous and appeared transparent. No precipitates were observed after formulation.
To conduct further experiments, we selected acetylcholine chloride-based DES because it

was more clearer and transparent compared to other THEDES.

Table 3.1. Different formulations of ethyl gallate based THEDES

THEDES Ratio Appearance in
room
temperature

Ethyl gallate: 1:6 Solid (behave

Glycerol as liquid at 37
OC)

Ethyl gallate: 1:3 Liquid

Choline chloride

Ethyl gallate: 1:2 Liquid

Acetylcholine
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chloride
Ethyl gallate: 1:1 Liquid
PEG 400

3.3.2. Solubility study

Solubility plays a vital role to achieve desired plasma concentrations in our body and to
exert proper therapeutic response. Poorly water-soluble drugs need high doses to be
administered to get optimum plasma concentration. Around 40 % of new chemical
entities are found to be poorly soluble which becomes a major challenge for the
pharmaceutical industry and formulation scientists. Solubility problems lead to
inadequate bioavailability and, as a result, therapeutic potency decreases [23-25].
Improving drug solubility is, therefore, an urgent need for pharmaceutical scientists [23—

25].

In this experiment, we tried to improve the water solubility of ethyl gallate:acetylcholine
chloride-based DES. The results showed that in THEDES water solubility of ethyl gallate
is 38 times higher than the slightly soluble ethyl gallate powder. The solubility data is
displayed in Figure 3.2. The standard curve is linear (y=0.1106x-2.9302, R2 = 0.9988)

over the range of 0 to 1500 ppm.
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Figure 3.2. Solubility of ethyl gallate in API form and in THEDES form in water. Right
image represents standard curve generated from pure ethyl gallate to calculate unknown

concentration.

THEDES are versatile solvents to improve the solubility and efficacy of drug molecules.
The new formulation is an emerging a new approach for drug delivery. It has been
demonstrated that THEDES significantly reduces the solubility issue, which may
improve drug delivery, and reduce the dose requirement to potentiate the therapeutic
effect of the API. Extensive studies on improving solubility by THEDES has not been
done yet. Various studies prove that THEDES can enhance the solubility and
bioavailability. As a result, bioactivity increases [23,26,27]. Solubility is a major issue in
the field of drug delivery research. Solubility limits drug development process. Poor
water solubility significantly affects bioavailability and as a result drastically affect
pharmacological action [23,28]. From the result it can be predicted that, pharmacological
response might be improved due to the high solubility enhancement by THEDES (Figure

3.2).
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3.3.3. IR spectroscopic analysis
IR analysis for THEDES including raw components were performed separately and

spectra were overlapped to show the difference in peak intensity.

Et-AChCI IR spectrum
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Figure 3.3. IR spectrum of pure ethyl gallate, acetylcholine chloride and ethyl gallate

based DES.

The -OH group of ethyl gallate broadened between 3070 to 3700 cm™. In the same range
peak for THEDES became narrow. It indicates that strong hydrogen bonding interaction
between -OH of ethyl gallate and AChCI. The -CO stretching vibration for ethyl gallate is

visible between 1616 to 1733 cm™. For THEDES it appears to be indistinguishable. The
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distinctive -CH stretching vibration occurs around 2833 to 3076 cm™. In this region
absorption band of THEDES decreases more than the parent compound ethyl gallate and
AChCI (Figure 3.2). The spectral bands indicate possibly H bonding interaction
happened. Change in peak intensity and peak deviation indicate possibility of nonbonding
interaction between HBD and HBA in DES [29][30]. Peak intensity ratio was also
calculated to add more insights in hydrogen bonding interaction. The eutectic interaction
is predominantly between the -OH on the gallate to the AChCI (Figure 3.3). Intensity

change was high (1.12, and 0.57 for -OH/-CH in ethyl gallate, and DES respectively).

3.3.4. NMR spectroscopic analysis

Both 3 CNMR and *HNMR were conducted for the DES components to assess potential

intermolecular interactions.
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Figure 3.5. 3C-NMR of ethyl gallate and its DES components.

Data was generated and acquired using the ACD-NMR software. For both NMR analysis
we marked the number of carbons by position. Chemical shift was measured in & ppm.
For proton NMR the scale was 0 to 10 ppm and for carbon NMR 0 to 220 ppm. In proton
NMR, for ethyl gallate and AChCI we observed four different types of protons
respectively (Figure 3.4). Normalized intensity for protons in ethyl gallate decreases
compared to AChCI in solvent formation. Moreover, chemical shift for the protons in
ethyl gallate was observed in the solvent peaks (most intensely for -OH protons labeled
as 4 and 5). In carbon NMR, peak intensity for carbons in ethyl gallate decreases in
solvent compared with pure compound (Figure 3.5). Moreover, for carbons in ethyl

gallate, we noticed chemical shift either up field or downfield in the solvent form. Similar
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behavior was also observed for AChCI. Overall, change in chemical shift and peak

intensity happened due to nonbonding interaction between components in DES.

3.3.5. Molecular modeling

Electrostatic potential graph and calculation of associated energy parameters were

performed after molecule mechanistic optimization.

Table 3.2. Molecular properties of all DES components.

DES Total Bond | Angle | Stretch | OP Torsion | Van der | Electrost
compone | strain stretch | bend | bend bend Waals atic

nts energy

Ethyl 19.6796 | 0.9899 |4.189 |-0.8553 | 0.0028 | -8.3585 |28.734 -5.0235

gallate kcal/mol

Acetylch | 15.8923 | 1.2625 |3.9014 | 0.1125 | 0.0022 | -1.4027 | 13.3395 |-1.3230
oline Kcal/mol

chloride

HO
o~ ™~

HO

Ethyl gallate
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Figure 3.6. Electrostatic potential plots of ethyl gallate and acetylcholine chloride. The

plots are generated from WebMO using extended Huckel molecular orbital theory.

Quantum parameters helps us to analyze nonbonding interaction (hydrogen bond) takes
place between two DES components in ethyl gallate based DES. Table 3.2 represents
thermodynamic properties of ethyl gallate and AChCI [19,31]. Electrostatic potential
graph of ethyl gallate shows electrophilic and nucleophilic attack sites around oxygen and
hydrogen. According to the electrostatic plot, red color is around oxygen of carbonyl
group of ethyl gallate, and chloride ion of AChCI. It indicates electron rich area. Blue
color is around hydrogen of hydroxyl groups of ethyl gallate and quaternary ammonium
cation of AChCI. It indicates electron deficient area (Figure 3.6). Hydrogen bonding

attraction may take place between red and blue marked areas and forms eutectic
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interaction [19,32]. The above-mentioned information might explain the reasons behind

forming deep eutectic solvent between ethyl gallate and acetylcholine chloride.

3.3.5.1. Molecular docking

Results of docking analysis between all possible proteins that are linked to pancreatic

cancer pathogenesis and ethyl gallate are presented below:

Table 3.3. Binding affinity of ethyl gallate against proteins responsible for
pancreatic cancer.

Protein Dock score (Kcal/mol)
MRP1 -5.7
Akt -6.4
MUC1 -4.9
HER?2 -7.0

Ethyl gallate binding

site in MRPL XX
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His494

Figure 3.7. Ethyl gallate nonbonding interaction with MRP1. The top image shows drug

binding site in the transmembrane region of MRP1 (circle).

Table 3.4. List of amino acids, types of bonding interaction and bonding distance
between MRP1 and ethyl gallate

Amino acids Bonding interaction Distance

Ser1084 Hydrogen bond 2.15
Hydrogen bond 2.68

Leu 539 Hydrogen bond 1.96
Hydrophobic bond 5.20
Hydrophobic bond 5.36

Val 538 Hydrophobic bond 5.28

His 494 Hydrophobic bond 4.83

Pro 1087 Hydrophobic bond 5.41
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Figure 3.8. Ethyl gallate nonbonding interaction with protein kinase Akt. The top image
shows drug binding site in Akt (circle).



115

Table 3.5. List of amino acids, types of bonding interaction and bonding distance

between protein kinase Akt and ethyl gallate.

Amino acids Bonding interaction Distance

Ile 290 Hydrogen bond 2.55
Hydrogen bond 2.41

Asp 292 Electrostatic 4.61

Trp 80 Hydrophobic bond 3.88
Hydrophobic bond 4.00

Lys 268 Hydrophobic bond 4.39

Leu 210 Hydrophobic bond 4.49

Leu 264 Hydrophobic bond 5.47

Ethyl gallate binding

site in Mucin 1

\
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Figure 3.9. Ethyl gallate nonbonding interaction with Mucin 1 domain. The top image

shows drug binding site in mucin 1 (circle).

Table 3.6. List of amino acids, types of bonding interaction and bonding distance

between Mucin-1 domain and ethyl gallate.

Amino acids Bonding interaction Distance

Lys 1093 Hydrogen bond 2.92

Arg 1095 Hydrogen bond 2.00

Asn 1091 Hydrogen bond 2.24

Phe 1044 Hydrophobic bond 4.86
Hydrophobic bond 5.37
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Ethyl gallate binding
site in HER2

Figure 3.10. Ethyl gallate nonbonding interaction with HER2. The top image shows drug

binding site of ethyl gallate in HER2 (circle).
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Table 3.7. List of amino acids, types of bonding interaction and bonding distance

between HER2 and ethyl gallate.

Amino acids Binding interaction Distance in A°
Ser 783 Hydrogen bond 2.81
Thr 798 Hydrogen bond 2.85
Asp 863 Hydrogen bond 2.74
Glu 770 Hydrogen bond 3.69
Phe 864 Hydrophobic bond 5.07
Ala 771 Hydrophobic bond 3.31
lle 767 Hydrophobic bond 5.36
Leu 785 Hydrophobic bond 4.40
Hydrophobic bond 4.88
Leu 796 Hydrophobic bond 3.36
Hydrophobic bond 5.43
Met 774 Hydrophobic bond 5.44

Pancreatic cancer is a major form of cancer. Abnormal tumor cells in the pancreas grow
in an uncontrolled way and turn aggressive. Eventually it spreads to other parts of the
body and affect the liver, abdomen, lung, bones, etc. Each year around 62,000 people in
the USA are diagnosed with cancer. It is one of the ten most diagnosed types of cancer in
the USA [33-35]. To treat aggressive pancreatic cancer, natural products-based drug
candidates might be a suitable source of novel drug candidates. Ethyl gallate has a rich
history of treating different cancer cell lines [16,36][37]. As a natural product, it has
diverse pharmacological activities [38][39]. That is why we decided to see whether it
shows potential in treating pancreatic cancer or not. From an MTT assay we found that
DES prepared from ethyl gallate showed better activity than pure ethyl gallate.
Moreover, in cell cycle analysis it has been observed that DES showed better activity
than pure molecule. Based on this observation we conducted a molecular modeling
approach against proteins that are mainly responsible for pancreatic cancer pathogenesis.

We tried to investigate probable inhibitory mechanism. Akt is one of most activated
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protein Kinases that induce cancer cell growth and proliferation. Mucin 1 is aberrantly
overexpressed in 90% pancreatic cancer metastasis. Overexpression of the receptor
tyrosine kinase HER2 is significantly associated with poor treatment outcomes in
pancreatic cancer patients [33-35]. These proteins collectively worsen the disease
condition. In addition to pancreatic cancer, we also tested whether the drug works against
MRP1 overexpressed cells or not. Molecular modeling assessment provides insight about
the ethyl gallate-protein interaction. All 3D protein codes were collected from the RCSB
data bank and optimized with Swiss PDB viewer. From docking scores, we can see that
except MUCL1 the drug shows good docking score against other three proteins. Good
docking score means more negative value and high binding affinity between protein and
drug [40]. HER2 showed the highest activity (-7.0 kcal/mol). We can assume that ethyl
gallate showcases anticancer potential through inhibiting activity of Akt and HER2. In
addition to pancreatic cancer inhibitory potential the drug molecule might hold potential

to work against drug resistant protein (Figure 3.7---Figure 3.10, Table 3.3 ---Table 3.7).

Docking with MRP1 shows that the drug binds in the transmembrane region of MRPL.
Probably by binding in that active site it inhibits efflux activity of MRP1. Nonbonding
interaction analysis proves that majority of bonding interactions were hydrophobic.
Bonding interaction distance ranges from 2.15 to 5.41 A. Docking with protein kinase
Akt shows the binding site is in the middle of the protein. Participating amino acids are
mainly nonpolar and only two amino acids are polar. Majority of nonbonding interaction
was hydrophobic type. Bonding distance ranges from 2.41 to 5.47 A. The drug showed
the greatest docking activity against HER2. Similarly, as other proteins, hydrophobic

interaction is the major driving force behind nonbonding interaction with ethyl gallate.
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Bonding distance ranges from 2.81 to 5.44 A. Most of amino acids participated in
nonbonding interactions are nonpolar. Rest of the amino acids are polar. Ethyl gallate
binds in the left upper groove of the protein and probably inhibits its activity (Figure 3.7--

-Figure 3.10, Table 3.3 ---Table 3.7).

3.3.6. Cell viability: Drug resistant cell line

Using MTT assay cell proliferation inhibition was assessed in both parental and MRP1

overexpressed cells.
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Figure 3.11. Top graph is MTT on HEK-MRPL1 cells and bottom graph is on HEK-P
cells. Pure ethyl gallate and DES were administered in the 96 well plate. Cell viability

was calculated in Hidex microplate reader.

To get insight about the feasibility of THEDES behavior in biological systems, we
conducted initial cell-based viability assays to assess the activity of ethyl gallate as
THEDES. Both HEK-P and HEK-MRP1 are widely accepted cell lines for checking the
drug resistance associated with many types of cancer. The assay reflects a potential

bioactivity of ethyl gallate in THEDES formulation.

Pure ethyl gallate and ethyl gallate in THEDES formulation showed almost similar
patterns but compared to pure ethyl gallate, DES showed better pharmacological
activities in both parental and MRP1-drug resistant cells. Overall, after 100 uM
concentration, cell viability started decreasing (Figure 3.11). It can be anticipated that
ethyl gallate in DES format retains comparatively better therapeutic potential than pure
ethyl gallate treatment. Excellent pharmacological activity and safety features of the DES

potentiate the biological use of ethyl gallate based THEDES in different forms of cancer.
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The reason is DES might deliver more ethyl gallate compared to pure ethyl gallate in the
sight of action. From solubility experiments we found that DES significantly improves
solubility of ethyl gallate. This phenomenon might be correlated with better therapeutic
potential in the MTT assay. Further studies are needed to assess the mechanism in

animal-based models.

3.3.7. Cell viability: Pancreatic cancer cell line

Pure ethyl gallate and ethyl gallate-based THEDES were applied on pancreatic cancer

cell line.

Table 3.8. ICso value of both DES and pure compounds

Samples ICso values in uM (mean+/—SD)
DES 640.3+/-59.99
Ethyl gallate pure 784.68+/—15.85

Ethyl gallate-based DES showed better I1Cso value than pure compound (Table 3.8). We
conducted MTT assay on pancreatic cancer cells to assess anticancer potential. Both
samples show anticancer activity but ethyl gallate based DES was better compared to
pure ethyl gallate. The reason may be DES delivers more ethyl gallate in the site of
action. From solubility experiments, we found that DES tremendously improve solubility
of poorly water-soluble ethyl gallate compared to the pure compound. It substantiates the

better pharmacological potential of DES.

3.3.8. Cell cycle analysis
Cell cycle assessment was conducted in a flow cytometer to see which stage of cell

growth are retarded by the drug and DES.
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Figure 3.12. Cell cycle assessment of pure ethyl gallate and ethyl gallate based DES in
pancreatic cancer cell line. ICso and 2ICsg concentrations were administered to assess the

potential. Results are shown as trial 1 and trial 2.

Cell cycle analysis provides critical information about cell proliferation and cell death. In
eukaryotic cells, it consists of four phases: G1, S, G2 and M. Cell cycle arrest is a viral
marker of excellent anticancer activity of new drug candidates. To investigate effect of
novel DES in inhibiting pancreatic cancer growth at first, we conducted an MTT assay.
Based on the MTT, we chose two doses (ICso and 2XI1Cso) and incubated with pancreatic
cells. We then investigated effect of the samples in cell cycle arrest. Propidium iodide
was used as DNA staining reagent. Using flow cytometry-based analysis we quantified
percent of cells in each phase of the cell cycle. Incubation with both pure ethyl gallate
and ethyl gallate based DES showed arrest in cell growth in G1 phase of cell cycle
(Figure 3.12). For pure ethyl gallate, population of arrested cells were similar in both
doses of administration. For DES we noticed that preincubation with ethyl gallate-based
DES led to increase in percentage of arrested cells in high concentration compared to
pure drug (78 % to 85 %). Based on the observation, it can be postulated that DES holds
promise in delivering poorly water-soluble anticancer agents like ethyl gallate to the site
of action and exerts anticancer activity by stopping cell cycle transition from G1 to S
phase (Figure 3.12). Further research is warranted to design novel pancreatic cancer drug
and incorporate in DES for better delivery and maximize pharmacological activity. Some
key proteins such as protein kinase Akt, Mucin-family protein MUC1, and Receptor
tyrosine-protein kinase 2 play significant roles in invasion and metastasis of pancreatic

cancer. We conducted a molecular molding study in these proteins and found that ethyl
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gallate might inhibit activities of HER2 and Akt (high binding affinity). Thus, it probably

inhibits progression of pancreatic cell growth [34,41,42].

3.3.9. Solvatochromism parameters

Solvatochromic parameters were measured at different temperatures. At room
temperature (25 °C) polarizability value is 0.91, hydrogen bond acidity is 0.71 and
hydrogen bond basicity is 0.43 (Figure 3.13). Due to dielectric effects, DES maintains
these values. We observed different polarity values of all three parameters at different
temperatures (25 to 45 °C). For polarizability we noticed an increasing trend in elevated
temperature and decreasing trend in high temperature for hydrogen bond acidity and
basicity (Figure 3.13). Variations in polarity values arise due to reorientation of dipole
values in increasing temperature [43,44]. Moreover, depending on polarity of DES and its
components in different temperatures red shift and blue shift were evident in UV
spectroscopy [44].
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Figure 3.13. Polarity, hydrogen bond acidity and hydrogen bond basicity of ethyl gallate

based DES in different temperatures.
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Figure 3.14. Ternary plot of ethyl gallate based DESs, ionic liquids, and organic solvents
generated based on Kamlet-Taft parameters (a, B, and ©*). Solvatochromism parameters
were collected from previously published literature and plotted in ternary plot [45,46].
lonic liquids closely related to DESs are highlighted in different colors to provide

understanding about probable polar nature of formulated DES. Position of DES in the

plot is shown inside the circle.

To get deep insight about solvatochromic behavior, Kamlet-Taft parameters of DES was
compared with parameters of selected ionic liquids and organic solvents. Solvent
selectivity triangle plot was generated from Kamlet-Taft parameters to describe polarity
of test samples. Ethyl gallate based DES is mostly closed to polarity of ionic liquids. To
produce the plot, polarity parameters at ambient temperature were selected. DES share

similar properties with ionic liquids namely [Bmim][TfO], [HOEmim][DCA],
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[HOEmMIm][NO3], [EmIim][NTf2], [Hmim][OTf], and [Bmim][BF4] (Figure 3.13).
Majority of ionic liquids that show similar properties contain 1-hexyl-3-methyl-
imidazolium (Hmim) and 1-(2-hydroxylethyl)-3-methylimidazolium ([HOEMIm]), and
1-Butyl-3-methylimidazolium (Bmim) cations (Figure 3.14). lonic liquids are used
routinely as catalytic agents in drug synthesis, drug delivery, extraction, and separation of

varieties of compounds [47,48].

3.3.10. Melting point determination using differential scanning calorimetry

Differential scanning calorimetry measures thermal transition of DES samples. Melting

point was analyzed for spike in heat flow.
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Figure 3.15. DSC curve of ethyl gallate based DES and individual components.

From the graph we can see that ethyl gallate shows a melting point around 150 °C
(Figure 3.15). On the other hand, ethyl gallate based-THEDES showed melting point
around below 0 °C. Reduction of melting point is considered significant. DES is
constituted by HBD and HBA. Due to nonbonding interaction between HBA and HBD,
depression of melting point might arise [49]. Depression of melting point might also be
due to other types of bonding interactions, such as halogen bond, electrostatic forces, and
van der Waals interaction [30,50]. Melting point depression is the core physicochemical
property of forming DES. The above mentioned result (Figure 3.15) confirms formation

of DES between ethyl gallate and acetylcholine chloride [30].
3.4. Conclusion

The Study proposes formulation of ethyl gallate based novel therapeutic solvent and that
demonstrated excellent pharmacological properties in biological assays. Hydrogen

bonding interaction between DES components was assessed using different spectroscopic
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techniques. Molecular modeling provides deep understanding for formation of hydrogen
bonding and inhibition of key proteins responsible for disease pathogenesis. Melting
point determination justified successful DES formation. DES significantly improves
water solubility of ethyl gallate compared to pure form. The DES shares similar polarity
with some commonly available ionic liquids. Due to improved physicochemical and

biological properties, DES will play key role in drug delivery applications.
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CHAPTER FOUR

A COMPARATIVE STUDY BETWEEN TWO DODECYL GALLATE
BASED THEDESs
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4.1. Introduction

Dodecyl gallate is a natural product. It is a derivative of dodecanol and gallic acid. As an
antioxidant compound, it shows diverse biological activities, such as antiproliferative,
antibacterial, antifungal, etc. Cheng et al conducted a study on the anticancer potential of
dodecyl gallate in a human osteosarcoma cell line. Apoptotic and antiproliferative
mechanisms were explored using MG-63 cell line. ICso value was found decreasing over
72 hour long treatment. Flow cytometry revealed cell growth arrest in the G1 and S phases.
It has been found that increase in Bax/Bcl-2 ratio, decrease in IAP, and increase in
apoptotic protein activity of caspase 3 and 8 indicates probable signaling of anticancer
activity of dodecyl gallate in osteosarcoma [1]. Dodecyl gallate has been found to work
against drug resistant bacteria. Kim et al showed that as a novel adjuvant, dodecyl gallate
increases the efficiency of antimicrobial peptide bacitracin in treating community-
associated MRSA (CA-MRSA) strain of bacteria [2]. Eddy et al conducted bacterial DNA
gyrase inhibition study on a series of plant polyphenols. Interestingly it has been found that
as a food additive, dodecyl gallate significantly inhibits activity of the enzyme. The drug
might behave as an ATP competitive inhibitor of the enzyme. It could work against DNA
topoisomerase enzyme of E. coli [3]. In a different study liver protection property of
dodecyl gallate was shown in carbon tetrachloride-induced hepatic toxic rat model. In
combination with gallic acid, the molecule significantly increased level of hepatic
protective enzymes. Moreover, increase in P53 level confirms clearance of damaged
hepatocytes to prevent lifelong failure of liver [4]. Dodecyl gallate improves oxidation
stability of tribal insert to treat knee arthroplasty. It significantly protects oxidation state of
highly crosslinked polymer polyethylene and enhance performance of surgical treatment

for knee malfunction [5].
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Figure 4.1. Chemical structure of dodecyl gallate.
In room temperature it exists as a crystalline solid. Its molar mass is 338.4 daltons. The
molecular formula is C19H300s (Figure 4.1). The molecule is insoluble in water but soluble
in ether and ethanol. Due to nonpolarity, logP value is very high. That is why in this project
our goal was to improve solubility of the drug like molecule. If the solubility is improved,
it may further accelerate drug delivery and optimize other pharmacokinetic parameters. To
improve solubility, we formulated two therapeutic deep eutectic solvents with TBABR and
PEG 400. These compounds were selected based on screening with a series of
biomolecules. It has been shown that therapeutic deep eutectic solvent holds great promise
for improving drug solubility and delivery. As a result, bioavailability, permeability,
stability, etc. are enhanced. We performed thermal stability, polarity, and structural
property measurements. Deep eutectic solvent is formed due to nonbonding interactions.
Using IR spectroscopy, we assessed the property. By utilizing solvatochromism, we
assessed the polarity of the solvents. Thermal stability tests were performed using TGA.
Molecular modeling analysis provides information about noncovalent interaction between
components of THEDES. The goal of this project was to compare structural and

spectroscopic properties of THEDES prepared from dodecyl gallate.
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4.2. Experimental outline

4.2.1. Materials and Methods

Dodecyl gallate was purchased from Cayman Chemical (Ann Arbor, Michigan). TBABR
(tetra-butyl ammonium bromide) was obtained from Sigma Aldrich. Polyethylene glycol
(PEG 400) was purchased from Tex Lab Supply, Amarillo, Texas. Purity of these

purchased chemicals was more than 90 %. We proceeded without further purification.

4.2.2. Formulation of the dodecyl gallate based THEDES

Dodecyl gallate-based deep eutectic solvent was formulated by mixing with a series of
biomolecules at different molar ratios. Components were mixed properly and covered in a
small glass container with magnetic stir bar. The glass containers were kept on a hot plate
(80 °C) with continuous stirring (<600 rpm) for 30 mins to 1.3 hours at normal atmospheric
pressure. The mixing was continued until homogenous liquids were obtained. The solvents
were kept under observation further for 24 hours to ensure no crystal formation. We

observed dodecyl gallate forms DES with TBABR and PEG400 at 1:1 molar ratios (Figure

4.2).
OH
HO
HO
O
HO OW +
8]
1 mole 1 mole

Dodecyl gallate: PEG400 (1:1)

H
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Figure 4.2. DES formulation between dodecyl gallate and other components at 1:1 molar

ratios.

4.2.3. Thermal degradation analysis using Thermogravimetry

Thermogravimetric analyses of THEDESs were performed using TG/DTA 220 Seiko
Instruments, Japan. Approximately, 10 mg of each DES sample was collected on a TGA
aluminum pan and placed in the hot chamber with an empty aluminum pan as blank. The
oven temperature range was set from 25 °C to 400 °C at constant rate of 10 °C/min. To
maintain an inert atmospheric condition, nitrogen gas was used at a flow of 50 mL/min
(Figure 4.3). Nitrogen removes pyrolysis gases, such as CHa, C2Hz, Hz, CO, CO3, and water

vapor, from the instrument to avoid possibility of contamination.

12000

oo 8000
= 4000
) 0

0 500
Tembperature(°C)

Figure 4.3. Thermogravimetric analysis describes degradation of DES with increase in

temperature.
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4.2.4. Water solubility experiment

To determine solubility of dodecyl gallate incorporated in DES, both dodecyl gallate based
DES and the pure powder were added in water in a small, closed glass containers. The
containers were then stirred for about 24 hours. The solutions were observed further for
crystal formation. After observing the solution for crystal formation, solution was filtered
using 0.22 um filter paper before performing UV scan. Biotek UV microplate reader was
utilized to produce absorption spectra. Range of wavelength was chosen from 230 nm to
700 nm. Wavelength of maximum absorption was selected, and spectral the interval was

set at 10 nm. 250 pL of aliquot of test sample was loaded in a 96-well plate (Figure 4.4).

The outline below describes the solubility measurement of two deep eutectic solvents
prepared from Dod. In this case at first standard curve was generated using pure dodecyl

gallate. Then solubility of DES was measured by utilizing the standard curve equation.
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Figure 4.4. The flow diagram shows systematic outline of solubility experiment to

determine solubility of dodecyl gallate.

4.2.5. FR-IR spectroscopic measurement

Infrared spectroscopic assessment is an excellent tool to investigate nonbonding interaction
between components of therapeutic deep eutectic solvent. The outline of performing IR

analysis is given below. Before running the experiment, each sample was prepared freshly.
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FT-IR Spectrometer was used to scan the

samples

Dodecyl gallate, PEG400, Dod-PEG400, Dod-TBABR were
dissolved in DMSO and then spread on KBR plate before

running the instrument

Spectra were recorded in transmission mode from 400 to

-1
4000 cm . Before each spectrum collection, background

spectrum was collected.

80

— 0

% Transmittance

400 1400 2400 3400
Wavenumber (cm™)
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4.2.6. Solvatochromism of THEDES

Experient was carried out using Nile red, 4—nitroaniline and N,N-diethyl -4-nitroaniline

at conc. of 5x10* M

l

[ A 200 pL aliquot of each sample was loaded into a 96-well plate

l

Appropriate amount of dye was micro pipetted and mixed with DES sample and control

solvent

i

Maximum absorbance and corresponding wavelength were determined using UV-

Vis spectrometer in different temperatures

0 —If"/- s

0 AD0 .‘r.':‘:]! mlpmufl:i '.'IIII I'!-DI[)
THEDES mixed with dyes Scan in 96 UV

spectrometer
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4.2.7. Molecular modeling

Electrostatic potential graphs were generated for all the DES components including
dodecyl gallate, tetra butyl ammonium bromide and polyethylene glycol 400. With the help
of electron density location, we can get idea about electronic charge distribution of all
atoms across the molecule, chemical reactivity and reveal charge transfer between
noncovalent bonds, and lone pair electrons [6,7]. WebMO server was mainly followed to
generate the data. In WebMO, blue/red indicates electron poor/electron rich and

green/yellow means intermediate region [8].

4.3. Results and discussion

TBABR and PEG400 based deep eutectic solvent were formulated by mixing with dodecyl
gallate at 1:1 molar ratio. Samples were heated at 80 °C for about one hour until a
homogeneous mixture was obtained. The samples were further observed for 24 hours to

exclude possibility of crystal formation.
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4.3.1. Thermal stability of two dodecyl gallate based THEDES

12000
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>
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100 200 300 400

Temperature(°C)

Figure 4.5. a) Thermal analysis of dodecyl gallate and TBABR and, b) dodecyl gallate

and PEG400. Both formulations were stable up to 300 °C.
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Heat tolerance capacity was analyzed using a Seiko 220 TG/DTA (Tokyo, Japan). High
thermal stability indicates strong nonbonding interaction the components of deep eutectic
solvent. According to the thermograms, major transition occurred for TBABR-based
THEDES after 250 °C and for PEG400 based THEDES after 200 °C (Figure 4.5). Tight
aluminum cap facilitated desired transition at high temperature. Thermal stability is one of
remarkable physiological properties of DES [9]. Determination of highest temperature
limits the maximum exposure of the solvent, set limit to make it suitable for use in
industrial scale and ensure structural integrity. Thermal stability provides information to
use low volatile compound so that it can prevent early degradation with increasing
temperature [9,10]. In some previous studies excellent thermal stability were reported
[10,11]. It also has been demonstrated that hydrogen bonds play important role in ensuring

thermal stability of the solvent [12,13].

4.3.2. IR spectroscopic analysis of two dodecyl gallate based THEDES

IR spectroscopic analysis was performed to observe any nonbonding interaction between
the DES components. In this study we performed infrared spectroscopic analysis of both
THEDES prepared from dodecyl gallate along with pure dodecyl gallate. Spectral scanning

was performed from 400 to 4000 cm™. The results are given below:
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Figure 4.6. IR spectroscopic analysis of dodecyl gallate, PEG400, dodecyl gallate-
TBABR and, dodecyl gallate- PEG400. Peak intensity ratio between core functional in

each molecule was also calculated.

IR peak intensity is expressed as wavenumber vs normalized intensity. The pure molecule
has some key functional groups namely -OH, -CH and -CO. When it forms nonbonding
interactions with PEG400 and TBABR, peak intensity and position changed in the spectra
(Figure 4.6). For -OH group stretching peak intensity became shaper and narrow compared
to the pure dodecyl gallate and PEG 400. For carbonyl group we noticed sharp and intense
peaks in both THEDES compared to pure dodecyl gallate and PEG400 (Figure 4.6). Peak
intensity ratio was also calculated to add more insights in hydrogen bonding interaction.

The eutectic interaction is predominantly between the -OH on the gallate to the PEG, or
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TBABR. Intensity change was high (1.05, 0.5, and 0.55 for -OH/-CH in dodecyl gallate,
PEG based DES and TBABR based DES respectively). It has been proved that classical
and non-classical hydrogen bonding play vital role in forming DES and major contributor

of peak shift, narrowing, broadening or intensification [12][14].

4.3.3. Solvatochromism analysis of THEDES

Solvatochromism analysis was for both THEDES prepared from dodecyl gallate. The assay
determined polarity of the solvents in different temperature starting from 25 to 45 °C. All

solvatochromic properties of the DESs were calculated using the following equations.

ET(NR)kcal.mol-1 = 28591.44/Amax(nm) ...........ccoveverierinnannnnnns (1)

n* =0.314 (27.52 — vN,N—diethyl-4—nitroaniline) ..................... (i1)

a=0.0049 ET (NR)—2.03—0.72 7% ..ottt (iii)

B = 1.035 vN,N—diethyl—4—nitroaniline+2.64— v4—nitroaniline/2.80 ................. 2.2.6
(iv)

ETN= ET(solvent)— ET(TMS)/ET(water)— ET(TMS) ............... (V)

Where, v = wavenumber, o = hydrogen bond donor acidity, p = hydrogen bond acceptor

basicity, n* = polarizability, and ETN (unitless) and ET(NR) refer to transition energy
[15].

Results of different polarity parameters are given below for PEG 400 based THEDES.
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Figure 4.7. Solvatochromism parameters of dodecyl gallate and PEG400 based DES.

Results are presented as mean+SD. Two independent trials were performed to analyze the

parameters.

Results of different polarity parameters are given below for TBABR based THEDES
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Figure 4.8. Solvatochromism parameters of dodecyl gallate and TBABR based DES.

Results are presented as mean only. Two independent trials were performed to analyze the

parameters.
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Figure 4.9A and 4.9B. Ternary plot of dodecyl gallate based DESs, ionic liquids, and
organic solvents generated based on Kamlet-Taft parameters (o, B, and 7*).
Solvatochromism parameters were collected from previously published literature and
plotted in ternary plot server [16][17]. Organic solvents and ionic liquids closely related to
DESs are highlighted in different colors to provide understanding about probable polar

nature of formulated DESs. Position of DESs in the plot are presented in circles.
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We observed the effect of temperature on different polarity parameters for both solvents
(Figure 4.7 and 4.8). In previous studies it has been found that polarity, hydrogen bond
acidity, and hydrogen bond basicity govern the interaction between hydrogen bond donor
(HBD) and hydrogen bond acceptor (HBA) [15,18,19]. At ambient temperature,
polarizability of TBABR based DES is higher than PEG based DES. It indicates that
electron cloud in both formulations are well distributed and localized [15,19]. Kamlet-Taft
parameters of DESs were compared with parameters of selected ionic liquids and organic
solvents. Solvent selectivity triangle plot was prepared from Kamlet-Taft parameters to
describe polarity of test samples. TBABR based DES is mostly closed to polarity of ionic
liquids. On the other hand. PEG based DES falls on the side of organic solvents. To produce
solvent selectivity triangle, polarity parameters at ambient temperature were chosen. PEG
based DES is closely related to organic solvents namely methanol, ethanol, propanol and
butanol. We can assume that the therapeutic solvent shares similar polarity properties with
traditional organic solvents routinely used in various drug discovery and development
research. TBABR based DES share similar properties with ionic liquids namely
[Bmim][TfO], [HOEmim][DCA], [HOEmim][NO3], [HOEmim][CI], [Hmim][OTf],
[Hmim][PF6] and, [4-MBP][BF4] (Figure 4.5B). Majority of ionic liquids that show
similar  properties contain  1-hexyl-3-methyl-imidazolium (Hmim) and 1-(2-
hydroxylethyl)-3-methylimidazolium ([HOEMIm]) cations (Figure 4.9). lonic liquids are
excellent resources for using as catalytic agent in chemical synthesis, extraction, and

separation of analytical samples.
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4.3.4. Solubility profile of THEDES

Though DES is a viscous and thick liquid, it significantly improves solubility of poorly
water-soluble anticancer agents. In this experiment we performed solubility of both
therapeutic solvents in water and compared it to pure dodecyl gallate. We used a UV
microplate reader to measure solubility. Standard curves were generated by running a
known range of concentrations. Based on UV absorption spectra solubility profile was
determined. The standard curve to determine the unknown concentration of soluble
dodecyl gallate in THEDES format was y=0.0088x-0.0005,

R2=0.9983.

Results of solubility of dodecyl gallate in DES format are shown below:

Table 4.1. Solubility of Dod in water in pure and THEDES forms.

Samples Solubility in mg/mL
Dod powder 0.0010 + 0.00002
Dod:PEG400 (1:1) 0.0025+ 0.00004

Dod:TBABR (1:1) 0.0019+ 0.00005
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Figure 4.10. Solubility of Dod increased in THEDES format compared to powder
form.
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Solubility is a major issue in drug formulation in pharmaceutical industry. According to a
recent study at least 40 % pharmaceutical API suffers from poor water solubility [20].
Solubility ensures desired drug concentrations to be achieved for exerting proper
pharmacological effect. Poor water solubility significantly impacts pharmacokinetics
parameters of API [20,21]. As a result, it reduces bioavailability, drug permeability and
ultimately affect pharmacological action [20,21]. Due to poor solubility, formulation
scientists struggle to design appropriate drug delivery system. As a new class of solvent,
DES has emerged an excellent alternative formulation to improve drug solubility and drug
delivery [22-25]. In our current experiment, PEG400-based solvent improved dodecyl
gallate solubility 2.5 times more than pure compound. On the other hand, TBABR-based
solvent enhanced solubility by 1.5 times (Table 4.1, Figure 4.10). Between both solvents,

PEG400 showed improved performance.

4.3.5. Molecular modeling analysis of THEDES

To calculate molecular orbitals and associated energy parameters, at first molecule
mechanistic optimization was performed for all molecules. Then the structures were

proceeded for further image analysis.



Table 4.2. Molecular properties of all DES components.
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DES Total Bond | Angle | Stretch | OP Torsion | Van Electrost

compone | strain stretch | bend | bend bend der atic

nts energy Waals

Dodecyl |34.9230 |15.037 |4.3001 |-1.3805 |0.0050 |-8.4566 | 26.823 | -1.4067

gallate kcal/mol | 8 9

TBABR |26.0115 |2527 |8.508 |1.011 0.000 |2.323 11.64 | 0.000
Kcal/mol

Ethylene | 13.0748 |0.0822 | 0.3777 |-0.13 0.00 -0.4235 | 12.34 |0.8298

glycol kcal/mol

(unit  of

PEG400)

Dodecyl gallate
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PEG400

Figure 4.11. Electron density graph for dodecyl gallate, PEG 400 (ethylene glycol) and
TBABR.

Quantum parameters were calculated for DES components. It indicates physicochemical
properties of DES components [8,26]. Quantum parameters justify nonbonding interaction

(hydrogen bond) takes place between DES components. Table 4.2. shows thermodynamic
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properties of all DES components. From electrostatic potential surface analysis of dodecyl
gallate, we see that red color is around oxygen of carbonyl group and blue color is around
hydrogen of hydroxyl groups. For PEG400, we see that red and blue colors are around
oxygen and hydrogen respectively. For TBABR, red color is on bromide ion and blue color
is on Quaternary ammonium cation. The color indicates possible electrophile or
nucleophile attacks (Figure 4.11). Electron rich and electron poor regions participate in

hydrogen bonding interaction and solidify DES formation. [8].

In addition to electrostatic potential, electrostatic energy, strain energy, and solvatochromic
parameters like hydrogen bond acidity, hydrogen bond basicity and polarizability provides

insight about hydrogen bonding interaction between DES components [6,8,26,27].

4.4. Conclusion

In a nutshell, dodecyl gallate based DES tremendously improves water solubility of the
molecule compared to pure form. Spectroscopic assessment describes rationale for
hydrogen bonding interaction between DES components. DES shares similar polarity with
some common ionic liquids and organic solvents. Thermal analysis shows that, both DES
formulations are thermally stable at high temperature. Electrostatic potential provides deep
insight on possible interaction area for hydrogen bonding attraction between DES
components. The physicochemical studies will establish possible drug delivery

applications of dodecyl gallate based DES in animal based models.
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SUMMARY AND FUTURE DIRECTION
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Chemoresistance is the most challenging situation faced in cancer science today. Due to
chemoresistance, chemotherapy loses efficacy and as a result cancer cells survive.
According to the National Cancer Institute, since 2022 chemoresistance has been
exclusively focused on as a dominant barrier in the path of success of chemotherapy. There
are several causes behind evolving chemoresistance. The major cause is overexpression of
ABC transporters such as P-glycoprotein, MRP1 and BCRP. MRP1 is one of the major
ABC transporters that play a significant role in pumping most of the anticancer drugs out
of the cells. Overexpression of this transporter mainly exert this unwanted pharmacologic
effect. Currently there are some available established protocols to detect possible MRP1
substrates, for example, fluorescence-based assay, flow cytometry, radiolabeled MRP1
substrate accumulation, FRET-based ABC biosensors to detect substrates, and
bidirectional transport assays coupled with LCMS. However, all these established
protocols have several disadvantages. The protocols are technically complicated to
perform, require hand on experience, expensive instrument set up, complex image analysis,
some protocols need preparation of complex inside out membrane vesicle, and are based
on accumulation of secondary fluorescence or radiolabeled substrates. The novel assay will
significantly overcome disadvantages associated with currently established protocols. The
novel method will directly detect the substrates anticancer drugs. It is easy and simple to
perform and requires less time and technical expertise. We already detected possible MRP1
substrates namely alisertib, mesalamine and celecoxib. The idea of novel in vitro cell based
efflux assay will be applicable to other prominent Pgp or BCRP ABC transporters. The
novel assay will assist in identifying exact substrates of MRP1 or other transporters. It will

significantly improve the outcome of current cancer chemotherapy in treating direct



169

cancers. With the help of the novel protocol and identification of transporter-specific
substrates, scientists could design transporter specific inhibitors to prevent efflux of
substrates. It might also be helpful to selectively inhibit and kill the ABC transporter

overexpressed cancer cells.

The research might be extended to further development of transporter specific 3D-tumoroid
model assay in different cancer conditions to detect substrate and specific inhibitor more
accurately because a 3D model represents human cells in better than 2D cell-based assay
model. The extended knowledge will help us to further develop in vivo animal model-based
transporter specific preclinical assay models. Overall, novel cell-based efflux assay will
significantly contribute to drug discovery and development of new drug candidates and
enhance potency of approved chemotherapeutic agents in the market. Recently, emerging
immunotherapy approach is considered another effective approach to treat recurrent
cancerous conditions. The assay will assist in designing selective antibody to target the
transporter-overexpressed cells and overcome drug resistance. Moreover, we will get
insight about novel transporter specific inhibitors and specific cytotoxic agents to kill the

overexpressed cancer cells selectively.

Therapeutic deep eutectic solvents (THEDES) are specialized class of deep eutectic solvent
that comprises one active pharmaceutical APl and one biomolecule. It is known as a binary
deep eutectic solvent. THEDES is a new concept in the field of pharmaceutics research.
Nowadays, approximately 40% of pharmaceutical APl face poor water solubility issue.
Poor solubility significantly affects drug delivery, bioavailability, permeability, and
pharmacological response of the APl molecule. If the desired concentration is not

achieved, API shows drastic reduction in pharmacological activity. Low solubility limits
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possibility of proper drug formulation and unwanted side effects. As a safe solvent for
human health, it preserves the integrity of pharmaceutical API and makes it compatible for
administration into human patients. Traditional organic solvents are hazardous and not
applicable for pharmaceutical application. THEDES is an excellent alternative. It improves
solubility, dissolution profile, bioavailability, in vivo drug absorption, and pharmacological
activity. In this project, solubility of poorly water-soluble anticancer agents, namely ethyl
gallate and dodecyl gallate, were significantly improved compared to the pure compounds.
Structural and biological activities were also performed to evaluate the therapeutic
potential of the anticancer agents when incorporated as DES. This strategy might be
applicable to other drug candidates or FDA-approved drugs that face pharmaceutical
formulation related issues. THEDES based on ethyl gallate and dodecyl gallate can be

incorporated in nanoparticle-based drug delivery strategies to improve performance.

As THEDES is a new concept, little research has been performed to assess the efficacy of
new formulations. Further in vitro cell-based assay and in vivo animal model-based assay
should be developed to check the drug delivery efficiency of the new formulation. Drug
development costs have been spiking due to increased numbers of preclinical and clinical
testing before FDA approval. Optimizing drug delivery has multiple promises to combat
ongoing drug development costs. DES might be utilized as a novel approach to tackle these
issues. In previous studies DES showed promise to optimize drug delivery strategies.
Future pharmaceutical research should focus on the excellent physicochemical properties
of DES and it might be a valuable resource for developing next generation drug delivery

technologies.
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