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ABSTRACT
SYNTHESIS OF DOXORUBICIN-ALBUMIN CONJUGATES VIA COBALT
COORDINATION CHEMISTRY: THE EFFECT OF REACTION CONDITIONS ON
OVERALL PROTEIN STABILITY
MAY 2022

The applications of nanotechnology in designing better treatments shows great promise in
lessening the burden of chemotherapy while increasing therapeutic effect. Protein-drug conjugates
are a rapidly expanding family of therapeutics that hold potential for ameliorating off-target toxic
effects observed in chemotherapy. In this context, human serum albumin could act as a nanoscale
delivery vector to alter the biodistribution of attached therapeutics.

This research explored the use of cobalt coordination chemistry in the synthesis of Dox-
albumin conjugates. Doxorubicin was chosen because it contains a primary amine that could be
crosslinked to protein using cobalt coordination chemistry. The effect of pH and reaction time on
the synthesis of conjugates was investigated. Samples were characterized by High Performance
Liquid Chromatography, Dynamic Light Scattering, and Differential Scanning Calorimetry.
Optimized reaction conditions for synthesizing conjugates with varying numbers of dox molecules

per protein was a major focus of the research.
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CHAPTER I
INTRODUCTION
Introduction

Cancer has been one of the deadliest diseases to ever exist in the world “standing second
to heart related disorders (cardiovascular diseases)” in terms of sources of death.! The word cancer
is derived from the Greek word karkinos. The great Greek physician Hippocrates was first known
to use this word to express the formation of tumors with ulcers (which was named carcinos, a non-
cancer tumor) and the formation of tumors without ulcers (which were named carcinoma- a
cancerous tumor).>* The spread of cancer in a human body is a fingerlike appearance resembling
the shape of a crab.

The simple definition of cancer is a disease in which the growth of normal cells at a
particular region of body becomes dysregulated. There are various types of cancer depending on
the region or a part of the body. The phenomenon of normal cells growing at a faster rate and
becoming abnormal instead of going under apoptosis remains the hallmark of all types of cancers.
In many types of cancer, cancerous cells migrate to other different parts of the body/organs through
the lymphatic system, but it does not mean that it is cancerous in the part of the body where those
cancerous cells accumulated. It is still the same cancer from where those cells originated and is a
process known as metastasis.*

Cancer can be classified into two major types in terms of its occurrence:
1. Acquired cancers: In this type of cancer the cancerous cells are produced from the normal
cells by mutation. This happens when DNA of normal cells is damaged by carcinogens. These

carcinogens can be either a chemical substance (various organic solvents like benzene), light (like



UV radiations), or a biological substance (virus like hepatis B or hepatis C). Our body is capable
of healing most of the damaged DNA, but some damages are non-repairable which leads to cancer.

2. Innate cancers: These cancers are inherited by an individual from their parents. The
damaged part of DNA of a parent can be transferred over to the progeny and the child would either
have (or not have) that type of cancer.*

The World Health Organization reported approximately 9.6 million people lost their lives
due to cancer worldwide in 2018.! There was also an occurrence of about 3 million cases of cancer
among children from age of 0-19 years.! The modernized treatment for cancer includes
immunotherapy, hormonal therapy, chemotherapy, radiation therapy, and surgical procedures. Of
these, the most common treatments are surgical procedures, radiation therapy, and chemotherapy.
Surgical procedures focus on physically removing the tumor or the organ. The location of the
tumor or the damaged organs are first traced by using magnetic resonance imaging (MRI) or
sonography (ultrasound). Surgical procedures are then done with the camera attached to the
surgical tools. Liquid nitrogen, with its very low temperature, has been used more recently to kill
cancerous cells in a tumor. Laser surgeries are also highly utilized by surgeons and can be used to
cut the tumors from the body without an incision.? The main drawback for surgical procedures is
the likelihood that some small number of cancer cells will remain leading to regrowth after the
tumor removal. Chemotherapy and radiation therapy go hand in hand whenever treating a patient
with cancer. Traditional chemotherapeutics continue to induce toxic effects in healthy, non-
cancerous cells.” The main drawbacks of chemotherapy are the very low bioavailability of the
drugs to the cancerous cells. The chemotherapeutic drugs tend to accumulate in various vital
organs of the body like the kidney, heart, liver, and others, where the drug starts showing its

toxicity. Many anti-cancer drugs have a low rate of clearance from the body. Too often, the body



builds resistance towards certain chemotherapeutic drugs.® One alternative to avoid resistance is
administering drugs in combinations of two or more. Better targeting of such therapies to only the
diseased cells remain an ambitious goal. The use of nanotechnology in designing better treatments
holds great promise in lessening the burden of chemotherapy on patients while simultaneously
producing an increased therapeutic effect.” Nanotechnology also has opened the doors for research
and development of a wide variety of nanomaterials. Nanomaterials have demonstrated
effectiveness in minimizing side effects mentioned above for chemotherapeutic drugs.® Physical
properties of nanomaterials such as size, shape, and texture play a key role in making an effective
anti-cancer drug. Different sizes of nanomaterials have unique importance which can be used for
a particular application only. Nanoparticle size can range from one nanometer to 1000 nanometers
depending upon its applications. Monodisperse nanoparticles can be used as an anti-cancer drug,
and the uniform sized nanoparticles are also an essential requirement for targeted drug delivery.
The synthesis of nanoparticles specifically for encapsulating chemotherapeutic drugs should be of
optimal size, meaning it should not be too small (not smaller than 10 nm) or too large (not larger
than 200 nm). The drug loaded with the nanoparticles smaller than =10 nm can extravasate
circulatory blood vessels quickly with no or less therapeutic action and can be easily removed from
circulation through the kidneys. Nanoparticles larger than ~200 nm in size can be quickly removed
by the reticuloendothelial system (RES), which consists of Kupfer cells in the spleen or liver.

The first polymer-drug conjugate synthesized in the 1950s was mescaline attached to
polyvinylpyrrolidine. However, the conjugate did not release mescaline in vivo. By adding an
enzymatically cleavable peptide spacer between mescaline and the polymer, extended release of
Mescaline was observed.”!® Another major nanotechnological approach to targeted drug delivery

emerged in the 1960s with the use of liposomes to encapsulate therapeutics, which also displayed



extended-release patterns in vivo.!!'? Protein-based nanoparticles were first reported in the
1970s.3 The first protein-based nanoparticle loaded with Paclitaxel (Abraxane) was approved for
use by the FDA in 2005.'

Doxorubicin (A broad spectrum Anti-Cancer drug)

Doxorubicin belongs to the anthracycline group of pharmaceuticals. It is a 14-hydroxylated
form of Daunorubicin (see Figure 1). Doxorubicin is broad spectrum, anti-neoplastic drug, which
can be used for a variety of cancers like ovarian, bladder, breast, and lung cancer.!>!® Doxorubicin
is a red-colored crystalline solid. It was first discovered from castle soil in Italy in the 1950s.
During the same time, French scientists also discovered the same drug. The name Daunorubicin
was given to the drug after “Dauno,” which is the name of tribal community, and “rubis,” which

means red. Doxorubicin can be extracted from the bacteria streptomyces pencetius var caesium.’

R, R R; R, Rs
daunorubicin H NH-2 OH H OCH;
idarubicin H NH- OH H H
doxorubicin OH NH- OH H OCH;
epidoxorubucin OI1 NII, II OI1 OCII;
pirarubicin OH NH, H OCH;
-

Figure 1. Common anthracycline derivatives used as of pharmaceuticals.'®
Doxorubicin exerts its therapeutic effect in human cancer cells by inhibiting the enzyme

topoisomerase 11, which plays an important role in DNA replication. Topoisomerase II helps DNA



to remove unwanted supercoils during replication and DNA transcription. It also maintains a
proper link between two DNA strands via phosphodiester bond. The binding of Doxorubicin to
DNA induces structural changes in a DNA molecule that blocks the formation of the
phosphodiester bond. This prevents further DNA replication and protein synthesis.!® One of the
drawbacks of using Doxorubicin is that it produces a large amount of free oxygen radicals, which
contributes to the cytotoxicity of the drug. These free radicals can damage the cell membranes by
withdrawing electrons from the lipid bilayer through oxidative degradation. Such damage of cell
membranes can lead to cutaneous or cardiac (or both) vasculature consequences. The free radicals
can also alter the process of myocytes by reacting with iron which can lead to cardio toxicity,

which is one of the major side effects of Doxorubicin.
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Figure 2. Chemical structure of cobalt chloride hexa aqua complex.?’

Targeted Drug Delivery and A Fusion of Protein and Drug

To obtain a maximum degree of drug delivery at the cellular level, the drug should cross
many biological barriers at the system level, at an organ level, and at the cellular level. The barriers
are different depending on the route of administration. The bio availability of the drug to the

targeted site through any route of drug administration heavily depends on the characteristics of



nanoparticles. For example, for oral administration, the stability of the drug-carrier conjugate must
remain stable in a highly acidic medium (stomach) or highly basic medium (intestine-extended
release). The nature of the prodrug should remain constricted within the circulatory system,
minimizing the level of toxicity in the body and maximizing the bio availability of the drug at the
targeted site. Doxorubicin-albumin prodrug conjugate is a large molecule and has a capability of
being constricted with the circulatory system and not being dispersed or widely distributed all over
the body. The experiment also emphasizes a drug-protein conjugate that uses the phenomena of
enhanced permeability and retention effect (EPR effect). The EPR is a result of immature
vasculature in tumors that are “leaky.” This vasculature allows delivery vectors of up to 300 nm
in size to exit circulation. Albumin has also been shown to accumulate in greater amounts near
tumors and is a significant source of nutrients to the cancerous cells.?!

For our research, human serum albumin (HSA) was used as a drug carrier. HSA is the
most abundant serum protein in the body.?? HSA is a well-known transporter of various nutrients
and many hydrophobic molecules via non-covalent binding sites present in its structure.?> HSA is
a monomeric protein which consists of 585 amino acids and has a molecular mass of 66.5 KDa.
HSA has three domains which make a heart shape. All three domains are made up of two or
more subdomains. HSA also contains 17 disulfide bridges along with a sulfhydryl group in its
free form on a cysteine residue.?* This research mainly focuses on the three parts of a drug-
protein conjugate which are: Doxorubicin (drug), HSA (protein), and cobalt (cross-linker). HSA
itself can transport the drug to the targeted site,?> and the crosslinking between biopolymer and
drug can be accomplished via cobalt coordination chemistry.

Cobalt chloride in its hexa aqua form (COCl2.6H,0) was utilized as the source of cobalt

(see Figure 2). Cobalt is a required trace element for a human body and is utilized by variety of



metalloenzymes. Previous studies have been conducted using cobalt as a bio conjugation
technique; however, the method is dependent on the use of poorly labile cobalt in the 3+ -oxidation
state.”> Our group attempted utilizing this strategy as a generic amine cross linker and was not
successful. To overcome this problem, my research team came up with a better technique of
utilizing a more labile form of cobalt in the 2+ oxidation state. Cobalt (2+) chloride undergoes
rapid ligand exchange and can be made inert (Co’") by the addition of hydrogen peroxide. This
made the cross-linking bonds very stable. One more beneficial aspect of utilizing cobalt
coordination chemistry is it allows for the conjugation of up to six amine-containing molecules.
This is in stark contrast to other bio conjugation techniques that are typically limited to two amine-
containing molecules.?? The overall reaction used the only lone pair of electrons, present on the
nitrogen atom of the amine group by forming a dative linkage between the nitrogen and cobalt.
This reaction was used to crosslink between doxorubicin, which contains a primary amine (see
Figure 3), and the lysine residues. Once cobalt is reduced back to the 2+ oxidation state, the
crosslink between amines began to break and protein-drug conjugate degraded to release free drug
in its original form.?? This process facilitated the stimuli responsive release of the drug inside
cancer cells due to the higher amounts of reduced glutathione inside the cells compared to extra

cellular space.!”



Doxorubicin (Red devil)
Specific name : Rubex, Adriamycin

Molecular formula: C,,;H,,NO,,
Molecular weight: 543.5 g/mol

Figure 3. Chemical structure of Doxorubicin.?

Various other strategies are known for triggering release of encapsulated anti-cancer drugs.
One of the alternative methods is to produce the reduced environment that would participate in the
release of adenosine triphosphate (ATP) by an active targeting and stimuli responsive drug
delivery.?? Other triggered release formulations have been designed that rely on external triggers
(magnetic field, light, heat) or internal ones (pH, enzymatic action) to release therapeutics. SERS
(Surface Enhanced Raman Spectroscopy) can be used to probe drug loading for formulations that
contain gold nanoparticles, which rely on light and/or plasma resonance absorption. Infrared light
can also be used to trigger drug release at specific locations in the body.?” Another similar approach
utilized heat sensitive liposomes containing drug.?’ The heat from the surrounding environment in
the body forces an active drug to release from the liposomes.?” The release of drugs showed
conclusive evidence of higher amount of drug intake and the concurrent penetration of drug into
the cancerous/tumor cells. Another popular class of delivery vector is drug-antibody conjugates.
These constructs can display a very high level of specificity in terms of targeting the delivery of
the drug with rapid release of the drug in tumor cells. While a high level of bioavailability of drug

is often observed, in some cases this strategy has also exhibited higher amounts of off-target



toxicity.??%3% Doxorubicin-albumin conjugation efficiency is examined using several methods
discussed below.
Analytical Techniques
Dialysis Experiments

The amount of Doxorubicin bound to protein was determined through dialysis experiments.
The dialysis cassettes that were used had a 3500 MWCO (molecular weight cut off). With a
molecular weight of ~600, dox will diffuse freely through the membrane; however, albumin (~67
kDa) cannot. For these experiments, reactions (less than 3 mL total volume of solution) run in vials
to perform the conjugation chemistry were transferred to dialysis cassettes. The cassette was then
be dialyzed in 200 mL phosphate buffered saline (PBS). One can use any other buffer solutions
that falls in a pH range from 7.0 to 7.4 such as tris buffered saline solution. Any unbound
Doxorubicin will diffuse out of the cassette over time until an equilibrium is established with the
concentration inside the cassette is equal to that in the bulk phase. The initial purpose of the
research was to obtain a fusion of albumin (protein) and doxorubicin prodrug. Figure 4 shows the

chemical substances that are required at an initial reaction stage.



0.238mg/ml Smg/ml 10mg/ml Human  (,25M NaOH
CoCl,e6H,0 doxorubicin Serum Albumin
HCI (HSA)

Figure 4. Stock solutions routinely utilized.*!

HSA (100 mg) was added to a 15 mL plastic centrifuge tube containing 10 mL of ultrapure
water. The solution was mixed thoroughly by vortexing to ensure all protein is dissolved (about 5
min). Stock Doxorubicin solutions (5 mg/mL) were prepared by a member of my research team
with more experience because the compound is highly toxic. The entire contents of a single bottle
(200 mg) were dissolved in 40 mL ultrapure water and then aliquoted in 1 mL samples in individual
Eppendorf tubes. These individual samples were kept frozen and then used, as necessary. Cobalt
chloride solution was prepared by mixing 0.238 mg of cobalt chloride into 1 mL of ultrapure water
(see Figure 4).

For each reaction, the solutions of Doxorubicin and human serum albumin were mixed,
and the pH of this solution was adjusted to pH 10 using a sodium hydroxide solution. Both the
Doxorubicin and albumin possess amine group(s) in their chemical structures. Raising the pH

ensured that the amine group(s) were in the deprotonated form, which facilitates the reaction of
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the amines with cobalt. After each reaction, the solution from each vial was transferred to
dialysis cassettes and dialyzed in a 200 mL aqueous solution. Samples from the bulk phase for
each set of reaction conditions were taken every 24 hours for up to 72 hours. Quantification of
unbound Doxorubicin in the bulk phase was examined via High Performance Liquid
Chromatography (HPLC).
HPLC Analysis

For our research, HPLC was used to quantify the amount of Doxorubicin released from the
dialysis cassette into the bulk PBS solution. HPLC is an analytical tool that works on the principle
of the separation all the chemical components from a reaction mixture. HPLC instruments are
equipped with high pressure pumps. The pumps induce the solvent (mobile phase) with the analyte
to pass through the column (stationary phase). The stationary phase in the columns is made up of
resins. The column separates each component of the mixture based on interaction of each
component with the resin, which is based on polarity. The instrument used in these studies was a
reverse phased HPLC. In this scenario, the mobile phase was a polar solution, and the stationary
phase was a nonpolar one. The increased interaction of a particular compound with the resin
resulted in a longer retention time (elution). Conversely, the compounds interacting less with the
resin were eluted faster. The mobile phases can either be a single solution or a mixture of two or
more liquids. Many analytes possess both polar and nonpolar groups in their chemical structure.
Making a choice of a stationary phase and mobile phase is a key factor for the efficiency of
separation in HPLC instruments. The mobile phase used here was a premixed of solution and
employed an isocratic flow. Our mobile phase was a mixture of water and acetonitrile with a ratio
of 70:30 water and acetonitrile. The pH of the water was first adjusted to a value of 3 using

phosphoric acid. A non-polar C-18 column (composed of alkyl-chained carbon skeleton) was used
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as a stationary phase. Our protocol was optimized using dox solutions of known concentration.
The HPLC instrument was equipped with both a UV-visible and fluorescence detectors. The HPLC
instrument can also be equipped with various other detectors like chemiluminescence, and other
detectors depending on the need (limit of detection). Each separated component of mixture passed
through UV visible detector where the quantification was achieved based on the amount of signal
observed. The maximum absorption of Doxorubicin in a UV visible region occurs at 233 nm and
at 253 nm. The cobalt complexes were easily separated because they are highly polar and therefore
interacted little with the stationary phase. Dox and cobalt exhibit absorbance maximums in the UV
visible region, so it was very important that doxorubicin and cobalt could be separated before
detection. A calibration curve was generated using Doxorubicin solutions of known concentration.
These samples were obtained by adding just Doxorubicin to a dialysis cassette and then monitoring
the bulk phase. A series of dilutions from this sample were prepared and analyzed by HPLC. The
integrated peak area for each sample was then plotted vs. concentration and a linear curve fit
applied. The equation from this line was used to determine concentrations of unknown samples by
inputting the integrated peak area and then solving for concentration. The concentration of
Doxorubicin from these samples was used to determine the number of Doxorubicin molecules
bond to a protein for each experiment.
Dynamic Light Scattering

Dynamic light scattering (DLS) is an analytical is an analytical tool that can be used to
observe the protein aggregation. DLS was used to determine the particle size distribution of a
liquid medium with a sensitivity of as low as 1 nm in size. The instrument was equipped with a
laser light that falls on a sample. The difference between the initial laser beam and the scattered

light was used to measure the particle size that can be detected by a photon detector placed at a
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certain angle. DLS was used for our experiment to determine the stability of Dox — HSA stability
in the solution. Many proteins can exhibit aggregation with changes in solution pH and composite.
Generally, protein aggregation must be avoided when making various pharmaceutical products.

DLS uses the electronic field of the light. DLS uses Brownian motion to determine the
velocity distribution of the particles in a liquid which is related to particle size. The DLS instrument
uses a laser diode, which is coupled to the sample solutions via an optical probe/power splitter. As
soon as a beam of the laser strikes the sample, the light gets reflected, refracted, or scattered. The
scattered light then falls on to the fluid interface and it ultimately reaches the photodetectors. The
scattering after interacting with the sample solution is referred to as doppler shifted light. The
output detection signal is enhanced via a photomultiplication detection system known as
Heterodyne detection.
Differential Scanning Calorimetry

The synthesized drug-protein (Doxorubicin-HSA) conjugate, polymerized via cobalt
crosslinking, was further analyzed by Differential Scanning Calorimetry (DSC). DSC is a
technique that is used to observe changes in the thermodynamic stability. It can be used to
determine the change in heat (enthalpy), which is linked with the thermal denaturation of the
proteins. The parameter that is measured by DSC is thermal transition temperature (Twm or melting
temperature). Twm is the temperature where the protein is 50% denatured and 50% in its native state.
The larger the Tm value, the more the stable the protein is. An appropriate buffer solution was used
in which the drug-protein conjugates were added. The same buffer was used separately as a
reference solution. The area under the curve obtained from the peak is a total change in heat
required to unfold (denature) the protein. The breaking of non-covalent hydrogen bonding, which

are responsible for maintaining the proper tertiary structure, is an endothermic reaction. For our
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research, the thermodynamic stability of the drug protein conjugate was investigated at all the

stages (i.e., before and after addition of each parameter).
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CHAPTER II
MATERIALS AND METHODS

High Performance Liquid Chromatography

Quantification of Dox bound/unbound to protein was conducted on a reversed phase HLPC
instrument, Agilent Infinity II (see Figure 5). The instrument was composed of 4 subunits: an
autosampler, an Agilent 1260 II high pressure pump, a double beam photometer detector with
deuterium lamp (UV source) and an Open Lab ChemStation software. The determination of the
number of molecules of Dox bound to a molecule of protein was made possible by determining
the concentration of Dox bound (in pg) using a calibration curve, which was obtained using
standard solutions. A calibration curve was generated each time before examining the effects of
each parameter. The standards were placed in 2 mL glass vials, which were then placed in the vial
tray that goes into the instrument. The instrument is equipped with an autosampler, so the process
was automated. A stationary phase consisting of a non-polar C-18 Agilent Infinity II column was
used to obtain satisfactory separation. For all the sample runs on low-pressure gradient, the
pressure reading was typically about 1400 psi. The flow rate of the mobile phase was set to 1
mL/min. The run time for all the samples was set to 9 min as the peaks of interest were observed
at around 2-4 min. A polar mobile phase with an isocratic type of elution was used. The mobile
phase was a composition of an ultra-pure water and the HPLC grade acetonitrile with a ratio of
70:30. The pH of the water was brought down to pH-3 using phosphoric acid prior to mixing with
acetonitrile. The mobile phase solvent was degassed for at least 15 min using a 3510 Branson
sonicating device. Degassing a mobile phase ensured that the solvent was without any dissolved
gas which could interfere with data collection. The HPLC instrument was run for at least 30 min

to ensure there were no contaminants in the column that could be a source of extraneous peaks.
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The sample aliquot was set to 20 pL/injection. The area under the curve was determined via the

Open lab ChemStation software.

Figure 5. Photo of Agilent Infinity Il HPLC instrument.
DLS

The determination of the overall stability of the synthesized drug -polymer conjugate was
carried out using a Microtrac Nanotrac Wave II particle size and Zeta-potential Analyzer (Microtec
Inc.; see Figure 6). In addition to the analysis of Zeta-potential and particle size determination, this
optical instrument can also be used for molecular weight determination of a chemical substance.
The Microtec FLEX software for Microsoft Windows 10 was used to interpret the analytical
information provided by the Nanotrac Wave Il instrument. For our research, the protein (or protein
bound Dox complex) samples were used to determine the mean particle size of the protein. The
samples were collected from the dialysis cassette after 72 hours dialyzing the sample in a 1X PBS

solution or water. The samples were then analyzed using all the changing parameters including pH
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(pH 7 to pH 10), different concentration of cobalt, and different concentration of Dox. All samples
were homogeneously mixed using a vortex mixer before inducing them to the Nanotrac Wave II
instrument. All samples were transferred to the instrument using a 3 mL Pasteur plastic pipette.
The sample cell was rinsed by 0.5 mL of ultra-pure water before analyzing each sample. All
samples were analyzed at room temperature with the instrument set to autozero function. An
average size determination for each sample obtained by averaging six individual runs 30 seconds

each. Two parameters, the polydispersity index (PDI) and the particle size distribution, were

calculated using the Microtec FLEX software.

Figure 6. Photo of Microtrac Nanotrac Wave Il particle size and Leta-potential Analyzer

(Microtec Inc.) DLS instrument.
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DSC

The overall stability of the protein was determined using 6100 Nano II CSC model
Differential Scanning Calorimeter (see Figure 7). The accompanying software suite was used for
data analysis. The heat that was measured in micro watts over the course of the experiment was
used to calculate molar heat capacity as a function of temperature. The data obtained from the
experiment was used to calculate the heat capacity using the known concentration of protein (4.4
mg/mL), HAS molecular mass (66.5 KDa), volume of solution used in the cells (around 750 pL),
and the solvent only baseline thermogram (molar heat capacity versus the temperature). The
baseline was first obtained by using a buffer solution containing all solution components except
the protein as a reference. The sample was then analyzed using the same buffer as a reference
versus the sample containing protein. This baseline was then subtracted from the thermograms
obtained for each sample. The baseline-corrected thermogram showed the Twm peak for the protein.
Twm (transition temperature) is the temperature at the highest peak of the thermogram. Ty is the
temperature at which the protein began the denaturation process. The goal here was to determine
the Twm of free HSA and compare that to the values for our conjugates. If the Twm value is lower for
our conjugates, one could conclude that the conjugates are less stable than the native protein and

the conjugation has destabilized the protein.
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Figure 7. Photo of 6100 Nano II CSC model Differential Scanning Calorimeter instrument.

Synthesis of Doxorubicin-Albumin Prodrug Via Cobalt Crosslinking

Initial experiments to synthesize Dox-Albumin via cobalt crosslinking was performed by
adapting the protocols from “Werner Complex Viewed Anew,” by Doug T Ngugen et al.”??> The
initial experiments led to a better understanding how to utilize cobalt’s coordination chemistry as
a crosslinking chemistry that could ultimately help us develop methodologies to synthesize stable
drug-protein conjugate.

A stock solution of 0.1 M CoCl,.6H,0O (Fischer Scientific Lot #142533) was prepared in a
2 mL centrifuge tube. Typically, 0.0238 gm of CoCl,.6H,O was added to a centrifuge tube
followed by 1 mL of ultra-pure water. A 0.25 M NaOH solution was prepared in a 20 mL centrifuge
tube by adding 0.10 g of NaOH pellets (GFS chemicals, Columbus, Ohio) followed by 10 mL of
ultra-pure water. Similarly, a 10 mg/1 mL HSA was prepared adding 0.10 gm of HSA into a 20

mL centrifuge tube (MP Biomedicals LLC, Solon, OH, USA) and making a volume up to 10 mL
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with ultra-pure water. Stock Doxorubicin solutions with a concentration of 5 mg/mL were prepared
by adding 10 mg of Doxorubicin (Sigma Aldrich, St. Louis, Missouri) to a small Eppendorf of

tube followed by 2 mL of ultra-pure water.
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CHAPTER III
RESULTS AND DISCUSSIONS
Evaluation of Dox Concentrations with Different Reaction Conditions and Parameters
1) Constructing a Calibration Curve (HPLC Evaluation)

A calibration curve is a mathematical tool that can be used to find the concentration of a
chemical substance with an unknown concentration. A calibration curve can only be obtained by
using a chemical substance of a known concentration. The calibration curve was constructed in
this research to obtain the concentrations of Dox in unknown solutions with varying reaction
parameters.

An initial Dox solution with the concentration of 50 pug/mL of Dox was prepared and
analyzed via HPLC. A peak for Dox was observed with an elution time of 4-5 minutes. A series
of standard solutions of known concentration of Dox were analyzed via HPLC instrument to obtain
the integrated peak area, which is directly proportional to concentration. The calibration curve was
plotted as peak area (y-axis) vs the concentration of standard Dox solutions (x-axis) using
Microsoft Excel software. The slope equation was obtained through a linear data fit, which affords
a trend line that allowed us to determine the concentration of unknown Dox samples simply by the
peak area. All the calibration cure samples were made from dialyzing 52.5 pL of 5 mg/mL Dox
for 72 hours in 200 mL of 1X PBS (or other bulk phase from the experiment). A series of dilutions
with the ratio of 1:0, 1:3, 1:6, and 1:10 were prepared using 1X PBS solution. A series of
calibration standards were prepared for each experiment and run alongside the unknown samples
on the same day.

The concentration of unknown Dox sample solutions (X) was determined using a slope

equation: y = mx+c
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e Where y= value of the area under the curve obtained from HPLC

e m=slope

e c=y intercept

e X was determined by rearranging the slope formula

e X=y-c/m

2) Effect of Reaction Time Using The Bulk Phase of PBS for Dialysis

The effect of reaction time before addition of hydrogen peroxide was examined to
determine if it impacted overall binding of the drug to the protein. A total of five samples were:
Sample 1 was the Dox only control for constructing the calibration curve. Sample 2, 3, and 4
contained Dox, HSA, cobalt, and hydrogen peroxide. The only difference between samples 2-4
was reaction time prior to the addition of hydrogen peroxide with an interval of 10 min, 1 hour,
and 4 hours, respectively. Sample 5 contained all the same reagents as 2-4, but without cobalt.
Samples were collected from the bulk phase after 72 hours and analyzed via HPLC. A series of
dilutions were made from sample 1, which was analyzed via he HPLC to generate a Dox
calibration curve. Dialyzing was performed for 72 hours in PBS under the assumption that all the
unbound/free Dox from each cassette would have into the bulk phase.

During the initial experiments, the binding of Dox to HSA was not successful. The reaction
solution had an initial pH of around 5 to 6, which was too low to afford appreciable amounts of
the deprotonated amine needed for crosslinking. Dox is soluble at this pH; however, when the
solution was adjusted to pH 8 thorough addition of sodium hydroxide, a precipitate formed.
Therefore, separate solutions of Dox and protein were prepared. Previous studies have shown that
the addition of cobalt after adjusting the pH of the reaction mixture to pH 8 showed maximum

binding of Dox molecules to the
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protein. So, for this experiment, the addition of cobalt was carried out after the Dox and
HSA solutions were adjusted to pH 8.

After the appropriate reaction times, the samples were transferred to dialysis cassettes and
were then placed in the 200 mL PBS with a Styrofoam holder attached to each cassette. The
samples were dialyzed for 72 hours at which point 1 mL of each bulk phase was transferred to
HPLC vial. A series of dilutions in the ratio of 1:10, 1:6, 1:3, and 1:0 was made from the bulk
phase of sample 1 using PBS as a diluent in order to generate a calibration curve (see Figure 8).
The sample solutions contained within the dialysis cassette from samples 2, 3, and 4 were collected
via the syringe and transferred to separate vials. The size of the conjugates within the dialysis

cassette was further investigated via DLS. All Dox waste was transferred into the designated waste

container.
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Figure 8. Calibration curve- Area (mAU* min) VS Concentration (ug/mL) for effect of reaction
time experiments.
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Table 1. Standard solutions of Dox displaying concentration and area under the curve obtained

via HPLC.

Solutions

conc (ug/ml)

Average area

1:10 (0.495ug/ml) 0.495 12.76666667
1:6 (0.825ug/ml) 0.825 13.56666667
1:3 (1.65ug/ml) 1.65 15.46666667
undiluted (4.95ug/ml) 4.95 19.93333333
Table 2. HPLC results for the effect of reaction time.
Reaction time Mean  unknown amount amount % moles of # DOX
Area conc in bulk retained  Retained DOX molecules/
(ug/mL) ug in retained molecule
cassette of HSA
ug
sample 2 (10 min) 18.5 3.94364 796.61 153.38 16.1456 2.6E-07 1.759575
sample 3 (1 hour) 18.5 3.92226 79230 157.69 16.599 2.7E-07 1.809042
sample 4 (4 hours) 27.3 9.60059 1939.3 -989.32 -104.13 -1E-06 -11.3492
sample 5 20.3  6.51595 1316.2 -366.22 -38.549 -6E-07 -4.20121
(10 min- no
cobalt)

The maximum binding of Dox to HSA was found to be 1.8 molecules of Dox per each

molecule of HSA in sample 3 with a reaction time of 1 hour, followed by sample 2 with 1.76

molecules at a reaction time of 10 min. The reaction mixture in the sample 5 with no cobalt showed

that it had released more Dox than was added according to the calibration curve. This was later

attributed to precipitation of Dox inside the cassette for all samples, especially the Dox-only

control sample (see Tables 1-2). We could see no correlation in the number of Dox molecules

bound per HSA as a function of reaction time (see Figure 9).
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# of Dox molecules bound to a molecule of protein(HSA) VS Time of
addition of hydrogen peroxide (min)
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Figure 9. Graph representing # of DOX molecules/ a molecule of HSA VS reaction time (min).
3) Formation of Dox Precipitates Through Dimerization

According to Yuji Yamada, Dox begins to precipitate once it encounters buffers like,
phosphate buffered saline.>? Dox was also shown to precipitate in solutions containing certain
drugs like Heparin.>** It did not exhibit any precipitation when dissolved in ultra-pure water.
Daunorubicin, on the other hand, which is a 14-dehydroxylated form of Doxorubicin exhibited no
precipitation when dissolved in buffers or water.

Dox containing PBS solutions were initially clear, but was reported to slowly start forming
precipitates when incubated for 24 hours at a temperature of 37 °C.*? About 90% of the Dox was
reported to precipitate after incubation for 24 hours at 60 °C. The rate of precipitation was reported
to increase with increasing pH. All subsequent experiments described in this thesis utilized ultra-

pure water as the bulk phase for dialysis.
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The proposed mechanism of precipitation was through the dimerization of the Dox via an
alpha hydroxy ketone which undergoes keto-enol tautomerization. The tautomerization produces
an alpha-hydroxy aldehyde. The alpha-hydroxy aldehyde forms alpha-hydroxy imine with a
second molecule of Dox. The alpha-hydroxy imine undergoes imine-enamine tautomerization to
form an enaminol. Finally, the oxidation of enaminol produces alpha-iminoketone. All subsequent
experiments described in this thesis utilized ultra-pure water as the bulk phase for dialysis.

3a) Effect of Reaction Time Using Ultra-Pure Water as The Bulk Phase

The effect of reaction time before addition of hydrogen peroxide was examined to
determine if it impacted overall binding of the drug to the protein. A total of four samples were
prepared. For sample 1 and 2, 200 puL of Dox, 1 mL of ultra-pure water, and 52.5 uL of 0.1 M
cobalt chloride were added to a vial. Sodium hydroxide (10 uL of 0.25 M) was then added. HSA
(1 mL of 10 mg/mL) was then added immediately to the vial. The only difference between sample
1 and sample 2 was the reaction time. For sample 1, hydrogen peroxide was added 10 min after
the addition all other reagents, and for sample 2, hydrogen peroxide was added after 4 hours.
Sample 3 contained 1 mL of 10 mg/ml HSA solution plus 1.255 mL of ultra-pure water. Sample 3
was prepared as a control for the evaluating of the stability of the protein through DSC
experiments. Sample 4 was prepared to generate a calibration curve for Dox. Sample 4 contained
the same amounts of Dox, cobalt, and water as sample 1, the only difference between them was
that 1 additional mL ultra-pure water was added instead of 1 mL of protein. Because sample 4 did
not contain protein, it was expected that all the Dox added would diffuse into the bulk phase. All
samples were injected into pre-hydrated dialysis cassettes. The cassettes were then placed in the
200 mL of ultra-pure water with a Styrofoam holder attached to each cassette. The samples were

incubated for 72 hours at room temperature. After incubation, 1 mL of each bulk phase was
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transferred to HPLC vial. A series of dilutions in the ratio of 1:10, 1:6, 1:3, and 1:0 was prepared
from the bulk phase of sample 4 using ultra-pure water as the diluent to obtain a calibration curve
(see Figure 10). The solutions within the dialysis cassette from samples 1, 2, and 3 were transferred
via syringe to vials for future analysis by DLS and DSC. The size of the conjugates was evaluated
using DLS. All Dox waste was transferred into the designated waste container.

Table 3. Standard solutions of Dox displaying concentration and area under the curve obtained
via HPLC.

Solutions conc (ug/ml) Average area
1:10 (0.495 ug/mL) 0.495 3.15
1:6 (0.825 ug/mL) 0.825 5.1

1:3 (1.65 ug/mL) 1.65 12.85
undiluted (4.95 ug/mL) 4.95 56.35

Table 4. Results for the effect of reaction time using ultra-pure water as the bulk phase.

Reaction time Mean unknown amount in amount % Retained  moles of # DOX
Area conc bulk ug retained in DOX molecules/
(ug/mL) cassette ug retained molecule
of HSA

Sample 1- 25.85 2.51034 507.0886 442.91131  46.622 7.6E-07  5.08094
10 min
interval
Sample 2-4  29.2 2.78416 562.4017 387.59825  40.799 6.6E-07 4.44641
hours
interval
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Figure 10. Calibration curve- Area (mAU* min) VS Concentration (ug/mL) for effect of
reaction time using ultra-pure water as the bulk phase.
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Figure 11. Graph representing # of DOX molecules/ a molecule of HSA VS Reaction time
(min).
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HPLC analysis revealed that sample 1 retained more Dox inside the dialysis cassette
compared to sample 2; however, only a small difference was noted. For sample 1 with 10 min
reaction time, each HSA molecule had bound 5.08 molecules of Dox. For sample 2 with a 4-hour
reaction time, each HSA molecule had bound 4.45 Dox molecules (see Figure 11). This experiment
demonstrates that the conjugation chemistry is rapid and that a 10 min reaction time is sufficient
for the cobalt-induced amine crosslinking to occur (see Tables 3-4).

3b) Effects of pH Using Ultra-Pure Water as The Bulk Phase

This experiment was designed to determine the effect of pH on drug-protein conjugation,
which could be an important factor in this research. The pKa for a protonated amine is 9-10, so at
neutral pH all the amines would be in their protonated state. The cobalt coordination chemistry
requires the deprotonated state; thus, it was expected that raise the pH would increase the amount
of crosslinking and ultimately the number of Dox molecules per protein. For this experiment, a
total of 3 samples were prepared. One at pH 8, one at pH 9, and one to generate the calibration
curve. For sample 1, 1 mL of 10mg/mL of Human Serum Albumin was added to a vial. The pH
was measured and adjusted pH 8 using 0.25 M NaOH. In a separate vial, 200 pL of 5 mg/mL Dox
was added. Ultra-pure water (1 mL) was added to the vial followed by 52.2 pL of 0.1 M cobalt
chloride solution. NaOH (10 pL of 0.25 M) was added, followed immediately by adding the pH
adjusted protein solution. After a 10 min reaction time, hydrogen peroxide was added, and the
solution was transferred to a pre-hydrated dialysis cassette. Air bubbles were removed using a
syringe. The cassette was then placed into 200 mL of ultra-pure water, with a Styrofoam holder
attached to the cassette. Sample 2 was prepared in the same manner as sample 1 with the only
difference being that the pH of the protein solution was adjusted to 9 instead of 8. Sample 3 was a

control sample that was used to obtain the calibration curve with a composition like the other
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samples. The only difference was that it did not contain any protein solution where 1 mL of ultra-
pure water was used as a substitute for the protein solution. The samples were incubated for 72
hours after which 1 mL of the bulk phase for each sample was transferred to HPLC vial. A series
of dilutions in the ratio of 1:6, 1:3, and 1:0 was prepared from the bulk phase of sample 3 using
ultra-pure water as the diluent to generate a calibration curve (see Figure 12). The sample solutions
from within the dialysis cassette for samples 1 and 2 were transferred to vials using a syringe. The
size of the conjugates within the dialysis cassette was investigated via DLS. All Dox waste was
transferred into the designated waste container.

Table 5. Standard solutions of Dox displaying concentration and area under the curve obtained
via HPLC.

Solutions conc (ug/ml) Mean area
1:6 (0.825ug/ml) 0.825 12.45
1:3 (1.65ug/ml) 1.65 17.85
undiluted (4.95ug/ml) 4.95 84.1

Table 6. Results for the effect of pH using ultra-pure water as the bulk phase.

Samples Mean  unknown amount in amount % moles of DOX # DOX
with Area conc bulk ug retained in Retained retained molecules/
different (ug/mL) cassette ug molecule of
pH HSA

Sample  51.8 322825 652.1071 297.89282 31.3571 5.13626E-07 3.4173389
1-pH 8
Sample 282 1.92747 3893508 560.64981 59.0157 9.66671E-07 6.4316097
2-pH 9
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Figure 12. Calibration curve- Area (mAU* min) VS Concentration (ug/mL) for the effects of pH
using ultra-pure water as the bulk phase.
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Figure 13. Graph representing # of DOX molecules/ a molecule of HSA VS pH.
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HPLC analysis revealed that sample 2 retained the maximum amount of Dox in the dialysis
cassette as expected. Sample 1 had 3.4 Dox molecules bound per protein molecule and sample 3
had 6.4 Dox molecules bound per protein molecule (see Tables 5-6). This experiment
demonstrated that raising the pH leads to higher conjugation efficiency as expected (see Figure
13).

4) DLS Evaluation

DLS was used to examine samples for potential protein aggregation, which would be
undesirable. DLS was conducted on samples taken from inside each dialysis cassette. Samples
were vortexed for 1-2 min before transferring them into the instrument sample cell. DLS was be
used to determine the mean size distribution of the protein in solution. If aggregation were to occur,
the mean size distribution would be expected to increase. Mathematical tools like mean diameter,
standard deviation, polydispersity index, 10% and 95% percentiles were taken in consideration to
determine the monodispersity. Particle size distributions were found to be relatively uniform.

4a) Effect of Reaction Time Dialyzed in PBS

All samples displayed no protein aggregation as demonstrated by their uniform sizes.
Sample 2, with a 10 min reaction time exhibited the lowest standard deviation (see Figures 14-17).
The smallest mean diameter was 3.96 nm for sample 3, where the reaction time was 1 hour. The
largest mean diameter was 4.73 nm for sample 3. The smallest 10% percentile passing was 2.960
for sample 3. The smallest 95% percentile was 6.77 for sample 2. The largest 10% and 95%
percentile was found to be 3.63 and 7.67, respectively for sample 4 where the standard deviation

was the highest (see Table 7).
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Reaction Mean diameter of Standard Polydispersity 10% 95%

time nanoparticle(nm) Deviation Index (nm) (nm)
Sample 2 4.4 1.120 0.828 3.46 7.21
10 min

Sample 3 3.96 1.130 0.855 2960 6.77
1 hour

Sample 4 4.73 1.230 1.177 3.63 7.67
4 hours

Sample 5 4.64 1.160 0.645 3.60 7.42
10 min +

no cobalt

Table 7. The DLS data for effect of reaction time using 1X PBS solution as a dialyzing medium.
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Figure 14. DLS graph for sample at 10 min reaction time.

33



100

Particle Size Distnibution

50

90
a0
70 4

20 -
40
30
20
10 5

HFassing

a0 ..1.

45
40
35
- 30
23
20
15
10

0.1

10

Size(nanometers)

100

FigurelS. DLS graph for sample at 60 min reaction time.
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Figure 16. DLS graph for sample at 240 min reaction time.
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Particle Size Distnbution
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Figure 17. DLS graph for sample at 10 min reaction time with no cobalt.
4b) Effect of Reaction Time Using an Ultra-Pure Water as The Bulk Phase

This set of experiments afford the benefit of having a sample that contained only protein,
which could be used in comparing the results with those of the conjugates (see Figures 18-20).
The protein only control resulted in a mean size of 2.87 nm and polydispersity of 0.471. Sample 1
with a 10 min reaction time displayed the smallest size, with a mean diameter of 1.93 nm and the
largest was from sample 3 (2.87 nm). When comparing protein only (see Figure 20) to the
conjugate containing samples there was a clear difference in the shape of the size distributions.
The protein only exhibits a Gaussian distribution whereas the conjugate samples appeared
truncated on the lower end of the distribution and extend out further on the higher end. The range
of the 10% and 95% confidence intervals was also narrower for the protein only control (see Table
8). These results indicate that some aggregation maybe occurring and will be the focus of future

studies
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Table 8. The DLS data effect of reaction time using ultra-pure water as the bulk phase

Reaction time ~ Mean diameter of Standard Polydispersity Index  10% 95%
nanoparticle (nm) Deviation (nm) (nm)
10 min 1.93 0.990 0.496 1.270  5.28
4 hours 2.55 1.430 0.2842 1.790  7.73
protein + 2.87 0.730 0.471 2210 458
ultra-pure
water (for
DSC)
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Figure 18. DLS graph for sample at 10 min reaction time dialyzed in ultra-pure water.
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Figure 19. DLS graph for sample at 240 min reaction time dialyzed in ultra-pure water.
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Figure 20. DLS graph for sample of protein only dialyzed in ultra-pure water.
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4c) Effects of pH Using an Ultra-Pure Water as The Bulk Phase

DLS results indicated that significant aggregation could be occurring when the reaction is
carried out at pH 9. While both experiments mirrored the change in the shape of the distribution
noted above compared to the protein only control, the size distribution for the sample run at pH 9
extends much further past 10 nm in size. The mean size was 7.76 nm; however, the 95% confidence
interval extends all the way out to 31 nm (see Table 9). This sample exhibited the greatest extent
of aggregation when compared to all samples analyzed. Protein aggregation will be the subject of
future studies (see Figures 21-22).

Table 9. The DLS data for varying pH.

Samples Mean diameter of Standard Polydispersity Index  10% 95%
with different  nanoparticle (nm) Deviation (nm) (nm)
pH

pHS8 4.21 1.790 0.2586 2.060 9.83
pHO9 7.76 3.87 0.1431 591 31.00
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Figure 21. DLS graph for sample at pH 8 dialyzed in ultra-pure water.
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Figure 22. DLS graph for sample at pH 9 dialyzed in ultra-pure water.
5) DSC Evaluation.

Two samples from effect of reaction time using ultra-pure water as the bulk phase were
used for thermal denaturation and stability studies of the protein vs conjugate. The samples used
were sample 3, which contained protein only inside the cassette, and sample 1 where the reaction
time was 10 minutes. The thermogram scans were collected with a range of temperature from 25
°Cto 115 °C. The rate of heating for both samples was 1 °C per min, and the protein concentration
was 4.4 mg/mL. The pressure was maintained at 3.0 (atm) to avoid degassing of the solutions while
heating. Before analyzing the protein solutions, a baseline was obtained using bulk phase from
dialysis for each sample. The reference and sample cell were first cleaned by running 200 mL of
2% micro 90 solution. The cells were than rinsed with 200 mL of ultra-pure water. All solutions
were degassed at 400 atm for 15 min before injecting them into the cells. The thermograms were

obtained and the Tm was evaluated using the gaussian curve. The Twm for protein was found to be
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at 68.28 °C and the Twm for the conjugate was found to be at 68.00 °C (see Figures 23-24). The
almost identical Tm values indicate that the tertiary structure of the protein was not degraded during
the reaction. Furthermore, the stability of the protein has not been enhanced or diminished after
the conjugation, which bodes well for future in vitro experiments where the tertiary structure of

the protein will be key for ligand receptor binding.
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Figure 23. Thermogram for the sample containing only protein.
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Figure 24. Thermogram for sample containing conjugate with a reaction time of 10 min and
dialyzed in ultra-pure water.
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CHAPTER IV
CLOSING STATEMENTS

Obtaining my bachelor’s and master's degrees at Texas Woman's University was a
wonderful experience. The thesis track has taught me to think outside of the box and has made
me an independent scientist. My confidence working in a laboratory environment has
significantly increased, will benefit me tremendously as I transition to industry. This experience
has taught me how the physical, biological, and chemical concepts go hand in hand and to keep
my mind open to all possible scientific outcomes when working on any scientific topic. I have
learned a lot about cancer, possible treatments, and of future tools to treat cancer. Cancer is one
of the worst disorders one can ever consider. The disease makes people think what they could
never have expected. I do know the cruelty of cancer, but I can tell that the treatments for it are
advancing rapidly.

Sometimes, we forget how far we have come in achieving something but thinking of this
that I will be graduating soon, I do feel proud to have completed my master’s degree in
chemistry from a well-known university in the United States. I hope to use and what I have

learned to help benefit society in a constructive way.
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