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ABSTRACT

The purpose of part | was to synthesize novel polymeric drug conjugates
by combining several orthoesters with N-[2-(hydroxypropyl)-methacrylamide]
(HPMA), an analogue for methacrylamide (MA) bound anti-cancer drugs and MA
bound targeting moieties, for targetable anti-cancer therapy. HPMA was reacted
with various orthoesters in 1:4:2 molar ratios under basic conditions using the
Michael addition reaction mechanism. Reaction progress was monitored with
thin layer chromatography. No successful addition occurred due to amide
delocalization of HPMA competing with enolate ion formation. Acetic anhydride
protecting groups were placed on the hydroxyl hydrogen of HPMA to try to
prevent this occurrence. HPMA was successfully modified and analyzed via
H'NMR and LCMS, however the Michael addition reaction with orthoesters did
not go to completion and byproducts together with leftover reactants made
separation and purification difficult.

The purpose of part Il was to establish an automated approach to salt

selection and preformulation development for a large number of Trazodone salts.



Automated procedures were developed on a Biomek 2000 automation
workstation with stacker and plate reader capabilities. Trazodone was dispensed
into 96 well plates and an automated method was setup to form 104 Trazodone
salts. Salts were observed under a polarized light microscope to determine
crystallinity. After stepwise eliminations, the remaining salts were scaled-up and
subjected to differential scanning calorimetry (DSC), powder x-ray diffraction
(PXRD) and hygroscopic, pH-solubility, density, surface area and particle size
analyses. Oils formed in several cases resulting in the preliminary elimination of
mesyl and esyl salts and 4 crystallizing solvents. Crystallinity was observed in 34
of the 44 scaled-up Trazodone salts. Analyses indicated a number of new salts,
which were comparable in physicochemical parameters to the marketed HCI salt.
Among them, the tosylate salt showed its uniqueness for new applications due to
low solubility throughout the entire pH range making it a good candidate for a
suspension or prolonged action formulation compared to the other salts. In
addition, a thermally induced polymorph of the tosylate salt may be present with
different properties than the tosylate salt. Automated procedures can be

developed to increase the efficiency for pharmaceutical salt selection.
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CHAPTER 1
INTRODUCTION: BACKGROUND AND SIGNIFICANCE

Drug Targeting

The idea of drug targeting or delivering a sufficient amount of drug to a
specific site in the body for an appropriate time period, came about over 2000
years ago as described in literary works by Hippocrates [1]. P. Ehrlich expanded
this idea in his concept of a magic bullet in the early 1900’s [2]. These magic
bullets consisted of two parts, a haptophore, which acts as the targeting moiety
and binds to the target such as an antibody; and a toxophore, the cytotoxic part
or drug. It wasn’t until nearly 60 years later that this idea was tested and proven
to work in treating tumors in animals using several types of systems [3, 4]. The
1960’s and 1970’s spawned interest in this area of drug targeting as biochemists
and biologists began to figure out the nature of diseases and treatments on the
cellular level, especially small drug and macromolecule uptake and trafficking
through the cell. Other achievements during this time that helped drug targeting
grow into a major area of research were novel synthesis routes for polymers, the
establishment of pharmacokinetics, and the evolution of hybridoma and gene
technologies [1].

In order to design a successful drug targeting therapy, it is necessary to
understand the basic mechanisms underlying cellular uptake and trafficking

through the cell. A general overview of the processes governing cellular



structure, function and membrane transport is discussed in appendix A. Low
molecular weight drugs can be taken up into the cell by several mechanisms
including passive diffusion through the plasma membrane, active transport by
receptor proteins on the cell surface, and endocytosis. Unless there is affinity of
the drug for a specific cell or receptor, uptake is generally slow and non-specific,
and therefore, not targeted to a specific region of the body or cell type. It is
possible to introduce a targeting moiety onto drugs to allow specificity and
increase the rate of uptake. This modulation of uptake and distribution has been
accomplished by conjugating drugs to polymeric carriers, so-called polymeric
drugs, which will be discussed in the next section. Most recent efforts in the area
of drug targeting using polymeric drugs have been focused on the treatment of
tumors in anti-cancer therapy for reasons that will be discussed in a later section;
therefore, this chapter will focus only on this aspect and how it relates to the

research project.

Polymeric Drugs

The use of polymers in the medical and pharmaceutical fields dates back
to the 1940’s when Nylon was used as sutures in surgery, and other polymers
such as poly[methylmethacrylate] (PMMA), polyesters (PE) and polyvinyl chloride
(PVC) were being studied for similar uses [5-7]. With advances in cellular and
developmental biology making way for new protein and gene based drug
therapy, additional applications for polymers have been developed in the form of

implantable devices and tissue engineering. Bioerodible polymers can be



synthesized to control decay rate either over time or when subjected to acidic
environments. The versatility of polymers has allowed them to be used in the
biotechnology, medicine, food and cosmetic industries in applications such as
surgical devices, implants, prosthetics, artificial organs, drug delivery systems,
biosensors, bioadhesives, and ocular devices [8]. Several major water-soluble
polymers, shown in table 1.1 and initially used as plasma expanders, became the
starting point for polymer-drug conjugates or so-called polymeric drugs.

The main mechanism of cellular uptake for polymers and high molecular
weight substances is endocytosis [9]. In this process, the cellular plasma
membrane forms a cavity or indentation due to an external stimulus, and through
normal fluid motion and rearrangement of the membrane, an envelope or
endocytic vesicle forms, engulfing the substance, including any surrounding
extracellular fluid, into the cavity. Most cells undergo endocytosis on a regular
basis and several different types of endocytosis exist based on the specificity and
size of the material engulfed [10-12].

Pinocytosis is a process in which both small and large molecules
dissolved in the extracellular fluid flow into the formed cavity and are pinched off
as vesicles within the cell. Because pinocytosis deals with fluids it is also
referred to as fluid-phase pinocytosis, and the internalized vesicle is called an
endosome. Much of the time, the dissolved drug or polymeric drug interacts with
membrane protein receptors and is basically “caught” in the cavity through
specific (receptor-mediated pinocytosis) or non-specific (adsorptive pinocytosis)

binding to the receptor when an endosome is formed [12]. The



Table 1.1. Polymers Used as Starting Candidates for Polymeric Drugs [1]

Poly(glutamic acid)
Poly[N-(2-hydroxyethyl)-L-glutamine] (PHEG)
B-Poly(2-hydroxyethyl aspartamide)
B-poly(aspartyl hydrazide)

Dextran
Poly(vinyl alcohol) (PVA)
Polyvinylpyrrolidone (PVP)
Poly[N-(2-hydroxypropyl) methacrylamide] (PHPMA)




endocytosed vesicle containing drug and extracellular fluid fuses with an
organelle of the cell called an early endosome, which has an acidic environment.
A portion of the material, especially membrane components and receptor
proteins, is then selectively recycled back to the membrane or exocytosed while
the rest becomes a late endosome containing hydrolases and an even more
acidic environment with a pH of around 5-6. The late endosomes move toward
the interior of the cell and become lysosomes containing more digestive enzymes
that act to degrade the endocytosed material. A schematic of this process is
shown in figure 1.1. Due to this progression to lysosomes, many polymeric drugs
are designed using specific lysosomal-enzyme degradable spacers so that the
drug is released in the lysosomal compartment and can then penetrate through
the lysosomal membrane to reach the cytoplasm and potentially the nucleus.
This strategy was first used in 1974 to deliver chemotherapeutics to the cell and
was called lysosomotropic chemotherapy [13].

Another type of endocytosis involves the uptake of large substances such
as solid drug particles, cells, bacteria or viruses. This is called phagocytosis and
occurs in a series of steps similar to pinocytosis. Drug particles or other large
substances adhere to the cell membrane. The binding usually occurs at a
specific site that activates phagocytic mechanisms within the cell. The entire
particle along with some extracellular fluid is ingested or engulfed by the
membrane forming a detached vesicle or phagosome within the cell. The
phagosome then fuses with a lysosome, and the particle and other phagocytosed

material is digested while the Dbilayer materials are recycled.
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Phagocytosis only occurs in specialized cells called professional phagocytes that
exist in specific areas of the body, mainly the reticulo-endothelial system (RES).
This includes the liver, bone marrow, and spleen macrophages and circulating
blood monocytes. The phagocytes are tremendously important in regulating the
body’s immune system as they destroy foreign substances and remove
particulate antigens. Their importance in drug therapy is limited to those drugs
that are delivered in particulate carriers to the cell such as liposomes,
erythrocytes, or microspheres. The therapy can be targeted using drug
molecules whose site of action is some component of the RES [12].
Receptor-mediated endocytosis is the most versatile type of endocytosis
involving a high degree of recognition and specificity. Agonists binding to surface
receptors activate the endocytic pathway causing invagination of the bilayer and
vesicle formation. The receptors themselves are usually recycled back to the cell
surface and the agonist either participates in metabolism or is taken back to the
cell surface. The size of material that can be endocytosed via receptor-mediated
endocytosis ranges from smaller than 100 Daltons to in excess of a million
Daltons, such as a virus particle. Many drug delivery efforts focus on targeting
various receptors on the cell surface so that particular biochemical pathways can
be exploited. Agonists are typically developed to extend the duration of action
via altered metabolic pathways in the lysosomal compartment, or to reduce side
effects by specific binding to certain receptors on certain cells. Non-specific
adsorptive endocytosis, which occurs significantly for cationic polymers due to

electrostatic interactions with negatively charged cell membranes, results in a 10



times faster uptake than normal fluid-phase endocytosis [14]. Receptor-mediated
endocytosis is 1000 times faster and highly specific so that cellular specific
targeting can be achieved [1]. This shows the importance of drug targeting. If a
polymeric drug can be made with targeting moieties to specifically interact with
receptors on the cell surface, not only is it taken up much more quickly, it avoids
other non-target cells that do not possess the specific receptor thereby
decreasing side effects and increasing drug efficacy. In addition, since polymeric
drugs use the prodrug approach, typically undergo a different mechanism of
uptake than small molecular weight drugs, and are designed to release the active
drug only within the target cells, they have the potential to safely and effectively
treat diseases where toxicity and multi-drug resistance (MDR) are major
obstacles. However, a problem still remains. No matter how many targeting
moieties are present specific to a certain cell type or receptor, if the drug or
prodrug cannot get into the vicinity of the target, the targeting approach is
useless. Because of this problem, there are several important considerations in
terms of type and size of drug or prodrug to use, where to target, and disease
modalities as discussed below.

One of the main purposes for conjugating drugs to polymers is to obtain a
high-molecular weight prodrug that modulates the disposition of the drug in the
body. Longer half-life is achieved due to decreased excretion of the conjugate by
the kidneys. This biodistribution is affected by size and structure of the polymeric
drug. The threshold molecular weight range for glomerular excretion is 40k-70k

Daltons for neutral water-soluble polymers [1]. Depending on site of action, if the



polymeric drug is able to circulate in the body for a longer time period, the
probability of reaching its target increases, especially if the target is a tumor.
This is because capillaries in tumor tissue are quite dense with an enhanced
permeability from loose interendothelial junctions allowing for enhanced transport
of large molecular weight drugs into the tumor. In addition, tumors have
insufficient lymphatic drainage systems leading to poor tissue drainage and
accumulation of macromolecules at the tumor site. This effect has been termed
the enhanced permeation and retention effect (EPR) and has become one of the
main guiding principles in polymeric drug targeting [1, 15, 16]. A similar EPR
effect has been noted at inflammation sites due to microbial infections [16] and
therefore, targeting of specific drugs to treat infections could be accomplished
using this principle.

There is an optimum molecular weight range for polymeric drugs, greater
than 70k Daltons to avoid glomerular filtration as already discussed, but the
upper size limit depends on several things. As molecular weight increases,
permeation through interendothelial junctions decreases and hence it takes
longer to accumulate drug at the tumor or inflammation site. More importantly,
the larger carriers may be recognized by the reticulo-endothelial system (RES),
which scavenges particulates and larger macromolecules from the bloodstream.
The cells of the RES are located in the liver, spleen, and lung and have been
known to quickly and efficiently eliminate colloidal and vesicular carriers such as
liposomes, especially those greater than 40 nm in size. The type of drug

conjugated to a certain polymer can also affect biodistribution. A hydrophobic

10



moiety or a cationic charge introduced as a side chain can cause significant
clearance of the polymeric drug through the liver. Kataoka suggests that in
general, a hydrophilic polymer that is neutral or slightly anionic with a moderate
molecular weight greater than 70k Daltons will have a prolonged circulation [1].
This result also shows promise for treating liver disorders as targets can be
designed to specifically accumulate there. Kopecek and Duncan have done
significant pioneering work with polymeric drugs based on PHPMA targeting to
the liver for treating liver cancer using this principle [17, 18]. Their work is the

basis of this research project and will be discussed in the next section.

Anti-Cancer Therapy Using HPMA

As scientific discoveries of new drugs and therapies emerge, nature brings
about new diseases or drug resistance and forces scientists to develop novel
technologies. Although not new, cancer continues to be a treatment challenge
and still has no cure. Much work has been done on developing new treatments
and potential cures for cancer, but with little success. In the early 1970’s several
researchers led by Jindrich Kopecek, began investigating hydrophilic polymers
for use as biomedical materials. These would later become novel polymeric drug
conjugates for the treatment of liver cancer.

At first, Kopecek experimented with the biocompatibility both in blood and
living tissue of N-substituted methacrylic acids, hydrophilic esters of methacrylic
acid, and N-substituted acrylamides. The one that was most interesting as a

synthetic transfusion solution was poly[N-(2-hydroxypropyl)-methacrylamide]
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(PHPMA) [19]. He investigated different solvents, initiators, and copolymers in
the radical polymerization of PHPMA to determine the optimum method of
preparation. He also looked into potential applications and determined that this
polymer could be used in the hardening of steel, photography, and as a blood
plasma expander [20], but more importantly as the polymer backbone in novel
polymeric drug conjugates [21]. It was at this time with the help of Ruth Duncan
that the design of this particular polymeric drug came together. Many
experiments followed by numerous publications and a patent lead to several
novel PHPMA drug conjugates consisting of enzymatically degradable
oligopeptide side chains in specific sequences to promote different degradation
rates by lysosomal enzymes (trypsin and chymotrypsin) at the site of action
attached to doxorubicin and daunorubicin for treatment of liver cancer. In
addition, to utilize the receptor-mediated endocytosis mechanism to increase
cellular uptake rate, dangling galactose residues were added as side chains to
the polymer backbone [21-26]. The asialoglycoprotein receptor, present in liver
parenchymal cells, can specifically recognize galactose residues and efficiently
internalize them. Several studies have shown an increase in uptake of polymeric
drugs with attached galactose residues. This type of carrier macromolecule has
been widely used in liver targeting. Another important fact about the liver that
makes it an easy organ to target is its high surface area with a sinusoidal
vasculature structure and a lining composed of sieve plates of about 100 nm in
diameter. This allows high molecular weight substances to extravasate from the

blood into the liver tissue and accumulate there [1, 27-30]. In this way, a dose of
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the HPMA bound anti-cancer drug given intravenously, would travel through the
bloodstream and accumulate in the liver where enzymes would cleave off the
drug, activating it at the cancerous site. The practical results of such an
approach are numerous including decreased toxic side effects, less drug
necessary for efficacy, lower treatment costs, increased patient compliance and
an overall better therapy.

One additional consideration was made addressing the problem of
potential accumulation toxicity of the non-biodegradable polymer “shell” at the
site of action. Duncan and Kopecek took this into account by crosslinking shorter
HPMA polymer chains with degradable oligopeptide crosslinks, which are
susceptible to lysosomal hydrolysis, such that when the crosslinks are broken
each polymer piece would be small enough to be filtered at the glomerulus. In
this manner, the oligopeptide side chains could be tailor-made by manipulating
the amino acid sequence to provide enzyme specificity and controllable
degradation of the “drug delivery device” itself [26]. Another possibility exists to
circumvent this problem. A biodegradable polymer backbone could be employed
using the same principle of enzymatically degradable peptide side chains
attached to drug and targeting moiety, but the polymer itself can be designed to
erode at varying degradation rates according to substituent groups incorporated

into the backbone.
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Double Ester Strategy

Polyesters have been used for many years in a variety of applications and
subjected to different manufacturing techniques, as seen in table 1.2 along with
examples of different polyesters. There are numerous advantages associated
with polyesters since they are labile to common esterases in the body,
degradable in aqueous environments with generally non-toxic byproducts, and
they can be synthesized in such a way that their degradation rate can be
controlled. However, little work has been done using polyesters in a prodrug
type of approach to achieve targeted, specific drug delivery. This may be due to
the ease of hydrolysis of many polyesters in aqueous environments indicating the
need for more extensive measures in manufacturing and packaging of the
products to prevent water vapor incorporation. Also, due to esterases present in
a variety of places in the body, some method may need to be employed to
protect the polymers from premature degradation whether given orally or
intravenously [31, 33-35].

The double ester strategy used by Nycomed has several advantages over
typical bioerodible polyesters. It is stable in acidic and neutral environments and
degrades by esterases in the body. It is synthesized by condensing two
carboxylic acids with [,CR1R, where different R-groups can be incorporated to
vary the degradation rate. This is the most important feature of the double ester
strategy. The R-groups are called gems and the double esters are also known
as gem-dicarboxylic acids. These R-groups or gem linkers can be oligopeptide

spacers attached to drug or targeting moieties similar to the PHPMA strategy
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Table 1.2. Uses and Manufacturing Techniques Commonly Employed for
Polyesters [31, 32]

Manufacturing

Purposes Techniques Examples
Coatings Extruded into
Filaments Poly(Lactic Acid)
Biodegradable . . Poly(Glycolic Acid)
Implants Spun into Fibers Copolymers of Above (PLGA)
Resorbable Pressed into Polydioxanone
Applications Shapes Poly(Glycolide-co-
Delayed Release Drug Solvent Film Trimethylene Carbonate)
Delivery Systems Casts Poly(Ethylene Carbonate)
Long-Lived Packaging Doctor-Bladed Poly(Iminocarbonates)
Insert Materials into Films Polyhydroxybutyrate
Insecticides and Plant Coated by Solvent Poly(Amino Acids)
Foods Evaporation Poly(Ester Amides)
Detergents Coated by Poly(Ortho Esters)
Fluidized Bed Poly(Anhydrides)
. Compression and
Cosmetics

Transfer Molded
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employed by Kopecek and Duncan or they can be different length organic chains
for use as a liposomal or nanoparticle carrier in drug delivery. In this manner the
drug can be delivered orally where absorption will occur through the lymphatic
system and the rate of drug delivery is controlled by the degradation rate of the
polymer vehicle [32, 36]. This research focuses on the development of an
intravenously administered anti-cancer compound similar to that of Kopecek and
Duncan. The chemical structure of a potential polymer synthesized using the

double ester strategy is shown in figure 1.2.
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Figure 1.2. General Polymer Structure of the Double Ester Strategy
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CHAPTER 2
SYNTHESIS OF NOVEL DOUBLE-ESTER POLYMERIC DRUGS

Experimental Methods

The strategy employed by Kopecek and Duncan was used as a starting
point to synthesize HPMA bound targeting moieties and oligopeptide attached
drugs. It was decided to try to duplicate Kopecek and Duncan’s work in making
the monomer attached to peptide spacers and galactose targeting moiety, and
the monomer attached to peptide spacers and drug analogue. Then, to
polymerize them in order to practice the chemistry and analysis involved before
beginning work on the double ester strategy.

Synthesis Steps and Reaction Schemes

All chemicals were ordered from Sigma-Aldrich (St. Louis, MO, USA) and
were of analytical grade. The steps in the synthesis of each monomer were
obtained from several publications and a patent [19-24] and will be outlined
below.

N-[2-(hydroxypropyl)-methacrylamide] (HPMA) monomer is formed from
the reaction of 1-amino-2-propanol and methacryloyl chloride (MACI) at —10°C in
acetonitrile using a slight excess of 1-amino-2-propanol. The crystalline
byproducts of 1-amino-2-propanol hydrochloride are filtered off and the product
recrystallized in acetone at -25°C to obtain a pure monomer. The second

monomer, N-methacryloylglycylglycine p-nitrophenyl ester (MA-Gly-Gly-ONp), is
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the precursor to attach to the drug moiety. It is synthesized using the Schotten-
Baumann method of acylation with an acylchloride in an aqueous alkaline media
by first reacting glycylglycine with MACI in a one to one molar ratio, purifying the
product, and then reacting the product with p-nitrophenol in dimethylformamide
(DMF) at -15°C. The same procedure is followed with different amino acid
chains to tailor-make the oligopeptide spacers which can be degraded by a
particular enzyme. In fact, the glycine leucine tyrosine spacer attached to drug
was found to be long enough to allow enzyme attachment in the liver and
cleavage without steric hindrance, and it allowed for increased uptake due to an
increase in adsorptive endocytosis from increased hydrophobicity over
glycylglycine [37].

The third monomer is made in the same way to obtain N-
methacryloylglycylglycine galactosamide (MA-Gly-Gly-Gal). The second
monomer product MA-Gly-Gly-ONp is reacted with galactosamine hydrochloride,
which undergoes an exchange type of reaction to replace p-nitrophenol with
galactosamine and gives methacryloylglycylglycine galactosamide (MA-Gly-Gly-
Gal) as the product. All three monomers are reacted together in varying molar
percentages using a free radical initiator, 2,2’-azodiisobutyronitrile (AIBN), to
obtain a PHPMA backbone attached to 2 different side chains. The percentage
of ONp groups present in the polymeric precursor is the same percent of drug,
which is added in a second exchange type of reaction as the final step to prepare
the polymeric drug. Figures 2.1-2.5 show the reaction schemes and detailed

steps in the synthesis.
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HPMA Monomer Synthesis

1. Prepare 100 mL (or smaller) flask with stir bar, thermometer, dropping funnel, and ice bath
(-10°C).

2. Pipette 3.409 mL acetonitrile into flask

3. Weigh 871.212 mg 1-amino-2-propanol in weigh boat

4. Pour into flask and dissolve

5. Cool to -10°C

6. Weigh 606.061 mg methacryloyl chloride (MACI) in weigh boat.

7. Mix with 2.462 mL acetonitrile in small beaker and dissolve

8. Place 7 in “dropping funnel” apparatus (pipette with valve)

9. Vigorously stir 4 while slowly adding dropwise 7 until spent keeping T<-5 °C

10. Continue stirring at 5°C for 30 min

11. Filter off crystals of 1-amino-2-propanol HCI

12. Wash crystals with 5 mL acetonitrile

13. Set crystals to side and label

14. Combine filtrates and evaporate to 72 volume keeping T<=35°C

15. Filter and allow to freely crystallize at -25°C (acetone & dry ice bath)

16. In a small beaker mix 6 mL methanol with 2 mL diethyl ether

17. Slowly add small amount to concentrated filtrate to crystallize 1-amino-2-propanol

18. Filter off and wash crystals with this mix

19. Recrystallize HPMA with acetone from a saturated solution at 25°C and allow to freely
crystallize at -25°C, filter crystals and wash

20. Repeat 19 until obtain a clear solution of HPMA in acetone

21. Evaporate to constant weight

Figure 2.1. Synthesis of HPMA Monomer
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MA-Gly-Gly-ONp Synthesis

1. Prepare 30 ml beaker with stir bar, 2 glass pipettes and an ice bath; also need a pH meter
calibrated

Weigh 89.93 mg Gly-Gly into weigh boat; pour into beaker

Dissolve in 1.0 mL water

Add 400 mg NaOH and dissolve with 0.5 mL water, wash with 0.5 mL water

Cool to 0°C with ice bath and stirring

Prepare 66.13 uL MACI in a pipettor

Prepare 400 mg NaOH in 2.0 mL water and suck into a glass pipette

Add 6 and 7 to 5 dropwise and simultaneously

Continue stirring at room temp. for 1 hour

10 Acidify using HCI to pH=2.0 (obtain crystals?)

11. Recrystallize MA-Gly-Gly using a solvent (DMF) until obtain clear solution
----OBTAIN MA-Gly-Gly----

12. Prepare clean 100 mL beaker with stir bar, thermometer, and salt water bath (-15°C)
13. Mix 123.181 mg of 11 with 1.225 mL DMF and dissolve

14. Cool to —15°C

15. Mix 126.423 mg of DCC (dicyclohexylcarbodiimide) with 0.6127 mL DMF and dissolve
16. Add solution 15 to 13 while stirring

17. Mix 86.082 mg p-nitrophenol with 0.5626 mL DMF and dissolve

18. Add solution 17 to 16 while stirring

19. Stir for 3 hours at -15°C

20. Let stand overnight at 4°C (refrigerator)

21. Remove dicyclohexyl urea crystals by filtration and wash

22. Concentrate filtrates in vacuo to about 74 volume

23. Add DMF and repeat 19-22 for purification

©oN O hWN

Figure 2.2. Synthesis of N-Methacryloylglycylglycine p-Nitrophenyl Ester (MA-
Gly-Gly-ONp) or Other Peptide Spacer Substituted for Gly-Gly
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MA-Gly-Gly-Gal Synthesis

Prepare 50 ml beaker with stir bar, thermometer, and dropping apparatus
Weigh 116.67 mg MA-Gly-Gly-ONp into weigh boat; pour into beaker
Mix 93.33 mg galactosamine-HCI to 0.6 mL DMF and dissolve

Add solution 3 to 2 and begin stirring

Add dropwise while stirring 0.6067 mL triethylamine

Stir for 16 hours at 25°C

Filter off triethylamine-HCI crystals

Evaporate filtrate to a viscous oil

Add ethanol and cool; recrystallize with ethanol

©CoNooA~ON =

Figure 2.3. Synthesis of N-Methacryloylglycylglycine Galactosamide
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Polymeric Precursor Synthesis

Prepare 50 ml beaker and 2 10 mL beakers with stir bar, gather several ampoules together,
prepare N, tanks with clean tubing, and Bunsen burner to seal ampoules

Mix 147.82 mg HPMA with 30 mg MA-Gly-Gly-ONp

Dissolve in 0.0277 mL acetone stirring

Mix 8.04 mg MA-Gly-Gly-ONp with 0.00111 mL DMSO and add to 3

(Recrystallize AIBN from ethanol 5 times for purification---may not be needed)

Mix 0.1698 mg to 0.00333 mL acetone and add to (3+4)

Pour mixture into ampoules

Bubble thru with N, and seal

Incubate at 50°C for 24 hours

. Precipitate = polymer

. Wash polymer with a 20 fold amount of acetone then with diethyl ether
. Filter and purify (dissolve in methanol, precipitate in acetone)

. Dry in vacuo to constant weight

Figure 2.4. Synthesis of Polymeric Precursor
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Polymeric Substrate (Druq) Synthesis

Prepare 2 10 ml beakers with stir bar or rod

Mix 80.0 mg precursor with 0.6 mL DMSO and dissolve

Mix 37.6 mg L-phenylalanine p-nitroanilide or other drug with 0.12 mL DMSO, dissolve and
addto 2

Allow to react for 20 hours at room temperature

Aminolyze the remaining ONp’s with an excess (50uL) of 1-amino-2-propanol

After 4 hours pour into a 20 fold amount of acetone to obtain a precipitate

Filter off and wash crystals with acetone, then diethyl ether

Dry in vacuo to constant weight

Figure 2.5. Synthesis of Polymeric Drug Conjugate
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In beginning these experiments, Dr. H. Li was an excellent mentor. He was a
tremendous aid in helping me with the H'NMR measurements and analysis and
in helping me figure out what to do when things did not work out as expected.
After several experiments attempting to duplicate Kopecek and Duncan’s work,
we decided to begin the double ester strategy. Since much of the initial
determinations as to how to add oligopeptide side chains attached to drug and
targeting moieties had been achieved using HPMA, it was theorized to use very
short polymer chains incorporating the three monomers, chemically add
carboxylic acid groups at the terminal ends of each HPMA polymer chain, then
use I,CH, and eventually [,CR{R; to polymerize the carboxyls and make a
polyester. A schematic of this method is shown in figure 2.6. To terminate chain
growth during free radical polymerization in order to obtain short polymer chains,
the reaction mixture would be immersed into liquid nitrogen and then poured into
an excess of acetone. Adding the COOH’s to each end of each polymer chain
was more difficult to figure out, but it was thought that it could be possible by
adding a terminating agent ending in carboxyl groups which would stop the
polymerization while adding these groups.

Another idea to initiate the double ester strategy was to react a monomer
typically used to make polyorthoesters that also has potential for degradation
control (modifiable side chains) with the HPMA monomers. This strategy uses a
Michael addition reaction through enolate ion formation shown in figure 2.7.
Several orthoesters including trimethyl orthoformate (TMOF), trimethyl

orthoacetate (TMOA), and dimethyl malonate (DMM) were used with several
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1. Make 3 HPMA Monomers According to Kopecek and Duncan

2. Polymerize the monomers for a short time period to obtain various short chain polymers

3. Add COOH'’s groups on the terminal ends of all polymer chains
4. Use I,CH; or I,CR4R; to polymerize the COOH’s into a polyester

Figure 2.6. Double Ester Strategy Utilizing the HPMA Monomers with
Oligopeptide Side Chains Attached to Drug and Targeting Moieties
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bases including sodium tertbutoxide (NatBuO), butyl lithium (BuLi), and lithium
diisopropylamide (LDA) to react with HPMA. A typical reaction scheme is
detailed in figure 2.8 with reaction setup shown in figure 2.9.

Thin Layer Chromatography (TLC)

Reaction progression was monitored using TLC. UV indicating TLC
plates, 250 um silica gel [Whatman, Clifton, NJ, USA] were used and were
spotted using fine glass capillaries made by heating glass pipettes under a
Bunsen burner and pulling the melting glass into fine tubes. Plates were
developed in 2” X 2” glass TLC chambers using different solvents and solvent
mixtures including 1:9 methanol.ethyl acetate, 1:1 ethyl acetate:petroleum ether,
and 1:1 petroleum ether:dichloromethane depending on what chemicals were
present on the plate. To view the spots, the plates were exposed to long and
short wavelength UV light, an iodine chamber and bromothymol dye solution.

Proton Nuclear Magnetic Resonance Spectrometry (H'NMR)

Nuclear magnetic resonance spectra were recorded on a Bruker 400 AMX
spectrometer at 400 MHz using tetramethylsilane (TMS) as the internal standard.
All solids analyzed were dissolved in deuterated chloroform (CDCI3) or methanol
(CD30OD) and placed in 5 mm o.d. X 178 mm length round bottom glass NMR
tubes for measurement.

Fourier Transform Infrared Spectroscopy (FTIR)

Infrared spectra were collected using a BioRad FTS-60A spectrometer
equipped with a wide band liquid nitrogen cooled HgCdTe detector model HCT-

100 (IR Associates, Inc.) at 2 cm™ resolution. This equipment was located in Dr.
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Trimethylorthoformate (TMOF), trimethylorthoacetate (TMOA) and dimethyl malonate (DMM)
were dried using molecular sieves overnight. All glassware and stir bars were heated under
Bunsen burner to remove as much water as possible.

A round bottom flask was setup in the apparatus as shown in figure 2.9 with a septum placed
over the top; it was evacuated under vacuum then purged with dry N,.

Dry TMOF or DMM was added via glass syringe into the round bottom flask; the syringe was
washed twice with THF and then an excess of THF was placed into the round bottom flask.
The flask was cooled to —78°C for 5 minutes using an acetone in dry ice bath; it was
evacuated under vacuum then purged with dry N, again.

Either butyl lithium (BuLi) or sodium tertbutoxide (NatBuO) base was placed in the flask and
allowed to react for 35 minutes.

HPMA monomer dissolved in THF was added in a 2:1 up to 5:1 molar ratio of HPMA to
orthoester to the flask while purging with N,.

The flask was placed back in the —78°C bath for 1 hour and reaction progression was
monitored via TLC.

After 1 hour, flask was allowed to warm to room temperature and left overnight.

Reaction was quenched with aqueous ammonium chloride.

. Liquid products were evaporated to obtain solid precipitates and analyzed.

Figure 2.8. Typical Reaction Scheme for Reacting Orthoesters with HPMA
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Figure 2.9. Dry Nitrogen Purge and Evacuation Setup for Orthoester HPMA
Reaction

30



Dluhy’s lab in the chemistry building. Samples were prepared by mixing the
solids with potassium bromide and pressing into a pellet.

Column Chromatography and Liquid Liquid Extraction (LLE)

Several products required separation from solvent, excess reactants or
byproducts. This was accomplished using liquid liquid extraction (LLE) for
removal of pyridine solvent and column chromatography to separate byproducts
and reactants. The LLE procedure was performed using ethyl acetate containing
product and an aqueous cupric sulfate solution to draw out pyridine from the
product into the aqueous layer. The pyridine was considered to be gone when
no more blue color remained in the ethyl acetate layer. This layer was then
washed with distilled water and a saturated sodium chloride solution. It was
swished over anhydrous sodium sulfate powder to remove any traces of water.
The remaining ethyl acetate containing product was poured into a silica gel
column and ejected under vacuum with ethyl acetate, petroleum ether,
dichloromethane and/or methanol in varying ratios to separate products and
reactants, which were collected in 16 X 125 mm glass test tubes. The solvent in
each tube was evaporated and the remaining residue was analyzed via H'NMR.

Liquid Chromatography and Mass Spectroscopy (LCMS)

LCMS was performed by a third party in the mass spectroscopy facility in

the University of Georgia chemistry building.

31



Results and Discussion

There were several overall objectives for this project. The first was to
learn chemical synthesis, separation and analysis procedures especially those
involved in polymeric drug conjugates. Second was to utilize the work of
Kopecek and Duncan on HPMA monomers as a starting point in developing a
novel polymeric drug, and third was to combine this strategy with the gem-
dicarboxylic acid or double ester strategy in hopes of synthesizing a novel
biodegradable polyester with oligopeptide linked drugs and targeting moieties.
Due to my novice experience level, several professors and post docs helped me
when problems were encountered by suggesting different routes of synthesis
either by changing reactants, bases, or solvents.

Several initial experiments were attempted to synthesize the HPMA
monomer by reacting methacryloyl chloride (MACI) with 1-amino-2-propanol.
This first reactant was highly reactive with water and polymerized in the presence
of water. Therefore, care had to be taken to dry all solvents and glassware.
However, it was discovered that the HPMA monomer could be ordered instead of
having to make it and separate it from potential byproducts and leftover
reactants. This saved much time. If HPMA could be added successfully into the
polyester backbone, then MA-oligopeptide-drug or targeting moiety should also
be able to be added in much the same way. The H'NMR and FTIR of HPMA
from PolySciences are shown in figure 2.10 and 2.11, respectively.

The initial idea involving adding COOH groups at the terminal ends of

PHPMA seemed quite difficult and no straightforward approach was found to
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Figure 2.10. H'NMR of HPMA, 99% Pure, from PolySciences with Peaks Labeled According to Chemical Structure
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achieve this. Therefore, a better plan was adopted to react HPMA with various
orthoesters under strong base using the Michael addition reaction. Three
orthoesters were used: dimethyl malonate (DMM), trimethylorthoformate (TMOF)
and trimethylorthoacetate (TMOA) in several reactions with two different bases:
sodium tertbutoxide (NatBuO) and butyl lithium (BuLi). Reactions with HPMA
were carried out at -78°C, 0°C, and room temperature using THF or dry ether
with 1:2:4 molar ratios of HPMA:orthoester:base. In each case, little reaction
progress was noted when viewed via TLC, or all of the product was hydrolyzed
back to reactants accidentally upon addition of aqueous ammonium chloride
used to quench the base and end the reaction. In addition, separation of the
products, byproducts, and reactants was quite difficult using column
chromatography. The most promising result from this series of reactions was
that using TMOA and BulLi at room temperature; however, upon purification of
the expected product and analysis via H'NMR shown in figure 2.12, there was
quite a resemblance to the original HPMA reactant indicating no reaction likely
occurred. This may be due to accessibility of the amine and hydroxyl hydrogens
of HPMA preventing enolate ion formation due to competition with amide
delocalization and hindering reaction progression. Dr. Beach offered several
possible solutions, the most viable of which was to add protecting groups at one
or both of these positions on HPMA and react the modified HPMA with the
orthoesters.

The hydroxyl group on HPMA was protected first using acetic anhydride

(AA) via pyridine. This reaction took place quickly with all HPMA becoming
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Figure 2.12. H'NMR of Reaction Between TMOA and HPMA via BuLi at Room Temperature in a 1:2:4 molar ratio
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modified (mMHPMA) by the AA within 1.5 hours. A LLE procedure as described in
the methods section was performed to remove pyridine, and separation was
done on a silica gel column using 100% petroleum ether followed by 25/75%
ethyl acetate/petroleum ether, 50/50% ethyl acetate/petroleum ether, 75/25%
ethyl acetate/petroleum ether, 100% ethyl acetate, and 100% methanol to elute
various fractions of the different products. Figure 2.13 shows the TLC plate
indicating all HPMA reacted, and figure 2.14 is the H'NMR of the AA modified
HPMA showing a chemical structure of the product. Additionally, LCMS was
performed on this product to obtain an m/z of 185.25 corresponding to the
molecular weight of the expected product.

The AA mHPMA was reacted with DMM in a series of experiments in the
presence of BuLi or NatBuO at room temperature using several solvent systems:
dry ether, THF, dichloromethane (DCM), and ethyl acetate. Little success was
noted and conversion of mHPMA to HPMA occurred rapidly. This time the
problem was theorized to be the bases were insufficiently strong to ionize DMM
to allow the Michael addition to occur to any extent, and the temperature may
have been too high such that under the basic conditions mHPMA rapidly
converted to HPMA. Therefore, a stronger base, lithium diisopropylamine (LDA),
was used and the temperature was reduced to -78°C. This time the ionization of
the orthoester was monitored for 45 minutes and TLC’d before adding mHPMA.
The TLC plate shown in figure 2.15 appears to indicate that all DMM was ionized
successfully by LDA. Upon addition of mHPMA in THF and allowing it to react

overnight, a new spot is present as seen on the TLC plate in figure 2.16 and
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Key to Colored TLC Spots

UV spot @
lodine spot ©

AA Modified HPMA ——> @ Dye spot @
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Pyridine Solvent

o
Reaction HPMA

Figure 2.13. Schematic of the TLC Representing AA Modified HPMA Compared
to HPMA Reactant; Mobile Phase was 50/50 Ethyl Acetate/Petroleum Ether
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Figure 2.14. H'NMR of AA Modified HPMA and the Chemical Structure of the Product
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Key to Colored TLC Spots

UV spot @
lodine spot ©
Dye spot @

®

Reaction DMM

Figure 2.15. Schematic of TLC Plate of lonization of DMM with LDA; Mobile
Phase was 50/50 Ethyl Acetate/Petroleum Ether

Key to Colored TLC Spots
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Figure 2.16. Schematic of TLC Plate of Reaction of lonized DMM with mHPMA
in THF Compared to Reactants; Mobile Phase was 50/50 Ethyl Acetate
/Petroleum Ether
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conversion of mMHPMA to HPMA was prevented due to low reaction temperature.
This reaction was left over the weekend (about 48 more hours) and all reactants
were still present indicating reaction progression is extremely slow. There may
still be competition of the enolate ion formation from amide delocalization of the
amine nitrogen present on mHPMA hindering reaction progression. A couple of
new synthesis approaches were suggested involving either protecting the amine
hydrogen of mHPMA with trimethylsilyl chloride (TMS CI) or using something
other than HPMA that can be modified with side chains to obtain peptide spacers
attached to drug and targeting moieties. The latter approach was chosen.

Two chemicals were used, benzyl methacrylate (BMA) and
methacrylonitrile (MACN), to replace HPMA in the Michael addition reaction. In
both of these cases it was thought that 1-amino-2-propanol could be reacted with
the new chemicals to form HPMA after adding them to the orthoester. In this
way, it would be a kind of two-step approach of adding HPMA to the orthoester
and avoiding the problem of amide delocalization hindering enolate ion formation.
Two reactions were carried out involving both new chemicals and reacting them
with DMM and NatBuO at room temperature in a dry ethanol solvent system.
Both reactions appeared to have given a new product indicated by a TLC spot
slightly above the DMM reactant spot; however, separation of products was
extremely difficult using column chromatography. At this point many months had
been spent simply trying to synthesize and purify one monomer successfully. No
work had been done yet on polymerization or characterization of high molecular

weight products or on formulation potential. It was decided that this project could
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take much longer and no definite product may result. In addition, the first
objective of the project had been fulfilled in that | learned some lab synthesis and
analysis procedures. | did not want my entire PhD project to be only chemical

synthesis, purification and analysis; therefore, this project was discontinued.

Summary, Conclusions, and Future Direction

Although many experiments over the course of this project seemed to
produce insufficient product yield or very difficult to separate products,
byproducts and reactants, much useful knowledge was gained as to potential
future synthesis routes. This area of polymeric drug conjugates is relatively new
and has great potential. If a polymeric drug can be made with targeting moieties
to specifically interact with receptors on the cell surface, not only is it taken up
much more quickly, it avoids other non-target cells that do not possess the
specific receptor thereby decreasing side effects and increasing drug efficacy. In
addition, since polymeric drugs use the prodrug approach, typically undergo a
different mechanism of uptake than small molecular weight drugs, and are
designed to release the active drug only within the target cells, they have the
potential to safely and effectively treat diseases where toxicity and multi-drug
resistance (MDR) are major obstacles.

Kopecek and Duncan were forerunners to HPMA polymeric drug
conjugate anti-cancer therapy. They designed HPMA monomers with
enzymatically degradable oligopeptide side chains attached to targeting moieties

and drugs to specifically treat liver cancer. One potential problem with HPMA
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polymers is accumulation toxicity due to their non-biodegradable nature.
However, if polyesters capable of controlled degradation are combined with
HPMA monomers attached to drugs and targeting moieties, a novel therapy with
great potential results. Many experiments were performed to attempt to achieve
this type of polymeric drug as summarized in table 2.1.

A large portion of the problems encountered dealt with low reaction
conversion. This means that a product was formed, but not all reactants were
consumed such that separation and purification would be quite difficult just to
analyze the product, which may not even be the desired product; and the yield
may be extremely poor. In addition, HPMA monomer seems to be quite stable
even under basic conditions due to resonance stabilization from amide
delocalization. This prevented the Michael addition of HPMA to the ionized
orthoester. Acetic anhydride modification of HPMA was successful, but still did
not seem to prevent amide delocalization upon addition of base. There were two
potential solutions to this problem. Protection of the amine hydrogen of HPMA
with TMS Cl was not tried and could potentially solve this problem. Replacing
HPMA with different chemicals in a two-step HPMA addition approach seemed to
give promising results except byproducts resulted making separation and
purification extremely difficult. This project has excellent potential in the area of
polymeric drugs if better synthesis and purification strategies can be developed.
To ensure a balance between chemical synthesis and other areas of
pharmaceutics and obtain proper training for my future in industry, it was decided

to discontinue this project.

43



Table 2.1. Summary of Synthesis Routes, Problems Encountered, and Solutions Implemented

Reactants Conditions Problems Solutions
. o Protect one or both
HPMA + TMOF BuLi, -78°C, THF, N, Purge accessible H's
BuLi or NatBuO; -78°C or Room HPMA amide delocalization in
HPMA + TMOA temp.; THF, N, Purge competition with enolate ion formation
BuLi or NatBuO; -78°C, 0°C or
HPMA + DMM Room temp.; ether, N, Purge
Room temp., pyridine; LLE to
HPMA + AA remove pyridine and column None Continue
chromatography for purification
mHPMA + DMM BuLi or NatBuO; Room temp.; anver3|on of mHPMA to HPMA Try lower temperature
ether, N, Purge Little to no reaction conversion
mHPMA + DMM BuLi or NatBuO; -78°C; pyridine, Little to no reaction conversion Cheqk lonization of DMM
N2 Purge with Stronger Base
DMM LDA; Room tF?S:ge pyridine, N None (lonization occurred) Continue
mHPMA + DMM | DDA -78°C up to 50°C; pyridine, Extremely slow reaction conversion Replace HPMA with other
N2 Purge chemicals
BMA + DMM NatBuO; eRt?](;TOtlemp.; dry
. - Very difficult to separate and purify Change projects
MACN + DMM NatBuO; eRt?](;TOtlemp., dry

44



PART II: AUTOMATION IN PREFORMULATION DEVELOPMENT
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CHAPTER 3
INTRODUCTION: BACKGROUND AND SIGNIFICANCE

Automation and High-Throughput Screening

The concept of automation, making a process or data acquisition for a
process automatic, has been around for decades. In practice, many different
fields have utilized automated strategies to make processes faster and more
efficient. In the late 1940’s and early 1950’s, agriculturists developed automatic
recording apparati to record onion bulb development [38], ceramic scientists
invented automatic devices for testing refractories [39], and early recording
equipment was devised to obtain IR spectra from spectrophotometers [40].
Around 1955, the term “high-throughput” was beginning to be used to describe
fast, highly efficient processing of numerous items, especially in the field of
microbiology involving cell counting and plate assays [41]. Throughout the
1960’s and 1970’s, high-throughput methods were used for manufacturing
processes such as grinding [42] and microfabrication [43], and in computer data
simulations. It was not until the late 1970’s that high-throughput became an
important technique in the chemical and pharmaceutical industries in HPLC
method development [44].

In the last two decades, high-throughput screening (HTS) and automated
method development have gained much attention with over 7,000 articles

published on these topics since 1980. In the pharmaceutical industry, most
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recent publications on these topics have only focused on the drug discovery
process [45-50]. However, since time restrictions and product deadlines can
result in potential delays with a cost of as much as $1 million/day of revenue
reduction in the first year [51], more effort should be exerted on other areas of
pharmaceutical research and development. The need for automated, highly
efficient steps in every part of a drug development program has become evident.
High-throughput drug screening and selection assays have already proven
invaluable to many pharmaceutical companies by allowing them to rapidly and
efficiently scan numerous compounds from tens of thousands of plants,
microorganisms and insects in an effort to find an optimum drug candidate or
‘lead” compound for a specific application [52]. The drug discovery area
demands coordinated efforts from many different fields of study including
pharmacology, chemistry, biology, biochemistry, among others. One author
suggests that the future of HTS will no longer be random searching for
compounds, but computer defined drug design for a specific biological target
[53]. Much of the knowledge gained from this well-researched area of drug
discovery could be transferred to other areas of pharmaceutical research and
development, such as preformulation development.

Drug discovery is only the first step to developing a pharmaceutical
product. Many tests for physicochemical parameters on the newly found
compound as well as testing during preformulation to formulation development
must be done in order to obtain a final marketable product. Several automated,

high-throughput methods to aid in the efficiency of this process have been
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developed over recent years. Most have been designed for greater than 10
compounds per instrument per day (high-throughput), with low drug usage per
experiment. ldeally, they would also take into account minimum sample
preparation, data measurements and calculations, and a fast elimination and
reporting approach providing high quality products [51].

Automated HTS HPLC methods are typically and routinely developed,
usually during the drug discovery process so that a compound can be detected.
There are numerous examples of HPLC methods developed for each drug that
has gone through drug discovery as a “lead” compound [44, 54-56]. Other
methods for pharmaceutical profiling have been developed and implemented by
various companies and academia. One HTS method that has been used for
several years is the automated dissolution tests through either a flow cell or
automated dissolution workstation. The workstation is capable of running up to 8
samples using 4 different media with an option to utilize on-line UV analysis.
This allows analysis of 8 samples in a 24 hour period compared to 6 samples per
week according to the old development approach of Barr laboratories, Inc. [57].

A third important parameter of interest early in the developmental stages
of a pharmaceutical product is solubility. Since many drugs are intended to be
formulated into orally administered dosage forms, solubility is a key property in
determining where absorption might occur in the gastrointestinal tract. Several
automated solubility and pH-solubility tests have been developed both for kinetic
and thermodynamic equilibrium solubility testing. Thermodynamic methods have

typically been very time consuming, as they require solid compound to be added
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to aqueous medium and equilibrated up to 72 hours before measuring solution
concentration. Although these methods overcome crystal lattice forces, they are
not as amenable to the drug discovery process as kinetic methods. Kinetic
methods employ DMSO dissolved drug directly from combinatorial chemists with
dilution into aqueous media. These methods give a larger solubility value than
actual due to the presence of DMSO which is excellent at solubilizing many
compounds [51]. Each HTS solubility method will be discussed below.

An automatic titrating instrument called “pSol” can automatically provide
an FDA approved thermodynamic pH-solubility profile consuming only 100 ng of
compound and analyzing up to 8 compounds per day. A second thermodynamic
HTS method, capable of analyzing 59 samples per day, employs 1 mg of
compound dissolved in small volumes of pH-adjusted, buffered aqueous media.
The samples are placed in an HPLC autosampler block, stirred for 24 hours and
analyzed via HPLC automatically [51]. A quick, high-throughput kinetic approach
involves utilizing 96 well plates or other low volume containers, adding DMSO
dissolved drugs to buffered aqueous solutions, and measuring concentration with
a UV plate reader [58]. Two other kinetic methods measure solution turbidity of a
drug precipitating from solution. One method involves stepwise addition and light
scattering UV analysis of a DMSO dissolved drug to aqueous buffer until
precipitation occurs [59, 60]. The second approach utilizes a robot and 96 well
plates to serially dilute a DMSO drug solution, and nephelometry and forward

light scattering is employed to detect the appearance of turbidity [61, 62]. While
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the UV turbidity method is only capable of about 45 samples per day,
nephelometry can analyze up to 300 per day.

Several other types of automated, high-throughput methods have been
developed to test important parameters such as permeability, lipophilicity, and
pKa. Permeability is a critical property for drug absorption as is pK, and
lipophilicity. Generally, a drug has difficulty being absorbed into the bloodstream
if it is in its ionized form or cannot permeate through or be carried through the
lipid bilayers of the cells. The lipophilicity of a compound can have a major
impact on a drug’s solubility and permeability as well as physiological distribution,
binding, and metabolism [51].

One of quickest HTS permeability tests capable of analyzing 300
compounds per day is the artificial membrane permeability assay. It uses an
artificial membrane on a polymer filter sandwiched between two aqueous
chambers, resembling a Caco-2 cell widely used in in vitro permeability
estimations. The drug solution is placed in one chamber and a blank aqueous
buffer in the other; after an allotted time of around 15 hours, the receiving
chamber is quantitated for sample concentration. High-throughput is achieved
using 96 well plates filled with blank buffer and filter plates containing the drug
solution. Rapid concentration is measured on a UV plate reader after the allotted
equilibration time [63].

Both reversed phase HPLC and micellar electrokinetic chromatography
provide fast, efficient analysis for lipophilicity resulting in 120 compounds per day

throughput. The methods allow indirect determination of the octanol water
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partition coefficient by measuring retention either in a lipophilic HPLC column [64,
65] or a capillary electrophoresis unit [66].

Spectral gradient analysis is perhaps the fastest high-throughput method
for obtaining the pK; of a compound capable of analyzing upwards of 240
samples per day. This method uses a changing pH gradient obtained by
constantly varying acid to base ratios to measure the UV absorption change of a
compound at the different pH values. A commercial instrument for this type of
analysis has been developed to deliver the compounds in 96 well plates as
DMSO solutions directly from the drug discovery group to allow high throughput
[67].

With analytical testing equipment becoming more sophisticated and
specialized, more automated and high-throughput methods continue to be
developed. However, the focus still remains on the drug discovery stage of
development. Many of these automated methods can and should be employed
elsewhere in product development. Additionally, many of the concepts involved
in these HTS methods can easily be transferred to other areas of pharmaceutical
research and development such as preformulation to formulation development.
This will allow for more application possibilities, optimum products for specific

treatments and an overall faster, more efficient development program.

Preformulation Development and Salt Selection

Preformulation is a relatively new concept that began in the early 1960’s. It

has become recognized as one of the more important phases of product
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development and is to some extent a prerequisite for investigative new drug
(IND) applications for drug patentability [68]. One author has defined
preformulation development as, “The application of biopharmaceutical principles
to the physicochemical parameters of a drug with the goal of designing an
optimum delivery system” [69]. It is a testing phase after drug discovery and
before formulation work begins; an initial learning phase about a drug so that a
stable, safe and efficacious product can be brought to market. To design an
optimum delivery system really depends on a number of factors including type of
dosage form desired, route of administration, target consumer, indication, and
properties of the drug itself. In general, the ideal or optimum delivery system
whether it be a free acid, base or salt, should be chemically stable, non-
hygroscopic, and be easy to process into the desired dosage form [69]. Since
the preformulation stage immediately follows drug discovery, only a minute
amount of compound is typically available and a careful step by step testing
regimen must be designed to conserve the most usable quantities of drug in
obtaining only the data that is immediately relevant. According to one author, the
preformulation scientist is responsible for providing information on drug solubility;
what salt forms are to be used; the presence of solvates, hydrates or
polymorphs; hygroscopicity; pKa; pH-solubility profile; micromeritics such as
particle size distribution and crystal habit; compatibility with other compounds;
and what dissolution parameters to use [68]. It should be noted that the small
drug quantity available poses a tremendous challenge that must be worked

around in order to obtain all the required data for the formulation scientists. That
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is why a carefully planned and executed strategy of experimentation is a
necessity, and it is quite useful to undertake a stepwise elimination and scale-up
as experiments progress. In fact, many pharmaceutical preformulation programs
are designed to systematically analyze and eliminate drug or drug salt
candidates in a multi-step process. Two of the most important parameters, which
may be provided at least as a rough estimate by the drug discovery group, are
the intrinsic solubility and dissociation constant or pK, [70]. These values will
give an idea as to feasibility and need for making a salt form of the drug. Again
the intended application plays a major role in determining if a salt form should be
attempted, but in general there are several purposes that salts are typically made
as outlined in table 3.1 [71]. If the intended route of administration is a tablet or
capsule and the drug has a low solubility of less than 1 mg/mL, a more soluble
salt may be necessary to prevent absorption problems [72]. However, low
solubility could be an advantage for a suspension type formulation or to prolong
the release or dissolution of drug from a dosage form.

After deciding whether or not a salt form of the drug would be beneficial,
the next step is to find a suitable counterion. Table 3.2 shows the counterions
typically involved in making pharmaceutical salts and the frequency with which
each are used. Since 75% of drugs are basic with only 20% acidic and 5% ionic
[70], a major portion of this project deals only with basic drugs, and the
discussion to follow will be for basic drugs and their salts.

The hydrochloride salt, which is frequently used instead of free base drug

in many pharmaceutical products, offers several advantages over other salt
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Table 3.1. General Reasons a Drug May be Formulated into a Salt Form

Purpose of Choosing a Salt

Enhance Aqueous Solubility

Achieve Appropriate Stability

Modify PK Properties

Optimize Manufacturing Properties

Decrease Aqueous Solubility for Suspensions, Taste-Masking or
Sustained Release Products
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Table 3.2. Counterions Typically Used to Synthesize Pharmaceutical Salts and
the Frequency With Which They are Used

Basic Drugs Acidic Drugs
%
Counterion % Frequency Counterion Frequency
Hydrochloride 43.0 Sodium 62.0
Alternatives 30.2 Potassium 10.8
Sulfate 7.5 Calcium 10.5
Tartrate 3.5 Alternatives 8.8
Phosphate 3.2 Zinc 3.0
Maleate & Citrate 3.0 Lithium 1.6
Mesylate 2.0 Magnesium 1.3
Acetate 1.3 Diethanolamine 1.0
Tosylate, Napsylate,
Besylate, Salicylate, <10 Aluminum & Choline <1.0
Lactate, Benzoate,
and Succinate
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forms. It has a low counterion pK, allowing it to form a salt with even the
weakest bases. Once a salt is formed, recrystallization is usually very
straightforward with many different organic solvents. For these reasons it is
usually the first choice for basic drugs [73]; however, it may not be the optimum
candidate in most cases. Several disadvantages also exist for the hydrochloride
salt since it is quite corrosive to manufacturing equipment, dissolution results in a
low pH that could 