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Selected antiretroviral and anti-tuberculosis drug combinations by non-covalent

bonding
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A PhD. Pharmaceutical Sciences Thesis, School of Pharmacy, University of the

Western Cape

Treatment of the human immunodeficiency virus (HIV) and tuberculosis (TB)
infections have become very complicated due to the advent of drug resistance. Drug
combinations offer an alternative approach to reducing the emergence of drug
resistance. Pharmaceutical co-crystals have provided the pharmaceutical industry with
the ability to optimise the physicochemical properties of active pharmaceutical
ingredients (APIs) while preserving the biological activity. Pharmaceutical co-crystals
are formed between APIs and suitable co-formers that are biologically safe or even a
second or third API.

Experimentally, it is not easy to produce co-crystals and often results in other
therapeutic hybrids. The objective of the work presented herein was to screen,
synthesise and characterise various dual-drug co-crystals of different possible
combinations of selected anti-HIV and anti-tubercular drugs as a new way of combining
drugs, enhancing properties, and ultimately reduce drug resistance. Several co-crystals
were produced by mechanochemical reactions using dry and liquid assisted grinding of
actives and solution crystallisation in respective molar ratios. A thorough
characterisation conducted confirmed the successful co-crystallisation for some
samples while other combinations yielded binary eutectic mixtures (hybrids) of
individual substances used. Thermal analyses by differential scanning calorimetry
(DSC), hot stage microscopy (HSM), and thermogravimetric analysis (TGA) were used
to investigate thermal behaviours and the initial confirmation of the possible co-crystal
formation. Infrared spectrometer (FTIR) and powder X-ray diffraction (PXRD
confirmed intermolecular interactions or complexation and scanning electron

microscopy (SEM) confirmed the particle morphology of the co-crystals and other
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solid-state hybrids produced. An incubator/shaker and HPLC were utilised to prepare

and quantify sample contents, respectively. Antimicrobial studies were partially

conducted on anti-tubercular dual-AP1 co-crystals, and eutectic mixture produced.

A total number of eighteen (18) mixed dual-API co-crystals/hybrids were synthesised.
These include five confirmed co-crystals of selected antiretroviral drugs known as
EFZA, NEF, NVZA2, NVZA3, EL2, and four solid dispersions confirmed as binary
eutectics; NVZAL, LMZT, NL and EL1. Five dual-drug hybrids between anti-HIV/1-
adamantylaimne and anti-tubercular APIs, including EFINH co-crystal and EFAD co-
amorphous, INHZA, AZTPZA, and LMISO solid dispersions. Lastly, hybrids
synthesised from anti-tubercular drugs include one solid dispersion INHPZA1 and three
co-crystals INHPZA2, INHGA (2:1) and PGA (2:1).

Solubility evaluation of the hybrids indicated an increased amount of drugs in the co-
crystals/solid dispersions compared to the untreated APIs. This suggested that dual-
drug hybrids produced could exhibit an enhanced bioavailability which makes these
potential therapeutic candidates for future formulation.
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List of abbreviations

List of abbreviations

DR: Drug resistance is when a microorganism mutates and becomes insensitive to a

drug designed to kill it (a drug that was effective previously).
BP: Bacterial protein is a target for antimicrobial drugs to which they bind.

HIV/AIDS: Human immunodeficiency virus Acquired immunodeficiency syndrome;
this is one of the deadliest viruses. It spread through certain body fluids, specifically
targeting the host's immune system (the CD4 cells). If not treated, the infection can
progress into AIDS.

TB: Tuberculosis; a bacterial infection caused by Mycobacterium tuberculosis. It

mainly targets the lungs

MDR-TB: multidrug resistance TB; infection is resistant to isoniazid (INH) and

rifampicin (RMP) the most important drug members of the first-line treatment regimen

API: Active Pharmaceutical Ingredient is an active substance in every pharmaceutical

product. The formulation combines this with other excipients to make a final product.

DNA: Deoxyribonucleic acid, the hereditary material in humans and almost all other

organisms

NRTI: Nucleoside reverse transcriptase inhibitors (NRTIs) block reverse transcriptase;
and HIV enzyme used by this HIV to convert its RNA into DNA (reverse transcription).
The process of blocking this reverse transcription prevents HIV from replicating in the

host cells.

NNRTI: Non-nucleoside reverse transcriptase inhibitors (NNRTIs) also
block “reverse transcriptase”; an HIV enzyme used by this HIV to convert its RNA
into DNA (reverse transcription). They bind non-competitively to this enzyme and
prevent the conversion of the viral RNA to DNA.

WHO: The World Health Organization is a specialized agency of the United Nations

that is concerned with international public health. It was established on April 7 1948

DSC: Differential Scanning Calorimetry (DSC) is a popular thermal analysis

instrument used to measure melting temperature, heat of fusion, latent heat of melting,
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List of abbreviations

reaction energy and temperature, glass transition temperature, crystalline phase
transition temperature and energy, precipitation energy and temperature,
denaturalization temperatures, oxidation induction times, and specific heat or heat

capacity...

HSM: Hot Stage Microscopy is a thermal microscopic analytical tool used to observe

thermal changes in a sample under the microscope.

SS-NMR: Solid-state Nuclear Magnetic Resonance

'H-CP-MAS SS-NMR: Proton-cross polarization-magic angle spin solid-state NMR
13C-CP-MAS SS-NMR: BCcross-polarisation-magic angle spin solid-state NMR

CP-HETCOR SSNMR: The cross-polarization heteronuclear correlate solid-state
NMR

1H-DQ-BABA-SSNMR: Proton double-quantum back to back solid-state NMR

FT-IR: Fourier Transform Infrared Spectroscopy; a technique that is used to obtain an
infrared spectrum of absorption, emission, photoconductivity, or Raman scattering of a

solid, liquid, or gas.

PXRD: Powder X-ray Diffraction; a rapid analytical technique primarily used for phase
identification of a crystalline material and can provide information on unit cell

dimensions of powdered samples.

SXRD: Single X-ray Diffraction; is a non-destructive analytical technique which
provides detailed information about the internal lattice of crystalline substances,

including unit cell dimensions, bond-lengths, bond-angles, and details of site-ordering

CSD: The Cambridge Structural Database; a repository and a validated and curated
resource for the three-dimensional structural data of molecules generally containing at
least carbon and hydrogen, comprising a wide range of organic, metal-organic and

organometallic molecules.

B.P.: boiling point; also known as saturation temperature is the temperature at which

the vapour pressure of a liquid equals the external pressure surrounding the liquid.
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M.P.: melting point; chemically referred to as a temperature at which solid and liquid

forms of a pure substance exist in equilibrium.

ADT: 1-adamantylamine; an antiviral and antiparkinsonian drug previously used in salt
form for the treatment of influenza A. the drug is also potent towards different neuro

disorders.

EFV: Efavirenz; one of the popular non-nucleoside reverse transcriptase inhibitors

(NNRTISs), used in combination with other anti-HIV drugs in current treatment.

NPV: Nevirapine; a non-nucleoside reverse transcriptase inhibitor (NNRTI), used

alternatively to EFV, in combination with others to manage HIV infection.

3TC: Lamivudine; an anti-HIV and anti-hepatitis drug that works by reducing the
number of viruses in the host blood. The drug belongs to the inhibitors of the reverse

transcriptase.

AZT: Zidovudine (azidothymidine), a known HIV reverse transcriptase inhibitor. The
drug is also used as a preventive diagnosis immediately after suspected exposure to the

Virus.

GA: L-glutaric acid (also known as pentanedioic acid) is one of many dicarboxylic

acids used as co-crystal formers in different co-crystals.

INH: Isoniazid; a key member of first-line anti-tubercular drugs used in a combined

treatment regimen.

PZA: Pyrazinamide; an anti-tubercular drug used in combination with others in the

first-line treatment regimen of TB

EFZA: The co-crystal of two inhibitors of reverse transcriptase efavirenz and

zidovudine
NEF: A dual drug co-crystal obtained from nevirapine and efavirenz
NVZA: Nevirapine: zidovudine solid-state hybrids

EFAD: A solid-state hybrid produced by mechanochemical reaction efavirenz: 1-

adamantylamine
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ADZT: A solid-state hybrid resulted from mechanochemical grinding of 1-
adamantanamine and zidovudine

NL: Nevirapine-lamivudine co-crystal by grinding method

LMZT: a eutectic mixture of lamivudine and zidovudine

EFINH: A dual drug co-crystal synthesized from efavirenz and isoniazid
INHPZA: Co-crystal and/or a eutectic mixture of isoniazid and pyrazinamide
INHGA: A co-crystal of isoniazid with glutaric acid as a co-crystal former

PGA: A co-crystal that was produced from Pyrazinamide and glutaric acid as a co-
former.
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Chapter 1

Chapter 1  Introduction

Resistant causative organisms of infectious diseases such as the human
immunodeficiency virus/acquired immunodeficiency syndrome (HIV/AIDS) and
tuberculosis (TB) impact significantly on therapeutic outcomes of administered
medication. This presents a major challenge to manage these diseases. To combat this
problem, it is necessary to examine alternative strategies to overcome resistance by
developing new derivatives of active entities. These should be therapeutically efficient,

cost-effective, and be formulated with patient adherent qualities.

1.1 Infectious diseases

Genetic analysis and other technologies such as molecular clocks, phylogeographic
analyses of archaeological and paleontological discoveries reflect that infectious
diseases date back to the Palaeolithic period. This shows that pathogens have existed
since 10 000 to 2.5 million years (Trueba, 2014). Other theories suggest that different
infections and pathogens arose during the “new stone age"/Neolithic period or later
from domestic animals and rodents by human’s close contact (Trueba, 2014).

An infection is defined simply as an invasion of a host (human or animal) by pathogens
such as bacteria or viruses. According to the World Health Organisation (WHO),
infectious diseases are the second largest cause of death, globally, after cardiovascular
diseases, accounting for approximately 26% of all deaths (Glnthard et al., 2014).

The road to the discovery of proper treatment for infections began with Alexander
Fleming, a German scientist who first discovered the first-ever antibiotic from
Penicillium notatum. Prior to this, Salvarsan also known as Arsphenamine, was the
first chemical used to treat syphilis by another German physician Paul Ehrlich and his
team (K. J. Williams, 2009). Since then, different antibiotics have been developed with
bactericidal and bacteriostatic activity as well as broad and narrow spectrum ones.
Despite the extensive efforts by various researchers, infectious diseases continue to
pose a global threat aggravated by the appearance of drug resistance which significantly
impacts the current treatment strategies but also; making it impossible to control the
infection. Apart from the common cold, HIV and TB are most prominent (Zaffiri et al.,
2012).
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1.2 Drug resistance

Drug resistance (DR) is a major global threat and the main reason for infection
treatment failure (Tenover, 2006; World Health Organization, 2014). According to
WHO, DR is defined as the ability of microorganisms such as bacteria, viruses, and
others, to grow in the presence of drugs designed to cure the infection by rendering
them ineffective (World Health Organization, 2014).

DR leads to a significant reduction or complete suppression of drug effectiveness which
typically results in a medical failure to cure a disease. Further, when DR occurs,
pathogens replicate despite the presence of a potential therapeutic drug, either by
changing its mechanisms of action to the point that the treatment assigned is no longer
effective (World Health Organization, 2014).

DR is classified as "active" when it occurs as a result of a specific evolutionary pressure
to adopt a counter-attack mechanism against an antibiotic or class of antibiotics and
"passive™ when it occurs as a consequence of general adaptive processes of a pathogen
that has nothing to do with a given class of antibiotics. A typical example is that of a
Gram-negative bacterial outer membrane which imparts a broad barrier to entry
(Wright, 2005, 2016). The term "Superbugs" is referred to pathogens that are resistant
to most of the antimicrobials. According to Rekha B., resistance refers to a load of
bacteria that are not inhibited by the usually achievable systemic concentration of an
agent with a normal dosage schedule and/or fall in the minimum inhibitory

concentration ranges (Bisht et al., 2009).

DR claims several lives that would have otherwise been saved. According to the WHO
report 2019, approximately seven hundred thousand (700000) people worldwide die
every year due to DR. Considering this number, two hundred thirty thousand (230000)
is the annual approximated number of multidrug resistance-related deaths (World
Health Organization, 2019).

The antibiotic/ antimicrobial resistance (AR) occurs via three fundamental mechanisms
namely enzymatic degradation of antibacterial drugs, alteration of bacterial proteins that

are antimicrobial targets, and changes in membrane permeability to antibiotics (Dever
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& Dermody, 1991; Tenover, 2006; Wright, 2016). An in-depth analysis reveals that

antibiotic resistance can further be classified as either plasmid-mediated or maintained

on the bacterial chromosome (Dever & Dermody, 1991). A few examples of how
antimicrobial resistance (AR) is manifested include the most commonly known
resistance mechanism of the penicillins and cephalosporins which is mediated by
antibiotic hydrolysis caused by the bacterial enzyme fS-lactamase (Dever & Dermody,
1991). The expression of chromosomal S-lactamase can either be induced or steadily
repressed by exposure to p-lactam drugs.

Another resistance mechanism known in several classes of antibiotics, including the
later three classes of antibiotics in addition to the p-lactam drugs, is a reduced
penetration ability of an antibiotic (Dever & Dermody, 1991).

The resistance of bacteria to available drugs also threatens the pharmaceutical industry,
which continuously invests time, money and takes risks in dealing with sometimes
harmful biological and chemical substances to bring about medicines. Bacteria have
biochemical and genetic mechanisms enabling them to ensure the evolution and spread
of antibacterial resistance genes. The worst-case scenario is when an infection is caused

by multiple resistant bacterial strains.
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Modifications on
the drug target
Figure.1l.1: Antibiotics bacterial resistance mechanisms (Gonzalez-Bello, 2017b)

Resistance to certain groups of antibiotics is very high (up to 100%), due to the non-
critical use of antibiotics of such groups. Jovanovic et al. suggested that this

development of resistant bacterial strains may soon lead to insufficiency or a complete
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lack of effective antibiotics. The war against evolution and widespread antibiotics

resistant genes is real and we all need to participate. A unique main factor that can be
exercised to slow down this outbreak is to properly use available antibiotics (Jovanovi¢
et al., 2008).

1.2.1.1 Enzymatic degradation of antibacterial drugs

Enzymatic degradation of antibacterial drugs is related to what Wright et al. detailed in
enzymatic strategies of antibiotic inactivation (Figure.1.1) (Gatch et al., 2013;
Gonzalez, 2015; Wright, 2005).

These strategies include:

Hydrolysis during which, cleavage of the target bonds, without which there will be no
interaction between the drug-target, causing loss of antibiotic activity accordingly.
Enzymes amidases, esterases, etc., are known to obstruct the binding process before the
drug reaches the target site.

Hydrolysis occurs due to the interference of macrolide-resistant enzymes (macrolide
esterases) with protein synthesis. This is a mechanism used by bacteria to successfully
resist some antibiotics. They act by emanating enzymes that deteriorate and inhibit
important properties of the drugs (bacteriostatic and bactericidal properties).

1.2.1.2 Alteration of antimicrobial targets

The antimicrobial targets are also known as bacterial proteins (BP) to which antibiotics
are bound. Modification of these BPs leads to an altered structure on which a drug will
partially bind or completely fail to bind. This, in turn, creates a way of spontaneous
mutations in a gene(s) encoding the target. The rising of these mutations is a common
source of alteration in one or more sequences of amino acids, mainly in the putative
binding site of the target protein (Gonzalez, 2015).

Enzymes known as transferases constitute a large group of enzymes that act by
covalently modifying the structure of the antibiotic exposed to them, resulting in an
impaired binding ability to the target and a total loss of activity expected. Examples
given include acyltransferases, phosphotransferases, thioltransferases,
nucleotidyltransferases, ADP-ribosyltransferases, and glycosyltransferases (Munita &
Arias, 2016; Vazquez-Laslop & Mankin, 2018; Wright, 2005).

Other enzymatic mechanisms of resistance include the use of redox and lyases enzymes

responsible for antibiotic oxidation on the one hand and the formation of double bonds
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and ring closure by cleaving carbon-carbon, carbon-oxygen, carbon-nitrogen, and
carbon-sulfur bonds on the other hand (Gonzalez, 2015; Wright, 2005).

1.2.1.3 Changes of membrane permeability

“Changes in membrane permeability to antibiotics” is a resistance mechanism
commonly known in Gram-negative bacteria due to their increased protection. The
chemical modification (change in chemical structure) of the phosphatidylglycerol
caused by bacterial enzymes from anionic to cationic or zwitterionic form, leads to
increased bacterial resistance against polycationic antimicrobial drugs. Targeting and
inhibiting these enzymes would be a shield against the development of this type of
bacterial resistance. It is crucial to remember that many antimicrobial drugs are cationic
(Epand et al., 2016). Among the antimicrobial agents targeting the cell wall, there are
the S-lactam antibiotics such as penicillin and cephalosporin that inhibit cell wall
synthesis.

1.3 Drug resistance-among-infectious-diseases

DR particularly AR is well recognised as a major setback in the current treatment of
infectious diseases, hospital management (more extended hospitalisation), and
development of communities (Marston et al., 2016; Organization & others, 2014;
Tenover, 2006; Wright, 2005). Presently, DR is familiar with its effects on the treatment
of various bacterial, fungal, parasitic, and viral infections and treatment of chronic
diseases such as cancer, diabetes and particularly, on the treatment of complex
conditions such as HIV and TB.

HIV and TB infections are known to be the two top killers. Today, their treatment has
become very complicated by the appearance of drug resistance, also known as drug
tolerance; the primary cause of unsuccessful treatment (Julian Davies and Dorothy
Davies, 2010).

AR is a serious clinical concern in the chemotherapeutic treatment of an infection. For
decades, various common bacterial pathogens have become increasingly resistant to the
drugs (antibiotics) used for their treatments, consequently, reducing the disease control
abilities and increasing the mortality rates accordingly. The substantial and often
unnecessary use of antibiotics is seen as a practice that encourages the proliferation of
resistant mutant strains of bacteria while suppressing the susceptible strains (Homer et

al., 2000). Drug resistance is not only popular in infectious diseases but also in cancer

http://etd.uw®.ac.za/



Chapter 1

treatment and other diseases. The inability of disease to respond to a specific medicine

mainly results from the host factors such as a reduced or poor solubility and poor
absorption of the drug, rapid metabolism, and excretion of a drug which results in low
levels of serum and poor tolerance of drug effects (Gottesman, 2002).

It is believed that HIV infection originated from African primates. The first HIV-1
infected people were bush-meat hunters (Gao et al., 1999; Sharp & Hahn, 2011). The
source was the contact with infected primates, but the trigger of the attention to the
virus was its discovery among USA young homosexuals in 1981 and other populations
including the users of injectable drugs and haemophiliacs (Sharp & Hahn, 2011). It is
only in 1983 that HIV was identified as a causative agent of the pandemic known as
AIDS (Ammaranond & Sanguansittianan, 2012; Barré-Sinoussi et al., 1983). The
advent of this pandemic brought many problems-in society; hindering, therefore, the
progress to the development of communities and aggravating the existing challenges
including socioeconomic problems faced daily (Buchacz et al., 2010). These problems
are associated with an increase of opportunistic infections and other diseases such as
TB which increase the rate of mortality worldwide.

African nations and Southern Africa particularly hold the first place with regards to
having a high rate of HIV infection worldwide (70.8%). AIDS is the progression of
HIV infection to a stage where several reductions in T-cells weakens the immunity
system of infected individuals, making them vulnerable to various infectious diseases
(Gao et al., 1999).

The WHO worldwide estimation revealed that approximately 46 million persons were
living with HIV by the year 2004. Sixteen thousand people acquired the virus every day
in the same year. However, the number of infected people globally at the end of 2018
was 37.9 million [32.7—44.0 million] (UNAIDS, 2019).

According to research, the two types of HIV (HIV-1 and HIV-2) genetically different,
were introduced to humans through multiple interspecies transmissions from simian
immunodeficiency virus (SIV) (Gao et al., 1999). Due to its lower viral load, HIV-2 is
less transmitted and generally restricted to West Africa. On the other hand, HIV-1 is
known to its widespread (Lemey et al., 2003) and a tremendous number of people died

from it.
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The development of anti-HIV compounds started, and the first anti-HIV drugs were

protease inhibitors viz, indinavir, and ritonavir. However, the first treatment option
approved by the U.S. Food and Drug Administration (FDA) was Zidovudine (AZT) in
1987. The clinical experience revealed that over 40% of all patients treated singly by
the above two compounds (indinavir and ritonavir) experienced the emergency of
resistance within 24 weeks (Greco et al., 1995). Even though promises initially were
seen, a rapid increase in resistance was also experienced in the monotherapy with AZT
(Boyer et al., 2015). Regardless of many years of research, no vaccine nor cure is
available as yet (Walker & Burton, 2008). The advent of antiretroviral therapy (ART)
for the treatment of HIV and the prevention of AIDS, has been a great achievement in
the history of science and technology. ART therapy showed a dramatic impact on
reducing HIV morbidity and mortality, (Jacobson & French, 1997; Murphy et al., 2001;
Palella Jr et al., 1998) and its intervention was very distinct in the history of medicine.
Today, the use of ARVs enables the reduction of both plasma and tissue-related viral

load.

The worldwide estimated number of new HIV infections decreased from 2.7 million in
2008 to 2.3 million in 2012, the lowest number of infections since 1990, where 3.5
million people were acquiring HIV infection every year (UNAIDS, 2013). This number
was quite significant to. show how HIV treatment and prevention precautions have

improved by the use of ARVs.

The actual known reverse transcriptase inhibitors (RTIs) are classified into two
categories namely the nucleoside analogue RT inhibitors (NRTIs) and non-nucleoside
analogue RT inhibitors (NNRTIs) (Arnold et al., 1996; De Clercq, 1995; Ding Jianping,
Kalyan Das, Yu Hsiou, Wanyi Zhang, Edward Arnold, Prem NS Yadav, 2018; Jianping
Ding Kalyan Das, 1997; Tantillo et al., 1994). The former category, NRTIs comprises
the inhibitors that are analogue to normal deoxynucleoside triphosphates whereas the
latter category, NNRTIs consists of inhibitors that function by binding at a common
site, approximately 10 A away from the polymerase active site (Arnold et al., 1996; J
Ding et al., 1995; Kohistaedt et al., 1992; Ren Jingshan, Robert Esnouf, Elspeth
Garman, Donald Somers, Carl Ross, lan Kirby, 1995; Smerdon et al., 1994).

Despite the use of ARVs and their impact on the lives of HIV-infected people and the

management of the disease in general, resistance remains a challenge and the main
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reason for treatment failure. Additionally, several other setbacks are associated with

ARTSs use. These include but not limited to severe side effects attributed to the high
doses required to achieve a therapeutic effect, inadequate drug concentration at the site
of action, and or the poor bioavailability of some antiretroviral drugs.
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Figure 1.2: HIV-1 life-cycle and different inhibitory mechanisms (Source: Atta,
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1.3.1.1 Drug resistance mechanism in HIV treatment

Like other RNA viruses (retroviruses), HIV uses all possible mechanisms of genetic
variations to survive. This results in high rates of mutation during the replication
process. Due to error-prone reverse transcriptase, the circulating viruses in the infected
subject are represented by a swarm of related viral variants called quasispecies (Coffin,
1995).

This error-prone RT does not have proofreading activity and engages in frequent
transfers of strands during reverse transcription, causing persistent recombination
effects together with high viral replication rates (Coffin, 1995; Domingo & Holland,
1997).
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This resistance of HIV to the treatment either taken individually or in combination is

its fundamental strategy to survive. This is the reason why every step in its life cycle
(Figure 1.2) serves as a potential target for therapeutic mediation. There are different
ways the virus can enter the host. The primary vector is the contact with infected blood
or other body fluids such as sperms and the commonly known HIV transmission way
being through sexual activities. Details on HIV transmissions have been reported
(Bobat & Archary, 2017; Capriotti, 2018; Cohen et al., 2011, 2016; “HIV
Transmission,” 2003; Hollingsworth et al., 2008; Naidoo, 2020; Patel et al., 2014; Shaw
& Hunter, 2012).

RT is the enzyme necessary for the transformation of a single-strand viral ribonucleic
acid (RNA) into double-strand linear DNA that is integrated into the host cell
chromosomes. HIV uses this enzyme to multiply. For HIV multiplication, the retroviral
RT with the catalytic activities of RNA-dependent DNA polymerization forms an
RNA:DNA hybrid followed by RNase H degradation of the RNA strand from
RNA:DNA hybrids and DNA-dependent DNA polymerization to generate a double-
strand viral DNA (dsDNA), also capable of replication like other normal DNA (Coffin,
1995).

The NRTIs-binding site of RT is dynamic since, upon binding of the NNRTI, the RT
modifies its conformation to accommodate the NNRTI forming a nonnucleoside
inhibitor-binding Pocket (NNIBP). However, research indicated that despite major
chemical differences among the first generation NNRTIs, they all bind to the very
flexible, hydrophobic binding pocket (NNIBP) located in an adjacent position to the
polymerase active site, mainly through energetically favourable positions (Jianping
Ding et al., 1998; Kohlstaedt et al., 1992). Therefore, indicating that binding to the RT
enzyme is dependent on a conformational fit, instead of a slight structural change
(Miller, 2002).

Research also showed that NNRTI resistance is linked to over 40 possible amino acid
substitutions occurring mainly at the NNIBP. These mutations affect NNRT]I binding
indirectly by hampering access to the pocket or by directly altering the size, shape and
polarity on different areas of the pocket. However, mutations are primarily noted at
either the Tyrl81 or Tyrl88 amino acids within the NNIBP. It is, in fact, these

alterations that confer a high level of resistance to NNRTIs. These specific amino acids
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change the avert affinity of a specific NNRTI for the binding site, ultimately resulting

in drug resistance (Das et al., 2004).

Even though combination therapy using ARVs by targeting the viral enzymes RT and
protease in an attempt to inhibit viral replication completely, there is evidence that
multidrug-resistant strains may still emerge. Hence, a quest for new strategies is highly
needed to prevent viral replication. To overcome HIV-1 RT mutant strains, major
structural changes are required that will incur increased flexibility for the already
flexible NNIBP. Slight modifications in structure (such as angle changes or isomeric
forms) will not meet the required flexibility of the RT enzyme (Das et al., 2004).

Today, tuberculosis (TB) is one of the biggest challenges worldwide, affecting mainly
the most impoverished populations. Even if asymptomatic, one-third of the population
worldwide is infected by latent mycobacterium tuberculosis, the bacteria causing TB
and serve as a stock for the pathogen, and this makes the control of the disease more
complicated. Only about 10% of them develop active disease during their lifetime. The
WHO reported an estimation of 8.6 million TB infections, of which 1.3 million deaths
reported in 2012 were TB associated. Three hundred twenty thousand is the number of
deaths attributed to TB among HIV infected people (World Health Organisation, 2013),
(Baddeley, A; Dean, A; Monica-Dias, H; Falzon, D; Floyd, K; Garcia, 2013),
(Organization et al., 2012). This number clearly indicates how heavy this burden is to
the public.

The first anti-tuberculosis drug used was streptomycin. However, strains resistant to
this drug were identified only a few months later. The emergence of these resistant
strains evolved the introduction of TB treatment using more than one drug over 18 to
24 months. The arrival of rifampicin in 1970 significantly improved TB treatment and
reduced the course to a period of 6 months. The problem arose in 1990 with reports of
multidrug-resistant TB (MDR-TB) and was further aggravated by the emergence of
extensively drug-resistance (XDR-TB) in 2006, which by definition is resistance to the
first-line and second-line drugs (Shah et al., 2007). In addition to isoniazid and
rifampicin, these strains are resistant to at least one of the fluoroquinolone drugs and an
injectable agent (WHO, 2016).

The appearance of these resistant strains had completely transformed TB treatment into

a nightmare that requires management with extended treatment courses and sometimes
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impossible to control using available medications (Gandhi et al., 2006; Kim et al., 2007;

Migliori et al., 2007; Shah et al., 2007). Further, the emergency of multidrug-resistant
(MDR)-TB and an increase of wide-spread extensively drug-resistant TB (XDR-TB)
worsened the situation and created additional complications to the control, prevention,
and treatment of TB infection (Zumla et al., 2012).

1.3.2.1 The classification of drug-resistant TB (DR-TB)

Even though the classification of DR-TB is generally based on key actives of the
treatment regimen, extended classification of DR-TB includes the following
subdivisions: the mono-resistance (resistance to one anti-tuberculosis drug), poly-
resistance (which is referred to as resistance to more than one anti-TB drug other than
isoniazid and rifampicin), multidrug-resistance (resistance to isoniazid and rifampicin)
and extensive drug resistance (XDR-TB is the resistance to isoniazid and rifampicin,
any fluoroquinolone and to at least one of three injectable second-line drugs viz,
capreomycin, kanamyein, and amikacin).

According to the WHO report 2008, poor management of the supply, under-investment
in TB control, and the quality of anti-tuberculosis drugs are the leading causes of the
MDR-TB (World Health Organization, 2009). Poor-quality control during the drug
manufacturing process is one of the most important causes of an increased prevalence
of substandard and counterfeit medications such as fixed-dose combinations (FDC).
These, in turn, lead to MDR-TB, toxicity, increased morbidity, and mortality in TB-
infected patients (World Health Organization, 2009).

The probability of drug resistance for previously treated patients was over 4-fold while
MDR-TB was 10-fold higher than for untreated patients. This significantly indicated
how strong drug resistance is associated with previous treatment (Organization, 2008).
Therefore, treatment of the newly infected patients and previously treated ones should
be different. Currently, some drugs used against the spread of drug-resistant TB are
more toxic and so have less potential and should be taken for a longer period (18 months
or longer). Further, the Tuberculosis strains resistant to all antibiotics named totally
drug-resistant (TDR)-TB was recently reported and increased worries (Migliori et al.,
2012; Udwadia et al., 2012; Velayati et al., 2009) not only in the population but also in
current TB treatment strategies; knowing that there is no proper treatment whatsoever
available yet. Furthermore, XDR-TB is virtually untreatable using the current available
anti-TB drugs (first and second-line treatments). The second-line drugs are last in line
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used in TB treatment. Moreover, there are no third-line drugs reported to date. The
mortality rate of XDR-TB is over 90%, and it is the leading cause of death (60-70%) in
HIV/TB infected patients, according to WHO, 2006. This opens windows for

researches and syntheses of new classes of anti-TB chemical structures are needed
(Nayyar & Jain, 2005). Therefore, alternative strategies capable of offering the
treatment with better therapeutic effects, reduced toxicity, and short courses of

treatment, are highly needed.

1.4 Drug resistance among other medical conditions

Unfortunately, the phenomenon of DR has been identified in different medical
conditions other than bacterial infections such as TB and HIV infections discussed
above. Typical examples include a complicated case of cancer where the treatment is
compromised through the complex process which, available drugs undergo to attain
and deliver their therapeutic effects.

Like in bacterial infections, different mechanisms summarized in Figure.1.3 are
involved in cancer resistance; a reduced activation drug modification, partial
degradation, or complexation of the drug with other molecules or proteins leads to the
appearance of drug resistance.

Resistance to cancer treatment also occurs as a result of target alteration. Modification
in the structure of the target protein alters how cancer cells respond to the drug and
mutations in the target molecule results in a decreased activity anticancer treatment. It
is also important to mention that mechanisms of drug resistance vary from one medical
condition to another. However, some of these mechanisms such as drug efflux are
known in cancer as well as microbial treatment. Other mechanisms through which the
current cancer treatment is compromised include the DNA mutations and drug
inhibition and degradation caused by metabolic changes. Drug efflux promotes cancer
drug resistance by enhancing efflux which consists of pumping anticancer drugs out of
cancer cells, therefore reducing the accumulation of the drug. The DNA damage,
another factor that promotes multidrug resistance in cancer treatment, has been
attributed to some of the chemotherapy drugs (Wu et al., 2014). The repair of the
damaged DNA is a process that takes place after treatment in response to chemotherapy
drugs that either directly or indirectly damage DNA. These DNA damage response
(DDR) mechanisms have a clear role in anticancer intrinsic drug resistance (Wu et al.,
2014).
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Harmful crosslinks have been seen during the cancer treatment with chemotherapy

drugs that contain platinum; a typical example of a mechanism that sometimes leads to
apoptosis. The nucleotide excision repair and homologous recombination are
responsible for this resistance (Housman et al., 2014; Wu et al., 2014). Other
mechanisms such as Epithelial-Mesenchymal Transition and Metastasis and cell death
inhibition were also detailed (Du & Shim, 2016; Housman et al., 2014).

Target
alteration

Epithelial Cell death
Mesenchymal inhibition
transition

D@ Drug resistance
inactivation

(DNA damage) \
@ @

¥-//

Figure.1.3: Cancer drug resistance mechanisms

Methods to overcome resistance to s-lactam antibiotics include the development of new
antibiotics that are stable to s-lactamase attack and the co-administration of s-lactamase
inhibitors with g-lactam drugs. Resistance to methicillin, which is stable to gram-
positive p-lactamase, occurs through the alteration of an antibiotic target protein,
penicillin-binding protein 2. Production of enzymes that alter antibiotic and synthesis
of the bacterial target that are insensitive to an antibiotic is the primary resistance
mechanism for the classes of antibiotics, such as trimethoprim, sulphonamides,

aminoglycosides, chloramphenicol, and quinolone drugs (Dever & Dermody, 1991).

1.5 Drug resistance prevention principles

Physicians often prescribe combinations of medicines for the treatment and
management of different medical conditions. Drug combinations generally provide an
effective cure when compared to the single drug dosage forms and are often used for

multiple targets. This makes drug combinations highly important (Calzolari et al., 2008;
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Zinner et al., 2009). Due to this, there is an extensive increase in interest among

academic researchers as well as pharmaceutical industries in developing drugs
combined into single dosage forms. Drug combinations are not a new strategy in the
history of medicine and pharmaceutical sciences. Generally, mixing several drugs at
various doses imparts a more efficient result than single-drug remedies (Calzolari et al.,
2008; Zinner et al., 2009).

Hans-Georg Breitinger indicated that with regard to the concept of the drug
combination, combined forces or agents could add up, by not interacting with each
other, but producing greater results or could simply lead to the less effective outcome
on the other hand. The combination therapy approach has been used in the treatment of
several cardiovascular diseases. Different examples include acute coronary syndrome
(Al-Zakwani et al., 2011) and pulmonary arterial hypertension (B. Mukherjee &
Howard, 2011).

Literature according to Herrick & Million, 2007 suggests that since several approved
new chemical entities (NCESs) are in decline, reformulating the already known and
tested drugs into fixed-dose combinations may provide pharmaceutical companies with
an opportunity to develop new drug products and maximise returns (Herrick & Million,
2007).

Currently, the Fixed-Dose combinations (FDC) approach is one of the drug
combination strategies attempted. FDCs are now available on the market. Oral drugs
taken individually for the treatment of certain diseases are now formulated in one tablet
(FDC) instead, therefore, reducing the pill load, and with no addition of side effects,
thereby offering better compliance to the patience, simplification of prescription,
reduced chances of drug resistance development and low programmatic costs
(Bangalore et al., 2007; Blomberg et al., 2001; Hong, 1989; Thipparaboina et al., 2016;
Walker & Burton, 2008) as well as a better anti-TB therapy delivery (WHO, 2013).
An improved pharmacological profile is the main objective of innovation in the
pharmaceutical area. Combining the active ingredients with complementary therapeutic
activity has been considered potential in providing therapeutic regimens in various
fields of disease.

Fixed-dose combination therapy relies on a new technology flexible for formulating
multilayer tablets (Abdul & Poddar, 2004; Desai et al., 2013), allowing the immediate

and continuous release in a single dosage unit through separate layers (Mandal & Pal,
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2008). This technology also allows the co-existence of incompatible drugs in a single

dosage unit, in which they are incorporated into two layers, separating them and
minimizing their interactions at the interface of the two layers.

However, the multiple excipients required in FDC maintain an undesirable large dosage
form (Desai et al., 2013). Further, the delamination of the layer during the tablet
compression or storage or due to an elastic mismatch increases the risk by creating
different degrees of relaxation between two layers (Podczeck, 2011).

1.6 Drug combination and antiretroviral therapy

Franco Maggiolo and Sebastiano Leone reported that the use of the Highly Active
Antiretroviral Therapy (HAART) might be very important in the control of the HIV
epidemic due to its population-based dimension (Maggiolo & Leone, 2010). The use of
this combination significantly changed the deadly HIV infection from an incurable
disease to a manageable chronic illness. In the report according to Julio Montaner,
HAART has not only reduced community viral load but also reduced the new HIV
detections per year in the Canadian province (Montaner et al., 2010). However, it has
been identified that there is the possibility of residual virus replication during this
successful HAART therapy (Martinez-Picado et al., 2000).

The antiretroviral drug combinations (also known as cocktails), targeting viral enzyme
RT and protease at the same time; have been used in the attempt to completely eradicate
HIV replication. The diagnosis strategy HAART (Stephenson, 1997; Van Vaerenbergh
et al., 2002) showed a substantial impact on saving the lives of many HIV-infected
people. Nonetheless, an increase of ART drug resistance during the HAART use was
reported in different areas. At least 10-15% of patients on ART treatment in Europe
(Bannister et al., 2008; Booth & Geretti, 2007; Pillay & Porter, 2006; Vercauteren et
al., 2009; Yerly et al., 2007) and the USA (Wheeler et al., 2010) carry viruses with at
least one drug resistance mutation. The mutations in the HIV genome are causative
agents of drug resistance and responsible for HIV treatment failure. These mutations
also affect the immune response to the ART by reducing the HIV viruses’ vulnerability
to the treatment.

The rate of replication of HIV is very high (109 to 1010 virions per person per day).
Together with error-prone polymerase, it is very easy for HIV to develop mutations.
These mutations modify virus vulnerability to ARVs. Further, resistance to one ARV

drug often imparts a decrease or a complete loss of susceptibility to others and
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sometimes to all drugs of the same class (Coffin, 1995; Ferguson et al., 2002; Lloyd et
al., 2014; Smyth et al., 2012).

1.7 Drug combination in Anti-Tuberculosis drugs

Due to the emergence of drug resistance in monotherapy treatment, combining
antitubercular drugs was suggested as a way that can improve the treatment outcomes
and suppress resistance. A typical example is the combination of isoniazid and
streptomycin in the TB treatment which was further enhanced by the introduction of
rifampicin later in 1970 for the suppression of resistance shown by the use of individual
drugs.

Today, a standard treatment for active TB includes a combination of rifampicin,
isoniazid, ethambutol, and pyrazinamide to be taken for two months after which,
follows a four months course of treatment by only rifampicin and isoniazid. This
provides a cure with high rates of approximately 90% in HIV-negative patients (Morris,
2009; Who, 2010).

A large number of tablets that a patient must take; usually 9 to 16 tablets per day for
two months during the initial treatment, followed by 3 to 9 tablets per day for four
months during a continuation phase, constitute a huge burden. However, with the
application of FDCs, treatment becomes much easier, with 3 to 4 tablets per day.
Nevertheless, a reduced bioavailability was reported in rifampicin used in FDC than
when individually or separately administrated among other anti-TB drugs in a
combination (Laserson et al., 2001). This happens owing to the chemical reaction with
isoniazid in the gastric acid environment. The reaction is favoured by the presence of
pyrazinamide and ethambutol playing the role of catalytic agents (Bhutani et al., 2005;
Prasad et al., 2006).

Apart from the drug combinations prescribed by physicians, chemically, one can
distinguish two categories in drug combination due to whether the process was
technically performed by mixing drugs in a single dosage form, the process known as
drug cocktail or non-covalent interactions also known as supramolecular chemistry, a
very important field of chemistry recognized by Donald J. Cram, Jean-Marie Lehn, and
Charles J. Pedersen also awarded Nobel Prize for Chemistry in 1987 for their works in

this particular area (Bhutani et al., 2005).
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1.8 Impact of HIV/TB co-infection on current treatment

Additionally, to the other social problems aggravated by the transmission of HIV, it is
evident that infection by HIV significantly increased the rate of not only new
mycobacterium tuberculosis (MT) infections but also favoured the activation of latent
infection (Patrick J. Brennan, Douglas B. Young, 2008).

A consistent increase in TB infections was in past years, attributed to an increase in
HIV infections (Currie et al., 2003). Nearly two-thirds of TB diagnosed patients also
have HIV infections (Currie et al., 2003; B. G. Williams & Dye, 2003). In addition to
this, several studies reported TB as a causative agent for the progress of HIV infection
to AIDS illness (Toossi et al., 2001). Furthermore, the effective treatment of TB in
HIV/TB co-infected people is complicated by multidrug interactions. These
interactions arise because of rifampin’s potential to induce hepatic cytochrome CYP450
enzyme; a plasma concentration reducing agent for co-administered drugs metabolized
through this pathway (Lienhardt et al., 2010) A typical example of consequences these
interactions cause is the acquired rifampin resistance development reported among
HIV-infected patients on advanced immunosuppression treated with twice a week
rifampin or rifabutin based regimens (CDC, 2003). Therefore, new regimens that are
safe, well-tolerated, effective in a short period and amenable to the routine
programmatic condition are urgently needed. Designing new derivatives is one of the
suggested solutions (Wechter et al., 1975). Despite the pressure by this quick
development of drug resistance, the actual speed and effort put into this process is not
enough considering the pace at which drug resistance is spreading (Gonzélez-Bello,
2017b); Gonzalez, 2015).

1.9 Synthesis of drug substance using non-covalent approaches

Drug discovery has always been referred to by different scientists as an invention,
creation, or synthesis of a potential therapeutic active compound. Drug discovery is an
expensive, interdisciplinary and time-consuming process. It involves the identification
of candidates and synthesis, characterisation, screening, and assays of their therapeutic
efficiency.

The use of natural extracts for medical intention goes back to thousands of years. It is
only in the 1900s with the discovery of penicillin and the introduction of synthetic
organic chemistry that drug discovery has shown a significant evolution. Until 1990

synthetic chemistry remained unchanged until new approaches known as combinatory

http://etd.uwt.ac.za/



Chapter 1
chemistry (Chorghade, 2006). In the last few years, traditional drug discovery has

evolved into a strategy called the “reductionist target-based approach”. This focuses on
the identification and validation of small molecules having specific activity against a
specific target; (usually a protein) that has a crucial function for the phenotype of the
disease.

Traditional drug discovery is a three-stage process; target identification and validation,
lead identification and lead optimisation/prioritisation. Understanding of the disease
mechanism using cellular and genetic approaches is crucial to identify potential drug
targets. The knowledge about the aetiology of the disease and whether there are certain
disease properties or phenotypes (Sawyer, 2006) may be considered as potential targets.
HIV replication within T-cells is a typical example of disease targetable characteristics.
The lead identification process focuses on measuring the activity of compounds
towards the target identified through a set of assays specifically designed to evaluate
the effect of a drug candidate on disease state improvement.

The last stage is lead optimization which simply refers to the clinical trials of the
candidate where in vitro and in vivo cell-based studies are performed before being
approved for further development and marketing.

Apart from traditional approaches of drug synthesis mainly based on screening
compound libraries, complementary methods of computer-based molecular design
(Leach, 2001) and combinatory chemistry (Balkenhohl et al., 1996) are the routine
methods employed today in the lead identification and the development phases of drug
design. This fulfils the idea according to Jiirgen Drews that drug discovery in the 20"
century was driven by chemistry in the guide through pharmacology and clinical
sciences. Today, the new basics are provided by biology where molecular genetics,
genomic sciences, and informatics are specifically driving forces in the generation of
new pharmaceuticals (Strohl, 2000).

During the last few years, the synthesis and design of new compounds via non-covalent
interactions have evolved as an alternative approach to produce entities of a wide range
of utilities. The approach is based on the use of intermolecular interactions such as

hydrogen bonds to generate desired supramolecules.

1.10 The aim and objective of the study

The study aimed to explore the possible combinations of the selected clinically relevant

pharmacologically active drug substances, expecting the beneficial modulation of
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physicochemical properties, biological activity, and pharmacokinetics of the newly

modulated entities for the management of drug resistance.
The principal objective of this study was to monitor the drug resistance by the
development and synthesis of new complexes from the selected ARVs and anti-TB

drugs; through drug combination by co-crystallisation.

1.10.1 Specific objectives

% Screening for and non-covalently synthesise different dual-API co-crystals of
selected drug candidates.

+« Solid-state characterise different hybrids prepared, using a variety of analytical
techniques such as Differential scanning calorimetry (DSC), hot stage
microscope (HSM), thermogravimetric analysis (TGA), powder X-ray
diffraction (PXRD), scanning electron microscope (SEM), and the solid-state
NMR.

¢+ Evaluate the in vitro solubility of the all self-assembly hybrids produced using

HPLC quantification methods.

1.11 Significance of the study,

The loss of efficiency. of different antibiotics/anti-HIV drugs due to drug resistance is
of great concern. Microorganisms are now able to replicate in the presence of the drug.
Drug resistance still emerges in some combination therapy regimens and is the main
cause of treatment failure in some cases. In an attempt to prevent this threat and
eradicate pathogen replication completely, alternative treatment strategies are highly
needed. In this study, we use the non-covalent approach of drug combination as a way
to optimize the efficiency of drugs and overcome different treatment difficulties. This
approach may not only exhibit a tremendous impact on drug resistance but also

contribute to the drug efficacy restoration.

1.12 Selection of the drug candidates for the study

For this study, four antiretroviral drugs; nevirapine, lamivudine, efavirenz, and
zidovudine were selected from the ARV regime guidelines found in the South African
Standard Treatment Guideline (SASTG) in the Primary Health Care System (Bhatt et
al., 2008, 2009a). The anti-tuberculosis drugs; isoniazid and pyrazinamide considered
as first-line anti-TB drugs were selected for their potential activity against

M.Tuberculosis and were used for co-crystals formation as well. In addition to these,
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amantadine free base was also selected due to the antiviral and neurodegenerative

activities of the amantadine ring.

1.13 Methodology and analytical techniques

Techniques such as co-precipitation (solvent evaporation), dry grinding, solvent-
assisted grinding, freeze-drying, vapour diffusion, sublimation, were employed to
prepare different combination systems (Bannister et al., 2008) for co-crystallisation.

A variety of analytical techniques were used to characterise the prepared products.
Thermo-analysis was conducted on a differential scanning calorimetry (DSC), Hot
Stage Microscopy (HSM) and Thermogravimetric analysis (TGA). Powder X-ray
diffraction (PXRD), Fourier-Transform Infra-Red Spectroscopy (FTIR), Scanning
Electron Microscopy analysis (SEM) and the Cambridge Structural Database (CSD)
was used for structural elucidation. Solubility studies were performed on the
synthesized compounds.

Finally, in vitro antimicrobial activity of the newly formed anti-tuberculosis

compounds was evaluated.

1.14 Ethical clearance

No ethical clearance was required to conduct this study since no human or animal

studies were required to achieve the aims and objectives of this study.
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Chapter 2  Co-crystal theory

This chapter describes the concept of co-crystallisation as a systematic approach to
enhance the physicochemical properties of active substances, targeting pharmaceutical
co-crystals. The history of co-crystallisation is explored; offering a few clear and
concise definitions of the concept. Then pharmaceutical co-crystals are highlighted,
and several key issues including design strategies, preference over other techniques
and methods are discussed. The chapter ends with particular emphasis on multidrug
co-crystals, demonstrating the use of co-crystallisation as a tool not only to enhance
physicochemical properties of drugs but also synthesise multidrug pharmaceutical co-

crystals and other hybrids with synergistic benefits.

2.1 Introduction

Less than 1% of active pharmaceutical ingredients (APIs) reach the market because of
poor biopharmaceutical properties among which solubility plays a key role (Qiao et al.,
2011). Poor physicochemical properties of APIs such as chemical stability, dissolution,
hygroscopicity, and solubility impact therapeutic efficacy (Bavishi & Borkhataria,
2016). This, in turn, leads to treatment failure and the development of different side
effects, if not monitored. Poor physicochemical properties affect not only the
performance of a drug substance but also impact formulation strategies and other post-
formulation processes such as absorption, distribution, metabolism, and excretion,
which may lead to adverse effects and toxicity (Garnero et al., 2017; R. Maheshwari et
al., 2018; Van Hoogevest et al., 2011). Pharmaceutical scientists strive to find a better
strategy to improve the properties of the APIs owing to their therapeutic potency,
without compromising their chemical identity. Various methods have been developed
and used to enhance the physical properties of pharmaceutical ingredients.
Commencing with a supramolecular perspective, these include the formation of the
amorphous state, polymorphs, hydrates, salts, solvated forms of drugs and the

formation of pharmaceutical co-crystals/complexes (Karagianni et al., 2018b).

A co-crystal is a single crystalline material consisting of at least two molecular
components usually solid at room temperature and present in a definite stoichiometric
ratio (Daingade et al., 2019). A broad definition as per the Indo-US meeting in 2011
refers to co-crystals as single-phase solid crystalline materials composed of at least two
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different molecular and/or ionic compounds that are neither solvates nor simple salts

and exist in a stoichiometric ratio. Other co-crystal definitions as per different authors

were reported (Schultheiss & Newman, 2009a).

According to different literature, co-crystal formation enables the modification of
fundamental physicochemical properties of pharmaceuticals such as solubility and
stability towards better thermal stress, humidity stress, dissolution rate and
compressibility (Aher et al., 2013; Babu & Nangia, 2011; Bethune et al., 2011; Bolla
et al., 2013; Good & Rodriguez-Hornedo, 2009; Goud et al., 2012; Hickey et al., 2007;
Jones et al., 2006; Sanphui et al., 2011; Shan & Zaworotko, 2008; Tao et al., 2012;
Thakuria et al., 2013; Trask et al., 2005; Vangala et al., 2011; Vishweshwar et al.,
2003). Henceforth, the co-crystal formation of drug substances offers a great
opportunity to develop drug products with better physicochemical properties without
changing the pharmacological properties of the API. Due to this, there has been a very
intense desire to design co-crystals for different applications which eventually make
co-crystallisation a preferred technique in pharmaceutical sciences (Najar & Azim,
2014; A. V Yadav et al., 2009). Other physical properties such as hygroscopicity,
stability, crystallinity, particle size, flow, filterability, density, and taste, which may be
changed as well, preferably improved by co-crystallisation, leading to a better
therapeutic effect (Childs et al., 2007). Interestingly, even though Friedrich Wohler
solved the first co-crystal structure in 1844, it is only in the present century that co-
crystals have attracted much attention.

2.2 Pharmaceutical co-crystal definition

Based on the definition given in section Error! Reference source not found., a co-
crystal is a multi-component molecular complex non-covalently bonded, in which one
molecule is neutral and the second component is termed the co-former. A
“pharmaceutical co-crystal” is made of an APl and a co-former. The latter is either an
ionic or a neutrally safe inactive chemical selected from the Generally Regarded as Safe
substance (GRAS) list mostly provided by the United States Food and Drug Association
list (FDA), or it could be another API (Smith et al., 2013; Sun, 2013). Both co-crystal
components are solid at ambient temperature and present in known stoichiometric
amounts (Aakeréy & Salmon, 2005). Co-crystallisation of the APl with

pharmaceutically acceptable co-crystal formers has gained increasing attention due to
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the abilities of this approach to achieve a complex without altering the chemical

structure or nature of both drug components (Asija et al., 2013).

2.3 Co-crystal properties

Properties of a co-crystal depend mostly on the selected co-former (Fukte et al., 2014;
Nauha, 2012) and the types of intermolecular interactions formed during the co-
crystallization process. This is one of the advantages of co-crystal synthesis over other
techniques used to improve the physicochemical properties of the drug substance
(Nauha, 2012) among which salt formation, micronization, and amorphisation are

found.

Pharmaceutical co-crystal formation involves APIs forming non-covalent bonds with
co-formers or other APIs. The presence of either hydrogen donor or acceptor groups on
molecules forming a co-crystal is fundamental because the best donor generally
associates with the best acceptor in the crystal structure (Remenar et al., 2003; Vinesh
etal., 2013).

The hydrogen donors or acceptors are functional groups such as amide, primary and
secondary amine, carboxylic acid, hydroxyl groups, thioester, thiazole, and others.
Different properties of a co-crystal such as melting point, physical and chemical
stability, solution stability and crystallinity, dissolution and bioavailability, have been
thoroughly discussed in the literature (Karagianni et al., 2018b; Jean Baptiste
Ngilirabanga, 2014; Schultheiss & Newman, 2009b).

2.4 Co-former selection and co-crystal design

The selection of a co-crystal former compatible with an AP1 is a crucial step in the co-
crystal design but also one of the challenges faced during the co-crystal formation
process. The general strategy used in co-former selection is by trial and error also
known as a tactless approach during which a number of the pre-determined
pharmaceutical library of acceptable compounds (drugs found in General Regarded as
Safe (GRAS) FDA list of drugs) are used in the co-crystallisation attempt.

A co-crystal is considered strategically on the following basis: when a co-former has a
complementary functional group(s), that can join to the drug candidate through
supramolecular synthons by means of intermolecular interactions (Fukte et al., 2014).
Properties (mainly physical and chemical) of the produced co-crystal depend on the co-
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crystal former used. This makes the selection of co-crystal former a paramount step in

the co-crystal synthesis process. When the co-crystal former is selected from the US-
FDA GRAS list any drug excipient, neutral, acid or base, is safe according to this list
and can be considered. Further, pharmaceutically accepted salts are also used as co-
formers (Schultheiss & Newman, 2009b) and result in multicomponent salts or co-
crystal salts where there is a partial transfer of proton and formation of intermolecular

interactions at the same time.

A co-crystal former may also be another active pharmaceutical ingredient (API).
However, the selection of such substances should fulfil certain criteria, with the
intention to improve properties and biological activity of either or both active(s) in the
co-crystal system. APIs with polymorphic properties have been used as co-crystal
formers. Such combinations offer better stability to the system components. This is one
of the techniques used to prevent unwanted polymorphs which most of the time come
with serious effects in terms of drug performances (Aitipamula et al., 2009).
Compounds which crystallize with more than one molecule in the crystallographic
asymmetric unit (Z 0 >1) have also been suggested as good co-crystal formers
(Aitipamula et al., 2009). Amorphous compounds are another class of drugs that have
been proven relevant as co-crystal formers due to their enhanced solubility profiles
(Anil Kumar Kruthiventi, Saikat Roy, Rajesh Goud, Igbal Javed, Ashwini Nangia,
2009).

Despite their poor bioavailability, nutraceuticals which by definition refer to food or
part of food that provides medical or health benefits and an ability to prevent and be
used as a treatment of a disease can also be used as co-formers (Nasri et al., 2014;
Télessy, 2018). Therapeutic effects associated to these drugs is a target for solid-state
chemists and when co-crystallised with APIs would enhance physicochemical
properties, stability, solubility as well as bioavailability of drug product (co-crystal or
hybrid) and generate priceless and cost-effective synergistic hybrids, being affordable
and easily attainable (Sinha et al., 2015). This also reflects their structures offering
robust supramolecular synthons (Thipparaboina et al., 2016). This substantial degree of
freedom to select co-formers and the subsequent diversity of the co-crystals has made
co-crystallisation very attractive as a method to fine-tune properties of APIs.
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A few examples of such drugs that have been previously used in co-crystal formation

have been reported (Thipparaboina et al., 2016). In addition to the synergistic effects of
nutraceutical-APl combinations, these drugs may also play a crucial role in
interconnecting APIs in a multi-drug crystal lattice. The use of nutraceuticals has been
reported; flavonoids and vitamins are examples of nutraceuticals investigated and used
as co-crystal drug candidates to enhance physicochemical properties and bioavailability
(Sekhon, 2012). Systematically, the choice of co-former is usually based on a
supramolecular approach, according to Thakuria et al., 2013.
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{\ > carboxylic acid-pyridine

O--.----H—O 91!)_‘,‘6
carboxylic acid dimer
33% 0—H---++--0
o BEFETEE H—N
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0-—-—----H—N\ i
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Oerenenerenana H

carboxamide-pyridine
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Figure 2.1: Supramolecular synthons and their occurrence percentages based on the Cambridge
Structure Database (CSD). On the left are common homosynthons; acid-acid or carboxylic acid
dimer and amide-amide homosynthon or carboxamide dimer. On the right are regular

heterosynthons; carboxylic acid-pyridine, carboxylic acid-carboxamide, and carboxamide-

pyridine heterosynthon (Cherukuvada et al., 2016).

According to Duggirala et al. (2016), property optimisation of drug substances was the

main goal of crystal engineering scientists in the co-crystal design. Authors established
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that the design and synthesis of co-crystals rely exclusively on the presence of

supramolecular synthons. It has been demonstrated that co-crystals with strong
hydrogen interactions are designed based on the supramolecular synthons approach.
These supramolecular synthons are referred to as structural units within supermolecules
that can be formed and/or assembled by known or conceivable synthetic operations
involving intermolecular interactions. In a crystal system, supramolecular synthons are
the smallest structural units within which is encoded all information inherent in the

mutual recognition of molecules to yield that crystal (or solid-state supermolecules)

Just like the known reactants to make specific covalent bonds, the choice of a synthon
which is likely to form during a crystallisation process is crucial. Examples of such
synthons are depicted in Figure 2.1. A crystal structure is simplified as a network in
which molecules are seen as nodes and molecule synthons as connectors of those
molecules (Desiraju, 1995; Desiraju & others, 2001; D. S. Reddy et al., 1996). In most
cases, hydrogen bonds (H-bonds) due to their strength and directionality compared to
other intermolecular forces are involved in synthons. However, this doesn’t withstand
the contribution of various other intermolecular forces such as halogen bonds, 7—=
interactions in aromatic structures, stacking interactions and van der Vaal interactions
as these contribute to the final results of crystallisation (Nauha, 2012) as well as a

significant role in the co-crystal formation (Vinesh et al., 2013).

A very good understanding of synthons is also paramount for a better selection of co-
crystal formers. The co-crystal design also requires a good understanding of the
intermolecular interactions. Intermolecular interactions as described by Dunitz (2009)
are the fundamental basis of supramolecular chemistry. He also described these weak
interactions as what keeps the organic world together (Dunitz & Gavezzotti, 2009),
(Thakur et al., 2015). Interactions such as hydrogen bonding, z—z stacking,
electrostatic, hydrophobic, charge transfer, metal coordination, halogen bonding, and
metallophilic interactions interconnect molecules in the lattice via different
supramolecular synthons discussed in the previous paragraphs. Molecular recognition
(which is a necessary complementarity between molecules forming an aggregate) is
compulsory in this formation and stabilisation of supramolecular systems. In such
entities, these interactions are like bridges between molecular building blocks
(Albrecht, 2007).

http://etd.uwc.ac.za/ 66



Chapter 2

Among these interactions, H-bond is predominant and most explored mainly due to its

directionality. Its natural existence (ubiquitous), from just a drop of water, DNA to large
supramolecular assemblies (Aakerdy & Sinha, 2018)(Bhattacharya et al., 2018).
According to the IUPAC Recommendations 2011, H-bonds are attractive interactions
between a hydrogen atom from a molecule or molecular fragment X—H in which X is
more electronegative than H, and an atom or a group of atoms in the same or a different
molecule, in which there is evidence of bond formation (Arunan et al., 2011). The
commonly known strong hydrogen bonding in solid materials such as co-crystals is O—
H---O, N-H---O or O-H---N; Figure 2.2 illustrates this type of interactions. The weak
hydrogen bonding, include C-H:--O, C-H---N, and N-H-- ‘.

Figure 2.2: Example of O-H...O H-bonding between acetaminophen and oxalic
acid space group P21/c shown alongside b-axis

Attraction dispersive and (or) inductive forces between molecules promote the

formation of interaction known as “Van der Waals”. These forces are responsible for

the formation of solid dispersions.

Molecules containing halogens such as Fluorine tends to form halogen bonding
interactions during the self-assembling process. According to Desiraju et al. (2013), a

“halogen bond” occurs when there is evidence of a net attractive interaction between
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an electrophilic region associated with a halogen atom in a molecular entity and a

nucleophilic region in another, or the same, molecular entity. The halogen bond is also
characterised by its directionality, strength, polarity, hygroscopicity, donor-atom
dimension and its tunability (Andree et al., 2018).

Other intermolecular interactions include C—H- 'zt weak bond that plays an additional
or secondary role in molecular recognition, therefore reinforcing interactions such as
hydrophobic effects. An example of how important this kind of interaction is seen in
the non-polar hydrocarbon encapsulation. These hydrocarbons are accommodated and
in the capsule-like host and tumbled by C-H...x bonding forces (Matsuno et al., 2018).
The type of hydrogen bonding and other interactions between molecules in the co-

crystal is determined by the type of supramolecular synthons available.

Furthermore, an APl with abundant hydrogen bonding sites and molecular flexibility
may be manipulated by a proper choice of solvent to form a specific form of crystal
possessing a different arrangement and conformation to the original crystal lattice
(Bhatt et al., 2008). In fact, the change of molecule arrangement in the crystal lattice
leads to modified solid-state properties affecting its solubility, dissolution, stability and
ultimately bioavailability. Therefore, different crystal forms can lead to changed
biological activity (lower or higher than desired) (Sekhon, 2012). For co-crystals
produced by solution crystallisation methods, two components must have similar
solubility in a chosen solvent; otherwise, it is unlikely to produce a co-crystal. This is
because the difference in solubility will lead to the precipitation of the least soluble

part, leaving the other component in the solution (Aakerdy & Sinha, 2018).

2.5 Co-crystal classification

Even though co-crystal classification should primarily depend on the useful nature of
component drugs, scientists and researchers approach this issue by overseeing the
content of the structure rather than their utility. This is due to the diversity of co-crystals
and their wide range of uses which include but not limited to medicinal or
pharmaceuticals, mineral, agrochemistry, engineering, crystallography, and energy
(Braga et al., 2010; Karimi-Jafari et al., 2018).
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Based on factors such as the number of component molecules in the crystal structure

and presence in the structure of an ion, polymorph, water, or solvent, one can divide

co-crystals into two main classes:

Class 1 includes “binary co-crystals”; the two components single solid crystalline
substances designed based on hydrogen bonding propensity, supramolecular synthons,
Hansen solubility parameters, pKa values (Sandeep & Arun, 2018). Typical examples
of this type are pharmaceutical co-crystals where one structural component is an active
pharmaceutical ingredient and the second being a co-former selected from the United
States Food and Drug Administration (US-FDA) list of generally regarded as safe
(GRAS) drugs. The binary co-crystal class is further divided into two groups depending
on whether molecules in the crystal lattice are hydrogen or halogen-bonded (Aakerty
& Sinha, 2018).

“Ternary and quaternary co-crystals” respectively composed of three and four
neutral drugs arranged ina definite stoichiometry in their crystal structures. Using
isoniazid and nicotinamide, Aitipamula et al., 2013 produced two tertiary co-crystals
using fumaric and succinic acid. In both cases, hydrogen bonding occurs via pyridine-
acid synthons (Aakerdy & Salmon, 2005; Sandeep & Arun, 2018). Synthesis of such
multi-component solids provides an opportunity to explore the combination of drugs
usually administered separately, aiming at different targets or drugs having synergistic
effects. Other examples of this type were reported in a book by Aakerdy & Abhijeet S.
Sinha, (2018).

The second class of co-crystals includes Polymorphic co-crystals: Investigation on
different polymorphic forms of a particular compound is common in solid-state
pharmaceuticals and solid-state chemistry. Investigating polymorphism is crucial
during drug development because polymorphic forms exhibit different physical and
chemical properties. The future or safety post-manufacturing of a drug formulation
depends on how well this step was explored. Just like any other chemical entities,
identifying all possible forms during the development of a co-crystal is paramount.

Even though co-crystallisation has been attributed to reducing polymorphism
propensity (Sekhon, 2012; A. V Yadav et al., 2009), polymorphic co-crystals have been
reported (Aitipamula et al., 2014). Different polymorphic co-crystals of the same drug

exhibit different physicochemical properties (Babu et al., 2008). Polymorphism in co-
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crystals is promoted by different factors, among which co-crystallised drugs belonging

to families with a polymorphic history or use of polymorphic co-formers (Lemmerer et
al., 2013) being the primary. Compounds that exhibit polymorphism also enable the
formation of heteromeric intermolecular interaction with co-former molecules (target
molecules) over monomeric interactions and allow the existence of different molecules
in the same crystal lattice, theoretically making them possible good co-crystallising

agents (Aakerdy & Salmon, 2005). However, only practically, this can be proven.

It is therefore important to investigate these aspects with vigilance as the outcomes may
be catastrophic for a pharmaceutical company if an unwanted polymorph is formulated.
An example of co-crystal polymorphism was observed when a chloroform solution of
caffeine and glutaric acid was allowed to evaporate slowly and two polymorphs having
different morphologies rods (form ) and blocks (Form I1) were produced (Trask et al.,
2005).

Salt co-crystals: Before the introduction of co-crystals, the salt formation was among
the approaches used to modify the physical properties of APIs. This is evidenced by
statistics approximating that over half of the medicines on the market are administered
in salt forms (Schultheiss & Newman, 2009a). Salt formation suffers from the limitation

that only compounds/APIs with an ionisable site are fit to be processed.

Formation of co-crystals involving ionic substances was introduced after the discovery
of polymorphic forms (neutral and zwitterion forms) of piroxicam-4-hydroxybenzoic
acid co-crystal (1:1, v/v). Different salt co-crystals, also known as ionic co-crystals,
have been reported (Wang et al., 2018). Salt/ionic co-crystals were also previously
synthesised and identified using bis(1-adamantylaminium) carbonate with neutral
mono and dicarboxylic acids as co-crystal formers (Jean Baptiste Ngilirabanga, 2014).

Solvated/hydrated co-crystals constitute another type of co-crystals in which
solvent/water molecules are part of a crystal structure. In some cases, these guest
molecules are what keeps a crystal together, and collapse upon desolvation or
solvent/water molecule removal. Different examples of such co-crystals have been
reported (Bhatt et al., 2009b; Lange & Sadowski, 2016).
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2.5.1 Other co-crystallisation outcomes

Co-crystallisation doesn’t always produce co-crystals, solid forms such as eutectic
mixtures, salts, hydrate/solvates, ionic liquids, solid dispersions, solid solutions and
supramolecular gelators can sometimes result from the co-crystallisation process
(Sathisaran & Dalvi, 2018). Factors such as the nature of the components, environment
(solvents, temperature, pH) contribute to the occurrence of these adducts (Cherukuvada
etal., 2016).

Hydrate/solvate formation commonly occurs when water/solvent molecules are
incorporated into the crystal lattice (Healy et al., 2017). The presence of this may
significantly contribute to molecular networks within a crystal and sometimes these
entrapped solvent molecules are what hold the crystal molecules together (this is the
case of polymorphic solvates when solvent molecules are an integral part of the crystal
structure) and the crystal collapses upon desolvation which eventually results in a
disordered system known as a solid amorphous form (Boothroyd et al., 2018).
Alternatively, the solvent molecules fill the voids in the crystal and can be easily
removed by desolvation without affecting the crystal structure. This is the case of
pseudopolymorphic solvates (Byrn etal., 2017). A particular example is that of caffeine
where hydration maintains the order in both its polymorphic crystals. Before co-
crystallisation with water, molecules in both polymorphs lacked order (Cherukuvada et
al., 2016). The Cambridge Structural Database (CSD) indicates the solvation ubiquity
of 43% among organic crystals reported (Groom et al., 2016).

It sometimes happens that instead of a co-crystal, drugs (i.e. APIs) combined via co-
crystallization result in what is known as eutectic mixtures (EM) (Zaini et al., 2015) or
solid dispersions. Eutectic Mixtures (EM) are multi-component solids that are recently
gaining much interest of researchers in the pharmaceutical field. EM are obtained as a
result of the failed co-crystal formation. Due to an increased number of researches in
pharmaceutical co-crystals, several pharmaceutical eutectics are likely to increase even
more (Sathisaran & Dalvi, 2018).
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Figure 2.3: Different co-crystallisation solid forms based on Cherukuvada et al.
(2014) discussion
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Based on the definition according to Cherukuvada and Nangia, (2014), EMs are
conglomerates of solid solutions in which similar molecules are held together by strong
cohesive interactions whereas unlike ones are bound by weak adhesive forces.
However, this class of multicomponent solids lacks a distinct crystal structure despite
the above interactions binding their molecules together. Instead, their crystalline nature
resembles that of parent compound combinations (this can be easily justified by the
similarities between diffraction patterns). Furthermore, eutectics are thermally
characterised by lower melting points than that of their drug components intact and they
present themselves as important in enhancing the physicochemical properties of the
drug components (API(s) in case dual drug ) as their co-crystals counterparts
(Cherukuvada & Nangia, 2014). Other solid forms which may be resulted from co-
crystallisation but which won’t be discussed here include those summarised in Figure

2.3.

2.5.2 The co-crystal development pathway
The development pathway of pharmaceutical co-crystals has been encompassed into
eight stages (Figure 2.4) (Duggirala et al., 2016).
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Co-former identification: Initially, a complementary co-former to a drug molecule

candidate is selected from a library (dependant on the type of co-crystal to be
synthesised). In the case of pharmaceutical co-crystals, the co-former is selected from
a generally regarded as safe (GRAS) list provided by the FDA and Everything Added
to Food in the United States (EAFUD) list approved by the FDA (Frestedt, 2018;
Nutrition, 2009).

Discovery: A stage during which co-crystal synthesis is carried out. Methods such as
slow solvent evaporation, slurry mediated transformation and mechanical grinding
(both neat and solvent-drop or liquid assisted) are used. Other methods used during co-

crystal screening are also identified (Duggirala et al., 2016).

Characterization: A stage during which physical and chemical properties are assessed
is carried out using different techniques. Differential scanning calorimetry (DSC),
thermogravimetric analysis (TGA), infrared and Raman spectroscopy, powder X-ray
diffraction (PXRD), single-crystal X-ray diffraction (SCXRD), and solid-state nuclear
magnetic resonance (ss-NMR), are used to characterise novel co-crystals (lzutsu et al.,
2016; Pindelska et al., 2017).

Properties: This was described as a stage during which further steps would be decided.
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Figure 2.4: Co-crystal development pathway according to Duggirala et al. (2016)
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Evaluation of pharmacokinetics: Evaluating pharmacokinetics (Pk) of a drug is a

crucial step in drug development. The drug performance and drug-action site flow are
explored during this stage. It is based on this that the route of drug administration and
the dose for any medication is determined. Pk is often defined as a study of processes
such as drug absorption, distribution, metabolism, and elimination from a patient’s
body. Changes in physicochemical properties which supramolecular systems such as
co-crystals deliver, result from changes in thermodynamics of APIs. These, in turn,
affect not only drug bioavailability but also the Pk of a drug through processes outlined
in the previous paragraph (timely exploring but not limited to the drug quantity

(concentration) in biological fluids, tissues, and excreta (Shan et al., 2014).

Different studies witnessed improved pharmacokinetics of APIs by co-crystallisation.
Of these, the study according to Dooner et al., 2019, reported increased
pharmacokinetics of both APIs in Tramadol-Celecoxib co-crystal. Other examples
include those highlighted by Duggirala et al. (2016). Therefore, evaluating the Pk of a
new drug substance and new delivery systems such as the co-crystal is an important

step in the development process of a drug.

Formulation: The formulation of a co-crystal in a dosage form is not a straight forward
process. Held together by hydrogen bonds co-crystals stability in the presence of
excipients that also contain hydrogen bonding groups becomes a major concern and
presents a great risk. Choosing the right excipients is paramount to minimise the

possible source of interactions with the co-crystal (Duggirala et al., 2016).

The stability of co-crystals into formulation is of major concern. This is because co-
crystals are stabilised by H-bonds and the risks associated with the use of excipients
already containing H-bonds are high, especially those excipients designed to enhance

properties of a drug in the formulation.

Further, pharmaceutical co-crystals, having enhanced physicochemical properties,
behave differently from their pure API. Regardless of the H-bonds-dependant stability,
it requires an adjustment and manipulation of the excipients, the amount of API
required to produce the same activity, and a change of the formulation method where
necessary (Duggirala et al., 2016; Panzade et al., 2017).
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Additionally, more studies are needed to address issues encountered during

pharmaceutical co-crystals formulation. The use of examples to explore the implication
of co-crystal in the formulation stage doesn’t draw a steady conclusion. Nonetheless,
different examples have been used to explore risks associated with the formulation of

pharmaceutical co-crystals (Duggirala et al., 2016).

Process and Scale-up: Scale-up of the co-crystal produced by traditional solution
methods of co-crystallisation such as solvent evaporation and slurry, present
challenges. Good quality co-crystals are obtained from solution crystallisation, a
method usually used to purify chemical substances such as APIs. Not only is there a
problem of solvent cost and solubility of the individual component but also the tendency
to crystallise which is different for these components to reduce the chances of

reproducing the same co-crystals with the desired yields (Gagniere et al., 2011).

For many co-crystals prepared using simple and common solid-state approaches known
as mechanochemical approaches, there are challenges with required high mechanical
stress and the difficulty in achieving a homogeneous final product for larger-scale
processes. Nonetheless, alternative methods such as extrusion (twin-screw) and
resonant acoustic mixing can help prepare large volumes and only require the addition
of small amounts of solvent during the process (Chavan et al., 2018; Duggirala et al.,
2016; Malamatari et al., 2017).

Finally, there is regulatory approval and patenting stage during which a co-crystal
undergoes different evaluations for patenting purposes. Initially, intellectual property
protection must be ensured. Pharmaceutical co-crystals fulfil three primary criteria for
issuing a patent. These are a novelty, non-obviousness, and utility (the drug substance
has pharmacological activity and/or improved performance vs the corresponding single
component drug substance) and so can be patented (Duggirala et al., 2016; Steed,
2013a).

Co-crystallisation methods

There are different methods used successfully for co-crystal preparation. Some of these
have been used for decades while others were recently introduced following the
intensive growth in co-crystal applications and commercialisation. Karimi-Jafari et al.,

2018, reviewed old as well as new co-crystallisation methods.
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Conventional methods such as solvent evaporation, slow cooling evaporation, vapour

diffusion can be grouped into solution crystallisation, whereas other methods include
grinding (either solid-state, or liquid-assisted), slurry conversion, melt crystallisation,
hot-melt extrusion, and spray crystallisation. With new advances in technology,
different methods are now available and summarised in five classes according to
Karimi-Jafari et al. (2018): solid-state, solution-based, supercritical fluid and

miscellaneous co-crystal preparation.

2.5.3 Solid-state co-crystal preparation
Solid-state methods use different mixing exercises and manipulation of target drug and
the co-former in their powder or crystalline form to produce co-crystals. Partial wetting
of the samples may be required for some of these methods (Karimi-Jafari et al., 2018;
Trask & Jones, 2005).

2.5.3.1 Contact formation of the co-crystal

This is a spontaneous formation of the co-crystal upon gently mixing the API and co-
former without any physical application of force. According to Maheshwari et al.
(2009), such spontaneity requires changes in free energy evaluated from solubility and
equilibrium constants (C. Maheshwari et al., 2009). Various examples have been given.
Results obtained were not all in agreement with thermodynamics of the samples, it was
then indicated that the co-crystallization rate can also be affected by other factors such
as diffusivities, molecular mobility, molecular interactions and surface interactions (C.
Maheshwari et al., 2009) in addition to high temperature and relative humidity (Karimi-
Jafari et al., 2018).

2.5.3.2 Solid-state grinding methods of co-crystal preparation

The most popular solid-state methods; dry (neat) grinding (DG) and liquid-assisted
grinding (LAG) have been widely used in co-crystal preparation. Both DG and LAG
are what constitute solid-state grinding also known as mechanochemistry; a method
developed as an alternative to solution-based methods of co-crystal preparation. This
method is simple, green, reproductive, clean, reliable and yield is imminent which is

advantageous over solution-based methods (Abidi et al., 2017; Braga et al., 2013)

Dry grinding (DG) uses pressure generated manually (using a mortar and pestle) or by
mechanical forces created by an automated ball mill to combine the target drug and the

co-former. Usually, sample preparation using this technique is carried out at room
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temperature. Where an automated ball mill is used, the temperature must be monitored

and recorded to address any changes if any and reported. Despite its effectiveness,
simplicity and other advantages, DG is associated with failure or incomplete conversion
to co-crystal and possible generation of unstable amorphous form as a result of crystal
defect (Friscic & Jones, 2009; J. L. Howard et al., 2018; Karimi-Jafari et al., 2018).

Liquid-assisted grinding (LAG) refers to grinding assisted by the addition of a very
small amount of solvent to the mixture at the beginning and during the grinding process.
The solvent places a catalytic role, therefore accelerates and promote the formation of
the co-crystal. Different co-crystals have been produced using LAG (Friscic & Jones,
2009; Karimi-Jafari et al., 2018).

Extrusion, a relatively new method uses a twin-screw extruder to simultaneously mix
and pressing the starting material or a mixture of starting materials through a die under
a controlled environment. Unlike Hot melt extrusion which involves melting the
samples and mixing at high temperatures (Gajda et al., 2019; Sarabu et al., 2019), here
the process is maintained below the melting temperature of either content of the sample
being processed (Karagianni et al., 2018a). Different co-crystals were reported to have
been produced by the Twin-screw extrusion method (Karimi-Jafari et al., 2018).

2.5.5 Solution-based co-crystal preparation
The co-crystal preparation from solution requires supersaturation of the target drug and
co-former; followed by the nucleation process, then the crystal growth. Good care and
conditions must be established to ensure the thermodynamic stability of the co-

crystalline suspension (sample containing solution).

Apart from the conventional methods outlined at the beginning of this section, solvent-
mediated and precipitation can also be used to produce co-crystals. Further, the majority
of co-crystals reported in the Cambridge structural database were produced by solution
co-crystallisation. (Karimi-Jafari et al., 2018; Leyssens & Ter Horst, 2017) A particular
example is that of carbamazepine (CBZ) an anticonvulsant with para-aminosalicylic
acid (PASA) an antitubercular (Figure 2.5).
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Figure 2.5: The crystal lattice of the co-crystal between carbamazepine and para-
aminosalicylic acid

2.5.5.1 Evaporative method of co-crystallisation

Evaporative co-crystallisation has been widely used to produce co-crystals. The super-
saturation is achieved as solvent volume reduces upon evaporation, which in turn
increases the concentration of co-crystalline mixtures in the solution. This is an
effective and preferred method to produce good quality single crystals fit for single X-
ray diffraction. Atmospheric conditions (temperature and pressure) must remain
constant throughout the experiment to ensure reproductivity, reliability of the co-crystal
product and consistency between batches (Karimi-Jafari et al., 2018; A. R. Kumar et
al., 2019).

The high evaporation rate leads to accelerated co-crystallisation. However, this was
associated with the formation of unstable/metastable crystals. Consequently, slow

evaporation of the solvent is recommended.
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2.5.5.2 Cooling crystallisation

Cooling crystallisation is another solution method of co-crystal preparation.
Supersaturation required for co-crystal growth is achieved by cooling the co-crystalline
solution. A drop-in temperature decreases the solubility of both co-formers, leading to
precipitation tendency and subsequent co-crystal growth. Among co-crystals produced

via CC are co-crystals of carbamazepine/nicotinamide obtained from ethanol.

2.5.6 Supercritical fluid methods
Supercritical fluid technology has been successfully used to produce co-crystals, using

supercritical carbon dioxide (CO,).

2.5.6.1 Co-crystallisation with Supercritical Solvent

During the use of this technique, the API and the co-former are suspended as a slurry
in liquid or supercritical CO,, using the solvent power of supercritical CO, and not that
of toxic organic solvents. First the thermodynamic of CO, is controlled to fine-tune its
density as well as solvent power. This, in turn, allows the control over co-crystallisation

between components of the co-crystal (Karimi-Jafari et al., 2018).

The application of this technique was shown an increased rate of co-crystallisation.
This is due to an intense mass transfer by convection which is promoted by stirring co-
crystal components in CO, slurry, which in turn offers a complete co-crystallisation and

results in a highly pure co-crystal (Karimi-Jafari et al., 2018).

2.5.6.2 Rapid Expansion of Supercritical Solvents

This method consists of saturation of the supercritical fluid (supercritical CO,) with an
API and co-former before the depressurisation of the CO,phase through a nozzle into a
drying chamber at atmospheric pressure. Unfortunately, this method requires that API
and co-former be solubility in supercritical CO, while the majority of pharmaceutical

molecules present low solubility (Karimi-Jafari et al., 2018).

2.5.6.3 Supercritical Antisolvent Co-crystallisation

This method uses supercritical CO, as an antisolvent for the co-crystallisation process.
On the contrary to a rapid expansion of supercritical solvent, this method requires that
API and the co-crystal former have reduced solubility in supercritical CO, to allow

precipitation of two as one co-crystal structure. Once in a vessel, the CO, dissolves in
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the used solvent, leading to simultaneous volume expansion and reducing the solubility

of that solvent, therefore resulting in precipitation.

Using its two techniques, such as batch gas antisolvent during which the solution
contained both API and co-crystal former, is saturated with CO, in a high-pressure
vessel until co-crystallisation takes place. The second technique is a semicontinuous
supercritical antisolvent process during which an API-co-former solution is forced
through a nozzle into a highly pressurized vessel containing supercritical CO, (Karimi-
Jafari et al., 2018).

2.5.7 Miscellaneous co-crystal preparation
Among the miscellaneous method of co-crystal preparation, there is the use of high-
power CO, laser to irradiate powder blends of cocrystal formers, which then promote
recrystallization to a cocrystal. This method is known as “laser irradiation”. It is
assumed that the rearrangement of co-formers molecules, as well as nucleation, occur
in a vapour phase. This is because it was seen that co-crystallisation can only take place

if co-crystal formers sublimate enough (Karimi-Jafari et al., 2018).

2.5.7.1 Freeze-Drying
Also known as lyophilisation has been wildly used in preserving a variety of products
including pharmaceuticals. The material solution is frozen at a controlled (reduced)
surrounding pressure to allow the frozen water in the material to sublime. This method
has potentially been used to prepare solid-state co-crystal forms (Sonali R. Devne,
Vidya N. Kapse, 2019).

2.5.7.2 Electrochemically Induced Co-crystallisation
Electrochemically Induced Co-crystallisation is another miscellaneous method that
uses electrochemistry to incite co-crystallisation by creating a conducive environment

for the process (pH adjustment to neutral and generate necessary local forces).

2.5.7.3 Resonant Acoustic Mixing

Co-crystal preparation relies on the acoustical transfer of mechanical energy to a wetted
powder mixture (drug-co-former). This form of energy transfer encourages the intimate
mixing of the components, therefore increasing chances for co-crystal formation (Am
Ende et al., 2014; Michalchuk et al., 2018).
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2.5.7.4 Spray drying

Spray drying is a well-known method used to produce dry powder from solutions,
emulsions and suspensions. The advanced technology which allows a highly-controlled
environment and use of hot steam air to rapid evaporation of the used solvent, the
method is very fast and produces pure co-crystals when compared to other solution co-
crystallisation methods. For this reason, spray drying is among the most preferred
method for preparation and scale-up (Alhalaweh & Velaga, 2010). The method has
been widely used in the production of amorphous solid dispersions. This method can
also and has been used to prepare co-crystal (Alhalaweh et al., 2013; Karimi-Jafari et
al., 2018).

2.5.7.5 Electrospray technology

This method leads to liquid atomisation using electrical forces where the liquid flows
out a capillary nozzle at high electric potential, and then the liquid is forced by the
electric field into a dispersion of fine and highly charged droplets. After drying, the

resulted particles are collected using a charged powder collector.

All these methods have been thoroughly discussed with examples (Karimi-Jafari et al.,
2018).

2.6 Preference of co-crystallisation

The scientific need for using the co-crystallisation process as a potential tool to enhance
the desired properties of drug substances has recently increased significantly due to the
benefit of this approach over a variety of other techniques outlined at the beginning of
this chapter. Further, the uniqueness with respect to the structure and properties, of each
product of co-crystallisation (novelty), a variety of solid forms that can be resulted from
this approach (non-obviousness), each of them exhibiting unique physicochemical
properties (utility) based on which different application may be evaluated. Simplicity
and the greenness of co-crystallisation confer this a remarkable method (Cherukuvada
etal., 2016).

Additionally, co-crystallisation around an API increases the protection of its intellectual
property (IP), by reducing the risks and industrial crisis in case the drug loses its
effectiveness over time while on the market (reducing the risk of costly litigation and
market erosion) (Sekhon, 2009).
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Co-crystallisation also stabilises drugs known to exhibit polymorphism issues

(Thakuria & Sarma, 2018). The latter being the ability of a substance to present itself
in different crystalline forms (also known as polymorphs) characterised by the same
chemical composition (same substance) but different physicochemical properties,
structure arrangements (molecules are joined and arranged differently in lattices)
(Karagianni et al., 2018b).

It is mandatory to know that the formation of hydrogen bonds during the co-crystal
screening is dependent on the molecular complementarity of the co-crystal formers and
plays an important role in structure directions due to the molecular flexibility they offer.
It is from this supramolecular concept where the idea of drug-drug co-crystallisation
comes. This concept of drug-drug co-crystallisation will be discussed in subsequent
sections (Fabian, 2009; Hutchins, 2018).

Assisted by the Cambridge structure database crystal engineering helps the
understanding of intermolecular forces involved in hydrogen bonding between
molecules (organic mostly). The presence of functional groups that engage in hydrogen
bond formation makes the molecular nature of drugs a key factor in the co-
crystallisation process. This factor also makes all APIs immanently prone to the co-

crystal formation (Shan & Zaworotko, 2008).

2.7 Multidrug co-crystallization (MDCs)

Multiple drugs combination in a single dosage form for oral administration has become
a popular drug development strategy mainly due to its abilities to boost the treatment
effect and improvement of disease management. The advantage gained from this is also
reflected in patient adherence and reduction of product development costs. Such
benefits and much more can also be obtained from combined drugs in the

pharmaceutical co-crystals (Zegarac et al., 2014).

Despite their potential as recognised by different solid-state scientists, not much
attention has been given to them, only a little is found in the literature. However, with
the present increase of complex medical conditions and increased pressure in the

discovery of new APIs, these hybrids are of utmost importance.
Drug-drug or multidrug co-crystallisation is the relatively unexplored technique for the

design of solid APIs, and according to the literature, the use of this technique may
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produce co-crystals with potential applications in terms of drugs combination and

improved properties for further development (Thipparaboina et al., 2016). Hence, for
Bhupinder, the idea of developing a multiple-drug co-crystal is reflected in recent
publications and patent applications (Bhatt et al., 2008; Aitipamula, Chow and Tan,
2009; Peterson et al., 2010; Cheney et al., 2011; Lee, Zhang and Flanagan, 2011).

According to Thipparaboina et al. (2016), multidrug co-crystals are dissociable solid
crystalline supramolecular complexes comprising two or more therapeutically effective
components in a stoichiometric ratio within the same crystal lattice, and wherein the
components may predominantly interact via non-ionic interactions and rarely through
hybrid interactions (a combination of ionic and non-ionic interactions involving partial
proton transfer and hydrogen bonding) with or without the presence of solvate
molecules. This definition was reconstructed based on FDA guidelines according to
which co-crystals are dissociable multi-component solid crystalline supramolecular
complexes composed of two or more components within the same crystal lattice

wherein the components are in a neutral state and interact via non-ionic interactions.

The multidrug co-crystals implement the patent eligibility criteria such as non-
obviousness, novelty, and utility for pharmaceutical development (Ghadi, 2014),
(Drozd et al., 2017). According to Ghadi, (2014), there was no record of multidrug co-
crystals in the literature. However, this statement was later changed and now, due to an
increased interest of researchers on these adducts, the number of reports is evolving in

the literature (Thipparaboina et al., 2016).

A more explicit definition of multidrug co-crystals takes into consideration the growing
literature on salt/co-crystal hybrids and ionic co-crystals thus includes hybrids
interactions. Benefits such as offering potential advantages of synergistic, additive
effects, enhanced solubility and dissolution of at least one of the drug components as
well as bioavailability are associated with these solid-state materials. Furthermore,
MDC due to intermolecular interactions can stabilise unstable components (Sekhon,
2012; Thipparaboina et al., 2016).

It is familiar that the co-crystallisation process often yields complex hybrids other than
co-crystals intended. The same phenomenon is likely to increase when attempting to

prepare MDCs. According to Ghadi, (2014), combining two drugs may result in either
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a mixture or a co-crystal in a specific ratio. In cases where a co-crystal is formed,

improvements in physicochemical properties and performance of at least one drug
component of the co-crystal system may be observed. Alternatively, in the case where
another supramolecular hybrid is produced, characterisation should be conducted to

determine its usefulness.
Different factors are to be considered when attempting to synthesise MDCs:

e Like normal drug-co-former co-crystals, the successful production of MDCs
depends on the method used. Mechanochemistry is likely to be the best, simplest

and cost-effect method to prepare MDCs.

» A deep understanding of both components ensures a successful co-crystal
formation. The compatibility of the MDC system components should be
established. Both drugs must possess complementary functional groups

necessary for intermolecular interactions.

*Many active pharmaceutical ingredients (APIs) with exploitable functional
groups that are readily available for hydrogen bonding can be considered.

« A diversity of methods available to synthesize co-crystals can be used, some of
which will be discussed in the methodology chapter of this thesis.

e Possibilities of co-crystal formation with ionic drugs. This factor favours co-
crystallisation over the salt formation and,

e Finally, the need for that particular co-crystal on the market motivates the
search, screening and production processes.

Generally, MDCs are synthesised the same way as normal single drug co-crystals, and
conventional methods used are similar (Thipparaboina et al., 2016). Some of the
traditional methods for co-crystal formation also applied to MDCs synthesis are; simple
distillation, solvent evaporation, cooling crystallisation, co-grinding, liquid-assisted
grinding, slurry crystallisation, melting, and sonic crystallisation. The successful
application to MDCs of these methods has been justified by a growing number of these
hybrids in the literature (Thipparaboina et al., 2016). Some of these methods were used
in this work and therefore, are discussed in Chapter 3 section 3.3.
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2.1.1 Advantages of Multi-Drug Co-crystals

MDCs offer potential advantages of synergistic benefits in addition to enhancing
solubility, dissolution as well as bioavailability offered by normal co-crystals.
Multidrug co-crystallization as a subset of co-crystallisation provides not only the
opportunity to modify the physicochemical properties of a drug substance but also the
new strategies for the development of combination therapies. MDCs, due to the
intermolecular interactions, can stabilise unstable components, (Thipparaboina et al.,
2016) therefore, reducing the occurrence of drug resistance and related side effects.

Even though the production of MDCs follows the same crystallographic procedures,
there are other factors to consider in order to successfully produce MDCs. Firstly, in-
depth knowledge of both drug components of the co-crystal is paramount to address the
purpose of the product co-crystal desired. Other factors include but are not limited to
co-crystallisation conditions as well as methods used particularly, in pharmaceutical
co-crystal production, the compatibility of two drugs, differential solubility and

variations in dose must be considered (Thipparaboina et al., 2016).

Examples of multi-drug co-crystals synthesised through this approach include three
anti-TB drugs, isoniazid (INH) and pyrazinamide (PZA) key-members of the first-line
treatment and 4-aminosalicylic acid, the second-line anti-TB drug. Both INH and PZA
were co-crystallized by PAS and two complexes resulted. The first complex is
anhydrous formed between INH and PAS with a 1:1 stoichiometric ratio. The second
complex was a monohydrate resulted from co-crystallising PZA and PAS (Grobelny et
al., 2011). Other reported combinations such as molecular complexes of theophylline
from its co-crystallisation with 5-fluorouracil and barbital have also been discussed in
the literature (Thakuria & Sarma, 2018).

The co-crystallisation of meloxicam, a non-steroidal anti-inflammatory and aspirin
resulted in a co-crystal showing a reduced time required to reach the human therapeutic
concentration compared with the parent drug, meloxicam (Cheney et al., 2011). The
co-crystal of acetaminophen and theophylline in a 1:1 ratio showed a better dissolution
rate than that of the physical mixture of these drugs. Other examples include Dapsone
which due to its potential therapeutic activity, was co-crystallised by different active
substances (Bucar et al., 2014; Fernandes et al., 2015; Jiang et al., 2014; Surov et al.,
2014).
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The MDR Entresto (Chavan et al., 2018) comprising of valsartan; an angiotensin 1l

receptor antagonist used in the management of hypertension and sacubitril; a neprilysin

inhibitor, was the first to be approved by the US FDA for the treatment of heart failure.

2.2 Conclusion

With an intense demand for new medications, an increase of drug resistance among
available medications, the desire to discover new, co-effective, and patient-friendly
compounds, compel researchers to explore different alternatives one of them being fine-
tuning physicochemical properties of known APIs. Co-crystallisation has recently
evolved as a better approach to promising new chemical entities. Based on a growing
number of publications, co-crystals have gained potential applications in the
pharmaceutical industry and other fields of chemistry and physics such as
agrochemistry, catalysts, food industry, energy, etc.

Co-crystallisation does not only enhance the essential properties of APIs but also plays
an important role in combination therapy where APIs can be combined in a single co-
crystal for multi-target purposes. Typical examples of these include HIV, TB and
cancer treatments that require high doses and therefore, involve the administration of
many drugs at once in order to achieve the necessary doses.

Even though co-crystal formation is not always successful, the resulted multi-
component adducts (MDC) come with even better properties than that of the co-crystal
counterpart. The diversity of these solid-state materials that can be effected under
different circumstances from co-crystallisation justify the influence of this approach in

protecting the intellectual property of a drug.

Assisted by the CSD, crystal engineering helps the understanding of intermolecular
forces involved in hydrogen bonding between molecules (organic mostly). The
presence of functional groups that engage in hydrogen bond formation makes the
molecular nature of drugs a key factor in the co-crystallization process. This factor also

makes all APIs immanently prone to co-crystal formation (Shan & Zaworotko, 2008).
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Chapter 3 Materials and experimentation methods

This chapter presents materials used in this study and a description of all the analytical
techniques (laboratory and computational) applied to critically analyse the various

chemical products.

Initially, a brief discussion of selected drug substances consisting of material source,
chemical structures, and the physicochemical properties is given, then the mode of
action of each candidate is summarised. Selected candidates can be grouped into two
categories: the first one is made of antiviral drugs for the treatment and prevention of
HIV/AIDS and amantadine and the second group consists of anti-tuberculosis drugs.
The chapter also gives a full description of the experimentation for the preparation and
the physicochemical characterisation of different solid forms of selected candidates.
Thermal, spectral, morphological, diffraction, chromatographic as well as

computational analytical methods were collectively utilized in this research.

3.1 Material sources

Anti-retroviral drugs efavirenz (EFV), nevirapine (NVP), zidovudine (AZT),
lamivudine (3TC) were obtained as a generous donation from ASPEN Pharmacare
(Cape town) and were used as received. Adamantyl-1-amine (ADT), isoniazid (INH),
pyrazinamide (PZA) and glutaric acid (GA) were purchased from Sigma-Aldrich
Chimie GmbH (Steinheim, Germany) and were also used without further purification.
All solvents used were all purchased from Sigma-Aldrich Chimie GmbH (Steinheim,

Germany) as well. Where necessary dilution was made has been indicated.

3.2 ldentification of selected compounds

As mentioned in chapter 1, considering the speed of HIV replications and the number
of errors and cross-species transmissions that can occur, interfering with viral growth
requires different strategies. Due to this, a variety of anti-HIV drugs were developed
and are available in different classes such as fusion inhibitors which interfere with
attachment and fusion of the virus into the cell-host via an envelope glycoprotein
complex. This envelope is made of a total of 161 subunits that mediate the entry process
and facilitate the fusion to the host (Eggink et al., 2010). Other inhibitors include:
protease inhibitors and reverse transcriptase inhibitors (RTIs) grouped into
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nucleoside (NRTIs) and non-nucleoside reverse transcriptase inhibitors (NNRTIS).
Antiviral drugs selected for this study include two NRTIs, Zidovudine (AZT) and
Lamivudine (3TC), two NNRTIs, Nevirapine (NVP) and Efavirenz (EFV), and 1-
adamantylamine (ADT).

NVP (Figure 3.1) is a well-known NNRTI used in combination with other drugs in a
single regimen, alternatively to EFV, for the treatment of HIV infection and AIDS. NVP
belongs to the chemical class of dipyridodiazepinone and is known to an IUPAC name
of 11-cyclo-propyl-5,11-dihydro-4methyl-6H-dipyrido(3,2-b:2°,3’-¢e) (1,4) diazepin-6-

one.

Approved in 1996 by the US-FDA, the drug was marketed as Viramune®. NVP binds
directly to reverse transcriptase (RT), blocking the RNA-dependent and DNA-

dependent DNA polymerase activities, thus disrupting the enzyme’s activities.

xesThRN CAPE/

O

Figure 3.1: Nevirapine molecular structure

According to the biopharmaceutics classification system (BCS) by the FDA, the drug
belongs to a class Il drug (high permeability and low solubility). The aqueous solubility
of NVP at pH = 7 and at 37°C is very low (0.1 mg/mL). NVP has shown the ability to
form different polymorphs. Three polymorphs and several solvated forms of NV were

isolated using different recrystallisation methods (Chadha et al., 2010a).
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Alternative modes of self-association such as co-crystallisation are possible due to the
presence of a rigid conformational amide functional group in the NVP molecule. The
crystallization normally occurs via dimeric or catemeric synthons (Chadha et al., 2010a;
B Reguri & Chakka, 2006; Buchi Reguri & Chakka, 2004; Stieger et al., 2010).

According to Caira et al. (2012), the butterfly-like shape of the NVP structure is
essential in binding to the reverse transcriptase site. Worries on whether co-crystallising
NVP would result in altered conformation flexibility of the molecule have been
investigated and proven otherwise since insignificant change occurs upon co-
crystallisation, thus having no impact on the binding abilities of the drug to the inhibitor

enzyme.

NVP is one of the poorly water-soluble antiretroviral drugs. It is known to exhibit a
limited dissolution rate which subsequently leads to low and variable bioavailability. It
is for this reason that NVP is classified as a Class Il drug according to the
Biopharmaceutical Classification System (BCS) (Raju et al., 2014). NVP has shown
the ability to form crystals with different carboxylic acid and other carbonyls. Five co-
crystals of nevirapine have been reported (Caira et al., 2012).

Just like other NNRTIs, NVP is vulnerable to the development of resistance. It is known
that one mutation causes high-level resistance to all first-generation NNRTIs. NVP
noncompetitively inhibits HIV-1 RT DNA polymerization reactions. However, this
statement is contradicted by the changes in inhibition constants depending on the
identity and sequence of template or primer substrate used during the assay (polymerase
assay) (Sluis-Cremer & Tachedjian, 2008).

Efavirenz (EFV); also, chemically known as ((4S)-6-chloro-4-(2-cyclopropylethynyl)-
4(trifluoromethyl)-2,4-dihydro-1H-3,1-benzoxazin-2-one (Figure 3.2) is a potent non-
nucleoside inhibitor (NNI) of the human immunodeficiency virus (HIV) type 1
transcriptase. EFV is used as part of first-line antiretroviral therapy. Despite its poor
aqueous solubility and high permeability thus a BCS class Il drug, EFV remains one of
the drugs of choice and part of the highly active antiretroviral therapy (HAART). EFV
is commercially available as Sustavine® or Stochine®, supplied by the pharmaceutical
company Bristol-Myers Squibb (Gatch et al., 2013).
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EFV is a lipophilic crystalline solid and a derivative of benzoxazinone. The drug has a
solubility of 0.9 pg/mL and a low intrinsic dissolution rate of 0.037 mg/cm?/min (da
Costa et al., 2012). Approved by US-FDA in 1998, EFV demonstrates its high potent
non-nucleoside inhibitory activity against HIV-1 reverse transcriptase by suppressing
viral multiplication and prevent damage of related cells even at nanomolar

concentrations (De Gomes et al., 2013).

EFV is currently used clinically in a single tablet dosage along with integrase and
protease inhibitors administered once daily (as a fixed-dose combination). This is an
immensely desired and compliant HIV-1 treatment known according to De Gomes et
al., (2013).

Figure 3.2: Efavirenz molecular structure

EFV co-crystallization is not very well documented despite its well-known ability to
solve aqueous solubility-related problems that such a drug may encounter (De Gomes
et al., 2013; Mahapatra et al., 2010). Co-crystallising EFV with the highly aqueous

soluble co-formers would enhance its solubility profile.

Generally, NNRTIs inhibit the replication of HIV in the early stages. However,
NNRTIs such as EFV have shown to inhibit the replication at a later stage of the viral
replication. Despite the differences structurally, all NNRTSs interact with HIV-1 RT by
binding to a single site on the p66 subunit of the HIV-1 RT p66/p51 heterodimer also
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known as NNRTI binding pocket situated approximately 10 A from the RT DNA
polymerase active site and 60 A from the RT RNase H active site (Sluis-Cremer &
Tachedjian, 2008).

Zidovudine (Figure 3.3) is one of the anti-HIV agents used individually or in
combination with other agents. The drug is known to the IUPAC name of 1-
[(2R,4S,5S)-4-Azido-5-(hydroxymethyl)oxolan-2-yl]-5-methylpyrimidine-2,4-dione
or azido-deoxythymidine (AZT).

Available on the market under the brand name of Retrovir®, AZT was the first drug
approved by the US for the treatment of HIV infections and AIDS on 19 March 1987.
AZT falls under the category of NRTIs due to its inhibition to RT, the enzyme used by
HIV to synthesise the viral DNA. This viral DNA is key to the multiplication of HIV.
The use of AZT remarkably reduces (but does not suppress) the replication of HIV and
restores the immune system. It is also assumed to intervene in the prevention of HIV
transmission from a mother to a child during the birth or in case of injury. Due to the
resistance to HIV, AZT is used in combination with other anti-HIV drugs in a regimen
known as HAART.

OH

N

Va

Figure 3.3: Zidovudine molecular structure

This information on physical and chemical properties was extracted from Sigma
Aldrich Material Safety Data Sheet (MSDS).
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Zidovudine is known to have metabolic pathways, namely phosphorylation (Figure

3.4) during which AZT reacts with different enzymes to reach its active stage (Veal &

Back, 1995).
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Figure 3.4: Diagram of AZT metabolic pathways (Source: Veal and Back, 1995)

3.2.4 Lan
Lamivudine (Figure 3.5) with an IUPAC name of 2-deoxy-3-thiacytidine (3TC) is a
synthetic nucleoside analogue (dideoxynucleoside) that is used for the treatment of HIV
by inhibiting the replication and chronic hepatitis B viral infections. Like AZT, 3TC
only becomes active through the metabolism process of phosphorylation (Figure 3.6)

(Andrade et al., 2011).

HO o) —

Figure 3.5: Lamivudine molecular structure
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Figure 3.6: Diagram of lamivudine metabolism pathway (Andrade et al., 2011)

The mechanism produces a 5’-triphosphate which inhibits the HIV enzyme, the reverse
transcriptase which; by using host cell endogenous nucleosides as substrates, catalyses
the formation of a complementary DNA from a single-stranded HIV RNA. The chain
termination is induced by the absence of 3’-Hydroxyl group (on which 3°,5’-
phosphodiester linkages are made) due to the incorporation of the active triphosphate

on RT binding site instead of the normal endogenous triphosphate. 3TC inhibits HIV
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replication also by interfering with reverse transcriptase, thereby reducing the viral load

and significantly the mortality rate.

3CT is also known to exist in different polymorphic forms (forms I, I, and 111) among
which polymorph I and 11 were reported (Chadha, Saini, etal., 2012; Harris et al., 1997),
polymorph 111 was later reported in 2007 by Singh (Singh, G. P., S. Dhananjai, M. B.
Saini, 2007). Due to this polymorphism phenomenon, a number of 3TC polymorphic
co-crystals have been identified in the literature (Bhatt et al., 2008; Sekhon, 2012).
Generally, carboxylic acid-aminopyridine synthons were involved in co-crystal

formation.

1-Adamantanamine (ADT) (Figure 3.7) is commonly found in the literature in its
hydrochloride salt form. The rate of activity of the free base compared to the salt forms
might differ because the solubility of the freebase and salt form is very different. ADT
trade names are Amantadine®, Midantan® and Symmetrel®. ADT-HCI salt was once
used for its antiviral activity in the prevention and the early-stage treatment of influenza
A.

The drug is known to increase the dopamine levels in the central nervous system (CNS);
for this reason, it is often applied in medication for the treatment of dementia,
Parkinson’s disease, Alzheimer’s diseases, stroke, hypoxic brain afflictions, and neuro
infections (Hay, 1989; Kampman et al., 1996; Kornhuber et al., 1995).

A caged structure of this drug and the presence of an amine group confer to the molecule
the special chemical property of a diamond-like structure (Kornhuber et al., 1995).

NH,

Figure 3.7: 1-adamantanamine molecular structure

The system is rigid but strain-free, demonstrating that there is no angle or torsional

strain present. Consequently, it is a highly stable structure.
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1-adamantanamine hydrochloride (ADT-HCI) inhibits replication of the influenza
group A virus, containing the M2 protein. The M2 protein functions as an ion channel
and prevents exposure of the viral hemagglutinin to low intracellular pH to which it is
sensitive.

The apparent antiviral activity of ADT-HCI results from the ability of the drug to
prevent viral penetration into the host cell by blocking ion channel proteins existing in
the virion lipid envelope of the group A viruses or suppressing the uncoating process
(Blazquez et al., 2016; Davies et al., 1964; Stanicova et al., 2001).

The antiparkinsonian activity is less known, although it is also related to the ability of
1-adamantanamine to block neuromuscular transmission, which may, however, depend
on its capacity to increase the synthesis and release of dopamine (Blazquez et al., 2016;
Hubsher et al., 2012). ADT-HCl is also believed to be effective against the dengue virus
(Koff et al., 1980; Lin & Chen, 2016).

Isoniazid (Figure 3.8), chemically known as isonicotinylhydrazide (INH) is an
antibacterial drug used in the first-line treatment of TB infections since 1952. It is used

in the prevention and treatment of both latent and active TB.

INH is inactive (a prodrug), the in vivo activation by KatG, which is an enzyme with
catalase and peroxidase activities. The process leads to inhibition of mycolic acid
synthesis; a long-chain fatty acid-containing component of the mycobacterial cell wall
(Lei, Wei, and Tu, 2000). The activated inhibitors are known to exhibit their activity on
two target enzymes; enoyl-acyl carrier protein reductase (InhA) and B-ketoacyl-Acyl
carrier protein synthase. Further, it was also reported that the activation of INH inside
the mycobacterium tuberculosis by oxidation with manganese (iii) pyrophosphate
which is a chemical model of the KatG protein, generated four isomeric adducts that
are effective against InhA, an essential enzyme in mycolic acid biosynthesis which was

fully characterized in detail by (Broussy et al., 2003).
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Figure 3.8: Molecular structure of Isoniazid

INH has been co-crystallised with different dicarboxylic acids as co-crystal formers.
Some of these are found in the literature according to Swapna, Maddileti and Nangia,
(2014).

Pyrazinamide is an antitubercular drug known to a UIPAC name of pyrazine -2-
carboxamide (PZA). PZA is always used in combination with other anti-tubercular
drugs, specifically during the first months of treatment to shorten the regimen duration.
It was reported that the ability of PZA to destroy semi-dormant tubercle bacilli in acidic
pH environments which survived other anti-TB drugs, shortens the duration of
treatment to 6 months (Zhang et al., 2003).0n the other hand, its absence in the first-
line treatment regimen makes the duration of the treatment longer up to nine months or
more. Even though the title drug is naturally bacteriostatic, it was also found to be
bactericidal in the presence of active Mycobacterium tuberculosis (Gunasekaran &
Sailatha, 2009; Zhang et al., 2003). PZA among isoniazid and rifampicin, the first-line
drugs for the treatment of TB infection is also considered as a keystone in modern TB
therapy.

The mechanism of action of PZA is summarised in Figure 3.9. According to Zhang et
al. (2003), the process begins with PZA entering tubercle bacilli by passive diffusion
where it is converted to pyrazinoic acid (POA) by pyrazinamidase /nicotinamidase
encoded by the pncA gene. POA then reaches the cell surface through passive diffusion
and a weak (deficient) efflux mechanism. At acid pH, the protonated POA (HPOA)
enters the cell by passive diffusion, in a pH-dependent manner and then accumulates to
high levels intracellularly and Kills bacteria using different mechanisms including

disruption of membrane energy production, inhibition of translation, possibly inhibition
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of pantothenate and CoA biosynthesis, and other mechanisms which are not yet
identified.

PZA is a paradoxical and unconventional drug due to its strange properties. It is active
against non-growing and old bacilli. This is the absolute opposite of other antibiotics
that actively inhibit young growing bacteria. PZA is active only under acidic conditions,
practically inactive in near-neutral pH 7. PZA activation is obtained from an increased
acidity generated during active inflammation and slow conversion into its active form;

POA by the bacterial nicotinamidase/ pyrazinamidase (PZase) (Zhang et al., 2003).

Different co-crystals have been prepared from PZA with different co-crystal formers
including active substances such as diflunisal a non-steroidal anti-inflammatory
substance (Abourahma et al., 2011; Evora et al., 2011; Grobelny et al., 2011;
Rajbongshi et al., 2018).
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Figure 3.9: Mechanisms of Pyrazinamide Action and Resistance (source: Zhang
etal., 2014)

3.2.8 Glutaric acid
Glutaric acid (Figure 3.10) is one of dicarboxylic acid safe according to the US-FDA

GRASS list and widely used as a co-former in different pharmaceutical co-crystals to
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enhance physicochemical properties such as solubility and dissolution behaviours. The
wide use of carboxylic acids such as Glutaric acid also reflects their carboxyl moieties
readily available to form hydrogen bonding with amino moieties present in different
APIs (Cairaetal., 2012) (Luo & Sun, 2013) (Jung et al., 2015) (Samsodien et al., 2017).

HO OH

O @)

Figure 3.10: Glutaric acid molecular structure

3.3 Co-crystal/solid forms preparation

There are different methods to prepare multicomponent solid-state materials.
Particularly for co-crystal synthesis, solution crystallisation methods such as solvent
evaporation are methods of preference due to the high purity of the product. However,
it is not always possible to successfully produce a co-crystal using these methods. In
that case, mechanochemical reactions via neat grinding, and/or solvent-assisted
grinding (Friscic & Jones, 2009) are used as co-crystallisation methods. The co-
crystallisation process involves the formation of intermolecular interactions between a
drug of choice and a selected co-crystal former. Both solution and solid-state methods

have been explored in the attempt to form co-crystals of the above selected APIs.

3.3.1 Co-crystal screening by evaporative methods

The evaporative method of co-crystallisation, also known as co-crystallisation from
solution involves dissolving powder or crystalline samples into different solvents and
letting evaporation take place while growing crystals (Ghadi, 2014). Advantages of

synthesising co-crystals from these evaporative methods include:

There is a fast transformation by the liquid phase present, eschewed components
thermal stress and consideration of the solubilities of the components during the
experimental design. Other important points to note are that almost any solvent can be
utilized for co-crystal screening and synthesis regardless of its boiling point. There is a
high chance for co-crystal formation due to the maximum activity of the co-crystal
components in solution and the possibility for the formation of a thermodynamically

stable solid-state.
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Furthermore, the methods adhere to the unexpected outcomes in terms of
stoichiometries of the binary compound and offer an easy way to manage experiments
because any change of the precipitate relative to the thermodynamically stable form of
the pure drug substance reveals the formation of a binary compound (Rager & Hilfiker,
2010).

Despite their advantage over mechanochemistry, these methods are expensive and
time-consuming, and as discussed in chapter 2, the correct choice of solvent is, in fact,
paramount. Exposure to some solvents used during these experiments may be
dangerous and may cause long-term effects. Figure 3.11 demonstrates the solution co-
crystallisation steps; the first beaker contains the co-crystallising solution in which a
drug was completely dissolved and filtered while the second beaker contains a solution

with crystals precipitated at the bottom after co-crystallisation occurred.

-

Co-crystallization

- |

Figure 3.11: The demonstration of the crystal/co-crystal formation from solvent
evaporation

3.3.1.1 Co-crystal screening by single solvent evaporation

During this evaporative method, stoichiometric amounts of two-parent compounds
were dissolved in the necessary volume (e.g. 2 mL) of solvent. With temperatures kept
below the melting point of the lowest melting constituent and about 10°C below the
appraised boiling point of the solvent system, the two samples were separately
dissolved in the solvent while being stirred with a magnetic stirrer on a hot plate until
the powders were completely dissolved. The two solutions were then mixed in the vial
containing the smaller quantity and extracted using a syringe. The solution was then
filtered through a 0.45 xm micro-filter and transferred to a clean and labelled vial and
closed with Parafilm®. A few holes were made in the parafilm® using needles, to

facilitate solvent evaporation.
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3.3.1.2 Co-crystal formation by binary mixtures of solvents
Solvent evaporation using mixtures of solvents has been proven useful where the use

of one solvent fails to produce the desired co-crystal.

In this research, co-crystal screening was also carried out by the slow evaporation
method using a mixture or mixtures of solvents in several stoichiometric ratios. The
stoichiometric amounts of the compound and co-crystal formers are dissolved in a
known volume of a binary mixture of solvents. Samples were dissolved separately in
the respective solvent systems, stirred with a magnetic stirrer while on a hot plate until
the powders were completely dissolved. All temperatures were kept below the melting
point of the lowest melting component and approximately 10°C below the estimated
boiling point of the solvent system. The two solutions are then mixed in the vial with
the lesser amount of solvent, stirred, extracted via a syringe and filtered from the
syringe through a 0.45 xm micro-filter and transferred to a clean and labelled vial and
closed with Parafilm®. The parafilm® was perforated using needles to facilitate solvent
evaporation. The solution is left undisturbed for a reasonable period of time, allowing

the evaporation process to take place desirably.

3.3.2 Co-crystal formation by vapour diffusion
A solution of the solute and co-former in a stoichiometric amount was prepared using
a so-called good solvent (solute and co-former soluble solvent) and was placed in a
small vial that was stored in another big container, containing a small amount of a

miscible, volatile non-solvent.

The bigger container was tightly closed. The sample preparation was left for a
reasonable time to allow diffusion of the non-solvent vapour phase into the solution of
the small vial creating equilibrium in vial contents. As the equilibrium was reached,
saturation or super-saturation was achieved. The solubility of the compound in a
precipitant used in such a technique should be as low as possible (much less than 1
mg/ml), and the precipitant (the solvent in which the compound is poorly soluble)
should be miscible with the solvent and the saturated solution in the small vial.

3.3.3 Co-crystal formation by mechanochemistry
Mechanochemistry is the transformation (chemical and physicochemical) of substances
during the aggregation caused by mechanical energy. Moreover, by definition,

mechanochemical reactions are chemical reactions induced by mechanical energy. This
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approach has long been used for the synthesis of different solids, including metallic
alloys. The approach was introduced by Faraday earlier in 1820. Other works on the
development of this method include Ostwald’s who established the position of
mechanochemistry within the chemistry framework and compared four branches
namely electrochemistry, mechanochemistry, photochemistry and thermochemistry
(Jones & Eddleston, 2014). Quinhydrone was the first organic co-crystal by
mechanochemical reactions using solid-state grinding, produced by Friedrich Wohler
in 1844.

This approach presents several advantages, such as simple process, ecological safety
and the possibility of obtaining a product in the metastable state. Among co-
crystallization techniques, the application of mechanochemical technology in the
pharmaceutical field has recently gained extensive attention and has been successfully
used for the production of pharmaceutical co-crystals, solid dispersion, eutectic
mixtures and other important solid forms including but not limited to the amorphous
form (Jones & Eddleston, 2014).

3.3.3.1 Co-crystallisation by neat/solid-state grinding

Co-crystallisation by grinding is a very popular method that uses mechanical energy to
induce the chemical reactions between the two co-crystal formers. According to the
literature, this method efficiently promotes hydrogen bonding and when compared to
other methods, solid-state grinding (SSG) also shows different advantages such as
being simple, quick, environment-friendly and does not require the use of solvent or
heat (Douroumis et al., 2017).

Neat or dry grinding consists of mixing stoichiometric amounts of crystal components
and grinding them either manually using a mortar and pestle or mechanically Figure
3.12 (Ghadi, 2014; Jayasankar et al., 2006). Several pharmaceutical complexes/co-
crystals have been successfully synthesised by neat grinding (Friscic & Jones, 2009;
Yun Hu et al., 2014).
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Figure 3.12: Image demonstrating co-crystal synthesis by solid-state grinding (left) and
liquid assisted grinding (LAG) (right)

In this work, co-formers were accurately weighed in different molar ratios and were
transferred in a marble mortar, ground manually with a pestle for at least 30 minutes
period of time. The resulted powders were subsequently characterised using various

methods as found in the characterization section.

3.3.3.2 Co-crystallisation by liquid assisted grinding (LAG)

The LAG is an auspicious method widely used to synthesise co-crystals. In this method
the mechanochemical reactions use the addition of a small amount of suitable solvent
to the ground mixture (APl and co-former) at the beginning of milling, to accelerate the
process of the co-crystal formation (Figure 3.12). This method was reported to
synthesise co-crystals even more efficiently than neat grinding (Frii¢, 2010),(A.
Mukherjee et al., 2018). Just like solid-state grinding, the LAG method offers an
additional opportunity to explore non-crystalline materials and drugs whose differences

in solubility limits other solution co-crystallisation methods.

Furthermore, the LAG/solvent-drop grinding method avoids excessive use of
crystallisation solvent. Hence, compared to solution crystallisation methods such as
solvent evaporation; it can be regarded as a green process. The solvent-drop grinding
method could also prove useful for polymorph control and selective polymorph
transformation as previously reported (Braga et al., 2013; Hasa et al., 2015; Karimi-
Jafari et al., 2018).
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3.4 Characterisation

3.4.1 Characterization by the Hot Stage Microscopy (HSM)
Thermal microscopy, also known as the hot stage microscopy, combines microscopy
and a thermal analyser to enable the understanding of and characterise materials as a
function of temperature and time. Otto Lehman was the first to use this technique in the
1880s, and it was introduced in the pharmaceutical field by Maria Kuhnert-
Brandstatter; the first researcher to use thermal microscopy in the characterisation of
pharmaceutical compounds (Stieger et al., 2012).

For the characterisation of active pharmaceutical ingredients, this technique allows:

e The observation of any changes in the physical appearance of the sample.

e The economic analysis of a very small amount of analytical samples. The
method is relatively inexpensive in terms of instrumental setup which comprises
of a heating stage with a sample holder and a suitable light polarizing
microscope which is sometimes coupled with a gaseous atmosphere controller
and a system that enables the image/ video to be captured, measurements of
observations and temperature to be determined.

With the use of HSM observations of the physical changes are made possible. These
include compound morphology, gas evolution (in solvated samples), solid-solid
transformations, the interaction between different compounds, dissolution of one
compound in another, sublimation and/or evaporation, vapour deposition, melting or
liquefaction upon heating (solid-liquid transformations), solidification upon cooling,
crystal growth and its rate and decomposition (Stieger et al., 2012).

The use of this thermo-microscopic technique allows the observation of different

thermal events while heating or cooling the sample crystal or powder on a hot stage.
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Figure 3.13: Image of the Hot Stage Microscope fully set for analysis.

In this research, a Linkam TP92 temperature control unit connected to a Linkam THMS
600 hot stage (Figure 3.13) was used to heat samples at a controlled rate. Observations
and visual characterisation were made possible using a real-time Sony Digital Hyper
HAD colour video camera, fitted to a Nikon SMZ-10 stereoscopic microscope. Images
were recorded and analysed by the Soft Imaging system Essential Stream®. This
interconnected system proves to be very useful and allows distinguishing new solid
phases such as polymorphs (transition from one form to another can be easily
observed), co-crystals and/or complexes, amorphs (which recrystallise due to their
instability), and desolvation of solvated crystals can be detected over the heating
process. Further, sublimation and physical vapour deposition can be observed under

microscopy during the HSM analysis.

HSM results and the DSC analysis were correlated to TGA analyses that were also
performed to assess % solvent content in samples. During the heating process on the
HSM, the appearance of bubbles coming from the sample in an inert medium (e.g.
silicone oil), usually indicated a solvent loss. Other thermal changes such as
polymorphic transition and decomposition were indicated by colour changes in the

sample being analysed.
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3.4.2 Differential Scanning Calorimetry (DSC) analyses
Understanding thermal behaviours during drug discovery and development is an
essential step in the supramolecular synthesis. DSC analysis plays a remarkable role in
the process of drug development. DSC is one of the most common thermal analysis
(TA) techniques, which has been widely used to evaluate the thermal stability of a
variety of substances (Abd-Elghany & Klapotke, 2018). Today, it is not easy to find
substances which have not yet been studied

The wide range of DSC applications of which some are shown in Figure 3.14 and its
capabilities in different fields make this instrument a very useful tool. Those
applications include but are not limited to the determination of the characteristic
temperatures such as melting, crystallisation, polymorphic transitions, reactions, glass
transition), melting, crystallization, transformation, and reaction heats (enthalpies), the
crystallinity of semi-crystalline substances, decomposition, thermal stability, oxidative
stability, degree of curing in materials such as resins, adhesives, purity determination
of low molecular mass compounds, specific heat and compatibility between
components (Abd-Elghany & Klapotke, 2018).
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Figure 3.14: Different information or typical transition obtained in DSC spectrum

Different events may occur during thermal analysis by DSC (Figure 3.14.), some of
which are endothermic and others exothermic. Interpretation of these and deduction of
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what exactly is happening can be very tricky and requires a basic understanding of
thermodynamics.

In this research, an 8000 Perkin-Elmer DSC (Figure 3.15) (Waltham, USA),
incorporating a cooling system was used at a scanning rate of 10°C per min, under N
gas (99.8%) purged with a flow rate of 20 mL/min. DSC traces were recorded from
room temperature to 20°C above the melting point of the drug being analysed. Sample
sizes were in the range of 1-4 mg for all compounds. Crystalline samples were taken
from the vial, dried on filter paper, and crushed to appropriate particle size, and sealed
in an aluminium pan.

A sealed and empty pan was used as a reference. The DSC analyser was calibrated by
measuring the onset temperatures of the melting of indium (m.p. 156.6°C) and zinc
(m.p. 419.5°C) while the heat flow was calibrated from the enthalpy of melting of
indium (28.62 J/g). Endothermic and exothermic peaks appearing in the DSC graphs
were analysed in terms of their onset temperatures, the temperature range of the peak
(determined from the first derivative of the trace), and the enthalpy of the peak
(measured in J/g). Various endothermic and exothermic peaks observed in the DSC
trace are associated with various thermal behaviours and were interpreted in
correspondence with HSM to be associated with solvent loss, phase changes in the
sample, and decomposition.
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Figure 3.15: A differential scanning calorimeter and Intracooler 11 (right)
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3.4.3 Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) is another TA widely used in research and
development of different substances and engineering materials. TGA has recently been
used in quality control and assurance of different raw materials. TGA changes in the
mass of the sample are measured as a function of temperature and time under controlled
atmospheric conditions and temperature program. Loss of mass during TGA
experiments may occur due to the presence of volatile components such as absorbed
moisture, residual solvents, or low molecular mass additives or oligomers that generally
evaporate, decompose, oxidate, etc. In general, TGA generates information such as
composition, the extent of cure, and the thermal stability of the samples (Prime et al.,
2008).

However, A TG thermogram graphically shows the sample mass change vs temperature
or time. These changes are unigque from one compound to another. Like DSC, some of
the common applications of the TGA in pharmaceutical sciences include the
characterisation of the physicochemical properties of crystalline solids (single or multi-
components) and the detection and identification of polymorphic forms, solid
dispersions, and other polymeric dosage forms. TA techniques are also used to
investigate the effects of lyophilisation as well as develop optimal lyophilisation

formulations and cycles.

In this work, a 4000 Perkin-Elmer PC thermal system (Waltham, USA) was used
(Figure 3.16). Calibration of the instrument was performed using three different
references; Alumel (m.p. = 154.2°C), Perk alloy (m.p. = 596.00°C) and iron (m.p. =
780°C) at 1 and 2°C/min. The samples analysis was carried out over a temperature
range between 30°C — 400°C at a predetermined heating rate of 10°C/min. Samples
were continuously purged by a stream of dry (99.8%) nitrogen gas (20 mL/min), and

solvent stoichiometry of the compounds was determined from the percentage mass loss.

The TGA was used to measure the mass loss of samples as a function of temperature
and the decomposition of desolvated materials. An empty ceramic crucible was
weighed first inside the instrument to re-zero the weighing scale of the instrument. The
sample (crystalline or powder) was then placed into the crucible, and the weight was
recorded. The programmed TG technique was carried out over a temperature range
between 30°C and 400°C at a predetermined heating rate of 10°C per minute. Samples
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were continuously purged by a stream of dry nitrogen gas, and the solvent stoichiometry
of the compounds, as well as decomposition, was determined from the percentage mass

loss.

Figure 3.16: The thermogravimetric analyser with a digital temperature
controller

3.4.4 Morphology study by scanning electron microscopy (SEM)
Scanning electron microscopy (SEM) is one of the most versatile analytical tools used
to analyse a wide range of materials, including pharmaceuticals. The instrument is
equipped with its powerful electron microscope that produces high-resolution images
of the specimen. The sample is struck with a beam of high energy electrons focussed
on one spot resulting in an emission of secondary high energy electrons (backscattered)
which then generate images of the best quality. Diffracted secondary electrons are used

to determine the structure of the sample exposed (Goldstein et al., 2017).

Its applications also include the use of energy-dispersive X-ray spectroscopy (EDS) to
acquire elemental maps or spot chemical analyses. Phase discrimination is based on the
mean atomic number, compositional maps using transition metals, and rare earth
metals. Additionally, when equipped with diffracted backscattered electron detectors,
SEM can be used to examine crystallographic orientation in many materials and
microfabric (Goldstein et al., 2017).

Morphology of individual pure drugs and the synthesised co-crystals were conducted
using an AURIGA Field Emission High-Resolution Scanning Electron Microscope
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(HRSEM), Zeiss (Germany) (Figure 3.17). Powder samples were mounted onto
aluminium stubs using carbon tape. The energy (kV) used for images was 5 kV and 20
kV for EDS. The lament current was set at 2,359 amps. Carbon tabs were placed on the
aluminium stubs to hold samples. Working distance (WD) for images is displayed on
each image. SmartSEM 90 and AZTEC software were used for imaging and EDS,

respectively.

Figure 3.17: Scanning electron Microscopy (Auriga)

3.4.5 Characterization by Fourier Infrared spectrophotometry
Infrared spectra of the parent drugs and the co-crystals or other solid-state sample
products were obtained using a Perkin-Elmer 100 FTIR instrument (
Figure 3.18) fitted with UATR and controlled with Spectrum® software version
6.3.5.0176 for the analysis of samples.

Samples were analysed mostly in a powder form or crystalline form over the range of
600-4000 cm™ at a spectral resolution of 2 cm™!. The percentage of transmittance was

recorded against frequency. This analytical technique was used to investigate different
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functional groups in samples and to prove the existence of intermolecular interactions

during the co-crystal/complexation processes.

Figure 3.18: Spectrum 400; the FT-IR/FT-NIR spectrometer

3.4.6 Characterisation by solid state-NMR
NMR is one of the most powerful spectrometric techniques used for structure analysis
of compounds due to its ability to access information of the chemical structure at a

molecular level.

3.4.7 Characterisation by Powder X-Ray Diffraction (PXRD)

single-crystal X-ray diffraction provides direct, complete, and accurate structural
information on molecular and supramolecular structures. However, the applicability of
this method is always limited to the requirement of good quality and single-sized
crystal, which is not always possible to find. Due to this restriction and the increasing
interest in mechanochemical syntheses of powder co-crystals and other solid-state
multicomponent samples, powder X-ray diffraction (PXRD) has proven to be a
powerful non-destructive method (Karki et al., 2007).

In this work, the PXRD was used to determine the characteristic patterns of crystalline
materials. New materials species such as polymorphs, complexes, and co-crystals can
be identified using this technique. This technique is particularly used in the absence of
good quality crystals suitable for single crystal structure determination.
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The PXRD in this work was used to confirm new phases and co-crystal formation.
Changes in diffracted patterns occur due to changes in the crystal lattice, and this is the

key to the identification of newly formed materials.

The PXRD data were identified and recorded using a D8 Advance powder X-ray
diffractometer (Bruker AXS GmbH, Germany) with Cu K radiation (= 1.54056). The
tube voltage and current applied were 35 kV and 40 mA, respectively. A V20 variable
slit was used. Samples were placed on the sample holder, which has 1 mm thickness
and 1.5 cm in diameter. With a scan rate of 2°per min, the sample scan was performed
in a continuous scan in locked coupled mode, within a range of 20 5° to 50°. OriginPro

8.5 was used to plot PXRD patterns.

Powder patterns of ground samples were recorded on a D8 Advance (Figure 3.19) with
Ni-filtered CuKa radiation (A = 1.5406 A) produced at 40 kV and 40 mA. Samples were
packed in aluminium or glass sample holders and step scans of 0.034° 26, with 0.5

seconds counting times, in the range 4-50° 26.

Figure 3.19: D8 ADVANCE Eco — powder diffraction for powder samples
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3.4.8 Solubility evaluation by High-Pressure Liquid Chromatography
Different methods have been designed and used based on the nature of the active
substances being evaluated. Generally, three HPLC systems Agilent and Perkin Elmer
and Azula, have been used at determined acquisition parameters.

Four buffer solutions were prepared from different proportions of hydrochloric acid,
monobasic potassium phosphate (0.2 M), and sodium hydroxide (solution 0.2 M), as
follows: pH 1.2 (HCI 0.1N), pH 4.5 (Acetate), pH 6.8 (KH2PO4 and NaOH), pH 7.4
(KH2PO4 and NaOH).

Excess amounts of the individual drugs and their respective co-crystals/solid hybrids
were added to USP aqueous buffer solutions at HCI 0.1M, pH 4.5 (acetate), pH 6.8
(phosphate), and pH 7.4 (phosphate) and water. The incubator shaker was used to keep
samples at 37°C during the test with the agitation of 100 rpm for 48 hours (until
achieving the equilibrium condition). After this period, samples were immediately
filtered (0.45 um PVDF syringe filter) and diluted in a volumetric flask with the
corresponding media and analysed in HPLC.

APIs in different co-crystals/complexes were quantified using three different HPLC
systems; an Agilent HPLC system setting with FXBPump (Flexar Binary Pump), an
automated injector equipped with a UV detector (LC 200a Series PDA Detector), and
a Flexar autosampler. Due to the nature of the samples, different acquisition methods
were used. A reversed-phase Supelco Discovery HS C1g HPLC column 15 cm x 4 mm,
5um was utilized. Injection volume was 10 pL, and absorbance of elution was recorded
at the necessary wavelength following suitable dilutions. It is worth noting that elution,
flow rates, column and mobile phases are subjected to change based on drug substances
or products being evaluated.

The in vitro antibacterial activity of the antitubercular drugs produced co-crystals, and
other solid forms were assessed by tube dilution method against both Mycobacterium
tuberculosis (Mtb) H37Rv (ATCC 27294) and pan-susceptible clinical isolate strains.

Pyrazinamide was used as a standard antimycobacterial drug.

The stock solution of 62.5 mg/ml concentration for each test and standard drugs was

prepared using 100% dimethyl sulfoxide (DMSO), then brought to a working solution
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of 8445.9 ng/mL by diluting the stock solution by 1:7.4 with 100% DMSO. Two further
1:10 dilutions were made from the working solution to give 844.6 ug/mL and 84.5
pg/ml, respectively.

3.4.9.1 Preparation of growth media

Growth media were prepared by adding dehydrated medium (19 g) to purified water
(900 ml) containing glycerol (15 ml). The mixture was stirred well to dissolve and
autoclaved at 121°C for 10 min. Oleic acid-albumin catalase (100 ml) was aseptically

added to the medium after cooling to 45°C. No adjustment for pH was made.

3.4.10 Other computer sources
The Cambridge Structural Database (CSD) Conquest 2.0.1 and Mercury 4.1.3 were
used to search for relevant structures reported in this work. CSD which was initially
known as the computer-based file that contains information on bibliography and
literature abstracted data relevant to the molecular crystal structure now contains a
complete record of all published organic and metal-organic small-molecule crystal
structures with more than 800000 CSD entries (Groom et al, 2016).
ACD/ChemSketch® and ChemDraw Ultra 12.0 were utilized to draw different
structures relevant to the dissertation. Furthermore, software such as Origin Pro 8.5 and

IBM SPSS statistics 25 was used to process different graphs in this work

3.5 Conclusion

APIs discussed in this chapter were selected due to their potential activity against HIV
and tuberculosis except 1-adamantylamine that was included due to its antiviral activity
against influenza A. A short history, properties, and the mechanism of action were
briefly discussed. Furthermore, the ability to co-crystallisation and where applicable,
some examples of co-crystals synthesized from the above APIs were highlighted. Table
3.1 and Table 3.2 summarise the basic properties of all APIs above and the GRAS co-
former. The chapter also introduces experimentation that involves co-crystal screening

and preparation, and characterisation of results.
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Table 3.1: Basic physicochemical properties of APIs selected for this project

Melting Molar mass  Physical Aqueous

APIs point (g/mol) state Structure Solubility
Nevirapine 247°C 266,29 Crystalline  Ci1sH14N4O Poor
Efavirenz 136°C 315,67 Crystalline  C14HoCIF3NO2 Insoluble
Zidovudine 122°C 267,24 Crystalline  C10H13Ns504 Soluble
Lamivudine 178°C 229.26 Crystalline  CgH11N303S Soluble
Amantadine  192°C 151.25 Crystalline  CioH17N Sparingly
Isoniazid 171°C 137.14 Crystalline  CeH7N3O Soluble
Pyrazinamide 192°C 123.12 Crystalline  CsHsNsO soluble

Table 3.2: Basic physicochemical properties of a co-former selected for this project

GRAS co- Melting  Molar mass  Physical state = Structure Aqgueous
former point (g/mol) Solubility
Glutaricacid 98°C 132.12 Crystalline  C3Hs(COOH). soluble
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Chapter 4 Dual-drug co-crystals and eutectics of
selected anti-HIV drugs: Non-covalent synthesis

and characterisation

This chapter expounds on the preparation procedures and discusses the results of the
co-crystallization experiments of the selected four antiretroviral drugs. The
physicochemical characterization of each successfully produced solid-state hybrid is

conclusively discussed herein.

4.1 Introduction

Preformulation, as a very important step in drug development, provides an insight into
the physical and chemical properties of a drug, properties that could affect the
performance of a drug and/or affect later stages of drug development, before subjection
to the compounding process. Exploring the co-crystallisation aspect of supramolecular
chemistry is growing at a high pace with regulatory bodies favouring the use of this

approach due to its extraordinary way of enhancing properties.

Co-crystal formation as a crystal engineering approach is used to enhance the properties
of crystalline drugs. As discussed in section 2.4 of Chapter 2, a co-crystal is formed
between at least two components; one being a neutral/ionic drug and the other one being
a Generally Regarded as Safe (GRAS) listed drug, also known as a co-crystal former.
Particularly, pharmaceutical co-crystals are produced between active pharmaceutical
ingredients (APIs) and a safe co-crystal former.

4.2 Materials and methodologies
4.2.1 Materials

As part of the co-crystallization process, four anti-HIV (human immunodeficiency
virus) drugs, i.e. two nucleoside reverse transcriptase inhibitors (NRTIs) lamivudine
(3TC) and zidovudine (AZT) and two non-nucleoside reverse transcriptase inhibitors
(NNRTIs) efavirenz (EFV) and nevirapine (NPV); were selected due to their potential

inhibitory activity on the reverse transcriptase protein. These active substances were
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donated by Aspen Pharmacare Pharmaceutical company (7 Fairclough Rd, Holland

Park, Port Elizabeth, 6001 South Africa) and were used as received.

4.2.2.1 EFZA co-crystal preparation

Dry grinding (DG) and liquid assisted grinding (LAG) methods were used to prepare
the EFZA samples (Error! Reference source not found.). The screening process was
carried out by taking both actives in different stoichiometric ratios (1:1, 1:2, 1:3, 2:1,
3:1) into a marble mortar and were co-ground physically using a pestle. The grinding
process was performed for at least thirty minutes to ensure a complete co-
crystallisation.

Cl

NH F
HO \kak F F/> N =]
o)

Pressure by grinding ; o
- T

J\ Dry/wet 0”0

N /

N_ N+ NH O \f‘\/tr
Zidovudine Efavirenz HO

Figure 4.1: The proposed molecular mechanistic for the preparation of EFZA

dual-API co-crystal

Where solvent was used, a dropwise addition was done throughout the grinding process.
Furthermore, an equimolar amount of both APIs was slurred in methanol overnight.
Samples were then characterised to identify, evaluate their different behaviours, and
confirm their nature. Supporting information on the screening process has been
included in Appendix A. Based on the preparative methods; EFZA prepared in a 1:1
molar ratio by solid-state co-grinding method achieved the following positive co-crystal

results. The experiments were repeated to ensure that samples are reproducible.

4.2.2.2 NEF co-crystal preparation
A dual-API co-crystal between EFV and NVP was prepared by solid-state grinding
(Figure 4.2). Equimolar amounts of APIs (EFV = 0.118 g) and (NVP = 0.1g) were
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ground in a mortar using a pestle for the minimum period of thirty minutes. The sample
was immediately analysed or stored in an airtight container before analysis. The
sample’s reproducibility was ensured by repeating the experiment twice. Other

experiments done during the screening exercise were included in Appendix A.

Cl

/> ‘
F F // F
Pressure by grinding i
- Mo
Dry/wet /
N NH y YA

. o \ NH
Efavirenz Nevirapine N \@/
"]
d N

Figure 4.2: Molecular mechanistic for the preparation of NEF dual-API co-crystal

Cl

4.2.2.3 Binary eutectic LMZT preparation

For the sample preparation of LMZT, the accurate amounts of the two drugs [AZT
(0.2mg) and 3TC (0.17mg)] in a 1:1 stoichiometric ratio, were placed in a mortar and
the mixture was co-milled using a pestle (Figure 4.3) for thirty minutes. The resulted
white crystalline powder was kept in the sealed glass polytop vial for further

characterised.

O
/ [ en YT
§ Q\ )
Drygrlndlng

N NN
o O,
0 N>/>
Room temperature N
o //k HaN
N
+ s
N N
N HO OH N
Zidovudine Lamivudine N

Figure 4.3: Molecular mechanistic for the preparation of LMZT eutectic mixture

4.2.2.4 NVZA solid forms preparation

Different approaches were used to screen for co-crystals between NVP and AZT, two
antiretroviral drugs belonging to different classes of the reverse transcriptase inhibitors.

Co-crystal preparation techniques such as solid-state grinding and solution
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crystallisation have been explored. Co-crystallisation of nevirapine (NVP) with
Zidovudine (AZT) relies on the complementarity of their functional groups based on
which the following structure was estimated (Figure 4.4). To the best of our
knowledge, there is no dual drug co-crystal reported on these APIs.

NVP =N N Ns
A N
V N
! CERN

eutectics

/N N\
A N o
n HN—¢
© N
o]
i N,
HO N’

AZT

co-crystals

Figure 4.4: The molecular mechanistics for the preparation of NVZA derivative
solid forms.

4.2.2.5 Screening and preparation of dual drug solid forms (NVZA)

Initially, the co-crystal screening was carried out using grinding methods. 1:1, 1:2, 1:3
and 2:1 stoichiometric ratio of starting materials NVP and AZT were co-milled
manually in a marble mortar for about thirty minutes using a pestle. The resulted
powder samples (NVZA1) were stored in airtight containers for further

characterization.

Co-crystallisation was also attempted by dissolving different stoichiometric ratios of

pure NVP and AZT in a variety of solvents. From the solvent evaporation method;

Firstly, the crystal sample was prepared by dissolving 1:1 and 2:1 stoichiometric
amount of the active substances in 2 mL of 1,4-Dioxane in separate polytop vials. Using

the magnetic stirrer, both mixtures (drug + solvent) were continuously stirred at
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predetermined rpm and elevated temperature to 10°C below 1,4-Dioxan B.P., until clear
solutions were obtained. The two solutions were subsequently mixed and stirred for
about ten minutes, filtered (0.45 ym), and stored in a clean polytop vial sealed with a
perforated parafilm® to allow controlled evaporation at room temperature. The
crystalline powder sample (NVZA2) was scratched out of crystallization vial and

characterised immediately.

NVZA2 was further obtained by dissolving the equimolar mass of input materials (AZT
and NVP) in a known amount of propane-2-ol using a magnetic stirrer, at elevated
temperature (10°C below propane-2-ol B.P.), filtered using nylon filters (0.45) and
covered with perforated parafilm paper. Finally, the sample was placed in a stable
environment to evaporate at room temperature. A resulted crystalline powder sample

was analysed immediately.

A new derivative solid form (NVZA3) was produced by the slurry method. Both input
material in a 3:1 molar ratio was accurately weighed and transferred into the separate
polytop vials, then an amount of 1,4-dioxane was added to each. The suspensions were
stirred on the hot plate using a magnetic bar, with the temperature raised to 50°C.
Obtained clear solutions were combined and stirred for an additional 5 minutes, and
filtered and slurred at 20°C for two days. The powder sample named NVZA3 was
collected and stored in an airtight container for subsequent analyses.

Unfortunately, no crystals of good quality obtained for single x-ray diffraction. Due to
this, there was no structure elucidated. All samples were produced in triplicate to ensure

reproducibility and analysed according to methods described in section 4.2.3.

4.2.2.6 EL solid forms preparation

A physical co-crystal screening performed using different methods revealed that two
types of solid forms were produced depending on the ratio used. Stoichiometric ratios
such as 1:1, 3:2, 1:2, 1:3, 2:5 and 1:4 were used in the preparation attempt of EL dual-
API co-crystal. Different mixtures of EFV and 3TC were prepared according to the
above molar ratios, and then co-ground physically using an agate mortar and a pestle
for thirty minutes (Figure 4.5). The powder samples obtained were stored in sealed vials
and characterized later. All samples and the starting materials EFV and 3TC were

analysed using a series of characterisation techniques described in section 4.2.3.
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Figure 4.5: Molecular mechanistic for the preparation of EL eutectic mixture

4.2.2.7 NL solid forms preparation

The neat or solid-state grinding approach (Figure 4.6) was used in the attempt to produce
a co-crystal between NVP and 3TC. A mixture of parent drugs in different molar ratios;
1:1 (NVP=2mg; 3TC=1.7mg), 2:1, 2:3, 3:1 and 4.1 were accurately weighed in a
marble mortar and manually co-ground for 30 minutes using a pestle. The powder
samples produced were kept in sealed polytop vials prior to analyses to avoid any
contamination. Samples were characterised using a series of complementary analyses,

from thermal, particle morphologies to structural analyses and in-vitro solubility

evaluation.
<k N=
N J
9 N
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N
" Y " H\(\S lid-state grindi = " °.
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Figure 4.6: Molecular mechanistic for the preparation of NL eutectic mixture

After a complete analysis, it was confirmed that a binary eutectic named NL was
produced using (1:1 and 2:3) molar ratios. The co-crystallisation attempts by solution
crystallisation in solvents such as propane-2-ol, butanol, acetonitrile, acetonitrile-
methanol, ethanol and methanol were unsuccessful. A full experimentation report is

given in Appendix A. all samples were reproduced three times.
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A full characterization was carried out for obtained samples vs their starting materials.
Thermal analysis using the Hot Stage Microscopy, Differential scanning calorimetry,
and thermogravimetric analyses. Sample morphologies were evaluated using Scanning
electron Microscopy, while structural information and molecular identities of samples
were obtained from Fourier infrared spectroscopy and the powder X-ray diffraction. In
vitro solubility of samples was measured using PHLC.

4.2.3.1 Analysis by Hot Stage Microscopy (HSM)

Thermo-microscopic analyses were performed with an optical microscope Olympus
(SZX-ILLB200) equipped with a Linkam temperature-controlled stage
(THMS600/720), connected to a T95-PE system controller (Linkam Scientific
Instruments Ltd., Tadworth, Surrey, UK). Images were recorded with an Olympus
UC30 camera attached to the specified microscope (Olympus Optical, Japan) using
Stream Essentials software. Samples were heated over a temperature range of 30 C -
350°C at a constant heating rate of 10°C/min, with samples submerged in silicon oil.
The hot-stage was calibrated using USP melting point standards.

4.2.3.2 Analysis by Differential Scanning Calorimetry (DSC)

DSC analyses were performed using a DSC 8000 Perkin Elmer instrument (Waltham,
USA), incorporating a cooling system. Samples (2.5 - 5 mg) were crimped in the
aluminium pans sealed with pierced lids. The instrument was calibrated by measuring
the onset temperatures of the melting of indium (m.p. 156.6 °C) and zinc (m.p. 419.5
°C) while the heat flow was calibrated from the enthalpy of melting of indium (28.62
J/g). The samples were heated to 20-30 °C above the melting range of the most
thermally stable, at a heating rate of 10°C/min. All analyses were performed under
continuous pure (99.8%) dry nitrogen purging with a flow rate of 20 mL/min) and were
reproducible.

4.2.3.3 Analysis by Thermogravimetry (TGA)

A Perkin-Elmer 4000 PC thermal system (Waltham, USA) was used. Calibration of the
instrument was performed using three different references; Alumel (m.p. = 154.2 °C),
Perk alloy (m.p. =596.00 °C) and iron (m.p. = 780 °C) at 1 and 2°C/min. The samples
analysis was carried out over a temperature range between 30 °C — 400 °C at a
predetermined heating rate of 10°C/min. Samples were continuously purged by a
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stream of dry (99.8%) nitrogen gas (20 mL/min) and solvent stoichiometry of the

compounds was determined from the percentage mass loss.

4.2.3.4 Morphology evaluation by Scanning Electron Microscopy (SEM)

The morphology of individual pure drugs and co-crystal samples were conducted using
an AURIGA Field Emission High-Resolution Scanning Electron Microscope
(HRSEM), Zeiss (Germany). Powder samples were mounted onto aluminium stubs
using carbon tape. Energy (kV) used for images was 5 kV and 20 kV for EDS. The
lament current was set at 2,359 amps. Carbon tabs were placed on the aluminium stubs
to hold samples. Working distance (WD) for images is displayed on each image.

SmartSEM 90 and AZTEC software were used for imaging and EDS, respectively.

4.2.3.5 Analysis by Fourier Transform Infrared Spectrophotometry (FT-IR)

Infra-red spectra of the individual drugs and the co-crystal samples were obtained using
a Perkin-Elmer 100 FTIR instrument (Waltham, USA) fitted with UATR and controlled
® with Spectrum software version 6.3.5.0176 for the analysis. Analyses of powder or
crystalline samples were done over the range of 650-4000 cm™! at a spectral resolution

of 2cm™.

4.2.3.6 Analysis by Powder X-Ray Diffraction (PXRD)

PXRD data were recorded on a D8 Advance powder X-ray diffractometer (Bruker AXS
GmbH, Germany) with CuKoradiation (Cu-Koa= 1.54056 A). The tube voltage and
current applied were 35 kV and 40 mA, respectively. A V20 variable slit was used.
Samples were placed on the sample holder which has 1 mm thickness and 1.5 cm in
diameter. With a scan rate of 2°per min, the sample scan was performed in a continuous
scan in locked coupled mode, within a range of 205°to 50°. Origin Pro 8.5. was used to
plot PXRD patterns.

4.2.3.7 Invitro solubility studies

Excess amounts of the individual drugs zidovudine and lamivudine and their respective
co-crystals were added to USP aqueous buffer solutions at pH 1.2 (0.1M hydrochloric
acid), 0.2M potassium phosphate buffer (pH 6.8 and pH 7.4, and 0.1% SDS. The
mixtures were continuously shaken in an incubator shaker at 37 °C (£ 0.5 °C) and 100
rpm for 24/48 hours. Samples were filtered using 0.20 um PVDF syringe filters and

analysed using an HPLC. Individual APIs, and co-crystals/eutectic mixtures were
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quantified using an Agilent HPLC system setting with FXBPump (Flexar Binary
Pump), an automated injector equipped with a UV detector (LC 200a Series PDA
Detector), and a Flexar autosampler. Isocratic/gradient elution was specific for each
analysis and was applied at a flow rate of 1 mL/min. Two reversed-phase columns;
Luna C1gHPLC 250 mm x 4.6 mm, 5um and a supercol 150 mm x 4.6 mm, 5um were
used. Injection volume was 10 pL and absorbance of elution was recorded at a specified

nm following suitable dilutions. All analyses were conducted in triplicate.
4.3 Results and discussions
4.3.1 Efavirenz: zidovudine dual-drug co-crystal (EFZA)

4.3.1.1 Thermal analyses of results

Thermal analysis was initiated by observing thermal behaviour using HSM (Figure
4.7). With the sample submerged in silicone oil, and the temperature raised steadily,
thermal changes were observed and recorded on HSM comparatively to the DSC
results. A melting transition was observed in the temperature range between 96°C and

105°C. No other identifiable changes occurred until decomposition of the sample.

20°C 96°C 105°C 111°C

Figure 4.7: The HSM images for EFZA co-crystal recorded at room temperature
and the temperature range over which occurred the sample of the sample (96-
111°C)

DSC has been proven to be a reliable, rapid tool used to confirm co-crystal formation
(Saganowska & Wesolowski, 2018). From the DSC curve, it was observed that not only
did the melting transition in EFZA co-crystal shift to a lower temperature in comparison
to both individual APIs melting points, the intensity of the melting endotherm also
changed accordingly. While pure AZT and EFV exhibited sharp melt endotherms at
121°C and 139°C, respectively (Figure 4.8), the melting transition for EFZA was
confirmed by a single endotherm at 98°C (onset = 95.6°C). This was the initial
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indication of the possible interactions between the co-formers and change in the crystal

lattice of one drug in the presence of the other. Both HSM and DSC analyses were

jk EFZA

AZT

conducted in triplicate.
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Figure 4.8: The DSC curves of the starting materials EFV and AZT compared to
the co-crystal EFZA curve showing an earlier melting transition peak.

‘ 103,9 | 2,501 |
b | —
c
Fo —
90 £
EFZA 2
g X
® 704 DeltaY =6§263% 5 §
- 2
S 60 2
o o
2 50 >
10 B
40 2
@
[a}

26,6 ‘ ‘ ‘ . . . 14,43

28,49 50 100 150 200 250 300 320

Temperature (<C)

Figure 4.9: The TGA and DTA curves for EFZA supramolecular co-crystal

showing a total decomposition mass loss of 66.3%.

The absence of any guest molecules in the sample was confirmed by thermogravimetric
analysis (TGA). The TGA/DTA curves presented in Figure 4.9 show no mass loss
before the melting range and confirm the absence of any volatile guest molecules in the
EFZA co-crystal sample. One step of mass loss is observed in the TGA curve over
190°C, suggesting the sample's degradation with a total loss of approximately 66.3%.

This affirmation is consistent with the HSM analysis and the absence of additional
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endotherms in the DSC curves. The TGA/DTA curves of both APIs are included in
Appendix C.

4.3.1.2 Structural evaluation by Fourier transform infrared spectroscopy

FTIR is a useful technique for the identification of drug substances. A careful perusal
of characteristic stretch vibrations of different functional groups enables researchers to
identify molecules' structural information. With this, it is also possible to detect
variations due to factors such as interactions with other molecules present. However, a
complete structure elucidation requires the use of additional non-destructive techniques
such as powder X-ray diffraction (PXRD) and solid-state NMR (SSNMR).

The FTIR spectra of AZT, EFV and EFZA, are depicted in Figure 4.10. In this work,
spectral studies assessed the possible intermolecular interactions between EFZA co-
crystal components EFV and AZT. Ab initio, pure drugs were analysed and used as a

reference since their characteristic peaks agreed with spectra from literature.

The characteristic bands at 3314 cm ! and 1742 ¢m ! were attributed to N-H and C=0
stretching vibration of the pyrimidine moiety in the EFV spectrum. The peak at 3095
cm ! was assigned to N-H stretching vibration and 2250 ¢cm ™' to C—H stretch while C-
F stretching peaks at 1495 cm!. These characteristic peaks are in agreement with the
analysis by Reddy et al. (2015).

In the AZT spectrum, all IR peaks agree with the previously reported data (Bansal et
al., 2013; De O. Porfirio et al., 2015). The O—-H/N-H stretch vibration peaked at 3460
cm!, aromatic stretch C—H at 3155 cm™! and the peak at 1668 cm™! was assigned to
stretching C=0 vibration of imide carbonyl. Further, the absorption band at 2081 cm™!
was due to a stretching azide N=N=N-C (Bansal et al., 2013).

The FTIR spectrum for EFZA was carefully examined (Figure 4.10, Table 4.1) in
terms of various changes in frequencies. It was found that AZT peak at 3460 cm™! (O-
H stretch) had shifted to 3463 cm™!, and band at 3176 cm™!' (N-H) shifted significantly
from 3155 cm ! while C=0 stretch at 1668 cm ' also shifted to 1684 cm™!. On the other
hand, the EFV absorption peak at 3095 cm™' (C—H) subsides in the EFZA spectrum.

The EFV C=0 stretching at 1742 cm™! had shifted slightly to 1740 cm ™' and C—F stretch
at 1495 cm™! had shifted to 1497 cm™'. The AZT C-N=C stretching at 2081 cm™' had
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also shifted slightly to 2084 cm™!. Shifts and other changes originally not found in
parent drugs' spectra, were referred to as consequences of intermolecular bonding
between EFV and AZT. Furthermore, these changes were an indication that a newly
derivatized entity had been supramolecularly formed. Figure 4.11 presents the
suggested best intermolecular bonding based on FTIR results. Analysis was done in

triplicate.

EFZA 3463 3259 3176

EFV 3095
3314 2250 o
% T
1742
AZT
sa60 °13° 3024 2817
2081
1668

| L) | » I L | 2 | y | y | L

4000 3500 3000 2500 2000 1500 1000
cm’’

Figure 4.10: FTIR spectra for pure EFV and AZT compared to EFZA co-crystal.

Table 4.1: A summary of the most significant shifts in EFZA spectrum

Comments AZT EFV EFZA

Carbonyl stretch C=0 1746 cm 1740 cm?t
Carbonyl stretch 1668 cm™ 1684 cm?
Pyrimidinic stretching N-H 3155 cm'? 3176 cm™
Hydroxyl stretch O—-H 3460 cm'? 3463 cm™?
Strong stretching N-H 3314 cm? Disappears
Aromatic ring C-H 3095 cm'? Disappears
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Figure 4.11: Suggested EFZA structure with probable interaction based on FTIR
results

4.3.1.3 Analysis of the particle morphology of EFZA dual-API co-crystal
Morphology analyses were performed for active substances AZT, EFV, and EFZA co-
crystal through SEM analyses. SEM micrographs are presented in Figure 4.12.

= Tim, 10,00 k

1pm; 10.00 kx

Figure 4.12: The SEM images of (a) pure AZT, (b) EFV-AZT physical mixture,
(C) EFZA and (d) pure EFV

Particles of EFZA co-crystal (Figure 4.12c) showed very distinct morphologies from
that of individual APIs. Pure EFV exhibited a polyhedral rod-shaped morphology
(Figure 4.12d) while the AZT sample showed an irregularly shaped crystal habit with
smooth surfaces. A physical mixture of two actives EFV and AZT showed particles of
varied shapes inherited from individual drugs (Figure 4.12b). The EFZA co-crystal
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sample is made of irregular particles with soft edges, increased

uniformity/homogeneity, and reduced size due to milling exercise (Figure 4.12c).

4.3.1.4 EFZA analyses by Powder X-ray diffraction
Powder X-ray diffraction (PXRD), a non-destructive and preferable tool for identifying
new phases of powdered samples, was used to ensure the co-crystal formation. PXRD

patterns of EFV, AZT, EFZA sample and the physical mixture are shown in Figure

4.13.
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Figure 4.13: The experimental PXRD patterns of AZT, EFV, EFV-AZT physical
mixture, and the co-crystal EFZA

The PXRD pattern of EFV has very sharp intense characteristic diffraction peaks at 20
6.00°, 14.12°, 21.10°, and 24.86°, medium peaks at 20 12.16°, 13.1°, 16.83°, 19° and
small peaks at 20 10.3°, 10.83°, 15.15°, 21.84°, 23.00°, 27.1°, 27,9°, 29°, 32.27°, and
37.27°. AZT has three intense characteristic diffraction peaks at 20 15.49°, 15.83°,
22.18° and medium peaks at 26 8.84°, 14.67°, 17.1°,21.39°,27.12°,27.77°,29.35° and
small peaks at 20 18.13°, 24.2°, 31.68°. Compared to pure APIs diffraction parameters,
EFZA exhibited a PXRD pattern characterised by intense and very distinct diffraction
peaks at 20 11.55° and 27.15°, confirming the new phase. The PXRD pattern also shows
other less intense peaks with different shapes than diffraction peaks found in both AZT
and EFV patterns (Figure 4.13).
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4.3.1.5 The solid-state NMR analysis of EFZA co-crystal

Solid-state NMR (SS-NMR) is a powerful, non-invasive, and non-destructive analytical
technique used to assess chemical, structural, and physical properties of solid-state
pharmaceuticals. This technique is quite useful in providing vital information at the
atomic level or even deeper. Such information on the local environment inside the
crystal lattice and molecular mobility (Park et al., 2009), cannot be easily obtained from

other powerful analytical techniques such as X-ray diffraction (Xu et al., 2016).

EFZA co-crystal sample was subjected to an in-depth characterization using 1D and 2D
SSNMR methods to confirm the molecular association and other structural elucidation
features such as hydrogen bonding (Vogt et al., 2009). The numbering of the co-crystal
formers was used to discuss experimental results. For the 1D experiment, the 1H-MAS
SSMNR and 13C CP-MASS SSNMR experiments were conducted. Different
experiments have been conducted for the best resolution and interpretation of the
sample. The assignments shown are concerning the numbering scheme for EFV and
AZT displayed below.

Initially, the 1H MAS SSNMR analysis was carried out, and then spectral changes
detected in the EFZA spectrum were compared to the pure drugs AZT and EFV spectra.
Such anisotropic chemical shifting occurred among only two 1H peaks between 15 and
-3 ppm (Figure 4.14) was attributed to the hydrogen bond formation between bridging
protons.

AZT

EFV

Figure 4.14: Proton MAS SSNMR experiment of AZT, EFV, and EFZA

supramolecular co-crystal
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The 3C CP MAS solid-state NMR spectra of EFV, AZT, and EFZA co-crystal are
shown in Figure 4.15. Similarly to the FTIR results, the 3C CP MAS SSNMR spectrum
of EFZA co-crystal shows the significant shifting of peak positions (see Table 4.2 ) as
a result of co-crystallisation between EFV and AZT. The spectrum also indicated that
the crystal lattice of EFZA co-crystal contains one molecule of each starting material

(i.e., ratio 1:1) bound to one another by weak hydrogen bonding interactions.
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Figure 4.15: The 3C CP MAS SS-NMR experimental spectra of (a) EFV, (b)
AZT (c) co-crystal EFZA

The CP-HETCOR solid-state NMR spectrum of EFZA co-crystal can be found in
Appendix C (Supporting figure 6).

The *H DQ back-to-back solid-state NMR (*H DQ BABA SSNMR) spectrum of EFZA
is shown in Figure 4.16. This experiment aimed to identify proton proximities to detect
and predict the possible H-bonding locations and the structure of EFZA. The results
suggested interactions between pyrimidines of both drugs. However, it is deplorable
that the most crucial part of this exercise; N CP MAS SSNMR necessary for a

complete structure determination could not be performed.
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Table 4.2: Signal shifts in EFZA *C CP MAS SSNMR spectrum vs pure AZT

and EFV
EFV C13 shifts AZT C13shifts | EFZA C13 shifts

146.99 147.47
78.86 79.54, 79.25
133.88 135.14, 134.40
113.85 115.44, 114.49
118.4 118.99
132.8 133.46
128.09 129.74, 128.53
126.47 127.05
65.57 66.10, 65.06
96.42, 95.84, 95.17 *
-2.09 -0.75
8.6 8.1
o3 7.76
163.36, 164.75 163.93, 165.21
5p.17 152.76
136.68 137.18
109.38, 108.51 109.97,109.05
13.47,12.93 13.44,13.95

89.62,89.02,
87.29 90.17, 89.56
37.88 38.48, 41.57
P 141.18
84.85 85.42
64.51, 62.31 62.93
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Figure 4.16: 'H (500 MHz) DQ MAS (35 kHz) spectra of the pharmaceutical co-

crystal molecule, efavirenz- zidovudine (1:1)

4.3.1.6 EFZA in vitro solubility evaluation by HPLC

A gradient elution, using a flow rate of 1 mL/min was applied as follows: Methanol
85% (ag.): sodium phosphate monobasic buffer solution (pH=3.6) 0 to 1 min (35:65),
1 to 2 min (35:65), 2 to 3 min (10:90), 3 to 4 min (10:90), and 4 to 5 min (90:10). A
reversed-phase Supelco Discovery HS C18 HPLC column 5 cm x 4.5 mm 3 pm was
used. Injection volume was 10 pL, and absorbance of eluting was recorded at 255 nm
following suitable dilutions.

For the standard calibration, the R-Square equal to 0.99985 and 0.999909 was found
for AZT and EFV, respectively (Figure 4.17).

Solubility evaluation for the pure drugs and the co-crystal was performed in triplicate
(3 injections per vial) in different buffered solutions; at pH=1.2 (0.1N HCI), sodium
acetate buffer solution at pH=4.5, potassium phosphate buffer solution at pH=5.8 or 6.8
and pH=7.4, and unbuffered aqueous solution (deionised water). Descriptive statistical
data analysis revealed that the solubility of both APIs in the co-crystal had significantly

increased.
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Figure 4.17: Standard calibration curves of pure AZT and EFV

Solubility measurements for pure AZT and its contents in EFZA co-crystal were taken
atpH=1.2,4.5 5.8, 6.8, 7.4 and water. At both pH 4.5 and 5.8, EFZA showed a 3-fold
increase in AZT solubility in the presence of EFV compared to its pure form and 2-ford
atpH =1.2, 6.8, 7.4 and water (Figure 4.18). This is due to increased lattice energy by
co-crystallisation, leading to a higher apparent solubility (Ranjit & Sarma, 2018). AZT
did not show any pH-dependent solubility profile.

EFV is a highly hygroscopic drug, and just like NVP, it is a weakly basic and known
to exhibit poor aqueous solubility and oral bioavailability. This type of drug is also
known to have a pH-dependant solubility profile (Hamed et al., 2016) and prefers a
lower pH due to its ionization and solubilisation. Thus, the solubility of pure EFV
increased steadily with an increase in pH values (1.2-7.4). lonisation at lower buffered

pH values may lead to reduced solubility, which could be the case here.

EFV showed a significant solubility increase in EFZA co-crystal across the pH range
of pH environments (Figure 4.19). A 3.3 and 4.5-times solubility increase was recorded
atpH = 1.2 and 4.5, while 6.9, 2.6 and 1.2-times increase in solubility was measured at
pH=5.8, 6.8 and 7.4, respectively. Finally, in an unbuffered medium such as water, a
2.2-times increase of EFV in EFZA co-crystal was observed. Additionally, the higher

solubility of this co-crystal reflects its reduced thermal stability (melting point) in
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comparison to both starting materials as confirmed by the DSC analysis (Bethune et al.,
2009), (Luo & Sun, 2013).
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Figure 4.18: Solubility histogram for pure AZT and AZT in the EFZA co-crystal
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Figure 4.19: Solubility histogram of pure EFV vs EFV in EFZA co-crystal

To conclude, EFZA co-crystal was successfully produced using the solid-state co-
grinding method and fully characterised. The co-crystal demonstrated a significant
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increase in solubility for both APIs across pH range (1.2-7.4) and in unbuffered aqueous

solution.

4.3.2 Nevirapine: efavirenz dual drug co-crystal (NEF)
As physical grinding continues to be one of the most common traditional methods used
in co-crystals preparations, many co-crystals, and other solid-state hybrids are being
investigated and produced. This is due to the benefits it offers over other solution-based

co-crystallisation methods detailed in different pieces of literature (Braga et al., 2013;

4.3.2.1 Thermal analysis of the NEF co-crystal

Thermo-microscopic analyses were initially conducted on the HSM, and thermal
changes in the sample were recorded from room temperature to the decomposition of
the sample. Based on HSM images are presented in Figure 4.20, a new melting

transition was detected in temperature ranging from 123 to 128°C.

20°C 122°C 126°C 176°C

226°C

Figure 4.20: The HSM images of NEF co-crystal recorded at room temperature
(20°C), the onset of melting transition (122°C), and melting temperature (126°C)

From the DSC thermograms presented in Figure 4.21, it is clear that the melting peak
in the co-crystal NEF shifts to a lower temperature than both individual drugs melting
points. Pure EFV and NVP exhibited sharp melt endotherms at 139°C and 244°C
respectively, while DSC thermogram of NEF showed a melting endotherm at 125°C
with an onset at 123°C.

The TGA ensured the absence of any volatile guests of the sample. The analysis was
carried out according to the method described in section 4.2.3.3. The TGA/DTA curves
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resulting from the NEF co-crystal sample (Figure 4.22) are characterised by a single

step of mass loss attributed to the sample's degradation.

NEF
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Figure 4.21: The DSC thermograms for untreated EFV, NVP, and the prepared
co-crystal NEF with a single melting endotherm at 125°C
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Figure 4.22: The TGA and DTA curves of NEF co-crystal showing a total
decomposition mass loss of 93% of the initial sample weight

The TGA/DTA curves showed no mass loss prior to the melting temperature (0.0%
mass loss); thus, indicating the absence of possible guest molecules (solvent inclusion).
The result further justified a single endotherm in the DSC curve and the absence of air

bubbles over the heating process during the HSM analysis. A total mass loss of
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approximately 93% was recorded, thereby concluding the co-crystal degradation. The
TGA/DTA curves of the individual starting materials EFV and NVP have been included
in Appendix C (Supporting figure 2 and Supporting figure 3)

4.3.2.2 Structural studies by infrared spectroscopy
Infrared spectroscopy offers valuable structural information, particularly hydrogen
bonding between organic compounds. For this reason, FTIR was used to characterize

the NEF powder sample.

Starting materials NVP and EFV were analysed first; then the co-crystal sample was
compared to them. Based on studies found in (Chadha et al., 2010b; Samsodien et al.,
2017; Sarkar et al., 2008) assignment of the FTIR peaks for the individual NVP was
carried out while FTIR peaks of EFV were also assigned based on the research

according to Reddy et al., 2015.

In Figure 4.23, the NVP spectrum displayed peaks at 3185 cm™' and 1641 cm™,
respectively assigned to N—H and C=0 stretch of the carboxamide moiety. The band at
3062 cm ™! appeared because of the stretching vibration of C—H. The FTIR spectrum of
EFV showed peaks at 3313 cm™ ! and 1742 cm’ ! respectively attributed to N-H and C=0
stretching vibration of the pyrimidine moiety. The band at 3094 cm™' was assigned to
N-H stretching vibration while alkynyl C=C—H peaks at 2250 cm™' (N. P. Reddy et al.,
2015).

The changes and shifts identified in the NEF spectrum include EFV peak at 3313 cm™!
assigned to N-H stretch that significantly shifted to 3321 cm™ and reduced intensity
while its stretch C=0 at 1742 ~! shifted slightly to 1745 cm™!. The C-H stretch at 3095
cmtis missing in the NEF spectrum, and aromatic C=C stretch at 1602 cm™' also
shifted slightly to 1600 cm™'. On the other hand, the NVP C—H stretch at 3062 cm™!
shifted to 3068 cm ™! whereas its N-H stretch significantly subsided. Accordingly, the
C=0 stretch at 1641 cm ' shifted to 1646 cm™!. These changes suggest interactions
occurring between NVP and EFV, thus confirming NEF co-crystal formation (Figure
4.23).

Despite the FTIR spectrum of NEF co-crystal showing both APIs peaks which
confirmed the presence of both in the new phase, identified spectral shifting proved that

interactions between functional groups exist. Predictably, based on changes in peak
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intensities and shifts (Table 4.3), it was suggested that potential hydrogen bonding took
place between NVP carboxamide N-H and C=0 with carbonyl (C=0 stretch) and the
N-H stretch of EFV cyclic amide (Figure 4.24).

NVP V©ag

3185 3062

1602
1641
EFV 3095 |
%T 3313 2250 o5
1742
Vo
NEF 3351, 75 3068 2249
1745
1646
I T I = 1 - T - T = 1 T I
4000 3500 3000 2500 2000 1500 1000
2
CIY]

Figure 4.23: FTIR spectra of pure NVP and EFV compared to the FTIR
spectrum of the NEF co-crystal

Table 4.3: Summary of important shifts in the FTIR of the NEF co-crystal

Comments NVP EFV NEF
Carbonyl stretch C=0 1742 cm-1 1745 cm-1
Carbonyl stretch C=0 1641 cm-1 1646 cm-1

Aromatic ring C-H 3062 cm-1 3068 cm-1
Stretching N-H 3313 cm-1 3321 cm-1
Aromatic ring C-H 3095 cm-1 Disappears

Figure 4.24: Suggested intermolecular bonding in the NEF co-crystal based on
FTIR analysis
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4.3.2.3 Morphology studies of NEF dual-API co-crystal

Solid phases exhibit size differences and crystal habits. SEM analysis enabled the
understanding of these properties. The SEM micrograms of individual APIs, the
physical mixture and the co-crystal are shown in Figure 4.25. Untreated NVP exhibited
crystal habits with irregularly-shaped particles and smooth surfaces while EFV
exhibited polyhedral rod-shaped particles. On the other hand, the NEF co-crystal
exhibited irregular, smooth, and more homogeneous and compact than the physical

mixture of the starting materials.

NVP-EFV NEF

—= Tum, 10.00 kx

Figure 4.25: The SEM images of NVP-EFV physical mixture, NEF co-crystal,
pure EFV and NVP

4.3.2.4 Analysis of NEF sample by powder X-ray diffraction (PXRD)

The PXRD patterns generated from EFV, NVP, and NEF co-crystal are shown in
Figure 4.26. Untreated NVP exhibited characteristic diffraction peaks at 260 13°, 13.4°,
18.96°, and 25.44°. Other medium-sized peaks appear at 26 9.18°, 17.17°, 20.64°,
22.5° 23.11°, and 26.4°. The PXRD pattern of EFV is characterised by very sharp,
intense characteristic diffraction peaks at 260 6.00°, 14.12°,21.10°, and 24.86°, medium-
sized peaks at 20 12.16°, 13.1°, 16.83°, 19° and small peaks at 26 10.30°, 10.83°,
15.15°, 21.84°, 23.00°, 27.1°, 27,9°, 29°, 32.27°, and 37.27°. NVEF exhibited a distinct
PXRD pattern from the individual drugs patterns, with characteristic diffraction peaks
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at 20 11.68°, 13.36°, 17.24°, 27.36°, and 31.72°; ensuring the new phase and confirm
that NEF is indeed a co-crystal.

Furthermore, the co-crystal was also confirmed by changes in the local molecular
environment as indicated the *C solid-state NMR spectrum of the co-crystal NEF.
Spectra were included in Appendix C (Supporting figure 7).

NEF

i J VP-EFV mix
] J EFV

NVP
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Figure 4.26: The experimental PXRD patterns for pure NVP, EFV, their

physical mixture and NEF co-crystal

4.3.2.5 The invitro solubility evaluation of NEF co-crystal

Solubility studies were carried out by adding an excess amount of individual drugs

EFV, NVP and the prepared co-crystal to distilled water and aqueous USP buffered

solutions at pH 1.2 (0.1M hydrochloric acid), pH 4.5 (acetate), pH 6.8 (phosphate), and

pH 7.4 (phosphate). The suspensions were continuously stirred in a shaker at 37 + 0.5

°C and 100 rpm for 48 hours.

Samples were then filtered using 0.20 um PVDF syringe filters and analysed using a
reverse-phase HPLC method described in section 4.3.1.6. Standard calibration
indicated R2 = 0.99997 for EFV and 0.99909 for NVP. Figure 4.27 illustrates the
standards calibration curves of both EFV and NVP and regression equations used to

calculate the amount of each drug in samples.

As discussed in section 4.3.1.6, EFV and NVP are weakly basic drugs characterised by

their poor aqueous solubility and oral bioavailability. Weakly basic drugs exhibit a pH-
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dependant solubility profile (Hamed et al., 2016). Thus, it was observed that EFV
solubility in both pure and NEF co-crystal forms increases with pH (Figure 4.28).

Eq,,, y=14596.75+17646.4x

R? = 0.99997 e NVP
® EFV

Area

Eq e ¥=196599.1+13265x
R® = 0.99909

L I v T L T *: I ) T » 1
0 200 400 600 800 1000 1200
Dilution

Figure 4.27: Standard calibration curves for EFV and NVP.

NVP is a lipophilic drug known for its poor aqueous solubility which significantly
affects its bioavailability. Solubility data revealed that pure NVP solubility is inversely
proportional to pH, exhibiting higher solubility at < pH 2. This is consistent with the
previous publication (Kuminek et al., 2016).

[ ] Pure EFV

] EFV in NEF co-crystal

Concentration(ug/mL)
(o]
|
HH

pH 1,2 pH 4,5 pH 5,8 pH 7,4 H20
Buffer solutions

Figure 4.28: Solubility histogram of untreated EFV and EFV in the NEF co-
crystal
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Figure 4.29: Solubility histogram of untreated NVP and NVP in the NEF co-

crystal

NVP, in its dual-API co-crystal with EFV, also inherited the same pH-dependant
solubility. The solubility increase was evident throughout the pH range of 1.2 -7.4.
However, a weak solubility difference was observed from pH 4.5 to pH 7.4 and
unbuffered aqueous solution (deionised water), suggesting a poorer effect of pH on co-
crystal solubility (Figure 4.29). Nonetheless, the co-crystal NEF showed a significantly
higher solubility compared to both pure APIs.

For EFV solubility in NEF co-crystal, an increase by 2-fold, 6.6-fold, 5.6-fold, 2.5-fold
and 6.6-fold were respectively measured at pH= 1.2, 4.5, 5.8, 7.4 and deionised water
while NV solubility in the same co-crystal was increased by 1.3, 2.2, 2.3, 3.1 and 3-
fold, respectively at pH values 1.2, 4.5, 5.8, 7.4 and deionised water. The co-crystal’s
reduced thermal stability further justifies the solubility increase by this co-
crystallisation (Bethune et al., 2009), (Luo & Sun, 2013).

http://etd.uwg,ac.za/



Chapter 4

4.3.3 Lamivudine-Zidovudine binary eutectic mixture (LMZT)
4.3.3.1 Preparation of LMZT sample

According to the study previously conducted on the co-crystal forming abilities of the
two drugs (Bhatt et al., 2008), where AZT and 3TC were screened against different co-
crystal formers, the dual-API co-crystal formation attempt between AZT and 3TC,
using solution co-crystallisation, resulted in a hydrate (Figure 4.30). Nonetheless, the
present study focuses on the co-crystal preparation via mechanochemical reactions (or
grinding methods).

Figure 4.30: The structure of lamivudine-zidovudine hydrate co-crystal [Source:
Bhatt et al., (2009)]

Physical grinding as one of the most common traditional methods widely used in co-
crystal preparations, was explored due to the benefits it offers over other solution-based
methods of co-crystallization such as simplicity, time efficiency, safety, cost-
effectiveness, and other benefits (Braga et al., 2013; James & Fris¢i¢, 2013b, 2013a).

4.3.3.2 Thermal analyses of LMZT sample by Hot Stage Microscopy

The HSM photographs of the LMZT sample are portrayed in Figure 4.31. The analysis
was performed as previously described in section 4.2.3.1. Data collection was achieved
over a 30-350°C temperature range. The LMZT sample started melting at 105°C. This
melting transition is lower than both AZT and 3TC, which melted at 121°C and 175°C,

respectively (HSM images for the starting materials not included here). No air bubbles
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observed prior to the melting temperature. The decomposition of the sample was

characterised by explosive bubbling at around 205°C.

20°C 98°C 105°C 204°C

Figure 4.31: Diagram of HSM photographs of LMZT sample recorded at room
temperature (20°C), the onset of melting at 98°C, actual melting at 105°C and
decomposition at 204°C.

The DSC analysis was carried out on APIs, their physical mixtures, and the milled
sample. The DSC curves are depicted in Figure 4.32, and the basic DSC details for the
LMZT sample, starting materials and their physical mixture, are summarised in Table
4.4. According to the DSC analysis, melting points for AZT and 3TC occurred at 122°C
and 177°C respectively. This is consistent with the previous publication (Araujo et al.,
2010) and correlates well with the HSM observed changes. On the other hand, the
LMZT sample melted over 103-110°C temperature range as indicated by a single
endotherm peaking at 109°C and onset of 103°C (Figure 4.32). Both HSM and DSC
results confirmed a new melting transition and LMZT as a possible binary eutectic

mixture.

LMZT

L .

3TC
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Figure 4.32: DSC curve of LMZT hybrid showing a lower melting endotherm
compared to those from pure AZT and 3TC
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Like AZT, the LMZT sample showed a broad decomposition exothermic peak in the
DSC curve between 200-245°C. This is also consistent with the sample discolouration
observed in the same range during the HSM analysis.

Table 4.4: Basic DSC data of AZT, 3TC, LMZT, and the physical mixture

Material Onset (°C) m.p.(°C) DeltaH (jg’!) Peak area (mJ)
AZT 120.61 122.17 135.62 542.48

3TC 175.32 177.17 119.98 299.96

LMZT 103.60 108.83 2.32 69.67

Physical mixture 112.09 117.33 135.62 542.48

To confirm the absence of any volatile substances and degradation of the sample, TGA
was performed under a neutral environment, at a predetermined heating rate of
10°C/min, following a TGA method described in section 4.2.3.1. The TGA
measurements were done over 30-370°C temperature range and the TGA/DTA curves
of the LMZT sample are shown in Figure 4.33.
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Figure 4.33: TGA/DTA curves of LMZT sample showing a decomposition mass

loss of ~70% over 200-300°C temperature range.

Based on the TGA/DTA results, there was a negligible mass loss (~0.0%) in the
LMZT sample before its decomposition onset at 205°C, therefore, concluding that
there are no volatile guest molecules in the LMZT structure. The decomposition
occurred in steps. Initially, 19.5% mass loss was calculated over 205-250°C
temperature range, followed by a second mass loss of 50% between 250°C and
325°C.
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4.3.3.3 Structural evaluation by infrared spectroscopy

FTIR spectra of AZT, 3TC, and LMZT are presented in Figure 4.34. The spectral data
from the individual APIs matched the ones reported previously (Pandey et al., 2016).
FTIR spectrum from the LMZT milled sample was analysed by comparing the shifts

and other changes in functional groups bands w.r.t the parent compounds.

Analysis of the FTIR spectra based on the key intensity shifts compares 3TC and AZT
to LMZT. It is also important to note that only peaks in functional groups region in the
FTIR spectra have been assigned owing to this characterization. The FTIR spectrum of
3TC peaked at 3324 cm ' and 3196 cm ™!, respectively and the two peaks were ascribed
to an amino N—H and hydroxyl O—H stretching, in agreement with (Pandey et al.,
2016). Minor differences observed could be due to different instrumentation,
sensibility, and purity of samples. Peaks at 3075 cm ! and 2883 cm ™! belong to the C—H
stretching of cytidine whereas C=0 and C=C stretching show doublet peaks at 1648

cm 'and 1635 cm ™! respectively.

FTIR spectrum of AZT showed peaks at 3459 cm™! and 3150 cm™! that correspond to
N-H and O—H respectively. The FTIR peaks at 3024 cm™' and 2813 cm™' were
respectively attributed to stretching =C—H of the pyrimidine ring and C-H and the band
peak at 2081 cm ! was assigned to.asymmetric N3stretching of azido group. FTIR peak
at 1671 cm™! was due to the pyrimidine carbonyl C=0 stretching.

FTIR spectrum of the LMZT sample displayed all FTIR peaks inherited from both pure
drugs 3TC and AZT, with minor band shifting. The 2813 cm™! assigned to C—H
overlapped with the 3TC peak at 2833 cm™! and slightly shifted to 2815 cm™! in the
LMZT spectrum. The AZT peak with maxima at 2081 cm™! (azido N3) had slightly
shifted to 2083 cm™'. Furthermore, there was an intense band shifting of AZT
pyrimidinic C=0, from 1669 cm™!' to 1683 cm™! in the spectrum of the LMZT sample.
Thus, confirming the possible intermolecular bonding with 3TC. The 3TC O-H
stretching peak at 3198 cm ™! also shifted slightly from 3195 cm™',
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Figure 4.34: FTIR spectra comparing pure AZT and 3TC to the eutectic LMZT
spectrum
These FTIR band shifts identified in the LMZT confirmed intermolecular bonding
between AZT and 3TC and the formation of a new entity although inconclusive. Table
4.5 summarises all shifts and other changes identified in the LMZT spectrum in
comparison to the starting materials.
Table 4.5: Main bands identified in the spectrum of pure drugs AZT and 3TC
and their respective positions in the of LMZT sample

F(x) groups AZT 3TC LMZT  Assignment

O-H 3460 cm? 3461 cm™  Hydroxyl

C-H 3024cm?  3075cm? 3030 cm?  Stretch asymm. alkyl

C-H 2817cm?  2833cm?T  2815cm?  stretching alkyl

N=N+ 2084 cmt 2083 cm™?  Azido moiety

Cc=0 1669 cm* 1683 cm™  stretching carbonyl
1635cm™ 1650 cm™  cytidine carbonyl

N-H 3324 cm? Amino

O-H 3196 cm™? Hydroxyl

Based on the FTIR results confirming the interaction between AZT and 3TC, the

following structure (Figure 4.35) was suggested.

http://etd.uwg.ac.za/



Chapter 4

N OH
\\N+
A\
) N
[¢]
HO, -
NH
//{ s
& N 5 )—NH . Weak interactions
o NN
N ’NosN —_— ;

v X o)
+ ¥ N /(
o | N
N/( NN 6

[ 7
HoN -

0

/&S HO

HO
Figure 4.35: The suggested LMZT structure with three prominent
intermolecular bonding positions.
4.3.3.4 Characterisation of LMZT morphology by SEM
From SEM analysis, it is observed in Figure 4.36 that the AZT sample showed an

irregular shaped crystal habit with smooth surfaces (Figure 4.36a).

o f
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Figure 4.36: SEM micrograms of (a) AZT, (b) 3TC and (c) the LMZT sample
captured at 5.00 K.X magnification, 1 um using 5 kV of energy.
The most stable polymorphic form (form-11) of 3TC was used in this experiment. This
polymorph used in powder form exhibits prismatic crystals when recrystallized
(Chadha, Arora, et al., 2012). Despite this, the 3TC powder sample appears to have lost
its original crystal habit and exhibited large irregular particles (Figure 4.36b). The
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LMZT sample showed round particles and very small in size compared to both APIs
(Figure 4.36¢).

4.3.3.5 Powder X-Ray diffraction analysis of LMZT sample

The powder X-ray diffraction (PXRD) is a non-destructive method to confirm new
phases such as co-crystals. The patterns from the LMZT sample and the pure drugs are
displayed in Figure 4.37. 3TC PXRD pattern showed characteristic peaks at 20
=13.23°, 17.38°, 20.50°, 21.29°, 24.79°, 26.33°. The diffraction peaks for AZT are
found at 26=8.8°, 14.63°, shouldered peak at 20 = 15.53°and 15.83°, 17°, 21.36°,
22.21°,24.14°, 27°, 27.77°, 29.32°, and 32.65°.
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Figure 4.37: The experimental PXRD patterns of 3TC, AZT, and the eutectic
LMZT sample

From the LMZT diffraction pattern the main peaks are identified at 26 value 8.77",
13.23°, 14.57°, 15.42°, 20.43°, 21.25°, 22.21°, a double shoulders peak at 24.24 and
24.79°. From these data, it is clear that only minor changes took place. The LMZT
pattern inherited peaks from AZT and 3TC, confirming the thermal analyses findings
that LMZT is indeed a eutectic mixture rather than a new co-crystal. Compared to AZT
and 3TC's PXRD patterns, the LMZT pattern shows a reduced crystallinity.

4.3.3.6  LMZT in vitro solubility evaluation
Evaluating the physicochemical properties such as solubility of the active substance is

an important step in the pharmaceutical development process. If not monitored the
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impact on drug formulation, bioavailability, storage, and dosage form itself can be

detrimental.

In vitro solubility evaluation was carried out by dissolving an excess amount of
individual drugs and the binary eutectic produced LMZT in different buffer solutions
at pH 1.2, 6.8, 7.4 and sodium dodecyl sulfate (SDS) solution. The mixtures were
agitated for 24 hours, using an incubator shaker, and then filtered. After necessary
dilutions, a Perkin EImer HPLC was used to quantify the amount of both APIs in the
eutectic LMZT sample and compared to the concentration of individual drugs in the

same buffer solutions.

A Perkin Elmer HPLC system setting with FXBPump (Flexar Binary Pump), an
automated injector equipped with a UV detector (LC 200a Series PDA Detector), and
a Flexar autosampler. Gradient elution, using a flow rate of 1.0 mL/min was applied as
follows: Methanol 85% (ag.): phosphate buffer solution (pH=3.6) 3 min (70:30), 1 min
(35:65), 3 min (0:100), 2 min (0:100), 2 min (70:30) and 2 min (70:30). A reversed-
phase Supelco Discovery HS Cig HPLC column 15 ¢cm x 4 mm, 5um was used.
Injection volume was 10 pL and absorbance of elution was recorded at the necessary
wavelength. The standard calibration curves (Figure 4.33) were plotted and R squared
(R2) = 0.9989 for AZT and 0.9988 for 3TC were obtained.
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Figure 4.38: The standard curves for AZT and 3TC at 254 wavelengths
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Based on the solubility measurements, the statistical data presented in Figure 4.39
show that both APIs’ solubility has increased in the binary eutectic LMZT. As expected,
both APIs were more soluble in the surfactant (SDS) than in the buffer media at various
pH. Moreover, the result indicated that the co-crystallisation enhanced more 3TC
solubility in all buffer media compared to the impact it had on the solubility of AZT.
3TC showed solubility increase by 2-fold in buffer solutions at both 1.2 and 7.4 pH
values, 1.8-fold at pH=6.8 and 1.3-fold in the surfactant (SDS).

1000

Bl 37C in LMZT

B Pure 3TC

I AZT in LMZT
| Pure AZT

800 —

[0}

o

o
|

400 +

Concentration ug/mL

200 —

pH 1,2 pH 6,8 . pH 7.4 SDS
Buffer solutions

Figure 4.39: A solubility histogram comparing LMZT solubility to pure AZT
and 3TC in buffer solutions at pH=1.2, 6.8 and 7.4 and SDS solution

To conclude, there was no co-crystal formed between AZT and 3TC after a co-
crystallisation attempt using solid-state co-grinding methods. Instead, a binary eutectic
LMZT was successfully produced. The thermal analysis confirmed a lower melting
point of the eutectic LMZT while SEM analysis confirmed the morphology of its
particles and the impact of co-grinding exercise, which resulted in a reduction of LMZT
particle sizes. Reduced particle size leads to an increase of contact surfaces, therefore

increasing solubility but can also result in the sample instability.

FTIR explored the possible interactions between 3TC and AZT and PXRD confirmed
the solid dispersion (binary eutectic mixture). Furthermore, the in-vitro solubility
carried out over a wide range of pH (1.2-7.4) revealed an enhanced solubility of both

http://etd.uwg ac.za/



Chapter 4

APIs in the eutectic LMZT. This further suggests the possible enhanced bioavailability
on both drugs.

4.3.4 Nevirapine-Zidovudine solid forms and co-crystals (NVZA)
4.3.4.1 Thermal analyses

Analyses by the DSC were conducted under nitrogen gas flowing at 20 mL per minute,
with samples cramped in aluminium pans and lids (section 3.4.2). The DSC curves for
all NVZA solid forms are shown in Figure 4.40.

NVZAZL; the samples produced by solid-state grinding of the starting materials in 1:1
and 2:1 molar ratios were characterised by unique melting endotherms in the same
temperature range (Tonset= 110°C, Tpeak= 116°C), and decomposition at a very high
temperature with onset at 215°C. Having obtained melting points of pure drugs, NVP
and AZT at 245°C and 122.7°C respectively, NVZAL melted earlier than both APIs.

This was the initial proof that a possible binary eutectic mixture has resulted.
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Figure 4.40: The DSC curves of pure AZT and NVP, NVZA1, NVZA2 and
NVZA3 derivative solid forms.

Based on the DSC analyses as an advanced tool to rapidly detect the co-crystal/eutectic
mixture formation, NVZA2 sample exhibited a new melting point, with a DSC curve
showing a melting endotherm at 234°C (onset at 224°). The DSC analysis of NVZA3
sample also produced a curve showing a single melting endotherm at 238°C with an
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onset at 235°C, confirming new dual-API solid forms NVZA2 and NVZAS3 as potential

co-crystals.
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Figure 4.41: The TGA/DTA curves of NVZAL with a total decomposition mass
loss of 90.6%, co-crystal NVZA2 showing a total decomposition mass loss of
85.4% and the co-crystal form NVZA3 with a total decomposition mass loss of
95%

The TGA/TDA curves of all NVZA solid forms are shown in Figure 4.41. The
TGA/DTA curves of NVZAL are characterised by a single step of mass loss (90.62%)
at 200°C, attributed to the decomposition of the sample. According to the TGA

measurements done between room temperature and the melting onset, no significant
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loss of weight was revealed (0.0 % loss). Thus, confirming the absence of any inclusion
molecules in the NVZA1 sample. The TGA/DTA curves for the NVZA2 samples also
showed no significant mass loss in the temperature ranging below melting onset (0.37
% loss). Therefore, confirming that NVZA2 samples are purely anhydrous. A total mass
loss equal to 85.4% of the initial sample mass, was identified in the temperature range
(220-270°C) corresponding to the melting and decomposition. Similarly, there was no
indication of significant mass loss in NVZA3 sample prior to melting range (0.62%
loss). The sample decomposed at a high temperature (over 200°C) with a total mass

loss of about 95%.

4.3.4.2 Analysis of the structure by Fourier transform infrared spectroscopy

The structural investigation by FTIR was initiated by obtaining individual drugs
spectra, then compare to the spectra of the NVZA solid forms (Figure 4.42). Peaks
assignment was only done for characteristic bands in functional groups region of the

spectra.

Pure AZT exhibited N—H and O—H bands at 3460 cm ™' and 3150 cm ™! respectively in
the spectrum. Peaks at 3024 ¢m ™' and 2817 cm™! were attributed to stretching C—H
respectively, while the peak at 2084 cm ' was assigned to asymmetric N3 stretching of
azido group vibration and the peak at 1669 cm~" was due to the pyrimidine carbonyl
C=0 stretching (Bansal et al., 2013; De O. Porfirio et al., 2015).

NVP spectrum exhibited bands peak at 3186 cm ™! assigned to N—H stretching, band at
3062 cm™! assigned to C-H, 1643 cm' band assigned stretching carbonyl C=0,

associated with N—H.

Both NVP and AZT characteristic bands are present in NVZAL. Band positions such
as AZT stretching C=0 shifted to 1639 cm™ and the N-H stretching subsided. NVP
stretching N-H at 3186 cm™ slightly shifted to 3183 cm™ while its stretching C=0
shifted to 1685 cm™2, confirming weak bonding interactions between AZT and NVP.

The NVZA2 spectrum inherited NVP stretching N-H band at 3195 cm'and the
stretching C—H shifted to 3068 cm™'. The AZT stretching N-H downshifted to 3451
cm ! while =C-H and C-H peaks shifted to 3068 cm ™' and 2830 cm™!, respectively. Its
carbonyl C=0 stretching also shifted to 1651 cm™'. These band shifting suggested
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bonding interactions between NVP and AZT. Furthermore, there was a significant

shifting of AZT azido to 2105 cm™! due to bonding interactions between the two APIs.

NVZA3 exhibited NVP stretching N-H band at 3188 cm™!, AZT azido stretching at
2100 cm™! while AZT stretching C-H appeared at 2827 cm™! and stretching C=0 band
at 1644 cm™!. AZT stretching O-H also subsided in the spectrum of NVZA3 sample.
These spectral displacements authenticated the presence of interactions between N-
H/O-H and C=0/C-H of both APIs. All identified shifts in IR band positions
summarised in Table 4.6 proved a successful formation of new NVP and AZT
derivatives NVZAL, NVZA2 and NVZA3.
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Figure 4.42: FTIR spectra of commercial NVP, AZT and their dual-drug
derivative solid forms; (a) NVZAL, (b) NVZA2 and (c) NVZA3

Table 4.6: Summary of IR shifts found in different NVZA co-crystals and the
eutectic mixture

Functional group

Sample O-H H-N C-H C=N C=0

NVP 3186cm™' 3062 cm™! 1643 cm™!
3024 cm™! 2081 cm™!

AZT 3460cm™!  3150cm™' 2813 cm™! 2115¢cm ! 1669 cm™!
3063 cm™!

3183cm™' 3034 cm™! 2084 cm™! 1685 cm™!

NVZzA1l| 3461cm™ 2815cm™! 2113 cm™! 1639 cm™!
3068 cm™!

NVzA2 | 3451cm™  3195cm™ 2830 cm™! 2105 cm’! 1651 cm™!
3062 cm™!

NVZA3 | Subside 3188 cm™! 2827 cm™! 2100 cm™! 1645 cm™!
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4.3.4.3 Analysis of the NVZA derivative solid forms by Powder X-Rays
diffraction

The PXRD patterns of NVZAL, NVZA2, NVZA3, physical mixtures and individual

drugs AZT and NVP are presented in

Figure 4.43. Due to the absence of good quality crystals suitable for single X-rays
diffraction, there was no elucidation of the structures. However, PXRD data provided

enough information to categorize NVZA derivative solid forms.
The PXRD pattern of NVZA1 (

Figure 4.43a) inherited the characteristic diffraction peaks from individual drugs with
minor changes in shapes and size of the peaks. The absence of new diffraction peaks
resulted from a failed co-crystallisation and confirmed that NVZA1 form is a binary
eutectic mixture rather than the desired co-crystal.

In comparison to diffraction patterns of individual APIs, the PXRD pattern of NVZA2
(Error! Reference source not found.b) exhibited new diffraction peaks at 2theta 10.5°,
11.6°, 14.21° and 16.2°; confirming it as a new dual-API co-crystal form. NVZA3 was
also confirmed as a new dual-API co-crystal with a PXRD pattern exhibiting the same
diffraction peaks at 2theta 10.5°, 11.6°, 14.21°, 16.2° and additional peaks at 2theta
13.6° and 27.8° differing it from NVZAZ2 co-crystal form.
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Figure 4.43: The experimental PXRD patterns for pure AZT and NVP, their
physical mixture, and their solid derivative forms (a) NVZAL, (b) NVZA2, (c)
NVZA3

4.3.4.4 In-vitro solubility evaluation of NVZA dual-APIs solid forms

Excess amounts of the individual drugs NVP, AZT, and their co-crystal were added to
USP aqueous buffer solutions at pH 1.2, acetate buffer at pH 4.5 and phosphate buffer
solution at pH 5.8, 6.8, and 7.4 and deionised water. The mixtures were continuously
shaken in an incubator shaker at 37 °C (= 0.5) and 100 rpm for 48 hours. Samples were
filtered using 0.20 pm PVDF syringe filters and analysed using an HPLC. The
quantification was performed using a Perkin ElImer HPLC system set with FXB Pump
(Flexar Binary Pump), an automated injector equipped with a UV detector (LC 200a
Series PDA Detector), and a Flexar autosampler. Isocratic elution, at a flow rate of 10
mL/min was applied. A reversed-phase Supelco Discovery HS Cig HPLC column 15
cm X 4 mm, 5um was utilised. Injection volume was 10 pL and absorbance of elution
was recorded at 265 nm following suitable dilutions. The mobile phase used contained

50:50 acetonitrile (aq.).

For the standard/calibration curves, regression equations given by calibration data are

as follows: For AZT, the regression equation,

The regression equation for NVP

Y = 14384x + 41118 Equation 4.2

Squared R deducted are 0.999 and 0.9998 respectively for AZT and NVP

Saturation solubility data for NVZA1 are presented in Figure 4.44. AZT showed
increased solubility in the eutectic NVZA1 sample by 2.3, 2.4, 1.9, 1.6, and 2.3-fold
respectively at pH=4.5 (ammonium acetate), pH=5.8, 6.8, 7.4 (0.1M potassium
phosphate) and deionised water (H20). NVP also showed enhanced solubility by 2.3,
2.6, 2.0, 2.2, and 2.3 at the same pH values. The solubility of NVP in its pure form and
the binary eutectic with AZT was inversely proportional to pH. This finding also agreed
with the previous publication by Kuminek et al., 2016. A lower melting transition of

the binary eutectic NVZAZ1 also justified its solubility increase.
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The apparent solubility of both AZT and NVP has remarkably enhanced in the co-

crystal form NVZA2. AZT was more soluble in NVZAZ2 with a significant increase by

4.3-fold, 5-fold, and 4.3 at pH =6.8, 7.4 and deionized water. On the contrary, there was
a decrease in AZT solubility at pH=1.2 (0.1 N HCI). This tendency is familiar in cases
where two co-crystallised drugs have large solubility differences; the solubility increase

of a less soluble drug leads to a decrease in solubility of a more soluble drug.
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Figure 4.44: Histogram illustrating the dual co-crystallization-related solubility
changes for NVP, AZT in the binary eutectic NVZA1 over a wide range of
buffered media and unbuffered deionised water
Nonetheless, AZT solubility (in pure form and NVZA2 co-crystal) was higher at
pH=1.2 compared to the rest of the buffer media used and unbuffered deionised water.
Compared to pure NVP, the solubility measurements revealed an increase of NVP
solubility by ~2-fold in NVZA2 at all pH environments (1.2-7.4) and unbuffered

deionised water (Figure 4.45).

NVZA3 co-crystal sample (Figure 4.46) generally exhibited enhanced solubility for
both AZT and NVP. Solubility measurements also indicated that AZT is less soluble
by 0.3 times at pH=1.2 while solubility increase by 4.2, 4.3 and 3-times was recorded
at pH=6.8, 7.4 and the aqueous solution respectively. On the other hand, NVVP was more
soluble by 1.1, 1.6, 1.6 and 1.7-fold respectively at pH=1.2, 6.8, 7.4 and deionized
water.
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These in vitro solubility measurements indicated a clear pH-dependent solubility for
the pure form of NVP and all three derivative multicomponent crystal forms, with the
maximum at pH=1.2. This attitude is not unusual among weakly basic drugs such as
nevirapine (Kuminek et al., 2016), (Jean B. Ngilirabanga et al., 2020). Furthermore, the
enhanced apparent solubility in the co-crystals is attributed to an increase in lattice

energy by co-crystallisation (Ranjit & Sarma, 2018) of AZT with NVP in this instance.
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Figure 4.45: Histograms comparing solubility of pure AZT and NVP to NVZA2
co-crystal forms at pH=1.2, 6.8, 7.4 and aqueous media
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Figure 4.46: Histograms comparing solubility of pure AZT and NVP to NVZA3
co-crystal form in agueous medium and buffer solutions at pH=1.2, 6.8 and 7.4

In conclusion, the co-crystal formation between nevirapine and zidovudine was

successfully investigated using solid-state and solution co-crystallization methods. It
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was found that two drugs form a dual-APIs co-crystal via solution crystallization
methods while solid-state grinding generated eutectic mixture rather than the desired
co-crystal. Thermal analyses, FTIR and PXRD, confirmed the NVZA derivative solid
forms produced.

Based on in vitro solubility measurements, binary eutectic mixture NVZA1 and dual-
APl co-crystal forms NVZA2 and NVZA3 are highly soluble compared
commercial/starting materials. Combining these two APIs in a single dosage form
either a tablet or capsule or any other formulations would significantly reduce the
amount of excipients required during the manufacturing process. This is beneficial not
only in terms of product cost but also in reducing the volume of the final dosage form;
necessary for increased patient compliance to the treatment. Pharmaceutical
formulators would, however, look at possible adjustment on the required amount of
APIs per dose.

4.3.5 Efa Lamivudine muiticomponent sg orms (EL)
The antiretroviral drugs EFV and 3TC both inhibit the HIV reverse transcriptase but
belong to different classes, namely non-nucleoside and nucleoside transcriptase
inhibitors, respectively, as discussed in section 3.2. Despite the potential to interfere
with the reserve transcriptase; the enzyme responsible for the multiplication of HIV,
EFV is known to its aqueous solubility limitations which in turn affects its
bioavailability. In this section, co-crystal formation between EFV and 3TC was

attempted using different preparative methods.

4.3.5.1 Thermal analysis of EL solid forms by DSC and TGA
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Figure 4.47: The DSC curves of pure EFV, 3TC, eutectic EL1 and the co-crystal
EL2 samples

Using DSC analysis as a tool for quick detection of co-crystal formation, it was found
that samples produced using a co-grinding method ina 1:1 and 3:2 named EL1
exhibit the same melting point with a DSC endotherm peak at 119.53°C and onset at
115.40°C. The DSC curves of EL2 samples prepared using a co-grinding method of
APIsinal:2, 1:3 and 1:4 molar ratios (Figure 4.47) were characterised by two
endotherms. The first transition endotherm was small with the maxima at 119.53°C
and onset at 115.40°C and second intense endotherm corresponding to samples melt
at 167.67°C and an onset at 164.77°C.
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Figure 4.48: TGA/DTA curves of the binary eutectic EL1 showing a
decomposition mass loss of ~100% and the co-crystal EL2 showing a total
decomposition mass loss of 85%.

The analysis by TGA was carried out to understand the thermal behaviours of the
sample further. The TGA/DTA curves of EFV, 3TC and EL1 and EL2 co-crystalline
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samples are shown in Figure 4.48. Both samples showed no indication of mass loss

until the onset of decomposition upon which a significant loss occurs.

For the eutectic EL1, 100% mass loss occurred upon decomposition, whereas only
69.1% mass loss was observed upon the co-crystal EL2 degradation. The TGA graph
of the co-crystal sample EL2 showed that the weight of the sample remained unchanged
until 175°C and start decreasing over melting and degradation. Furthermore, the TGA
analysis for the co-crystal EL2 does not indicate any mass loss around 120°C, therefore,
supporting the DSC finding that a small endotherm was due to physical transition of

the sample rather than a desolvation or release of any guest molecule.

4.3.5.2 FTIR spectroscopic analysis of EL1 and EL2 co-crystal samples

FTIR spectroscopy as a popular analytical method used for studying hydrogen bond
formation in materials was carried out. The FTIR spectra of both individual drugs EFV
and 3TC, and the EL1 and EL2 samples are presented in Figure 4.49. FTIR analysis
was initiated by exploring the structures of pure drugs as references. Characteristic
bands for both EFV and 3TC matched the previous reports (N. P. Reddy et al., 2015)
(Pandey et al., 2016). EFV spectrum has two absorption bands peaks at 3314 cm™ and
1742 cm respectively assigned to the carboxamide N=H and C=O stretch. The peak at
3095 cm™! was due to the aromatic. C—H stretch while the band at 2250 cm™ was
assigned to stretching C=C. The FTIR spectrum for 3TC showed characteristic peaks
at 3324 cm™ and 3196 cm respectively assigned to amino N—H and hydroxyl O—H
stretching. The peaks at 3075 cm™ and 2833 cm ™! were respectively assigned to sp? and
sp® C—H stretch.

The absorption peak at 3199 cm™ in the EL1 spectrum had shifted from 3TC peak at
3196 cm™'. EFV carboxamide stretching C=0 at 1742 cm™! slightly shifted to 1740

cm!in the EL1 spectrum, suggesting weak interactions with 3TC pyrimidine N—H.

In the FTIR spectra generated by EL2 sample, the 3TC stretching N-H peak at 3324
cm ! has shifted to 3330 cm™!, and the stretching O-H peak at 3196 cm™! has also shifted
to 3207 cm™'. Further, 3TC aromatic stretching =C-H peak at 3075 cm™! has shifted to
3080 cm™!. On the other hand, EFV pyrimidine N-H stretching at 3313 cm™! and C-H
stretching at 3095 cm™! were significantly displaced to 3330 cm™' and 3030 cm™!

respectively (Figure 4.49, Table 4.7) as a result of possible N-H***O-H/C-H*N-H or
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N-HC=0 bonding. Due to these spectral shifting, FTIR studies identified the powder
sample EL2 as a potential dual-API co-crystal form of EFV and 3TC. The possibilities
of halogen (CI or F) bonding interaction were ruled out by the absence of relatively
large shifting in spectra of both EL1 and EL2 samples. This further indicated that not
only did halogens Cl and F have no influence on the complexation process but also
expressed very weak or no bonding between EL precursors. Different functional groups
and assignments in both eutectic mixture EL1, co-crystal EL2 and pure drug spectra
were summarised in Table 4.7. Figure 4.50 also illustrates suggested interactions based
on FTIR findings.
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Figure 4.49: FTIR spectra of EFV, 3TC and EL solid forms compared

Table 4.7: Summary of characteristic peaks in the FTIR spectra of EFV, 3TC,
the eutectic EL1 and the co-crystal EL2 and their assignments

Assignments EFV 3TC EL1 EL2
Pyrimidine N-H | 3313cm™  3324cm™ 3463 cm™! 3330 cm™!
Hydroxyl O-H - 3196cm™ 3196 cm™! 3207 cm™!
Aromatic =C-H | 3095cm™!  3075cm™! 3095 cm™! 3080 cm!
Aliphatic C-H - 2833 cm™! 2833 cm! Subsides
-C=N 2250 cm™! - 2250 cm! Subsides
C=0 stretch 1742 cm™! - 1740 cm™ 1744 cm™!
- 1649 cm™! 1643 cm™! 1650 cm!
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Figure 4.50: Suggested interactions based on the FTIR results

4.3.5.3 Morphology of EL sample particles

Representative SEM micrographs presented in Figure 4.51, highlight morphologic
differences of EL samples to raw materials. Morphology of the sample particles
individually also shows different habits among themselves. While EFV exhibited
polyhedral rod-shaped particles and lamivudine showed very large, irregularly-shaped
particles with smooth surfaces, EL1 sample is made long fibre-like particles. EL2 co-
crystal sample exhibited a mixture of irregular and fibre-shaped particles, suggesting

new crystal habits and a successful formation of new chemical entities.

Figure 4.51: SEM images comparing the particle morphology of EFV, eutectic
EL1, the co-crystal EL2 and 3TC particles analysed with the magnification of
10.00kX and 1 um and EHT =5 kV.

4.3.5.4 Powder X-Rays diffraction discussion of EL solid forms

The Powder XRD analysis was carried out on the starting materials and the powder
samples to confirm whether a co-crystal was produced. PXRD patterns are shown in
Figure 4.52. While the PXRD pattern generated from EFV is characterised by very
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sharp, intense characteristic diffraction peaks at 26 6.00°, 10.3°, 10.83°, 12.16°, 13.1°,
14.12°, 15.15°, 16.83°, 21.10°, and 24.86°, 19°, 21.84°, 23.00°, 27.1°, 27,9°, 29°, the
3TC pattern exhibited diffraction peaks at 26=13.23°, 17.38°, 20.50°, 21.29°, 24.79°,
26.33°. PXRD pattern from EL1 inherited all diffraction peaks from both EFV and 3TC
which confirmed EL1 as eutectics/solid dispersions rather than a co-crystal desired. On
the other hand, the EL2 pattern exhibited new diffraction peaks at 26=11.2°, 11.72°,
13.4°,17.52° and 21.43° confirming EL2 as a dual-APlIs co-crystal.
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Figure 4.52: The experimental PXRD patterns of pure 3TC, EFV, the binary
eutectic EL1 and the co-crystal EL2

4.3.5.5 Solubility evaluation

Evaluating the physicochemical properties of a new active substance such as solubility
is an important step in the pharmaceutical development process due to its influence on
drug formulation, bioavailability, storage and dosage form itself (Verma & Mishra,
2016). In vitro solubility evaluation was carried out by dissolving an excess amount of
individual drugs and the co-crystal sample in different buffer solutions at pH 1.2, 6.8
and 7.4 prepared with 0.1% Tween (a surfactant). The mixtures were continuously
shaken for 48 hours at a predetermined 100 rpm and 37°C and filtered (0.45 um). Azula
HPLC was subsequently used to quantify both pure APIs vs their amount released by
eutectic EL1 and the co-crystal EL2.

Azula HPLC system setting
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The FXBPump (Flexar Binary Pump), an automated injector equipped with a UV
detector (LC 200a Series PDA Detector), and a Flexar autosampler. Isocratic elution,
using a flow rate of 1 mL/min with acetonitrile: deionized water (70:30). A reversed-
phase Supelco Discovery HS C18 HPLC column 15 cm x 4 mm, 5um was used.
Injection volume was 10 pL, and absorbance of elution was recorded at the necessary
wavelength. Standard calibration was performed. Calibration curves are presented in
Figure 4.53.
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Figure 4.53: EFV and 3TC calibration curves
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Figure 4.54: Solubility histograms comparing pure EFV and 3TC to their
amount released by eutectic EL1 in buffer solution at pH 1.2, 6.8 and 7.4
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Figure 4.55: Solubility histograms comparing pure EFV and 3TC to their
amount released by co-crystal EL2 in 0.1 N HCI buffer solution at pH 1.2, PBS
pH 6.8 and 7.4

Solubility measurements suggested that EFV is more soluble in the eutectic EL1 by 1.5
and 1.3-fold than pure API at acidic pH (1.2 and 6.8). On the contrary, there was no
solubility increase at pH 7.4. 3TC exhibited a reduced solubility in buffer solutions used
by 2.4, 2.2, and 2.5-fold at pH 1.2, 6.8 and 7.4 respectively.
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Unlike its pure form which solubility appears to have increased with pH, EFV solubility
in EL1 is inversely proportional to the pH of the used buffer solutions (pH dependant),
with more solubility at pH=1.2 (Figure 4.54).

The solubility of the co-crystal sample EL2 was evaluated under the same pH and
analysed against pure EFV and 3TC (Figure 4.55). EL2 solubility histograms are
presented in Figure 4.55. EFV solubility increase by 1.5, 1.8, 1.3 was respectively
observed at pH=1.2, 6.8 and 7.4. Simultaneously, 3TC solubility decreased by 2.9, 1.6
and 2 under the same pH values.

1e-l.amivudine solid forms (NL)
Antiretroviral drugs nevirapine and lamivudine are used in combination for the
treatment of HIV infection. Knowing that NVP suffers from poor aqueous solubility,
the study aims at explaring the co-crystal formation between the two APIs for a better
pharmacological response.

4.3.6.1 The binary eutectic NL thermal analyses
The DSC analysis was carried out following the method described in section 4.2.3.2
and obtained thermal information was compared to the HSM images to better

understand the sample's behaviours and interpretations.

The binary eutectic NL sample melted between 170-173°C temperature range and
decomposed towards 250°C as indicated by discolouration the sample of the glass slide
of the HSM. There was no thermal change observed prior to the melting point, which
is consistent with the DSC outcomes presented in Figure 4.56. A single endothermic
peak at 173°C (an onset at 170°C) marked the melting point of eutectic NL sample.
Basic DSC parameters of both NVP and 3TC and the binary eutectic NL are

summarised in Table 4.8.
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Figure 4.56: DSC graph of pure NVP, 3TC and a lower melting DSC curve of the
binary eutectic NL produced

Table 4.8: The summary of essential DSC data of NVP, 3TC and eutectic NL

Material Melting onset  Melting point ~ DeltaH (jg!)  Peak area (mJ)
NVP 245.49°C 246.87°C 113.909 193.645

3TC 175.32°C (g P A 119.987 299.967
Eutectic NL  170.5°C 172.67°C 2.3223 69.669

TG analysis was also carried out using a method outlined in section 4.2.3.3. The
TGA/DTA curves calculated from the eutectic NL sample and presented in Figure
4.57, are characterised by a single mass loss deviation due to the decomposition (190°C-
350°C) with a total loss of 75% approximately. There was no indication of any mass
loss over the temperature ranging below the melting onset, which ultimately suggested

the absence of volatile substances in the sample molecular structure.
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Figure 4.57: The TGA/DTA curves of the binary eutectic sample (NL) with a
total decomposition mass loss of 75%
4.3.6.2 FT-IR studies of the binary eutectic NL
The FTIR analysis was carried out to obtained structural information. Spectra of
individual APIs were plotted against the newly prepared solid form as presented in
Figure 4.58

In the FTIR spectrum of 3TC, the amino N—H and hydroxyl O—H stretching peaked at
3324 cm™!' and 3196 cm™! respectively, while peaks at 3075 cm™' and 2883 cm™!
appeared due to the C—H stretching of cytidine. The spectral peaks at 1648 cm™! and
1635 cm ™! belong to C=0 and C=C stretching, respectively. This is consistent with the
previous work by Pandey, Yadav and Mishra, (2016). Minor differences observed could
be due to different instrumentation, sensibility, and purity of samples.

NVP spectral peaks were assigned according to studies found in (Chadha et al., 2010b;
Samsodien et al., 2017; Sarkar et al., 2008). Pure NVP spectrum exhibited absorption
band peaks at 3185 cm ! and 1641 cm™!, respectively corresponding to N-H and C=0
stretch of the carboxamide moiety. The characteristic band at 3062 cm™' was assigned

to C—H stretching vibrations.
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Figure 4.58: The FTIR spectra of NVP, 3TC and the prepared binary eutectic
NL compared

The binary eutectic NL inherited both starting materials spectral band peaks with only
minor shifting attributed to weak interactions between NVP and 3TC. Given a lower
melting transition than pure NVP and 3TC, NL was confirmed as a binary eutectic.

4.3.6.3 Powder X-Ray Diffraction analysis of NL sample

The powder X-ray diffraction was used to confirm FTIR findings. The PXRD patterns
of pure APIs and NL were presented in Figure 4.59. PXRD patterns generated from
NL sample exhibited characteristic diffraction peaks at 2theta positions 9.3°, 13°, 13.3°,
19°, 20.4°, 21.2°, 24.9°, 25.5° and 26.4°. These positions are similar to those found in
patterns generated from pure NVP and 3TC, confirming NL as a binary eutectic and
also prove that the co-crystal preparation between these two APIs using solid-state co-

grinding was unsuccessful.
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Figure 4.59: The experimental powder X-ray diffraction patterns for NVP, 3TC,
NVP-3TC physical mixture and the binary eutectic NL

4.3.6.4 Invitro solubility evaluation of the binary eutectic NL

Regardless of this unsuccessful co-crystallisation, solubility evaluation was performed
on the binary eutectic formed. Gradient elution, at a flow rate of 10 mL/min was applied
as follows: Solvent A = Methanol 85% (ag.) and solvent B: phosphate buffer solution
(pH=3.6); equilibration =5 min (55:45), 3 min (55:45), 1 min (10:90), 5 min (10:90),
1 min (55:45), and 5 min (55:45). A reversed-phase Supelco Discovery HS C18 HPLC
column 15 cm x 4 mm, 5um was used. The injection volume was 10 pL, and absorbance
of elution was recorded at the necessary wavelength following suitable dilutions.
Squared R was found to be 0.99905 for 3TC and 0.9998 for NVP. Calibration curves

are presented in Figure 4.60.

The HPLC data presented in Figure 4.61 and Figure 4.62 suggested a remarkable
solubility increase of both APIs in the binary eutectic NL. Compared to untreated 3TC,
the amount of 3TC in the NL sample increased by 2-fold, 2-fold, 2.6-fold, 2.5-fold, and
2.6-fold respectively at pH = 1.2 (0.1N HCI), pH = 4.5 (Ammonium acetate), 0.1 M
potassium phosphate pH = 5.8, 6.8, 7.4 and aqueous (H20) medium. The amount of
NVP in the NL sample was increased by 2.3-fold, 2.2-fold, 2.3-fold, 2.1-fold, and 2-
fold respectively at same pH values (pH =1.2, 4.5, 5.8, 6.8, 7.4, and H20).
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Figure 4.60: Calibration curves for both NVP and 3TC

As a lipophilic drug, NVP is known for its poor aqueous solubility which significantly
affects its bioavailability. Just like other weakly basic drugs, NVP has the pH-
dependant solubility profile. Pure NVP solubility and its binary eutectic with 3TC were
inversely proportional to pH, exhibiting higher solubility at < pH 2. This is consistent
with the previous publication (Kuminek et al., 2016). Furthermore, binary eutectic NL
showed a lower melting point compared to both 3TC and NVP. This may have
contributed to its improved solubility profile.
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Figure 4.61: Solubility histogram comparing 3TC in the binary eutectic NL to
the pure 3TC in different buffer solutions and deionised water
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Figure 4.62: Solubility histogram comparing pure NVP to the binary eutectic NL

in buffered solutions (different pH) and deionised water

4.4 Conclusion

In total, 5 daul-API co-crystals namely; efavirenz-zidovudine (EFZA), nevirapine-
efavirenz (NEF), nevirapine-zidovudine (NVZA2 & NVZA3) efavirenz-lamivudine
(EL2) and 4 eutectic binary mixtures including lamivudine-zidovudine (LMZT),
nevirapine-zidovudine (NVZAL), efavirenz-lamivudine (EL1), and NL have been
successfully produced. All hydrids were characterised for their thermal behaviours
using HSM, DSC and TGA/DTA. Spectral studies using FTIR provided information of
molecular interactions of the combination systems, whereas SEM and PXRD
respectively provided morphology assessment and confirmation of samples chemical
identities. Furthermore, the in-vitro solubility evaluation of all dual-APIs solid forms
suggested enhanced solubility at different pH buffer solutions and water.
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Chapter 5 Dual-drug co-crystals/eutectics of
selected antiretroviral and anti-tubercular
drugs: Non-covalent synthesis and

characterisation

In this chapter, the description of co-crystallisation experiments of selected APIs and
the discussion of results are presented. The conclusion on the physicochemical

properties and the type of solid derivative form produced is also given accordingly.

5.1 Introduction

The current treatment strategies of HIVV/TB co-infected patients which involve taking a
combination of different doses, present different challenges (Bell & Noursadeghi, 2018;
Narendran & Swaminathan, 2016; Pawlowski et al., 2012a). Apart from an increased
chance of drug resistance development due to regimen compliance, there are other
factors based on the diagnosis itself such as lower sensitivity for smear microscopy,
atypical chest radiographic appearances, and frequent extra-pulmonary localisation.
Other challenges include a high load of pills and risks of drug interactions, adverse
effects and toxicity to patient” internal organs such as live and kidneys, etc. (Efsen AM,
Schultze A, Post FA, Panteleev A, Furrer H, Miller RF, Losso MH, Toibaro J, Skrahin
A, Miro JM, 2015).

To find a solution to above issues, combination strategies such as fixed-dose
combinations have been developed and somehow eased problems such as drug
interactions, irregularities in doses but still present additional challenges (Paul, 2019)
and does not solve poor physicochemical properties such as poor solubility and stability
known among current anti-HIV/TB drugs. Therefore, alternative therapeutic strategies

of treatment that are more efficient, cost-effective, and safer are highly in demand.

For the past few years, engineering crystals of pharmaceutical solids has proven to be
a fruitful approach to manage different properties of active pharmaceutical ingredients
(API); properties such as solubility and dissolution that are strongly dependant on the
physical state of the API. Given that fact, there is a fuelled desire to discover and
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manipulate different crystal forms of APIs. One type of interesting crystal forms are
co-crystals (Ancheria et al., 2019; Couillaud et al., 2019; Vishweshwar et al., 2006). As
previously discussed, co-crystals are multicomponent crystal forms in which two or
more molecules that are solids under ambient temperature coexist through non-covalent
interactions such as hydrogen bonds, halogen bonds, p—p stacking and/or van der Waals
interactions (Steed, 2013b).

5.2 Experimentation materials and methodologies

5.2.1 Materials
In this chapter, Efavirenz (EFV) and zidovudine (AZT) obtained as a generous donation
from ASPEN Pharmacare (Port Elisabeth, South Africa), 1-adamantylamine (ADT),
isoniazid (purity > 99.6%) and pyrazinamide (purity > 98.6%) purchased from Sigma-
Aldrich Chemie GmbH (Steinheim, Germany), were used for the co-crystal screening.
Synthesis and full characterization of different antiretroviral-antituberculosis dual drug
co-crystals and other multicomponent hybrids of selected APIs have been

demonstrated.
522 Pre Iy Imetic

5.2.2.1 Efavirenz-isoniazid co-crystal screening

Mechanochemical reactions were created by physically grinding the mixture of both
APIs in an agate mortar and a pestle (Figure 5.1) for thirty minutes to produce a dual
co-crystal of EFV and INH. Mixtures in different ratios (1:1; 1:2, 1:3) were prepared
during the co-crystal screening process. The whole screening data are presented in
Appendix A.

F F [¢]]
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\
N

Figure 5.1: Molecular mechanistic for the preparation of EFINH co-crystal
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5.2.2.1 Preparation of EFAD sample

The EFAD sample was prepared by the physical co-grinding method, using a mortar
and a pestle (Figure 5.2). Pure drugs; efavirenz (EFV) and 1-adamantylamine (ADT) in
their 1:1 stoichiometric molar ratio [EFV (0.02 mg) and ADT (0.0096 mg)] were
subjected to physical milling for at least thirty minutes. An unstable and hygroscopic
sample (EFAD) was obtained and was subsequently analysed. Screening for the co-
crystal between EFV and ADT was also attempted using a 2:1 stoichiometric ratio
where double the amount of EFV was used while maintaining the weight of ADT.

Results are included in experiment summary (Appendix A).

C'; F: ‘\\,%
FF F\\//> HN—<O

0]
] . dry grinding \
(0] < —— \
/g Room temperature H,N
N O
H
Efavirenz

1-adamantylamine

Figure 5.2: Molecular mechanistic for the preparation of EFAD amorphous solid
dispersion

5.2.2.2 Synthesis of INHZA

For the preparation of INHZA, AZT and INH were taken in their equimolar ratio
(AZT; 10mg, and INH; 20mg) and subjected to solid-state grinding in a mortar-pestle
for at least thirty minutes. Powder sample produced was sealed in the polytop vials
and was subsequently characterized by a series of analytical instruments. Error!
Reference source not found. demonstrates the molecular mechanistic for the formation
of INHZA solid dispersion.
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Figure 5.3: The molecular mechanistic for the preparation of INHZA

5.2.2.3 Preparation of AZTPZA sample

A mixture of pure drugs Zidovudine (AZT) and pyrazinamide (PZA) in 1:1
stoichiometric ratio, was prepared in a mortar and physically milled for thirty minutes
using a pestle (Figure 5.4). A solid crystalline sample obtained was stored in a sealed
vial for further analyses and characterisation. The co-crystal formation was also
attempted using solvent evaporation. All experimental outcomes are summarised in

Appendix A.
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N* Zidovudine Pyrazinamide
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Figure 5.4: The molecular mehcanistics for the preparation of AZTPZA eutectic
mixture

5.2.2.4 LMISO preparation

Screening for a co-crystal between 3TC and INH was carried out using the solid-state
co-grinding technique. The physical mixturesina1:1, 1:2, 2:1 stoichiometric ratio were
prepared first. Each mixture was introduced into an agate mortar and co-milled using a
pestle for at least thirty minutes (Figure 5.5). The resultant powder; LMISO was analysed
immediately. The preparation experiments were carried out in triplicate to ensure
reproducibility of the samples. There was no need for temperature adjustment as
grinding was carried out at room temperature. The co-crystal formation was also
attempted using solvent evaporation. All experimental outcomes are summarised in
Appendix A.
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Figure 5.5: The molecular structures of co-formers lamivudine and isoniazid

All samples were prepared in triplicate to ensure that they were reproducible.

A full characterization was carried out for obtained samples vs their starting materials.
Thermal analysis using the Hot Stage Microscopy, Differential scanning calorimetry,
and thermogravimetric analyses. Sample morphologies were evaluated using Scanning
electron Microscopy, while structural information and molecular identities of samples
were obtained from Fourier infrared spectroscopy and the powder X-ray diffraction. In

vitro solubility of samples was measured using PHLC.

5.2.3.1 Analysis by Hot Stage Microscopy (HSM)

Thermo-microscopic analyses were performed with an optical microscope Olympus
(SZX-ILLB200) equipped with a  Linkam temperature-controlled stage
(THMS600/720), connected to a T95-PE system controller (Linkam Scientific
Instruments Ltd., Tadworth, Surrey, UK). Images were recorded with an Olympus
UC30 camera attached to the specified microscope (Olympus Optical, Japan) using
Stream Essentials software. Samples were heated over a temperature range of 30 C -
350°C at a constant heating rate of 10°C/min, with samples submerged in silicon oil.
The hot-stage was calibrated using USP melting point standards.

5.2.3.2 Analysis by Differential Scanning Calorimetry (DSC)

DSC analyses were performed using a DSC 8000 Perkin Elmer instrument (Waltham,
USA), incorporating a cooling system. Samples (2.5 - 5 mg) were crimped in the
aluminium pans sealed with pierced lids. The instrument was calibrated by measuring
the onset temperatures of the melting of indium (m.p. 156.6 °C) and zinc (m.p. 419.5
°C) while the heat flow was calibrated from the enthalpy of melting of indium (28.62
J/g). The samples were heated to 20-30 °C above the melting range of the most

thermally stable, at a heating rate of 10°C/min. All analyses were performed under
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continuous pure (99.8%) dry nitrogen purging with a flow rate of 20 mL/min) and were

reproducible.

5.2.3.3 Analysis by Thermogravimetry (TGA)

A Perkin-Elmer 4000 PC thermal system (Waltham, USA) was used. Calibration of the
instrument was performed using three different references; Alumel (m.p. = 154.2 °C),
Perk alloy (m.p. =596.00 °C) and iron (m.p. = 780 °C) at 1 and 2°C/min. The samples
analysis was carried out over a temperature range between 30 °C — 400 °C at a
predetermined heating rate of 10°C/min. Samples were continuously purged by a
stream of dry (99.8%) nitrogen gas (20 mL/min) and solvent stoichiometry of the

compounds was determined from the percentage mass loss.

5.2.3.4 Morphology evaluation by Scanning Electron Microscopy (SEM)

The morphology of individual pure drugs and co-crystal samples were conducted using
an AURIGA Field Emission High-Resolution Scanning Electron Microscope
(HRSEM), Zeiss (Germany). Powder samples were mounted onto aluminium stubs
using carbon tape. Energy (kV) used for images was 5 kV and 20 kV for EDS. The
lament current was set at 2,359 amps. Carbon tabs were placed on the aluminium stubs
to hold samples. Working distance (WD) for images is displayed on each image.

SmartSEM 90 and AZTEC software were used for imaging and EDS, respectively.

5.2.3.5 Analysis by Fourier Transform Infrared Spectrophotometry (FT-IR)
Infra-red spectra of the individual drugs and the co-crystal samples were obtained using
a Perkin-Elmer 100 FTIR instrument (Waltham, USA) fitted with UATR and controlled
® with Spectrum software version 6.3.5.0176 for the analysis. Analyses of powder or
crystalline samples were done over the range of 650-4000 cm™! at a spectral resolution
of 2cm™,

5.2.3.6 Analysis by Powder X-Ray Diffraction (PXRD)

PXRD data were recorded on a D8 Advance powder X-ray diffractometer (Bruker AXS
GmbH, Germany) with CuKa radiation (Cu-Kaa= 1.54056 A). The tube voltage and
current applied were 35 kV and 40 mA, respectively. A V20 variable slit was used.
Samples were placed on the sample holder which has 1 mm thickness and 1.5 cm in

diameter. With a scan rate of 2° per min, the sample scan was performed in a continuous
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scan in locked coupled mode, within a range of 265° to 50°. Origin Pro 8.5. was used
to plot PXRD patterns.

5.2.3.7 Invitro solubility studies

Excess amounts of the individual drugs zidovudine and lamivudine and their respective
co-crystals were added to USP aqueous buffer solutions at pH 1.2 (0.1M hydrochloric
acid), 0.2M potassium phosphate buffer (pH 6.8 and pH 7.4, and 0.1% SDS. The
mixtures were continuously shaken in an incubator shaker at 37 °C (£ 0.5 °C) and 100
rpm for 24/48 hours. Samples were filtered using 0.20 um PVDF syringe filters and
analysed using an HPLC. Both APIs and solid forms were quantified using an Agilent
HPLC system setting with FXBPump (Flexar Binary Pump), an automated injector
equipped with a UV detector (LC 200a Series PDA Detector), and a Flexar autosampler.
NB: HPLC methods were provided separately for each analysis.

All the analyses were carried out in triplicate to ensure the accuracy and reproducibility

of the samples.
5.3 Results and discussians of co-crystals/eutectic mixtures

Isoniazid co:crystal (EBINH)
A co-crystal EFINH was formed between EFV and INH. EFV is one of very potent
non-nucleoside reverse transcriptase inhibitors and a member of highly active
antiretroviral therapy (HAART) drugs used to treat human immunodeficiency virus
(HIV). Isoniazid (INH) is an essential drug member of the first-line TB treatment
regimens. Both drugs are co-administered in the cases of HIV/TB co-infection. This
experiment's objective was to assess the co-crystal forming ability between these two
APIs and characterise the resulting co-crystal using analytical methods described in

section 5.2.3 of the methodology chapter.

5.3.1.1 Thermal analysis of EFINH co-crystal

Thermal analysis of the EFINH sample was initiated by visual observation of thermal
behaviours using the HSM. With samples submerged in silicon, a relatively new
transition was observed around 120°C, corresponding to melt of EFINH. Further, the
absence of moisture in the EFINH sample was ensured by the absence of air bubbles

before the sample melt. Furthermore, decomposition characterized by discolouration
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and explosive bubbling was observed from 222°C. The HSM photographs of EFINH

complex were shown in Figure 5.6.

Thermal analyses were also conducted on DSC to support HSM observed changes
with more accuracy. The experiment was performed using a method described in
section 5.2.3.2. The DSC curves of pure EFV, INH, and EFINH samples are shown
in Figure 5.7. First, the melting points of parent drugs EFV and INH were obtained
receptively at 137°C (C. Fandaruff et al., 2014) and 172°C (Freire et al., 2009).

The DSC curve of EFINH characterised by a single melting endotherm with an onset
at 116°C and the maxima at 120°C; confirmed the HSM findings. This new melting
transition was an indication of interactions existing between EFV and INH and the

initial confirmation that a new chemical entity was formed.

20°C 114°C 120°C

121°¢C 150°C 174°C

Figure 5.6: HSM photographs of EFINH recorded at room temperature (20°C),
Onset of melting (114°C), melting temperature (120°C) and the onset of
decomposition (174°C)
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Figure 5.7: DSC curves of pure EFV, INH and the co-crystal EFINH sample
showing an earlier melting transition in.comparison to melting temperature of
pure EFV and INH

Thermal behaviour assessment of EFINH by TGA revealed the absence of any
volatile substances in the structure of the sample. Figure 5.8 presents the TGA/DTA
thermograms of EFINH co-crystal sample based on which an undetectable change in
mass (0.01 %) was calculated before melting, and a decomposition mass loss
(79.45%) was seen at a temperature higher than melting points of both individual
APIs (185°C).
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Figure 5.8: The TGA/DTA curves of the EFINH co-crystal showing a single step
of mass loss corresponding to its decomposition.
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5.3.1.2 FTIR results of EFINH co-crystal

FTIR spectra for EFV, INH, and EFINH are shown in Figure 5.9. Analysis of pure
drugs was carried out first, and all characteristic peaks were in agreement with
literature. The FTIR analysis of EFINH produced a different spectrum that, compared
to parent drugs spectra, showed different shifting of bands positions and changes of
intensity to various peak across the spectrum. All these changes proved
intermolecular interactions between EFV and INH; components of the co-crystal
sample. INH spectrum was found to be in a good agreement with previous work
(Gunasekaran et al., 2009).

The FTIR spectrum of EFV agrees with Reddy et al. (2015). The absorption bands
with the maxima at 3314 cm'and 1742 cm™!, were respectively assigned to stretching
vibration of carboxamide N-H and C=0, peak at 3095 cm' assigned to C-H
stretching and 2250 cm™! ascribed to stretching vibration of the alkyl (C-C). The

absorption band peaking at 3106 cm ™! has been assigned to C—H stretch as well.

The spectrum for INH showed absorption band peaks at 3303 cm™!, 3106 cm™!> and
1663 cm™!. Two formers were assigned to stretch N—H and the latter to C=0 of INH
carbohydrazide in agreement with (Gunasekaran et al., 2009; Ravikumar et al.,
2013).

EFV stretching amine N-H at 3303 cm ! subsides in the FTIR spectrum of the EFINH
co-crystal sample. The carbonyl C=0 at 1742 cm " has downshifted to 1738 cm™'.
The EFV stretching C-H at 3095 cm ™ is also missing in the EFINH spectrum. Spectral
bands at 2250 cm™! ascribed to EFV alkyl (C-C) has slightly shifted to 2253 cm™".
On the other hand, the INH spectral band at 3106 cm™' slightly shifted to 3109 cm™!.
Further, INH stretching C=0 at 1663 cm™! has shifted to 1665 cm™ in the spectrum
of the co-crystal EFINH. These changes suggested the possible bonding between N-
H and C=0 groups of two APIs. All spectral changes described are summarised in
Table 5.1 and constituted a milestone fact that EFINH co-crystal formation was

successful.
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Figure 5.9: The FTIR spectra of efavirenz (EFV), isoniazid (INH) and EFINH
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Figure 5.10: EFINH most plausible intermolecular interactions according to the
FTIR analyses

Table 5.1: Summary of the main spectral band shifting detected in the EFINH
spectrum vs their original band positions

Compounds Peak positions Peaks assignments
EFV 3313 cm™! Stretch pyrimidinic N-H
3095 cm™! =C—H stretch
2250 cm™! c-C
1742 cm™! C=0
INH 3303 cm’! primary amine N-H
3107 cm™! amine N-H stretch
1663 cm! carbonyl C=0 stretch
1554 cm™! N-C stretch
missing pyrimidinic N-H
EFINH 3313 cm’! stretch
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2250 cm™! alicyclic C—H stretch
2248 cm! C=C stretch
1738 cm™! carbonyl C=0 stretch
1665 cm! carbonyl C=0 stretch
1556 cm ™! N-C stretch

Based on this spectral shifting discussed, the most plausible interactions were

suggested (Figure 5.10).

5.3.1.3 Scanning electron Microscopic analysis for EFINH adduct

SEM micrographs of the EFINH sample, pure INH and EFV are presented in Figure
5.11. EFV sample exhibited block-like particles while irregularly-shaped large particles
are characteristic for INH. The physical mixture inherits both APIs' particle
morphologies, whereas the co-crystal EFINH sample exhibited needle-like shaped
particles, suggesting new crystal habits and formation of a new supramolecular entity.
() (b) () [ (d)

d L \..(" " } v
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Figure 5.11: Scanning electron microscopy (SEM) images of efavirenz (a),
EFINH co-crystal sample (b), EFV-INH 1:1 physical mixture (c) and isoniazid

5.3.1.4 Powder X-Ray diffraction results of EFINH co-crystal sample

The PXRD patterns pure EFV, INH and EFINH co-crystal samples are presented in
Figure 5.12. INH pattern has diffraction peaks at 260 = 11.9°, 14.3°, 15.6°, 16.73°
19.65°, 25.3°, 26.95° and 27.3°.

The EFINH diffraction pattern exhibited peaks other than those inherited from parent
drugs at 20 = 12.3°, 16.5°, 25°, 27.2°, thus confirming the EFINH sample as a new
co-crystal. PXRD data are consistent with FTIR results and supported the previous

thermal analyses results.
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Figure 5.12: The experimental PXRD patterns of pure INH (1), EFV (2) and the
co-crystal EFINH (3)

5.3.1.5 Solid-state NMR results for EFINH co-crystals

The bond formation was further confirmed by solid-state CP/MAS *C-NMR spectra
presented in Figure 5.13. 3C CP/MAS SSNMR of INH did not exhibit any significant
peaks due to possible decomposition of the sample before analysis. However, the co-
crystal formation was justified by the presence of new peaks, and other chemical
shifting and splitting identified in the spectrum of the co-crystal EFINH. The chemical
splitting at 129 ppm was assigned to C-H, while peaks at ppm = 140 and 166 ppm
appeared due to the H:N bonding between EFV and INH in the co-crystal. The two

peaks are usually assigned to C-H and N-H, respectively. Hence, the bonding took

place between EFV pyridinic N-H and C-H.
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Figure 5.13: EFV, INH, and EFINH co-crystal solid-state CP/MAS 13C-NMR
spectra compared
5.3.1.6 Invitro solubility evaluation of pure EFV and INH vs EFINH co-crystal
Solubility evaluation of pure EFV, INH and EFINH co-crystal was carried out by
dissolving an excess amount in buffered solutions including 0.1N HCI (pH=1.2),
ammonium acetate (pH=4.5) and potassium phosphate buffer at the pH = 7.4, deionized
water. Mixtures were agitated continuously for 48 hours at the speed of 100 rpm.

Resulting solutions were filtered (0.45 um).

Sample measurements were carried out on a Perkin Elmer HPLC (section 3.4.8 gives
the instrument specifications). Gradient elution at a flow rate of 10 mL/min was applied
as follows: Solvent A = Methanol 85% (ag.) and solvent B: phosphate buffer solution
(pH=3.6); equilibration = 5 min (55:45), 3 min (55:45), 1 min (10:90), 5 min (10:90),
1 min (55:45), and 5 min (55:45). A reversed-phase Supelco Discovery HS C18 HPLC
column 15 cm x 4 mm, 5um was used. Injection volume was 10 pL and absorbance of

elution was recorded at 260 wavelengths following suitable dilutions.

R2 = 0.9997 was calculated for EFV and R2 = 0.9998 for INH based on the following
regression equations;

Yery = 13226x — 1964.6 Equation 5.1
Ying = 10715x + 44076 Equation 5.2

From solubility measurements, it is clear that EFV solubility was significantly
increased by this co-crystallisation with INH. Compared to pure EFV, a solubility
increase by 8-times was measured at pH=1.2 (0.1N HCI) while a 7.2-times increase was
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reported at pH=4.5 (ammonium acetate). A 2.7-times solubility increase was measured

in agueous media, while a negative solubility outcome was recorded at pH=7.4 (Figure
5.14). Its higher dissociation further explains EFV solubility increase in the EFINH co-
crystal in a highly acidic environment such as the stomach.
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Figure 5.14: Solubility histogram of the commercial EFV and the co-crystal
EFINH at acidic pH=1.2, (0.1N HCI), 4.5 (ammonium acetate), at pH= 7.4
(phosphate buffer solution) and deionised water
The solubility measurements also showed a higher INH concentration in the co-crystal
than pure INH, at pH=4.5, 7.4 and aqueous solution. Solubility histograms of pure INH
and the co-crystal EFINH in different buffer solutions and deionised water are shown
in Figure 5.15. While an increase in INH solubility by 1.2-fold was observed in
unbuffered deionised water and acidic buffer solution at pH=4.5., there was no
significant solubility increase at pH=7.4. Furthermore, the co-crystal EFINH showed
a negative solubility outcome in acidic media at pH 1.2 (0.1N HCI). It is worth noting
that sometimes, solubility increase of one co-former may reduce the solubility of the

other co-former, especially when their solubility difference is very large.
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Figure 5.15: Solubility histogram comparing the commercial INH and INH in
the co-crystal EFINH at acidic pH=1.2, (0.1N HCI), 4.5 (ammonium acetate), at
pH= 7.4 (phosphate buffer solution) and deionised water
In conclusion, a dual-API co-crystal between EFV and INH was successfully produced
using solid-state grinding in a 1:1 molar ratio. The co-crystal was characterised for its
physicochemical properties. In vitro solubility assessment indicated that EFV is more
soluble at acidic environment while INH did not show such behaviour. This solubility-
dependence behaviour is common among weakly basic/hygroscopic drugs as
previously discussed. Unfortunately, EFINH co-crystal is unstable and decomposes
within days of exposure to light. Stability analysis should provide data regarding this

INH inherited instability.
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5.3.2 Efavirenz-1-adamantylamine hybrid (EFAD)
Combining two APIs in a co-crystal or other supramolecular assemblies is relatively a
new drug combination strategy used to enhance the physicochemical properties and
increase synergistic effects of drugs. In this section, two antiviral APIs EFV and ADT
were combined in the attempt to assess their co-crystal forming ability and establish
whether such a combination can offer an improvement on poor physicochemical

properties of EFV or both APIs in general.

5.3.2.1 Thermal analysis of EFAD solid form

The HSM photographs of the EFAD sample are presented in Figure 5.16. Using
microscopic observation on the HSM, the EFAD sample showed a melt-like transition
over 45-90°C; a much lower temperature than the melting temperatures of both ADT
and EFV. The absence of air bubbles ensured the purity of the sample. To better
understand the HSM observed changes, DSC analysis was carried out on the same
sample and the starting materials for comparison purpose. DSC curves of EFV, ADT
and EFAD solid form are presented in Figure 5.17. ADT exhibited a single melting
endotherm at 206°C (with an onset at 202°C) immediately followed by an exothermic
peak corresponding to its decomposition. EFV generated a DSC curve showing a sharp
melting endotherm with the maxima at 138°C and onset at 136°C, consistent with the
literature (C. Fandaruff et al., 2014).

20°C 47 °C 67 °C

Figure 5.16: The HSM images of EFAD sample recorded based on thermal

changes observed at indicated temperatures.
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On the other hand, the DSC curve generated from EFAD sample showed a glass
transition that initiated at 45°C rather than a melting endotherm. The absence of
endotherm or exotherm throughout the curve suggested that the sample EFAD is co-
amorphous later confirmed by the PXRD analysis.
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Figure 5.17: Figure Illustration of DSC thermograms of EFV, ADT and EFAD
solid form
Figure 5.18 displays EFAD TGA/DTA curves showing initial 0.08% mass loss over
glass transition followed by two consecutive decomposition mass losses (37%) and
(56.4%) over a wide temperature range 100-200°C. These measurements supported the

HSM observations and proved the absence of any volatile molecules in the binary

eutectic EFAD sample
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Figure 5.18: The TGA/DTA thermograms of EFAD sample
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5.3.2.2 Structure studies of EFAD by FTIR

FTIR spectra of EFV, ADT, and EFAD hybrid are represented in Figure 5.19. Pure
drugs ADT and EFV were analysed and were refereed to for EFAD analysis. The EFV
characteristic bands are in agreement with literature (Cinira Fandaruff et al., 2014).

The FTIR spectrum of ADT displayed a characteristic peak at 3340 cm™! assigned to
the amine N—H stretching and double peaks at 2899 cm~' and 2847 cm™! corresponding
to C—H of the amantadane cage. This is consistent with the infrared spectrum reported
by Lemmon, McLinden and Friend, (2017). EFV exhibited characteristic infrared peaks
at 3313cm ! and 3095 cm ! respectively assigned to N—H and =C—H stretching, and the

absorption peak at 1742 cm™! corresponding to carboxamide C=0 stretch.

The carboxamide N—H stretching vibration of EFV subsides while the carbonyl C=0
stretch slightly shifted to the lower frequency at 1740 cm™' in the spectrum of EFAD.
This suggested the possible N-HC=0 bond formation between ADT and EFV
complementary functional groups. Reduced-intensity of ADT double peaks at 2899 and
2847 cm'assigned to C—H stretch and their shifting to the higher frequencies (2914
cm !and 2858 cm ! respectively), further their contributions in EFV-ADT interactions

and formation of the hybrid.
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Figure 5.19: FTIR spectra of pure EFV and ADT compared to EFAD solid form
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The aryl C-H stretching at 3095 cm™' in EFV spectrum also subsided in the EFAD
spectrum while two new peaks at 1657 cm ' and 1624 cm™! in the EFAD spectrum were
associated with possible intermolecular bonding between EFV and ADT. All these
spectral changes confirmed that a new entity EFAD was successfully attained.
Summary of main FTIR peaks of EFV, ADT, and EFAD is shown in Table 5.2.

Additionally, the presence of halogens; F and Cl and pyrimidine (NH) in EFV
molecular structure may result in different types of interactions such as strong H-
bonding or halogen bonding. Therefore, it is important to note that further analyses
using more powerful analytical tools such as PXRD and SSNMR would disclose

information concerning the identity of EFAD solid form.

Table 5.2: Shifts of the main bands identified in the spectrum of EFAD vs pure

EFV and ADT

Assignments EFV ADT EFAD
Pyrimidine N-H 3313 cm’! 3339 cm! 3313 cm™
Aromatic =C-H 3095 cm’!

Aliphatic C-H 2869 cm™! 2914 cm!
-C=N 2250 cm’! 2847 cm™ 2248 cm™

2656 cm™!

C=0 stretch 1742 cm™! 1740 cm™
C-N 1643 cm! 1657 cm™!

5.3.2.3 Morphology evaluation of EFAD particles by Scanning electron
microscopic
SEM images of pure EFV and ADT were compared to the solid form EFAD as
presented in Figure 5.20. While EFV crystalline powder showed smooth surfaces rod-
shaped particles with different fractions, pure ADT had irregularly-shaped particles of
different size and rough surfaces. Compared to pure commercial drugs, the solid form
EFAD particles are made of mixtures of long filament-like and irregularly shaped
amassed particles. The difference in particle morphology implies a different habit

which in this case confirmed that a newly phased solid material was indeed formed.
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Figure 5.20: SEM images for EFV, EFAD, and ADT recorded at um, 5.00 K.X
and EHT =5.00 kV

5.3.2.4 Powder X-Rays diffraction analysis of EFAD solid form

The diffraction patterns of pure drugs EFV, ADT and the solid form produced are
presented in Figure 5.21. The powder X-Ray diffraction pattern generated from EFV
exhibited very sharp and intense diffraction peaks at 26 = 6°, 14.12°, 21.1°and 24.86°,
medium peaks at 20 = 12.16°, 13.1°, 16.83°, 19°and small peaks at 20 = 10.3°, 10.83°,
15.15°, 21.84°, 23, 27.1°, 27.9°, 29°, 32.27°and 37.27°. The ADT PXRD pattern is
characterised by a very sharp peak at 20 = 17°, two medium peaks at 20 = 14°, 15°, and
smaller double peaks at 20 = 20.7°and 33.8°. On the contrary, the PXRD pattern of the
EFAD sample exhibited no significant diffraction peaks. Such absences of peaks
indicated that EFAD is co-amorphous solid form. Only two small diffraction peaks at
20 =15.83° and 20.73° were present in the pattern.
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Figure 5.21: The experimental powder X-ray diffraction patterns of ADT, EFV,
EFAD co-amorphous and the physical mixture
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5.3.2.5 Invitro solubility evaluation of the co-amorphous solid form EFAD

Change in solubility was assessed by dissolving an excess amount of EFAD in
potassium phosphate buffer solution at pH = 7.4, deionized water, and acidic buffer
solution at pH = 1.2 (0.1N HCI). Mixtures were continuously shaken at 37°C for 48

hours at the speed of 100 rpm. Resulting solutions were filtered (0.45 um) and analysed.

The sample measurements were carried out on a Perkin Elmer HPLC whose
specifications can be found in section 3.4.8. A gradient elution, at a flow rate of 1
mL/min was applied as follows: Solvent A = Methanol 85% (ag.) and solvent B:
phosphate buffer solution (pH=3.6); equilibration =5 min (55:45), 3 min (55:45), 1 min
(10:90), 5 min (10:90), 1 min (55:45), and 5 min (55:45). A reversed-phase Supelco
Discovery HS C18 HPLC column 15 cm x 4 mm, 5um was used. Injection volume was
set to 10 pL, and absorbance of elution was recorded at 255 nm following suitable
dilutions.
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Figure 5.22: Solubility histogram of the commercial EFV vs the co-amorphous
solid form EFAD in acidic pH1.2 (0.1N HCI), pH 7.4 buffer solutions and
deionised water
Based on quantified data, it was apparent that the solubility of co-amorphous EFAD
was much higher than that of EFV in all three buffer media used (Figure 5.22). An
increase by 3.5-fold was observed in phosphate buffer media at pH = 7.4, a 1.3-fold
increase in EFV solubility was measured in aqueous solution. Furthermore, A 2.6-fold
solubility increase was recorded in acidic media at pH=1.2 (0.1N HCI). The increase in

solubility of EFV in the co-amorphous solid form can be explained by high
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solubilisation behaviours of EFAD co-amorphous solid form. Further, it is very clear
that EFV exhibited pH-dependence solubility in its pure form and as a co-amorphous
with ADT. As previously discussed, this behaviour is not uncommon among weakly
basic drugs such as EFV.

5.3.3 Isoniazid-zidovudine binary eutectic (INHZA)

5.3.3.1 Thermal analyses of INHZA sample

Using the HSM, it was observed that the INHZA sample melted over 98-106°C range
of temperature. Different photographs recorded based on sample behaviours over the
heating experiment are presented in Figure 5.23. Decomposition was characterized
by sample discolouration and explosive bubbling observed over 210-245°C
temperature range. Additionally, the DSC experiment was performed under an inert
atmosphere with a 20mL/min flow of N2 gas to confirm HSM observation with
precision. DSC thermograms are presented-in-Figure 5.24. The accurate weight of
the sample was prepared inan aluminium pan covered with a pierced lid to allow the
escape of volatiles. Following the method described in section 5.2.3.2, the heat was

applied at a rate of 10°C per minute.

In comparison to both APIs INH and AZT melting temperatures, respectively found
at 172°C and 121°C respectively, a DSC curve of INHZA exhibited a melting
transition at 100°C with an onset at 96°C. This melting transition also differs from

API’s physical mixture which melted over 105-122°C temperature range.

20°C 101°C 105°C

106°C 140°C 232°C

Figure 5.23: The HSM photographs of INHZA sample recorded at room
temperature (20°C), the beginning of a melting transition (101°C), a complete
melting (106°C) and over decomposition at 232°C
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Thermal measurements from DSC and the HSM findings are very consistent and both

confirmed the INHZA new melting transition as proof of interaction/bonding between

INH and AZT and the possible formation of a binary eutectic solid form.

The TGA was used to support visually observed thermal behaviours by the HSM
analysis. The TGA thermograph generated INHZA sample, is depicted in The
TGA/DTA curves presented in Figure 5.25 revealed that INHZA sample remains
intact over melting with only a negligible mass loss of approximately 0.001% until
decomposition onset (185°C); the temperature at which the weight of the sample
started diminishing. Approximated weight loss over decomposition (185-325°C) was
~ 80% of the entire amount of the INHZA sample. TGA also confirmed the absence

of any volatile substances in the structure of the INHZA sample.
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Figure 5.24: The DSC curve of the binary eutectic INHZA showing a melting
transition at a lower temperature compared to pure INH, AZT and their
physical mixture
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Figure 5.25: The TGA/DTA curves of the INHZA sample with two consecutive
decomposition mass losses from 185 to 325°C.
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5.3.3.2 Scanning Electron Microscopy analysis of INHZA

Analysis by SEM was carried out to investigate changes in the morphology of particles
induced by milling exercise. Micrographs are presented in Figure 5.26. Large block-
shaped particles characterized the AZT sample (Figure 5.26a) while INH exhibited
large particles with irregular shapes and smooth surfaces (Figure 5.26¢). The INHZA
sample particles are different from INH and AZT with irregularly shaped aggregates,
very smaller in size than both individual drugs as a result of the milling process (Figure
5.26Db). Such a particles size decrease of INHZA sample is thought to have contributed

to enhanced solubility due to the increased surface exposure.

Figure 5.26: Scanning electron microscopic images of (a) pure AZT, (b) INHZA
and (c) INH particles recorded at 1 pm, 10.00 k.x.

5.3.3.3 Structure evaluation of INHZA eutectic by FTIR

FTIR spectra generated from INH; ZT, and INHZA are depicted in Figure 5.27.
Spectra from both pure drugs matched the ones reported in the literature
(Gunasekaran et al., 2009) and (Jain et al., 2013). INH spectrum displayed
characteristic bands at 3303 cm ' and 3106 cm ! corresponding to the asymmetric and
symmetric carbohydrazide N-H stretch. The absorption band at 3010 cm™' rose due
to the aliphatic C—H stretch. Absorption bands at 1663.13 cm™' and 1634 cm™! were
attributed to stretch carbohydrazide C=0 and C-N respectively. FTIR spectrum of
AZT exhibited characteristic band at 3458 cm™! assigned to O—H stretching whereas
peaks at 3150 cm™!' and 3024 cm™! were respectively assigned to N-H and aromatic
C-H stretch. Bands positioned at 2814 cm™! were attributed to C-H stretch vibration.
The IR peak at 2081 cm™! was due to azido group C=N=N while carbonyl asymmetric
stretch C=0 double-peaked at 1671 and 1678 cm™".

From INHZT spectrum, the INH characteristic bands at 3303 cm™! and 3106 cm™!
assigned to N—H stretching subsided. The FTIR band at 3462 cm™! slightly shifted
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from 3459 cm™!' (O-H stretch vibration of AZT) while 3033 cm™! (C-H) is missing
in the INHZA spectrum. The AZT azido group at 2083 cm™! was also slightly down-
shifted to 2081 cm™!. This shifting in wavelength and changes in peaks intensities
happened as a result of interacting components and formation of INHZA. It is also
confirmed that the INHZA sample is not a salt due to the absence of any significant
lower shifting (Childs et al., 2007).
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Figure 5.27: The FTIR spectra of INHZA, pure INH and pure AZT compared.

Table 5.3: Summary of spectral changes detected in INHZA spectrum as a result

of weak interactions between INH and AZT

Compounds Band INHZA Peaks assignments

AZT 3459 cm™! 3462 cm™! Stretch pyrimidinic N-H
3150 cm™! Hydroxyl O-H
3024 cm™! 3024 cm™! C— H stretch
2813 cm™! 2815cm™! C-H
2081 cm™! 2083 cm™! AZT azole -N=N+=N-
1671 cm™! 1666 cm! C=0

INH 3304 cm™! 3307 cm™! Primary amine N-H
3107 cm™! 3109 cm™! Amine N-H stretch
3010 cm™! 3020 cm™! asymmetric C-H stretch
1663 cm! 1666 cm! Carbonyl C=0 stretch
1634 cm™! miss N-C stretch
1666 cm ! Carbonyl C=0 stretch
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A summary of shifts in wavelengths of the characteristic spectral bands is given in

Table 5.3.

Based on IR changes discussed herein, Figure 5.28 suggests some of the plausible

weak interactions that may have occurred between carbonyls C=0, O-H and N-H.

Figure 5.28: Suggested INHZA structures with possible intermolecular
interactions.

5.3.3.4 Powder X-ray diffraction analysis of INHZA sample

The diffraction patterns of AZT, INH, their simulated patterns, INHZA solid form and
the physical mixtures are presented in Figure 5.29. The INHZA powder sample
generated a pattern exhibiting the summation of characteristic diffraction peaks of
individual components AZT and INH. Same 2theta angles but a major difference that
some of the peaks such as 2theta 12.3°, 14.6°, 19.4° subsided. This confirmed that the
INHZA sample is a binary eutectic mixture rather than the desired co-crystal. The

physical mixture also inherited all characteristic diffraction peaks from both APIs.
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Figure 5.29: AZT calculated (a) and experimental (b) PXRD patterns, INH
calculated (c) and experimental (d) PXRD patterns, (e) the binary eutectic
INHZA and (f) INH-AZT physical mixture
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5.3.3.5 Solubility evaluation of INHZA vs its components AZT and INH

Excess amounts of the individual drugs INH, AZT and their binary eutectic were added
to USP aqueous buffer solutions at pH 1.2 (0.1M hydrochloric acid), 0.2M potassium
phosphate buffer at pH 6.8 and pH 7.4, and deionized water (18. sMQ). The suspensions
were continuously shaken in an incubator shaker at 37 °C (£ 0.5 °C) and 100 rpm for
24 hours, filtered using 0.20 um PVDF syringe filters and analysed using an HPLC.
INH and AZT in the eutectic preparation were quantified using an Agilent HPLC
system setting with FXBPump (Flexar Binary Pump), an automated injector equipped
with a UV detector (LC 200a Series PDA Detector), and a Flexar autosampler. Isocratic
elution using acetonitrile solution (30:70) was applied at a 10 mL/min flow rate. A
reversed-phase Luna Cig HPLC column 250 mm x 4.6 mm, 5um was used. Injection
volume was set at 10 pL and absorbance of elution was recorded at 262 and 270 nm
following suitable dilutions. The calibration curves for two individual drugs INH and

AZT were reported.
B AZT in INHZA

INH in INHZA
Pure AZT
Pure !NH 1A
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Figure 5.30: The solubility histograms comparing pure INH and AZT to their
enhanced solubility in the binary eutectic INHZA in acidic buffer solution at pH
1.2 (0.1N HCI) and PBS at pH 6.8 and 7.4
In vitro solubility evaluation results are shown in Figure 5.30 indicated a better
solubility profile for INH in the INHZA sample; the concentration of INH in three

simulated physiological environments (HCI, pH=1.2), potassium phosphate (PBS)
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pH=6.8 and pH=7.4, has significantly increased. AZT concentration, on the other hand,

did not significantly change in all three environmental conditions.

5.3.4 Zidovudine-pyrazinamide binary eutectic (AZTPZA)
Zidovudine is a well-known antiviral drug used to treat HIV/AIDS, and pyrazinamide
is an anti-tubercular drug. This exercise aimed to explore the co-crystal forming ability

of these two since both drugs are part of some HIV/TB co-infection treatment regimens.

5.3.4.1 Thermal analyses of AZTPZA sample

The HSM analysis of the AZTPZA sample showed a melt over 101-110°C
temperature range and immediately followed by explosive bubbling characteristic of
the sample decomposition. Different HSM photographs recorded are presented in
Figure 5.31.

30°C 101°C 108°C 130°C

Figure 5.31: HSM photographs of the AZTPZA sample recorded at the

beginning of the experiment (room temperature), the beginning of melting

101°C, a complete melting at 108°C and onset of decomposition at 130°C
DSC analysis further confirmed the melting transition of the sample reported by HSM
with more accuracy. Initially, melting points of pure drugs AZT and PZA were
obtained at 121°C and 190°C respectively. The physical mixture also generated a
DSC thermogram with unique broad endotherm peaking at 109.7°C and an onset at
105°C. On the other hand, the AZTPZA melting endotherm peaked at 104.8°C (onset
at 102.8°C). This melting transition lower than both APIs and the physical mixture
melting points (Figure 5.32) was the first evidence of interactions between AZT and
PZA and correlated with the HSM observations. Basic DSC data of APIs, physical
mixture and the eutectic AZTPZA have been summarised in Table 5.4
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Figure 5.32: DSC thermograms of pure AZT, PZA and AZT-PZA physical
mixture compared to the binary eutectic AZTPZA sample

Table 5.4: DSC thermal data of the individual drugs AZT, PZA, and the
AZTPZA and AZT-PZA mixture (physical mixture)

Material Onset (°C) Melting point (°C) Delta H (jgb)
PZA 187.67 190.17 216.44
AZT 117 121 146.21
AZT-PZA Mixture 104.7 109.67 12.87
AZTPZA 102.77 104.83 70.42
T N T Y T 4 T u T B T 4 T
100 L 0.0
80 - 02
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-04 2
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put 2
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Figure 5.33: The TGA/DTA thermograms generated from the AZTPZA sample

characterised by 81% decomposition mass loss in three consecutive steps
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The TGA/DTA thermograms of the AZTPZA sample are depicted in Figure 5.33.
Based on TGA/DTA measurements, there was no mass loss prior to the melting

temperature (0.01 % mass loss), suggesting the absence of any volatile substances.

A stepwise decomposition mass loss is evident in the DTA curve; the first mass loss
occurred over 130-200°C temperature range (33.6%), the second mass loss (25.3%)
over 200-240°C and the third decomposition mass loss (23.4%) between 250°C and
300°C).

5.3.4.2 FTIR analysis of AZTPZA solid form sample

The FTIR spectra of AZT, PZA and the binary eutectic AZTPZA are shown in Figure
5.34. AZT spectrum showed absorption bands at 3458 cm™!, assigned to N-H stretch,
band at 3150 cm™' representing O—-H stretch and bands at 3024 cm™' and C-H
stretching peaked at 2813 cm . The characteristic absorption band at 2081 cm™! was
due to azido group C=N=N while carbonyl asymmetric stretch C=0 double-peaked
at 1671 cm 'and 1678 cm™.

The IR spectrum of pure PZA exhibited symmetry and asymmetry N-H stretch
vibrations at 3409 cm ! and 3288 cm ' respectively, the C=O stretching band at 1709
cm™! and the stretching pyrimidine N=C peaking at 1602 cm'. Experimental FTIR
characteristic bands of both AZT and PZA agree with literature (Jain, Prabhakar, and
Singh, 2013) (Gunasekaran and Sailatha, 2009).

AZT
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Figure 5.34: The FTIR spectrum from AZTPZA sample compared to pure AZT
and PZA spectra
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An in-depth analysis of the AZTPZA spectrum has indicated that the AZT absorption
band at 3458 cm™! (O-H) had shifted to 3461, while 3150 cm™! (N-H) up-shifted to
3154 cm™!in the AZTPZA FTIR spectrum. The intensity of the AZT absorption band
at 3024 cm™! (=C—H stretch) reduces whereas C—H stretch at 2813 cm™! and azido
“N=N=N*at 2081 cm ™! showed very slightly shifting in the AZTPZA FTIR spectrum.
The C=0 stretching band of both APIs overlapped within a new band peaking at 1685
cm!, suggesting the possible weak bonding interactions with N-H/C—H stretch on
both drugs. On the other hand, the PZA amide stretching N-H at 3409 cm™' N—H also
shifted to 3413 cm™! due to possible bonding interactions with AZT stretching C=0.

Spectral changes in wavelength observed in the AZTPZA spectrum are compared to
the starting materials' FTIR spectra in Table 5.5. Various changes and shifts
calculated across the AZTPZA spectrum confirmed weak intermolecular interactions
between AZT and PZA. Figure 5.35 shows the suggested interactions based on FTIR

spectral reports.

Table 5.5: Summary of different FTIR band shifting in AZTPZA spectrum vs
original band positions in AZT and PZA spectra

Compound  Peak position — AZTPZA peaks Band assignment

AZT 3459 3461.5 Strong to weak N-H
3150 3154 Overlapped N-H of PZA
3024 weak Asy C-H
2081 2083 N=N=N
1671 1685 C=0

PZA 3410 3413 Asymmetric N-H stretch
3149 3154 Symmetric N-H
1704 1685 Overlapped AZT C=0

HO

N——=N*—N

Figure 5.35: Suggested structure based on FTIR band shifting in AZTZA
spectrum
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5.3.4.3 Powder X-ray diffraction results of the AZTPZA multicomponent sample
The experimental and simulated PXRD patterns of AZT, PZA, AZTPZA sample and
the physical mixtures are shown in Figure 5.36. The PXRD pattern generated from
untreated AZT has sharp characteristic diffraction peaks at 20 =15.49°, 15.83°,
22.18°and medium peaks at 260 = 8.84°, 14.67°, 17.1°, 21.39°, 27.12°, 27.77°, 29.35°
and small peaks at 2theta 18.13°, 24.2°, 31.68°. The PXRD pattern from PZA, on the
other hand, shows two sharp diffraction peaks at 20 = 14.4° and 27.19°, medium
diffraction peaks at 26= 7.6°, double 15.06°, 15.25°, 26°and 35.5°, small diffraction
peaked at 2theta 13.4°, 20.19°, 23.35°, 24.15°, 28.83°and 39.57°.

The PXRD pattern of the AZTPZA sample exhibited intense diffraction peaks at 26
=15.42°, 15.8°, 17.52°, 22.1°, 27.22° and 27.67°, medium diffraction peaks (above
1000 units) at 26 = 8.7°, 14.6°, 17°, 18.1°, 21.3°, 24.17°, 26.19°, 29.35° and smaller
diffraction peaks (below 1000 units) at 26 =7.67°, 61.65°, 32.2°, 33.8°, 34.6°, 35.5°,
36.83°and 39.71°. These diffraction data clearly show that AZTPZA sample inherits
all diffraction peaks from pure AZT and PZA with minor differences in peak
positions, intensities and shapes. Therefore, confirming that the present solid form is
not a co-crystal as expected but a solid dispersion (binary eutectic mixture).

Relative intensity
c

1
[~
(2]
—
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20 o 30 40
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Figure 5.36: The experimental and simulated PXRD patterns of pure PZA (a and
b) and AZT (c and d), AZTPZA binary eutectic (¢) and the physical mixture
AZT-PZA (f).
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5.3.4.4 Invitro solubility evaluation of AZTPZA

Equilibrium solubility was carried out following the same method described in
section 5.3.3.5. Compared to untreated APIs, solubility measurements indicated a
significant increase in solubility of both APIs in the AZTPZA solid dispersion
(Figure 5.37). AZT solubility increase by 1.13, 1.2, 1.15 and 1.14-times was recorded
in a simulated gastric fluid (0.1N HCI, pH=1.2) and acetate buffer solution pH 4.5,
potassium phosphate buffer solution (PBS) at pH=5.8 and pH=6.8 whereas a slight
solubility decrease (0.1) was recorded at pH = 7.4 and deionised water.

Compared to its pure form, PZA exhibited an improved solubility 2.4-fold at pH=1.2
(0.1N HCI), 3.5-fold at pH=4.5 (acetate buffer), 3.5-fold and 2.5-fold respectively at
pH=5.8 and pH=6.8. Furthermore, a 2.8-fold and 2.9-fold solubility increase was
recorded at pH=7.4 and deionised water, respectively.
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Figure 5.37: Solubility diagrams comparing the concentration of untreated AZT
and PZA to their concentration in AZTPZA sample at different pH environment
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Solid-state, liquid assisted co-milling and solvent evaporation methods were utilised in
the attempt to produce a binary co-crystal between two APIs lamivudine (3TC) and
isoniazid (INH). A binary eutectic mixture LMISO was produced following an

unsuccessful co-crystal formation between two APIs.

5.3.5.1 Binary eutectic LMISO thermal analyses

LMISO characterisation followed the analytical methods described in section 3.4.
Thermal analyses by DSC and TGA were carried out to understand the thermal
behaviours of the sample. DSC thermograms for pure APIs, the physical mixture and
LMISO are shown in Figure 5.38. 3TC melted at 177°C and INH at 172°C. LMISO
generated a DSC thermogram with a single melting endotherm at 134.3°C (onset at
132.4°C). This new melting transition is lower than both APIs’ melting points,
suggesting LMISO as a possible eutectic mixture rather than a desired dual-API co-
crystal. The physical mixture also exhibited a DSC curve showing a very broad

endotherm at 138°C.

1

3TC

J INH
}\ LMISO
I N I ' I
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Figure 5.38: The DSC curves of pure 3TC, INH, their physical mixture and the
binary eutectic LMISO showing a new melting transition at a lower temperature
than both starting materials and their physical mixture

The TGA/DTA curves of LMISO are presented in Figure 5.39. TGA/DTA
thermograms of both pure drugs are included in Appendix C. The TGA curve generated
from LMISO sample is characterised by a decomposition mass loss at elevated

temperature with an onset at 155.8°C, an inflection point = 260.0°C and a total mass
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loss of 67%. There was no significant mass loss before melting onset, which indicated

the absence of any volatile substances (moisture) in the sample.
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Figure 5.39: TGA/DTA curves of the binary eutectic LMISO showing
decompaosition mass loss in three steps.

5.3.5.2 LMISO characterisation by FTIR

Structural analysis by FTIR spectroscopy was conducted to examine the formation of
intermolecular interactions between INH and 3TC. FTIR spectra for pure APIs and
LMISO sample are shown in Figure 5.40.

There was a displacement of INH asymmetric N-H stretching band from 3292 cm™ to
3305 cm™ and the stretching C-H from 3094 cm™ to 3108 cm™ (Figure 5.40a) in the
LMISO spectrum. 3TC hydroxyl O-H stretching at 3324 cm™ subsides while its
symmetric N-H at 3197 cm intensified and shifted to 3267 cm™ in the spectrum of
LMISO (Figure 5.40c). There were also minor changes in 3TC characteristic band
positions of C=0 stretching, suggesting less influence by this complexation. These

shifts were strong evidence on intermolecular bonding between INH and 3TC.
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Figure 5.40: FTIR spectra of pure INH, 3TC the binary eutectic LMISO
compared

5.3.5.3 Analysis of LMISO by the powder X-ray diffraction
The powder X-ray diffraction was used to identify the powder sample obtained.
Experimental and calculated PXRD patterns of pure INH and 3TC were compared to

that of solid crystalline form produced LMISO in Figure 5.41.
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Figure 5.41: Experimental and simulated PXRD patterns of pure 3TC and INH
compared to the eutectic LMISO

The characteristic diffraction peaks appear at 26=13.23°, 17.38°, 20.50°, 21.29°,
24.79°, 26.33° in the 3TC pattern while INH pattern exhibited diffraction peaks at 20=
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11.9°, 14.3°, 15.6°, 16.73°, 19.65°, 25.3°, 26.95°, and 27.3°. LMISO pattern inherited
all diffraction peaks from 3TC and INH with only minor intensity changes; confirming

that the sample LMISO is a binary eutectic solid form.

5.3.5.4 Invitro solubility of LMISO

Excess amounts of pure 3TC and INH and binary eutectic mixture LMISO were added
to USP aqueous buffer solutions at pH 1.2 (0.1M hydrochloric acid), 0.2M potassium
phosphate buffer pH 6.8 and deionized water (18.s MQ). Mixtures were continuously
shaken in an incubator shaker at 37 °C (£ 0.5 °C) at 150 rpm speed for 24 hours.
Samples were filtered using 0.45 pum PVDF syringe filters and analysed using an
HPLC.

An Azula HPLC system setting with FXBPump (Flexar Binary Pump), an automated
injector equipped with a UV detector (LC 200a Series PDA Detector), and a Flexar
autosampler was used to measure INH and 3TC in the samples. Isocratic elution using
a mobile phase made of 10:90 method 85%: PBS (with pH adjusted to 3.6), at a flow
rate of 1.0 mL/min. A reversed-phase supelco C1g column 150 mm x 4.6 mm, 5um was
used. Injection volume was 10 uL, and absorbance of elution was recorded at 260 nm

following a suitable dilution.
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Figure 5.42: Solubility histograms comparing in vitro solubility of pure INH, 3TC
to the binary eutectic mixture LMISO at pH 1.2 (0.1 N HCI), phosphate buffer
solution at pH 6.8 and unbuffered deionised water
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An increase in INH solubility by 1.3-fold was measured at acidic pH=1.2 while no
significant increase was achieved in PBS at pH=6.8. On the contrary, a decrease of INH
apparent solubility in LMISO was detected in deionised water, suggesting a possible
INH decomposition in deionised water. 3TC did not show a significant increase in
apparent solubility by this complexation in buffered solutions at pH=1.2, 6.8 and

deionised water.

It is worth noting that based on the data presented in Figure 5.42, the solubility profile
of pure INH as well as in LMISO showed a typical pH-dependence, with lower
solubility at pH=1.2 and higher solubility at pH=6.8. However, this may have occurred

due to possible decomposition at acidic pH environment.

5.4 Conclusion

A co-crystal EFINH between efavirenz and isoniazid was successfully prepared using
solid-state grinding. A co-amorphous EFAD between efavirenz and 1-adamantylamine,
and three dual-API solid dispersions (binary eutectic mixtures) INHZA and AZTPZA
respectively between isoniazid-zidovudine, zidovudine-pyrazinamide and lamivudine-
isoniazid LMISO, were successfully produced. Thermal behaviours of the samples
were ensured using HSM, DSC and TGA/DTA. Spectral studies using FTIR provided
information of molecular interactions between co-formers, whereas SEM and PXRD
respectively provided morphology assessment and confirmation of samples chemical
identities. Furthermore, solubility evaluation of all four dual-APIs solid forms carried
out on the HPLC showed enhanced solubility in different pH buffer solutions and water.
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Chapter 6 Non-covalent synthesis and
characterisation of multicomponent hybrids of

selected anti-tubercular drugs

This chapter describes the co-crystallisation experiments of the selected anti-
tubercular drugs and discusses results for each successful multi-component derivative

solid form obtained.

6.1 Introduction

Tuberculosis (TB) remains a great threat to humankind. TB is an infection caused by a
bacillus known as Mycobacterium tuberculosis. TB is transmitted through air droplets
containing the bacillus from an infected person. Compared to 2012-2013 WHO report,
an approximation of 8.6 million TB infections and 1.3 million deaths associated with
TB, 10 million new cases, and 1.5 million deaths were reported in 2018 (Baddeley, A;
Dean, A; Monica-Dias, H; Falzon, D; Floyd, K; Garcia, 2013). The latent
Mycobacterium tuberculosis (Mtb) estimated to have infected one-fourth of the
population worldwide serves as a reservoir for the active and deadly form of the
infection, making it even harder to control the infection. The threat is further aggravated
by the appearance of drug resistance making treatment very complicated and in some
cases resulting in treatment failure (N. C. Howard et al., 2018; Y. Hu et al., 2017;
Somoskovi et al., 2001), and co-infection with HIV/AIDS (Bell & Noursadeghi, 2018;
Duarte et al., 2018; Letang et al., 2020; Mesfin et al., 2014; Pawlowski et al., 2012b).
The recent increase of drug resistance to available anti-tubercular treatment regimens
(first-line and second-line) raised even greater concern about the future management of

the infection, thus, the high pressure of finding alternative medicines.

Among anti-tubercular drugs used, isoniazid, chemically known as isonicotinic acid
hydrazide (INH) and pyrazinamide known pyrazinecarboxamide (PZA) are two key
drugs in the first-line treatment of TB. Both drugs are used in a single combined dose
concomitant with rifampicin (RIF) and ethambutol (ETB) or streptomycin. INH and
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PZA are prodrugs in nature; both activated after administration, the process triggered
by the bacterial enzymes. The mechanisms of action were thoroughly explained by
Unissa et al. (2016). INH is the most used drug in TB treatment. Its potential is well
understood not only by its activity but also through the meaning of multidrug-resistance
TB (MDR-TB).

However, despite its remarkable activity which seems to relate to molecular targets of
the prokaryotic cells, toxicity and different side effects (dryness of the mouth, flu-like
syndrome, allergic reactions, peripheral neuritis, mental abnormalities,
methemoglobinemia, and hepatotoxicity), have been linked to the use of INH
(Sarcevica et al., 2016).

PZA is also a very effective antimycobacterial agent that offers to the combinations
(regimens) its unique sterilizing activity against persistent tubercle bacilli during the
initial intensive phase of treatment. The use of PZA is also associated with shortening
the duration of TB treatment, from 9 to 6 months (Chis et al., 2005; Somoskovi et al.,
2001). PZA shows prodigious but pH-dependent in-vivo activity. It is effective against
M. tuberculosis only under acidic conditions. However, like many other drugs, different
side effects have been attributed to the prolonged use of PZA (Schaberg et al., 1996).

Different co-crystals containing isoniazid and pyrazinamide have been reported with
different carboxylic acids (Cherukuvada & Nangia, 2012; Grobelny et al., 2011; B.
Yadav et al., 2019). This shows undoubtedly the complementary potential of these two

for co-crystal formation driven by the presence of N-H, C=0 and O—H moieties.

The work presented in this chapter encompasses screening, preparation and
characterization of multicomponent hybrids based on two key anti-tubercular drugs
isoniazid and pyrazinamide. Screening for co-crystals is initially carried out. Then, the
thermal analysis of each co-crystal/hybrid using various thermal analytical instruments
such as DSC, HSM, and TGA is presented. The chapter further explores the utility and
ability of SEM, FTIR, and PXRD to study the morphologies and possible interactions
and confirm the identity of the prepared samples. The results of in-vitro solubility
evaluation conducted at body temperature, under different buffered solutions are
demonstrated and discussed. Lastly, the initial evaluation of the biological activity is

discussed.
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6.2 Material and experimentation

6.2.1 Materials
For this part of research, two anti-tubercular drugs, i.e isoniazid and pyrazinamide were
selected due to their potential inhibitory activity on the mycobacterium tuberculosis.
These active substances were purchased from Sigma-Aldrich Chimie GmbH

(Steinheim, Germany) and were used as received.

6.2.2 Preparatory methods
Grinding methods (solid-state and liquid-assisted grinding) were used first. An amount
of APIs in their stoichiometric ratios, were consistently and vigorously ground in the
mortar using a pestle for about half an hour (30 min). The screening was further carried
out using solution crystallisation methods (solvent evaporation). All experiments were

conducted in triplicate to ensure the samples reproducibility.

6.2.2.1 Dual-APIs isoniazid —pyrazinamide (INHPZA) solid forms

The solid-state grinding method was used in the attempt to produce INHPZA dual co-
crystal. The INH-PZA mixtures in molar ratios (1:1; 2:1; 1:2) were subjected to the
grinding exercise using an agate mortar and a pestle. The same grinding process assisted
by a few drops of the solvent (ethanol 96%) added to the mixtures throughout the

grinding process, was carried out.

Figure 6.1: The proposed molecular mechanistic for the preparation of INHPZA

solid forms
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The molecular mechanistic of this preparation is shown in Error! Reference source not
found.. Powder samples, namely INHPZAL, were obtained and kept in airtight polytops

and subsequently analysed.

The screening was further carried out using the solvent evaporation method. A 1:1
stoichiometric amount of individual drugs was accurately weighed and transferred into
vials and separately dissolved in 2mL of ethanol, methanol, and 2-propanol at elevated
temperature (10°C below the boiling point of ethanol, methanol and/or 2-propanol).
The resultant solutions were then mixed in a single vial and stirred for an additional 10
minutes, filtered (0.45 um) and stored in clean vial sealed with a perforated parafilm
and evaporated at ambient environmental conditions. Needle-like crystals (INHPZAZ2)

were produced, dried on the filter paper and analysed.

6.2.2.2 Preparation of the co-crystal between isoniazid and pentanedioic acid
(INHGA) (2:1)
The co-crystal preparation was carried out using solid-state grinding (SSG) and the
solvent assisted grinding (LAG) method, as presented in Figure 6.2. For solid-state
grinding, mixtures of INH: GA in different molar ratios (1:1; 2:1; 1:2) were subjected
to physical milling using a mortar and a pestle. The same grinding procedure assisted
by a few drops of the solvent (ethanol 96%) added to the mixtures throughout the
grinding experiment was also utilised. Resultant powder samples were kept in airtight

polytops for further characterization.

O

= NH
S N

NS

? SSG/LAG RN\
> _HN
+ room temperature o o 5
7 0 )X\/\)\OH’/’
HO OH

Figure 6.2: The molecular mechanistic for the preparation of INHGA (2:1) co-

crystal

6.2.2.3 Pyrazinamide-glutaric acid co-crystal PGA (2:1) preparation
Pure pyrazinamide (PZA), and the co-former, glutaric acid (GA) were taken in their
stoichiometric amount (2:1) to agate mortar and were physically milled for 30 minutes
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using a pestle. The powder co-crystal sample was obtained and subsequently analysed.
The co-crystallization was further attempted using solvent-assisted grinding, also
known as liquid assisted grinding (LAG). PZA-GA mixture in the same molar ratio
(2:1) was subjected to physical grinding, but this time, the mixture was wetted by a
continuous introduction of ethanol (96%) drops throughout the grinding exercise.
Resulted powder sample was kept in an airtight vial till analysed. The reproducibility
of samples was ensured by repeating experiments in triplicate. The molecular procedure
IS presented in Figure 6.3.

7 N
NS N ~ ]
[ ? CHN AN
NZ SSG/LAG 7 N
_|_

> /’ O
room temperature 0 Q /"
0 0 NOH,'
W HO
HO OH

Figure 6.3: The molecular mechanistic for the preparation of the propose PGA

(2:1) co-crystal
6.2.3 Characterisation

A full characterisation was carried out for the obtained samples vs their starting
materials. Thermal analysis using the Hot Stage Microscopy, Differential scanning
calorimetry, and thermogravimetric analyses. Sample morphologies were evaluated
using Scanning electron Microscopy, while structural information and molecular
identities of samples were obtained from Fourier infrared spectroscopy and the powder

X-ray diffraction. In vitro solubility of samples was measured using PHLC.
6.2.3.1 Analysis by Hot Stage Microscopy (HSM)

Thermo-microscopic analyses were performed with an optical microscope Olympus
(SZX-ILLB200) equipped with a Linkam temperature-controlled stage
(THMS600/720), connected to a T95-PE system controller (Linkam Scientific
Instruments Ltd., Tadworth, Surrey, UK). Images were recorded with an Olympus
UC30 camera attached to the specified microscope (Olympus Optical, Japan) using
Stream Essentials software. Samples were heated over a temperature range of 30 °C —
350 °C at a constant heating rate of 10°C/min, with samples submerged in silicon oil.

The hot-stage was calibrated using USP melting point standards.
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6.2.3.2 Analysis by Differential Scanning Calorimetry (DSC)

DSC analyses were performed using a DSC 8000 Perkin Elmer instrument (Waltham,
USA), incorporating a cooling system. Samples (2.5 - 5 mg) were crimped in the
aluminium pans sealed with pierced lids. The instrument was calibrated by measuring
the onset temperatures of the melting of indium (m.p. 156.6 °C) and zinc (m.p. 419.5
°C) while the heat flow was calibrated from the enthalpy of melting of indium (28.62
J/g). The samples were heated to 20-30 °C above the melting range of the most
thermally stable, at a heating rate of 10°C/min. All analyses were performed in triplicate
under continuous pure (99.8%) dry nitrogen purging with a flow rate of 20 mL/min)

and were reproducible.
6.2.3.3 Analysis by Thermogravimetry (TGA)

A Perkin-Elmer 4000 PC thermal system (Waltham, USA) was used. Calibration of the
instrument was performed using three different references; Alumel (m.p. = 154.2 °C),
Perk alloy (m.p. = 596.00 °C) and iron (m.p. = 780 °C) at 1 and 2°C/min. The samples
analysis was carried out over a temperature range between 30 °C — 400 °C at a
predetermined heating rate of 10°C/min. Samples were continuously purged by a
stream of dry (99.8%) nitrogen gas (20 mL/min) and solvent stoichiometry of the

compounds was determined from the percentage mass loss.
6.2.3.4 Morphology evaluation by Scanning Electron Microscopy (SEM)

The morphology of individual pure drugs and co-crystal samples were conducted using
an AURIGA Field Emission High-Resolution Scanning Electron Microscope
(HRSEM), Zeiss (Germany). Powder samples were mounted onto aluminium stubs
using carbon tape. Energy (kV) used for images was 5 kV and 20 kV for EDS. The
lament current was set at 2,359 amps. Carbon tabs were placed on the aluminium stubs
to hold samples. Working distance (WD) for images is displayed on each image.

SmartSEM 90 and AZTEC software were used for imaging and EDS, respectively.
6.2.3.5 Analysis by Fourier Transform Infrared Spectrophotometry (FT-IR)

Infra-red spectra of the individual drugs and the co-crystal samples were obtained using
a Perkin-Elmer 100 FTIR instrument (Waltham, USA) fitted with UATR and controlled

® with Spectrum software version 6.3.5.0176 for the analysis. Analyses of powder or
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crystalline samples were done over the range of 650-4000 cm™! at a spectral resolution

of 2cm™.
6.2.3.6 Analysis by Powder X-Ray Diffraction (PXRD)

PXRD data were recorded on a D8 Advance powder X-ray diffractometer (Bruker AXS
GmbH, Germany) with CuKaradiation (Cu-Kou= 1.54056 A). The tube voltage and
current applied were 35 kV and 40 mA, respectively. A V20 variable slit was used.
Samples were placed on the sample holder which has 1 mm thickness and 1.5 cm in
diameter. With a scan rate of 2°per min, the sample scan was performed in a continuous
scan in locked coupled mode, within a range of 205°to 50°. Origin Pro 8.5. was used to

plot PXRD patterns.
6.2.3.7 Invitro solubility studies

Excess amounts of the individual drugs Isoniazid and pyrazinamide, and their
respective co-crystals (or eutectic mixtures) were added to USP aqueous buffer
solutions at pH 1.2 (0.1M hydrochloric acid), 0.2M potassium phosphate buffer (pH 6.8
and pH 7.4, and 0.1% SDS. The mixtures were continuously shaken in an incubator
shaker at 37 °C (= 0.5 °C) and 100 rpm for 24/48 hours. Samples were filtered using
0.20 um PVDF syringe filters and analysed using an HPLC. AZT, 3TC, and both co-
crystals were quantified using an Agilent HPLC system setting with FXBPump (Flexar
Binary Pump), an automated injector equipped with a UV detector (LC 200a Series
PDA Detector), and a Flexar autosampler. Isocratic elution using acetonitrile: water
solution (30:70) was applied at a flow rate of 10 mL/min. A reversed-phase Luna
C1gHPLC column 250 mm x 4.6 mm, 5um was used. Injection volume was 10 pL and

absorbance of elution was recorded at 262 and 270 nm following suitable dilutions.

6.3 Co-crystallisation results and discussion
The co-crystallisation results of all solid derivative forms produced between INH and

PZA are presented and discussed in this section.
6.3.1 Dual-APIs isoniazid —pyrazinamide (INHPZA) solid forms

6.3.1.1 Thermal analysis of INHPZA1&2 solid forms
The HSM analysis was carried out by submerging the INHPZA1 powder and
INHPZAZ2 crystals in the silicon oil and observed thermal changes under the
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microscope. As shown in Figure 6.4, HSM images of the INHPZA1 sample were
recorded over the temperature range 25-150°C. No thermal changes occurred in the
sample prior to the melting point observed at about 147°C. INHPZAZ2 images showed
air bubbles from 140°C due to crystal breaking and a possible solvent release. The
melting of INHPZAZ2 crystals started at 168°C.

20°C 147 °C 148 °C 149 °C

INHPZA1

INHPZA2

Figure 6.4: The HSM images for INHPZA1 and INHPZA2 samples showing

different thermal behaviours.

Thermal behaviours of individual APIs were obtained using DSC and agreed with
literature. INH sample exhibited a melt at 173°C and PZA at 190°C. Thermal analysis
of the sample INHPZAL1 revealed a lower melting endotherm at 142°C and an onset
at 140.4°C (Figure 6.5). A DSC curve of INHPZAZ2 crystal showed two endotherms.
The small bump at 140°C attributed to crystal breaking and/or desolvation and a
melting transition between input materials at 184°C with an onset at 178.6°C,
suggesting that INHPZAZ2 is a possible solvate co-crystal. This is consistent with
HSM observations.
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Figure 6.5: A diagram comparing DSC curves obtained from INHPZAL and
INHPZAZ2 solid-forms and input drugs, INH and PZA

Thermal behaviour of INHPZAL and INHPZA2 samples were further investigated

using the TGA. The TGA/DTA curves are presented in Figure 6.6. The TGA curve

generated from the INHPZA1 sample is characterized by two steps of mass loss,

respectively over the sample melting (mass loss = 57%) and decomposition (loss

=43%). The sample remained intact prior to the melting point.

The TGA analysis was utilised to investigate further the presence of solvent
molecules in the crystal sample INHPZAZ2, as previously indicated by air bubbles

release at 140°C during the HSM experiment and a small bump in the DSC curve.
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Figure 6.6: TGA and DTA curves of INH-PZA dual-API solid forms; (a)
INHPZA1 and (b) INHPZAZ2
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Based on the TGA thermogram measured from INHPZAZ2 crystals, there was a
continuous mass loss starting before melting range of the sample with 12.4% calculated
mass loss (inflection point at 184.5°C) and continued over melting and decomposition
temperatures with a total mass loss of approximately 88.33% Figure 6.6b. This
correlated well with HSM finding and confirmed that INHPZA2 crystal sample is

indeed a solvated co-crystal.
6.3.1.2 Particle morphology analysis by scanning electron microscopy

SEM analysis offers a rapid way to characterise particle morphology of powder and

crystal habits of the samples. Not only this powerful tool offers high-quality images of

the particles, but it also provides atomic details of the sample being analysed.
@y 2 N 57\0 v . » p R » (DO

Figure 6.7: SEM images for (a) PZA, (b) INHPZAL, (c) INHPZA2 and (d) INH
intact

Morphology analysis by SEM was carried out on pure INH, PZA, and the dual-APIs
hybrids INHPZA1 and INHPZA?2 samples. SEM micrographs are shown in Figure 6.7.
The difference in morphology; specifically the shape and size of particles, was
thoroughly examined. While pure PZA exhibited block-like particles with a smooth
surface, INH particles were irregularly shaped and broken in pieces with sharp edges
(Figure 6.7d). INHPZA exhibited round particles of different sizes, smaller than both
APIs due to co-grinding Figure 6.7b. INHPZA?2 obtained from solution crystallisation
exhibited triclinic-shaped particles crystals Figure 6.7c.
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6.3.1.3 Structural evaluation by FT-IR of IHNPZA solid forms
Structural evaluation by FTIR was carried out to confirm intermolecular interaction
between two APIs in the co-crystalline samples produced. Pure INH and PZA spectra

were assigned first and were used as references to analyse the samples.

As shown in Figure 6.8 the FTIR spectrum of PZA exhibited an intense and sharp
band at 3409.46 cm ™! and a weak band at assigned to asymmetric and symmetric ,(N—
H) vibration modes respectively. The band at 3148 cm™! was attributed to cyclic +(C-
H) stretching vibration modes. Further, the PZA carbonyl stretching .(C=0) appears
at 1704 cm™' which agrees with literature according to Gunasekaran & Sailatha,

(2009).
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Figure 6.8: FTIR spectra of INH, PZA and INHPZA1 powder sample

The spectrum of pure INH has ,(N-H) stretching band at 3303.46 cm™!, asymmetric
»(C—H) stretching at 3010 cm™! and the carbonyl ,(C=0) at 1663 cm™ (Gunasekaran
et al., 2009; Ravikumar et al., 2013).

Respectively, INH stretching primary amine (N-H) has shifted to 3292 cm™* while
N-H at 3148 cm™ has shifted to 3155 cm™ in the spectrum of the INHPZA1 sample.
The intensity of the ,(C—H) stretching band at 3010 cm™ has significantly reduced.
The PZA band at 1704 cm™ and INH band at 1634 cm™, both assigned to carbonyl
moieties, ,(C=0) have shifted to 1707 cm™ and 1665 cm™ respectively in the
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INHPZAL spectrum. These spectral changes confirmed interactions between INH and

PZA.

FTIR spectra of the starting material of INH, PZA and INHPZAZ2 are shown in Figure
6.9Figure 6.8. INH spectrum exhibited two characteristic bands at 3303 cm™, 3107 cm-
! corresponding to stretching amine v(N—H), stretching vibrations, v(C—H) bands at
3010 cm™ and 1663 cm™ corresponding to the carbonyl v(C=0) group. PZA spectrum
also has two characteristic bands at 3410 cm™ and 3288 cm attributed to stretching
amine v(N-H) (asymmetric and symmetric N-H stretching, respectively), bands at
3148 cm™ presenting stretching v(C—H) and 1704 cm™ corresponding to carbonyl

v(C=0) stretching vibration.

INHPZA2

% Transmittance

| . T ek T o T Y | I%5 Sl T ¥ T
4000 3500 3000 2500 2000 1500 1000
cm’
Figure 6.9: Diagram comparing FTIR spectra of pure INH and PZA to solvated
co-crystal INHPZA2

The FTIR spectrum of INHPZA2 shows band position shifts as an indication of
interactions between the co-formers. PZA asymmetric N-H stretching band at 3410
cm has shifted to 3421 cm™ while its stretching amine N-H at 3288 cm subsided.
There was a slight shifting in INH FTIR band peaks, suggesting that both APIs are

held together by guest molecules in the structure of INHPZA2 via N-H and C=0

interactions.
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Table 6.1: The prominent IR spectral band positions in pure INH and PZA
spectra and their respective positions in the spectra of the multi-component solid
forms INHPZA1 and INHPZA2

Bands INH PZA INHPZA1 INHPZA2 Comments
N-H 3410 3412 3421 asymmetric stretching
N-H 3288 3292 Disappears symmetric stretching
N-H 3303 3292 3301 H-N shifting
C-H 3010 Disappears Aromatic stretching
3148 3155 Disappears Aromatic stretching
C=0 1704 1707 Disappears carbonyl stretching
C=0 1663 1667 1663 carbonyl stretching

6.3.1.4 Analysis by Powder X-ray diffraction

In the absence of good quality crystals suitable for single X-ray diffraction, PXRD
provides an opportunity to understand the nature of the sample or even solve its
structure. Diffraction patterns of individual drugs and co-crystalline samples are
shown in Figure 6.10.

The difference in PXRD patterns is an indication that a new crystalline phase was
attained. INH pattern exhibited diffraction peaks at 26 = 11.9°, 14.3°, 15.6°, 16.73°
19.65°, 25.3°, 26.95° and 27.3°. PZA exhibited peaks.at 20 = 7.7°, 15.56° with a
shoulder on the right, 17.58°, 27° and 27.29°. INHPZAL generated a pattern
exhibiting a summation of characteristic diffraction peaks of individual APIs with
significantly reduced intensities. This suggested that the sample INHPZAL is not a
co-crystal, but a solid dispersion confirmed as a eutectic mixture. Reduced intensities
also imply that the sample is less crystalline than entreated APIs, probably due to the
grinding method used. Characteristic peaks are positioned at 20 = 16.76°, 17.69°, 26°,
27°, 27.36°. On the other hand, INHPZA2 pattern exhibited new peaks at 26 = 9°,
16.25°, 18.3° and 27.7° confirming INHPZAZ2 as a new phase and a successful co-

crystal proven to be a solvate by thermal analyses.
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Figure 6.10: The PXRD patterns for pure INH, PZA, their physical mixture, and
two derivative hybrids INHPZAL and INHPZA2

6.3.1.5 Invitro solubility evaluation of the produced materials

Excess amounts of the individual drugs INH, PZA, and their respective co-crystals were
added to USP buffer solutions at pH=1.2 (0.1M hydrochloric acid), 0.2M potassium
phosphate buffer at pH=6.8 and pH 7.4, and deionized water (18.s MQ). The mixtures
were continuously shaken in an incubator shaker at 37°C (x 0.5°C) and 100 rpm for 24
hours. Samples were filtered using 0.20 pm PVDF syringe filters and analysed using
an HPLC. In both preparations, INH and PZA were quantified using an Agilent HPLC
system setting with FXBPump (Flexar Binary Pump), an automated injector equipped
with a UV detector (LC 200a Series PDA Detector), and a Flexar autosampler. Isocratic
elution using 30 % acetonitrile solution (30:70) was applied at a 10 mL/min flow rate.
A reversed-phase Luna C1g HPLC column 250 mm x 4.6 mm, 5pum was used. Injection
volume was 10 pL and absorbance of elution was recorded at 262 and 270 nm following
suitable dilutions. The standard calibration curves for two individual drugs INH and

PZA were reported in Figure 6.11.
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Figure 6.11: INH and PZA standard calibration curves with regression equations
used to measure the solubility of both APIs at different pH

Solubility measurements presented in Figure 6.12 suggests an enhanced solubility for
both actives in the binary eutectic INHPZA1. A solubility increase of 1.7-fold and
1.35-fold was measured for INH at acidic pH=1.2 (0.IN HCI) and potassium

phosphate pH=6.8. There was no significant increase of INH solubility in aqueous
and buffer solution at pH=7.4.
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Figure 6.12: Solubility histogram of pure INH and PZA vs their binary eutectic
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PZA has shown a significant solubility increase by 1.3-fold at pH=1.2 (0.1N HCI), 2-
fold at pH=6.8, 1.5-fold at pH=7.4 and 1.23-fold in an unbuffered aqueous medium.
6.3.1.6 Minimal Inhibitory Concentration (MIC) Testing
The MGIT 960 with Epicentre software and the TB eXiST (TB Extended Susceptibility
Testing) module was used to determine the MIC of 2 compounds against a H37Rv and
a pan-susceptible Mycobacterium tuberculosis clinical isolate. Both strains were
exposed to the compounds at final concentrations of 100, 10 and 1.0 pug/mL. MIC
results were interpreted according to the 1% proportion method, which is defined as the
lowest drug concentration that inhibits >99.0% of the bacterial population.

Table 6.2: MICs of INH and PZA (controls) and INHZA solid forms against M

tuberculosis stains

Compound Minimum Inhibitory Concentration (MIC) pg/mi
H37Rv (ATCC27294) M tuberculosis Clinical Strain

INH (Control) <146 <10

PZA (Control) | <100 <100

INHPZA1 <1.0 <1.0

INHPZAZ2 <1.0 <1.0

Interestingly, based on results presented in Table 6.2, both solid forms inhibited the
same anti-tubercular activity as the control INH, which is susceptible at 1.0 pg/mL, and
far better than PZA. Determining the exact MICs must be carried out at a lower

concentration range.

In this section, results from the co-crystal screening conducted on INH and the co-
crystal former (pentanedioic acid or glutaric acid) using mechanochemical reactions,

are discussed.

6.3.2.1 Thermal analysis of INHGA (2:1) co-crystal

Initially, thermal analysis by DSC confirmed the melting points of the pure INH and
the co-former GA at 177°C (onset at 175.3°C), and 96.1-100.3°C respectively. The GA
curve showed an additional broad peak at 74.0 °C, corresponding to the polymorphic
transition (polymorph-p to a) (Bruni et al., 2013). The co-crystal INHGA (2:1)
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exhibited a melting endotherm at 109.1°C and an onset at 107.0°C Figure 6.14. This new
melting transition falls in the range between INH and GA melting points, thus

indicating the complexation or interactions between INH and GA.

Figure 6.13: HSM images for INH, GA and the co-crystal INHGA (2:1) recorded
over the range 25-200°C

HSM and TGA were conducted, and the results were matched with DSC results. In both
experiments, the co-crystal sample remains stable until the melting point is reached.
There was no indication of desolvation observed prior to the melting range during both
HSM (no air bubbles) and TGA analyses. Based on the HSM analysis, the melting point
of GA occurs over 98-101°C temperature range. The melting transition of the co-crystal
sample INHGA (2:1) was observed over 106-111°C temperature range and INH
exhibited a melt over 177-178°C range (Figure 6.13). Both DSC (Figure 6.14) and HSM
results showed a very good correlation. The decomposition of the sample was

characterised by explosive bubbling and discolouration (images not shown here).
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Figure 6.14: The DSC curves of pure INH, the co-crystal former GA, and the co-
crystal INHGA (2:1)
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Figure 6.15: TGA/DTA thermograms of INHGA (2:1) co-crystal

TGA and DTA curves generated by INHGA (2:1) sample are characterised by a wide
range of mass loss occurred upon a slow decomposition at high temperature, with an
onset of sample decomposition at 180°C (Figure 6.15). The mass loss measured prior to
the melting range of INHGA (2:1) samples was (0.02%), confirming that the present
co-crystal is anhydrous. TGA/DTA curves of the starting materials INH and GA are
available in Appendix C (Supporting figure 4)

6.3.2.2 Structural studies of INHGA (2:1) co-crystal by Infrared spectroscopy
Structural studies by FT-IR were conducted to confirm the formation of the co-crystal

by monitoring spectral changes of band positions in the INHGA (2:1) spectrum in
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comparison to pure INH and co-crystal former GA, changes that occur as a result of
intermolecular interaction between INH and GA (Ali et al., 2012; S. Kumar, 2017).
Figure 6.16 illustrates spectral details of INH, GA, and INHGA (2:1) co-crystal

samples.

FTIR spectra of the individual drug INH and the co-former GA were obtained first and
were used as reference spectra for the co-crystal. IR spectrum of pure INH exhibits two
stretching amine bands at 3303 cm™ and 3107 cm™, stretch v(C-H) at 3010 cm™ and
stretching carbonyl at 1663 cm™ in agreement with the literature (Gunasekaran et al.,
2009; Ravikumar et al., 2013).
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Figure 6.16: The FT-IR spectra of isoniazid (INH), the physical mixture, INHGA

(2:1) co-crystal and pentanedioic acid (GA)

FTIR spectrum obtained from INHGA (2:1) exhibited carbonyl ©(C=0) stretch band at
1656 cm* (shift from 1663 cm™ of INH), while GA stretching carboxylic carbonyl
v(C=0) at 1686 cm* shifted to 1704 cmas a result of possible C=0-*N-H formation,
the GA carboxylic v(O-H) overlaps with (C-H) vibration at 2954 cm™ as a result of
H-bonding with C=0 of INH. A new broad peak at 1910 cm™in the INHGA (2:1)
spectrum was attributed to H-bonding effect. Table 6.3 summarises the main spectral

band shifting in INHGA (2:1) vs its components.

http://etd.uwg.ac.za/



Chapter 6

Table 6.3: The FTIR shifts detected in the spectra of INH, GA and their co-
crystal INHGA (2:1)

Assignment INH INHGA(2:1) GA Comments

Stretching N—-H 3303 cm-! 3303 cm-t 3398 cm-! Intensified in INHGA (2:1)

Asymmetric C-H 3107 cm-? 3101 cm-! Shifting in INHGA (2:1)
Stretching O-H 2954 cm-!  O-H subsided in INHGA (2:1)
C-H 3010 cm-1 Disbanded in INHGA (2:1)
C-H 2894 cm-!  Disbanded

C-H 2536 cm-1 2604 cm-!  downshifting & less intensified
H-bonded C=0 1910 cm-! New in INHGA (2:1) spectrum

Carbonyl C=0 1663 cm-* 1704 cm-t 1683 cm-! shifting in INHGA (2:1)
Stretching C=N 1633 cm-* 1632 cm-! intensified in INHGA (2:1)

Figure 6.17 suggests the possible bonding in the co-crystal between INH and GA, where

the latter acts like a bridge binding two INH molecules.

Figure 6.17: Suggested bonding interactions between isoniazid amide and

carboxylic moieties of glutaric acid suggested based on the FTIR spectral results

6.3.2.3 Morphology results of INHGA (2:1) co-crystal by SEM
SEM analysis was carried out to evaluate changes in the morphology of the co-crystal

sample vs its untreated components. SEM micrographs are shown in (Figure 6.18).

INH exhibited dusty irregularly shaped particles with sharp edges (Figure 6.18a), and
GA is made of particles with round shapes and smooth surfaces (Figure 6.18c). INHGA
(2:1) co-crystal exhibited irregularly shaped particles with sharp surfaces and dusty
aggregates due to the grinding exercise (Figure 6.18b).
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Figure 6.18: SEM micrographs for (a) pure INH, (b) the co-former GA and (c)
the co-crystal INHGA (2:1)

6.3.2.4 Crystallographic results of INHGA (2:1) co-crystal sample
PXRD authenticated the successful co-crystallization as previously confirmed by FTIR

and other thermal analyses used. The PXRD patterns from individual drugs and the co-

crystalline sample are depicted in Figure 6.19.

i \ A A Pure GA
A

INH-GA Mixture

INHGA(2:1)

ﬂ " ﬂ A " Pure INH
I I A I A INH calc.
A A A A A A

10 20 2 Theta (o) 30 40

Relative intensity

Figure 6.19: Experimental and simulated PXRD patterns of pure isoniazid and
pentanedioic acid compared to the INHGA (2:1) co-crystal and INH-GA physical
mixture
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Differences in positions of diffraction peaks are a clear indication of the successful co-
crystal formation. While INH PXRD pattern exhibited diffraction peaks at 26= 11.9°,
14.3°,15.6°, 16.73°, 19.65°, 25.3°, 26.95°, and 27.3°, the main diffraction peaks in GA
pattern appeared at 26=13.88°,19.7°,22.24°, and 28°. The PXRD pattern from INHGA
(2:1) exhibited new diffraction peaks at 26=18.7°, 24°, and 27.4°, thus confirming that
the co-crystal INHGA (2:1) was successfully produced.

6.3.2.5 Solid-state NMR (SS-NMR) analysis of the local chemical environment

Solid-state nuclear magnetic resonance (SS-NMR) as well as solution NMR, exhibit
changes such as splitting and shifting in the local electronic environment as a result of
molecular interactions. These changes are conclusive evidence on alteration in the
molecular structure of a compound. Co-crystallisation, due to the formation of

intermolecular H-bonds leads to such changes.

We used C®*CPMAS SS-NMR to detect isotropic chemical shifts as a way to further
confirm the co-crystal produced. The assignment of the INHGA (2:1) co-crystal was
based on pure API and the co-former (GA, glutaric acid). While INH was assigned
using ChemDraw Ultra 12.0 software, GA was assigned based on previous experiments
by Vigilante & Mehta, 2017. Isotropic chemical shifts were detected in the comparative

spectral representation (Figure 6.20), and details are presented in Table 6.4.
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Figure 6.20: SS-NMR spectra for INH, GA and INHGA (2:1) co-crystal

http://etd.uwg.ac.za/



Chapter 6

Table 6.4: Isotropic chemical shifting due to the INHGA (2:1) co-crystal

GA INHGA(2:1) INH Assignment
18.693 18.228; 18.510 Central methylene C
33.744 32.687; 34.045 Carbonyl C-C=0
119.459; 119.875 pyridine C-C-N
123.972; 124.295 125.543 pyridine C=C
141.549 139.621; 139.874 Pyridine C=C-O
148.433 149.220; 149.849  pyridine C=N
149.963; 150.989 151.156; 151.497 Pyridine C=N
168.751; 169.404 164.679 Amide C-N
181.451  173.802; 177.462 Carboxyl C=0 (O-H)

6.3.2.6 INHGA (2:1) co-crystal solubility evaluation

Excess amounts of untreated INH and INHGA (2:1) co-crystal were added to USP
aqueous buffer solutions at pH 1.2 (0.1M hydrochloric acid), 0.2M potassium
phosphate buffer pH 6.8 and pH 7.4, and deionized water (18.s MQ). The mixtures
were continuously shaken in an incubator shaker at 37 °C (= 0.5 °C) and 100 rpm for
24 hours. Samples were filtered using 0.20 pm PVDF syringe filters and analysed using
an HPLC.

An Agilent HPLC system setting with FXBPump (Flexar Binary Pump), an automated
injector equipped with a UV detector (LC 200a Series PDA Detector), and a Flexar
autosampler was used to quantify INH in the original INH and INHGA (2:1) co-crystal
solutions. Isocratic elution using acetonitrile solution (30:70) was applied at a 10
mL/min flow rate. A reversed-phase Luna Cig HPLC column 250 mm x 4.6 mm, 5um
was used. Injection volume was 10 L, and absorbance of elution was recorded at 262
and 270 nm following suitable dilutions. After the necessary dilutions, samples were
analysed using HPLC. INH calibration data indicated a squared regression value was
0.999.

Solubility quantification suggested an enhanced solubility of INH in the co-crystal
INHGA (2:1). An increase of 1.7-fold and 1.35-fold were measured at acidic pH values
1.2 (HCI) and 6.8 (PBS) for INH in the INHGA (2:1) co-crystal. Results indicated no
significant increase in INH solubility in the aqueous and neutral pH = 7.4 Figure 6.21.
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Figure 6.21: Histogram comparing the solubility of untreated INH to INHGA
(2:1) co-crystal

6.3.2.7 Invitro antimicrobial evaluation

Minimal Inhibitory Concentration (MIC) testing of the co-crystal INHGA (2:1) was
carried out. The MGIT 960 with Epicentre software and the TB eXiST (TB Extended
Susceptibility Testing) module was used to determine the co-crystal MIC against
H37Rv and a pan-susceptible Mycobacterium tuberculosis clinical isolate. Both strains
were exposed to the compound at final concentrations of 100, 10 and 1.0 pg/mL. MIC

results were interpreted according to the 1% proportion method.

Table 6.5: MICs of INH (control) and INHGA (2:1) against M tuberculosis stains

Compound Minimum Inhibitory Concentration (MIC) pg/mi
H37Rv (ATCC27294) M tuberculosis Clinical Strain

INH (Control) <1.0 <10

INHGA (2:1) <1.0 <1.0

Based on the results presented in Table 6.5, co-crystal INHGA (2:1) shows anti-
tubercular activity. INH was included as controls and should be susceptible at 1.0

pg/ml.

This is very interesting because as expected the co-crystal INHGA (2:1) even though

containing less amount of INH than the control, exhibited the same activity. Therefore,
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it is safe to say that co-crystallising INH with GA not only increased the solubility but

also may result into the bioavailability enhancement of the drug.

Like isoniazid, co-crystals of pyrazinamide (PZA) and different carboxylic acids
including amino and hydroxybenzoic acids (Abourahma et al., 2011), different
carboxylic acids including pentanedioic acid (Cherukuvada & Nangia, 2012) and other
co-formers (Evora et al., 2011) have been previously reported. Basic information on the
crystal such as unit cell parameters, space group have been presented, but neither full
characterisation was presented or structure uploaded to the Cambridge structure
database (CSD).

In this section, results from mechanochemistry; a green, simple and cost-effective
method used to screen for the co-crystal between PZA and GA, are presented. While a
full screening for the co-crystal can be found-in Appendix A, here we present a full

discussion of results, and recommendations for further uses.

6.3.3.1 Thermal analysis of PGA co-crystal sample

Thermal analysis of the sample was initiated by observation of thermal behaviour on
the HSM. Images recorded at various temperatures over the experiment are presented
in Figure 6.22. Based on the HSM analysis, melting was observed over 98-101°C
temperature range for GA and 190-195°C for PZA. PGA (2:1) sample remains stable
until the melting point between 106-108°C. There was no desolvation as indicated by

the absence of air bubbles during HSM experiment.

Thermal analysis by DSC was carried out to establish PGA (2:1) melting temperature
with more accuracy. PZA exhibited a broad polymorphic transition (Polymorph I to I1)
endotherm between 152-157°C and its melting point was confirmed 192.2°C (onset at
189.7°C) (Lavor et al., 2012). A DSC curve of the co-former GA also showed a broad
peak at 74.0°C, corresponding to its polymorphic transition (polymorph-p to o) and a
melting endotherm at 100.3°C (onset at 96.1 °C) (Bruni et al., 2013).

The 2:1 co-crystal of pyrazinamide-glutaric acid PGA (2:1) exhibited a single sharp
endothermic melt at 105.3°C (Figure 6.23). This melting temperature falls between
PZA and GA melting points.
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Figure 6.22: HSM images of PZA, GA and PGA (2:1) co-crystal sample
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Figure 6.23: The DSC curves of PZA, the co-crystal former GA, and the co-
crystal PGA (2:1).

The co-crystal did not inherit any polymorphic transition. The new melting transition
was the first indication of a successful co-crystallization experiment, although further

confirmation by other analytical techniques is warranted since the change in melting
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points among multicomponent solid forms may occur either due to formation of non-
covalent bonding interaction between API and co-formers, alteration in packing
arrangements, or change in crystallinity. The fact that a single peak was established
during DSC analysis certainly identifies interaction between the two parent compounds.

Table 6.6 summarises the essential thermal properties of the samples.

Table 6.6: Thermal properties for pure PZA, GA, and the co-crystal PGA (2:1)
from DSC.

Melting onset  Melting peak

Sample temperature temperature AH Peak area  Peak Height
9] W9) (J/9) (mJ) (mW)
GA 98.6 100.5 96.7118 386.869 35.7522
PGA (2:1) 102.4 Hlows 99.8891 289.678 24.5016
PZA 189.7 192.3 227.915 501.413 35.1694
100 Lo
80
-5 -
5 -10g
.
20 4
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Temperature °C
Figure 6.24: TGA and DTA thermograms of PGA (2:1) co-crystal

The thermal analysis further carried out on the TGA indicated that the PGA (2:1)
sample remains stable until melting point temperatures are reached. Further, the
TGA/DTA curves (Figure 6.24) are similarly characterised by a step of weight loss
upon decomposition, which took place at a high temperature (decomposition onset at

~180°C)Error! Reference source not found.. Calculated mass loss before melting
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range was (0.02%), thus confirming that the produced co-crystal PGA (2:1) is

anhydrous (solvent-free).

6.3.3.2 Structural evaluation by infrared spectroscopy

The FTIR spectra of PZA, PGA (2:1) co-crystal, 2:1 physical mixture, and GA are
shown in Figure 6.25. PZA spectrum exhibited characteristic bands at 3410 cm ™t and
3149 cm™, which correspond to the asymmetric and symmetric amide v(N-H)
stretching as well as 1704 cm™ of carbonyl »(C=0) stretch. GA spectrum exhibited
characteristic bands at 2954 and 2603 cm ™ respectively attributed to stretching v(C—H)
and carboxylic (O-H). The carbonyl »(C=0) stretching band appeared at 1686cm ™.

PZA characteristic absorption bands have respectively shifted to 3397 cm ™2, 3164 cm ™
and 1694 cmt in the spectrum of the PGA(2:1) co-crystal whereas both GA C-Hand
O-H bands shifted to 2931 cm* and 2543 cm ! in PGA (2:1) spectrum. The GA
carbonyl »(C=0) stretch band at 1686 cm* significantly shifted to 1694 cm™tin PGA
(2:1), inferring the participation of these in H-bonding with N-H of PZA (C=0-"N-H).
The intensity of »(O—-H) which overlapped with v(C-H) subsided in the co-crystal
spectra accordingly. New characteristic bands at 2543 cm ™ and 1853 cm™ were
attributed to H-bonded carboxyl ©(C=0) and ©(O-H) in a possible (C=0—0-H)

vibrational interactions.

Pure PZA pe
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PGA (2:1)
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PZA-GA mix
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Figure 6.25: FTIR spectra of pure pyrazinamide (PZA), PGA (2:1) co-crystal,
2:1 physical mixture, and pure pentanedioic acid (GA)
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Based on these data, it is safe to say that PZA is in intermolecular contact with GA. It
is also worth mentioning that both GA carboxylic acid moieties are equally prone to

intermolecular interactions with PZA, as suggested in Figure 6.26.

Table 6.7: Summary of all shifts in wavelength in both PGA (2:1) sample

F(x) groups PZA PGA (2:1) GA Comments

N-H 3409cm™! 3398 cm™! Broad & shifted

Sym-N-H 3288 cm™! Subsided

Stretching C-H 3148 cm™! 3159 cm™! Bands shifted in
PGA(2:1)

Carboxylic 2931cm™' 2954 cm™! shifted significantly

O-H 2543 cm™! 2604 cm!

Carbonyl C=O  1704cm™ 1694 cm™! Significant band shifting
Carbonyl C=0 1662 cm-' 1686 cm ' Significant band shifting
NZ HoN NH; X N
. \ I\IH S| _ HN I >

I o7

Figure 6.26: Suggested structure of PGA (2:1) co-crystal

6.3.3.3 Particle morphology by scanning electron microscope

SEM analysis of the powder samples was carried out to understand the morphology of
PGA co-crystalline samples. SEM micrograms for PGA (2:1), PZA, and GA are
presented in Figure 6.27.

The SEM images of untreated PZA, GA, and PGA (2:1) are presented in Figure 6.27.
Pure PZA powder consists of large and differently shaped crystals (Figure 6.27a),
whereas GA powder has small amassed aggregates of round shapes (Figure 6.27Db).
Rod-like particles mixed with round irregularly shaped aggregates with smooth edges
were observed for the PGA (2:1) co-crystal (Figure 6.27).
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Figure 6.27: SEM micrographs comparing the morphology of (A) pure PZA, (B)
GA and (C) PGA (2:1) co-crystal

6.3.3.4 Analysis of PGA sample by the powder diffraction

PXRD analysis was carried out for both starting material and the co-crystal sample.

Experimental and calculated XRD patterns of Pure PZA, GA, and XRD pattern of PGA

(2:1) co-crystal are shown in Figure 6.28. PXRD authenticated the successful co-

crystallization as previously confirmed by FTIR and other thermal analyses used.

Experimental samples of pure PZA and GA compare to calculated patterns.

2 ﬂ h \ PZA-GA Mixture

PGA1(2:1)

Relative Intensity

_: A (\1“ PZA
-’ \ A_J_JJ A _GA

10 ' 20 2Theta (°) 30 40

Figure 6.28: Experimental and calculated PXRD patterns of pure pyrazinamide
and pentanedioic acid, PZA-GA physical mixture and PGA (2:1) co-crystal.
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While GA XRD pattern presents diffraction peaks at 260= 13.88°, 19.7°, 22.24°, and
28°, PZA pattern displayed various diffraction peaks at 26=7.7°, 15.56°, 17.58°, 27°,
and 27.29°. The new phase was confirmed by new peaks found in PGA (2:1) patterns
in which the most intense are positioned at 20=10°, 16.55°, 20.36°, 25.23°and 29.83°,
thus confirming the co-crystal PGA (2:1). The PXRD pattern generated from PZA-GA
physical mixture is characterised by a summation of diffraction peaks from individual

co-formers (Figure 6.28).

6.3.3.5 PGA Samples characterisation by solid-state NMR

In solid-state nuclear magnetic resonance (SS-NMR) as well as solution NMR, changes
such as splitting and shifting in the local electronic environment are conclusive
evidence on change in the molecular structure of a compound. Co-crystallisation, due
to the formation of intermolecular H-bonds leads to such changes. To identify changes
in local chemical environment Cross Polarizing (CP) Magic Angle Spin (MAS) 13C SS-
NMR experiments were carried. Shifting or splitting detected was seen as an indication
of a successful complexation/co-crystallisation. Pure PZA and GA were referred to in
order to assign PGA (2:1) co-crystal. GA was assigned based on previous experiments
(Vigilante & Mehta, 2017). Isotropic chemical shifts were detected in the comparative

spectral representation (Figure 6.29)

o
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Figure 6.29: 13C CP MAS SSNMR chemical shifting of GA (bottom), PZA
(middle) vs PGA (2:1) co-crystal (top)
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6.3.3.6 Solubility evaluation of PGA co-crystal

Excess amounts of untreated PZA and PGA (2:1) co-crystal were added to USP aqueous
buffer solutions at pH 1.2 (0.1M hydrochloric acid), 0.2M potassium phosphate buffer
pH 6.8 and pH 7.4, and deionized water (18.s MQ). The mixtures were continuously
shaken in an incubator shaker at 37 °C (+ 0.5°C) and 100 rpm for 24 hours. Samples
were filtered using 0.20 um PVDF syringe filters and analysed using an HPLC.

An Agilent HPLC system setting with FXBPump (Flexar Binary Pump), an automated
injector equipped with a UV detector (LC 200a Series PDA Detector), and a Flexar
autosampler was used to quantify PZA in the samples. Isocratic elution using
acetonitrile solution (30:70) was applied at a 10 mL/min flow rate. A reversed-phase
Luna C1g HPLC column 250 mm x 4.6 mm, 5um was used. Injection volume was 10
pL, and absorbance of elution was recorded at 262 and 270 nm following suitable
dilutions.

PZA indicated a significant increase in solubility by 1.3-fold at acidic pH=1.2 (0.1 M
Hydrochloric acid), 2-fold at pH=5.8 and 1.5-fold at pH=7.4 (potassium phosphate
buffer) and 1.23-fold in unbuffered aqueous solution (deionised) (Figure 6.30). Despite
an increase in PGA (2:1) co-crystal solubility in aqueous solution, the co-crystal

showed a slight decrease in solubility at acidic medium pH 1.2 (0.1M HCI).

350 | PGA (2:1) co-crystal T
|| [EER] Pure PZA i

Concentration (ug/mL)

50

H20 pH 1.2 PH 5.8 PH 7.4
Buffer media

Figure 6.30: Solubility histogram comparing untreated PZA to the co-crystal
PGA (2:1) in different buffered solution and deionised water
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6.3.3.7 Invitro antimicrobial evaluation for PGA (2:1) co-crystal

The in vitro antibacterial activity of the co-crystal was assessed by the tube dilution
method against both Mycobacterium tuberculosis (Mtb) H37Rv (ATCC 27294) and
pan-susceptible clinical isolate strains. Pyrazinamide was used as a standard

antimycobacterial drug.

The MGIT 960 with Epicentre software and the TB eXiST (TB Extended Susceptibility
Testing) module was used to determine the MIC of PGA (2:1) co-crystal against a
H37Rv and a pan-susceptible Mycobacterium tuberculosis clinical isolate. Both strains
were exposed to the compound at final concentrations of 100, 10 and 1.0 pg/mL. MIC
results were interpreted according to the 1% proportion method known as the lowest
drug concentration that inhibits >99.0% of the bacterial population.

Based on the results presented in Table 6.8, the co-crystal PGA (2:1) showed no anti-
TB activity against all strains. PZA was included as controls and should be susceptible
at 100pg/mL.

It is worth noting that the same amount of standard and the co-crystal was used and the
co-crystal PGA (2:1) contains equilibrium of PZA and the co-former GA. Therefore, it
is safe to say that less amount of PZA was used which may have contributed to negative
MIC results obtained. Addition tests are to be conducted at smaller different
concentration range to verify the exact MICs.

Table 6.8: MIC of PGA (2:1) co-crystal against M tuberculosis

Compound Minimum Inhibitory Concentration (MIC) pg/mi
H37Rv (ATCC27294) M tuberculosis Clinical Strain

PZA (Control) <100 <100

PGA (2:1) co-crystal >100 >100

6.4 Conclusion

In total, four multi-component solid forms were produced; of which, three of them were
confirmed co-crystals. These are INHPZAZ2; a dual API solvated co-crystal between
INH and PZA, INHGA (2:1); a co-crystal of INH with glutaric acid (GA) and PGA
(2:1); a co-crystal of PZA with GA. INHPZA1 was confirmed as a binary eutectic
mixture similarly to early work by Cherukuvada and Nangia, 2012. While INHPZA2
was produced from solvent evaporation, using ethanol or isopropanol as solvents, co-

crystals INHGA (2:1) and PGA (2:1) were successfully prepared using co-grinding; a
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simple, safe and cost-effective method. Characterisation established different properties

of each novel supramolecular adduct produced.

Solubility studies conducted divulged an enhanced solubility of both drugs in their
respective co-crystals, at different pH environments. INH is known to be highly soluble
in water and also known for its instability when exposed to light or other compounds.
The drug interaction is a known phenomenon between INH and RIF in the dose and
other APIs, resulting in serious adverse effects (Cherukuvada & Nangia, 2012). The co-
crystal formation is known to stabilize unstable drugs. Therefore, a reduced solubility
of the co-crystal INHGA (2:1) in aqueous medium has been remarked and was likely
caused by increased stability by hydrogen bonding with GA or possible degradation of
INH during solubility experiments. Solubility studies also suggested enhanced
solubility of PZA in the PGA (2:1) sample and both INH and PZA in INHPZA1 at

different pH environments.

Solid forms INHPZAZL, INHPZA2, INHGA (2:1) showed inhibitory activity
comparable to that of INH. It is worth noting that the initial amount of APIs in these
solid forms is less than that of the control. This suggested the contribution of enhanced
solubility to the bioavailability of these solid forms. PGA (2:1) showed no activity at
the used dilution. It is, however; worth noting that the PZA content in the co-crystal is
less than the amount of the control use. Therefore, further testing at lower concentration

is recommended in order to understand the exact MIC for each co-crystal sample.
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Chapter 7 Conclusions and future works

This chapter provides the concluding remarks on the work presented in this thesis and

provides recommendations on future work.

7.1 Concluding remarks

HIV/AIDS and TB infections are still threatening the global population. Even though
so much improvement has been achieved over the years, the battle is far from over. The
appearance of drug-resistant strains affects standard treatment strategies, rendering
addition complications such as longer treatment courses and hospitalisation. The study
was undertaken to investigate the possible combinations of selected antiretroviral and
anti-tubercular drugs for enhanced physicochemical properties, biological activity,
pharmacokinetics, and drug resistance management by developing more efficient, cost-
effective and patient-friendly treatment courses. To do so, selected APIs were subjected
to the co-crystal screening process using different methods under various

environmental conditions.

The co-crystal formation provides a great opportunity to fine-tune properties of active
pharmaceutical ingredients (APIs), therefore offering products with better therapeutic
effects. However, a successful co-crystal formation requires a proper choice of the right
co-crystal former compatible with an API, usually selected from Generally Regarded
as Safe drugs list of the US-FDA. Even with the current advances in technology for
predicting interaction in self-assembly supramolecular systems, a tactless approach
involving different trials remains the only strategy used to ensure a triumph.

The formation of dual drug co-crystals enhances the physicochemical properties of
either one or both drug components in question and provides synergistic effects. The
development of such hybrids would reduce the amount of bulk material used during the
manufacturing process (cost-effect) and would increase the patient’s compliance with
the cure and reduced appearance of drug resistance accordingly.

A failed co-crystal formation does not necessarily define the end of research but opens
the door to other interesting discoveries. As discussed in section 2.5.1, co-
crystallisation does not always lead to the desired co-crystal. Solid forms such as
amorphous, solid dispersions, hydrates are among essential by-products of the co-

crystallisation that can sometimes offer as many benefits as the co-crystal counterpart.
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Generally, the synthetic methods wused in this work were conventional
mechanochemistry during which solid-state grinding (SSG) and liquid assisted grinding
(LAG) techniques were applied. Slurry, as well as solvent evaporation techniques, were
also used in the attempt to produce desired co-crystals of selected APIs.

Several drug-drug combinations have been non-covalently prepared, of which, some
have been confirmed as dual-API co-crystals, others eutectic binary mixtures or solid
dispersions of selected antiretroviral, anti-TB drugs, 1l-adamantylamine that was
included due to its antiviral activity and glutaric acid used as a co-crystal former in a
variety of available co-crystals.

Even though different methods were used to screen for co-crystals, most of the
multicomponent adducts resulted from mechanochemical reactions by solid-state or
liquid assisted co-grinding techniques. This is because, due to the type of APIs being
co-crystallised and large solubility differences of APIs combined during this study, the
solution crystallization approach failed to produce the desired co-crystals in most of the
cases. Instead, the experiments resulted in either one API, a mixture of both or nothing
at all.

Compared to other solution co-crystallisation methods such as solvent evaporation,
vapour diffusion, etc., mechanochemistry has proven to be the cost-effective, rapid and
promising preparative. method of multicomponent systems. Unfortunately, the method
suffers from its inability to produce crystals for single X-ray diffraction, making

structure elucidation difficult or even impossible in many cases.

Each co-crystallisation outcome was subjected to a full characterization using a series
of the analytical techniques such DSC, HSM, TGA, FTIR, and PXRD, and (in some
cases) with solid-state NMR and confirmed a successful formation of the co-crystals as

well as eutectic mixtures (in cases of a failed co-crystallisation).

Thermal analytical techniques such as HSM, DSC, and TGA were quite useful in
confirming the samples' thermal behaviours such as glass/polymorphic transitions,
crystallisation, recrystallisation, melting, decomposition and assessing the possibility

of any entrapped molecular substances. Compared to the starting materials, the new
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chemical hybrids behaved thermodynamically differently. Accordingly, DSC was quite
useful in the early detection of co-crystallisation outcomes.

Structural information and intermolecular interaction in the multicomponent hybrids
were generated by FTIR/FT-Near spectroscopy. On the other hand, the powder X-ray
diffraction and solid-state NMR (in some cases) revealed the successful formation of
intermolecular interactions and helped decide and draw the conclusion on the type of
multicomponent prepared. Scanning electron microscope enabled a complete
evaluation of the samples morphological properties, identifying differences in terms of
shapes and sizes across the range of adducts formed and suggest the reason for altered
properties accordingly.

In vitro solubility evaluation compared the concentrations of untreated APIs to the
formed supramolecular complexes. An enhanced solubility was suggested according to
the data collected.

Besides enhancing ‘aqueous solubilities, cocrystals have the ability to fine-tune
solubility advantage over drug, supersaturation index, and bioavailability. This study
presents a few of the important facts about cocrystals that sets them apart from other
solid-state forms of drugs. It is well known that a quantitative set of rules for the
selection of additives and solution/formulation conditions that predict cocrystal
solubility, supersaturation index, and transition points exist. Cocrystal eutectic
constants are shown to be the most important cocrystal property that can be measured
once a cocrystal is discovered. Simple relationships can be presented that allow for the
prediction of cocrystal behavior as a function of pH and drug solubilizing agents.
Cocrystal eutectic constants is a stability or supersatuation index that reflects how close
or far from equilibrium a cocrystal is, it establishes transition points, and it can provide
a quantitative scale of cocrystal true solubility changes over the drug. The benefit of
this strategy is that a single measurement, that requires little material and time, provides
a principled basis to tailor cocrystal supersaturation index by the rational selection of
cocrystal formulation, dissolution, and processing conditions. Given the multitude of
co-crystals and possible eutectic mixtures formed, the scope of this study did not
explore all of these relationships simultaneously, however subsequent publications

are exploring each of the behaviours in relation to the drug.
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Chapter 1 gives a brief history of discovery and progress made in finding better
treatment of HIV and TB. The chapter also identified issues encountered with the
current treatment strategies and suggest alternative, more effective methods. The aims
and objectives of this work are also described towards the end of the chapter.

Chapter 2 gives a literature review on co-crystallization; the proposed method of the
alternative drug combination. In this chapter, the co-crystal design, development, and
preparatory methods are briefly explained. A complete process from co-crystal former
selection to the manufacturing of the co-crystal is given through the co-crystal
development pathway suggested by Duggirala et al., (2016). Furthermore, the chapter
introduces dual-API co-crystals, their impact and benefits of their introduction in the
pharmaceutical industry as a way of combining APIs in a single dose while improving
their physicochemical properties, alternatively to fixed-dose combinations and old drug
combinations known as a “cocktail”. The chapter also gives a few examples of such
hybrids currently available in the literature.

Chapter 3 introduces selected APIls. The chapter describes properties of the APIs
including their scientific (IUPAC) names, known biological/pharmacological activity
against either HIVV/AIDS or tuberculosis, mechanisms of action, the co-crystal forming
ability from previous literature. The chapter also explores different synthetic methods
used in the production of the co-crystals and various analytical methods/instruments
used to characterise co-crystals from thermal analyses using the HSM, DSC, TGA,
morphology studies using SEM and the structural investigation using FTIR to sample
identification using PXRD and, in some cases, the solid-state NMR. The quantification
method by the HPLC through in vitro solubility evaluations is also presented in this
chapter.

Due to pharmacological uses of selected API candidates, the results and discussion
party of this thesis was divided into three chapters. Each of these chapters explores the
screening/preparation procedures for the co-crystals and other solid hybrids,
preparatory methods and full physicochemical characterisation of the sample produced.
Results from different API-API/co-former combinations and their discussions as well
as conclusions are presented.

Chapter 4 encompasses different solid crystalline hybrids produced from different

combinations of HIV reverse transcriptase inhibitors (RTIs). Preparation procedures
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and all characterization analyses have been reported with details. The discussion of
results from each sample was given accordingly.

Overall, eight multicomponent hybrids were non-covalently synthesised. Of which five
were confirmed co-crystals successfully produced by solid-state and liquid assisted
grinding and solvent evaporation techniques. These include efavirenz-zidovudine co-
crystal (EFZA), nevirapine-efavirenz co-crystal (NEF), two co-crystal forms of
nevirapine-zidovudine (NVZA2 and NVZA3), and a co-crystal form of efavirenz-
lamivudine (EL2). Binary eutectic mixtures; lamivudine-zidovudine (LMZT),
nevirapine-zidovudine (NVZAL), efavirenz-lamivudine (EL1), nevirapine-lamivudine
(NL) were also confirmed.

Chapter 5 covers the preparation and characterisation of different multicomponent
solid forms produced from a selected number of antiretroviral and anti-TB drugs and
1-adamantylamine. These include efavirenz-isoniazid co-crystal (EFINH), a co-
amorphous solid form of EFV and amantadine (EFAD), binary eutectics isoniazid-
zidovudine (INHZA), zidovudine-pyrazinamide (AZTPZA) and lamivudine-isoniazid
(LMISO).

Chapter 6 reports the preparation, characterisation, results and discussion of four
multicomponent hybrids of selected drug members of first-line anti-tubercular drugs
isoniazid and pyrazinamide. Three of these solid derivative forms, were confirmed co-
crystals namely INHPZAZ2; a dual-API solvated co-crystal between INH and PZA,
INHGA (2:1); a co-crystal of INH with glutaric acid (GA) and PGA (2:1) a co-crystal
of PZA with GA. INHPZA1 was confirmed as a eutectic binary mixture. While
INHPZAZ2 co-crystal solvate was produced from solvent evaporation, using ethanol or
isopropanol as solvents, co-crystals INHGA (2:1) and PGA (2:1) were successfully

prepared using co-grinding; a simple, safe and cost-effective method.

All derivative multicomponent solid forms outlined herein were confirmed thermally
by the hot stage microscopy (HSM), differential scanning calorimetry (DSC) and
thermogravimetric analysis (TGA), and structurally by the Fourier transform infrared
spectroscopy (FTIR) and the powder X-ray diffraction (PXRD) and in some cases by
solid-state NMR. Physically, new particle morphologies were confirmed by the
scanning electron microscope (SEM). Lastly, all multicomponent supramolecular
adducts produced, have demonstrated a significant increase in solubility in different

buffered solutions.
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7.2 Future works

Regrettably, due to limited resources and other inconveniences, including the current
pandemic, some of the objectives set at the beginning of the project, were not achieved,
and some experiments were interrupted. Therefore, studies such as biological activity
and dissolution studies are recommended. It is also important to point out that
regardless of the known activity of the APIs used, cytotoxicity, permeability studies
should be carried out before formulation decision. Furthermore, stability (physical or

chemical) studies are also recommended for all multicomponent hybrids produced.
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Appendices

APPENDICES

Appendix A

Appendix A presents a list of all experiments done to screen and produce co-crystals and other solid-state hybrids of selected APIs.

Co-crystallization outcomes

APl 1 API 2 Product ratio Method Solvent results

Nevirapine Amantadine NVAD 4l 4 1y GR none NVP
(1:2) GR none NVP
{kR) GR none NVP
(1:4) GR none NVP
(B0 Sk Ethanol mixture
(1:1) SE Acetonitrile NVP
(1:4) SE Acetonitrile NVP
(1:1) SE Toluene NVP
(1:1) SE Methanol Mixture
(2:1) SE Methanol mixture

http://etd gwc.ac.za/



Appendices

efavirenz NEF (1:1) GR None Co-crystal

NEF

(2:1) GR None Co-crystal
NEF

(3:1) GR none Co-crystal
NEF

(1:1) AG Toluene Co-crystal

(1:1) Sl Butanol NVP solvated

(1:1) SE acetonitrile NVP

(1:1) SE Butanol NVP

(1:1) SE acetone NVP

(1:2) BbE Ethanol NVP

isoniazid NVISO (k1) GR none Eutectic

NVISO (1:4) SE Methanol Eutectic
NVISO (3:1) SE THF solvated
NVISO (1:1) GR none eutectic
NVISO (2:1) GR none Eutectic
NVISO (3:1) GR none Eutectic
NVISO (1:2) SE Ethanol Solvate
NVISO (1:1) LAG Ethanol eutectic

http://etd 2gé/vc.ac.za/
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NVISO (1:2) LAG Ethanol Eutectic
zidovudine NVZA2 (1:1) SE 1,4-Dioxan Co-crystal

NVZA2 (1:1) SE 1,4-Dioxan Co-crystal

(1:1) SE Methanol mixture

(1:1) SE Propan-2-ol solvated
NVZA2 (1:2) o 1,4-Dioxan Co-crystal

frl = Acetonitrile NVP

(12:2) SiE acetonitrile -

{1k 8) BE actonitrile -

(kL) SE dichloromethane -

(1:1) SE Toluene -

(1:1) SE THF- diethyl ether -

(1:1) SE butanol NVP
NVZAl (1:1) GR None eutectic

(1:1) SE methanol -

(1:1) SE ether acetate NVP

(1:1) SE acetonitrile NVP

http://etd 2ch.ac.za/
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(1:1) SE water Solvate

(2:1) AG 1,4-dioxan+THF

(1:1) Slurry 1,4-Dioxane AZT

(1:2) Slurry 1,4-Dioxane AZT

(2:1) Slurry 1,4-dioxane+THF Amorphous
NVZA3 (1:3) 1 1,4-Dioxane Co-crystal

Lamivudine NL frl SE Cyclo6ne&EtOH mixture

NVP (1:1) SiE THF solvate

(k1) BE Methanol NVP

(kL) SE Ethanol NVP

(1:1) SE acetonitrile NVP

(1:1) SE THF +Methanol NVP

(1:1) SE Butanol mixture

(4:1) SE Butanol mixture
NL (1:1) GR none Binary eutectic NL
NL (1:2) GR none Binary eutectic NL
NL (2:3) GR none Binary eutectic NL

http://etd2 é/vc.ac.za/
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(2:1) GR none mixture
(3:1) GR none mixture
efavirenz zidovudine EFZA (1:1) GR None Co-crystal
EFZA (1:1) GR None Co-crystal
EFZA (1:2) GR None Co-crystal
EFZA (1:3) GR None Co-crystal
EFZA frl LAG Methanol Co-crystal
EFZA (2:1) GR None Co-crystal
(k1) LAG 1,4-Dioxane -
(kL) SE Acetonitrile -
(1:1) | SE DMSO -
(1:1) SE Ethyl acetate -
(1:1) SE Butanone-dioxane -
(1:1) SE 1,4-Dioxane -
(1:1) SE 1-petanol -
EFZA (1:1) Slurry Ethanol Co-crystal
Lamivudine EL1 (1:1) GR none Eutectic
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Zidovudine

(1:1) SE acetonitrile 3TC
(2:1) SE acetonitrile 3TC
EL2 (1:2) GR None Co-crystal
EL2 (1:3) GR None Co-crystal
EL2 (2:4) GR None Co-crystal
EL1 (3:2) LAG Ethanol Eutectic
B (2:1) GR None Eutectic
Amantadine EFAD (1:1) GR None Amorphous
EFAD (1:2) GR None Amorphous
(kL) SE toluene -
(1:1) SE acetonitrile -
(1:1) SE methanol -
Isoniazid EFINH (1:1) GR None Co-crystal
(1:3 GR None Mixture
(1:3) GR None Mixture
lamivudine LMZT (1:1) GR None eutectic
Diethyl ether-
(1:1) SE methanol -
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(1:1) SE Chloroform -
(1:1) SE 1-propanol -
(1:1) SE Butane-1-ol -
LMZA (2:1) GR None eutectic
(1:2) GR None Mixture
(1:3) GR None Mixture
Isoniazid INHZA frl GR None eutectic
INHZA (2:3) GR none eutectic
INHZA (1:2) GR None eutectic
pyrazinamide (kL) GR None eutectic
(1:2) GR None eutectic
Zidovudine 1-adamantylamine ADZA (1:1) SE acetonitrile -
ADZA (1:1) SE Methanol salt
1-adamantylamine Lamivudine LMAD (15 SE Octanol Lamivudine
Nevirapine (1:1) SE acetonitrile NVP
(1:1) SE acetonitrile NVP
(2:1) SE Toluene NVP

http://etdzldyvc.ac.za/
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(1:1) GR None NVP
(1:2) GR None NVP
(1:3) GR None NVP
(1:4) GR none NVP
Efavirenz EFAD (1:1) SE Methanol nothing
(1:1) 1 toluene -
(1:1) = acetonitrile -
Lamivudine isoniazid LMISO (k1) GR None eutectic
LMISO (z1) GR none eutectic
Isoniazid pyrazinamide INHPZA1 (1:1) DG None eutectic
INHPZA2 (1:1) SE ethanol 96% Solvate
INHPZA2 (1:1) SE Propan-2-ol Solvate
INHPZA1 (1.8 SE Methanol eutectic
Diethyl ether, TFE-
(1:1) | SE MeOH -
Glutaric acid INHGA(2:1) | (2:1) DG none Co-crystal
(INHGA(2:1) | (2:1) LAG ethanol 96% Co-crystal

http://etdzldyvc.ac.za/
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pyrazinamide

Glutaric acid

PGA(2:1)
PGA(2:1)

(2:1)
(2:1)

DG
LAG

none

ethanol 96%

Co-crystal

Co-crystal

CC: co-crystal, DG= dry grinding, LAG= Liquid-assisted grinding, SE= solvent evaporation
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Appendix Bl

Accepted Review
Pharmaceutical Co-crystal: An alternative strategy for enhanced
physicochemical properties and drug synergy.

Jean Baptiste Ngilirabanga, Halima Samsodien*

School of Pharmacy, Faculty of Science, University of the Western Cape, Cape Town,
Bellville 7535, South Africa.

Correspondance: Halima Samsodien

Email: hsamsodien@uwec.ac.za

A growing number of co-crystals in the literature are proof of how significant the co-
crystallization concept has become. Co-crystallization enhances physicochemical
properties through the formation of intermolecular interactions between a drug and a
co-former. A co-crystal is a single crystalline material consisting of at least two
molecular components solid at room temperature and present in a definite
stoichiometric ratio. Pharmaceutical co-crystals consist of the active pharmaceutical
ingredient and the co-former selected from generally regarded as safe (GRAS) list of
the United State Food and Drug Administration. Co-crystal formation requires an
understanding of a drug target, a proper choice of a co-former and is only achieved
experimentally after several trials. Other beneficial co-crystallization outcomes include
binary eutectics, solid dispersions, amorphous forms, etc. Several key issues, including
design strategies, co-former selection, and co-crystallization methods; tradition and
newly synthetic methods that are more efficient and suitable for large scale have been
briefly described. The co-crystal preference is demonstrated with a particular emphasis
on multidrug co-crystals and their contribution to the drug combination strategies
used for the treatment and management of drug resistance and adverse side effects in
serious medical conditions that require the administration of high doses such as
HIV/AIDS, tuberculosis, and others.

Keywords: Co-crystallization, pharmaceutical co-crystals, design, co-crystal
development, preferences, synergistic co-crystals.
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A published research article

Mechanochemical synthesis and physicochemical characterization of isoniazid
and pyrazinamide co-crystals with glutaric acid

Jean Baptiste Ngilirabanga?®, Marique Aucamp?, Paulo Pires Rosa?, and Halima
Samsodient”

1 School of Pharmacy, University of the Western Cape, 7535 Cape Town, South
Africa

2 Faculty of Pharmaceutical Sciences, State University of Campinas, Sao Paulo, Brazil

* Correspondence: Halima Samsodien
hsamsodien@uwc.ac.za

Keywords: Antitubercular, co-crystallization, mechanochemistry, solid-state
grinding, liquid-assisted grinding, characterization, saturation solubility

Abstract

The present work reports two novel pharmaceutical co-crystals 2:1 isoniazid-glutaric
acid, and 2:1 pyrazinamide-glutaric acid. Isoniazid and pyrazinamide are key first-line
drugs used for the treatment of tuberculosis. The co-crystals were produced via solid-
state and solvent assisted grinding methods. Thermal characteristics of the samples
were obtained using the differential scanning calorimetry, hot stage microscopy, and
thermogravimetric analyses. The morphology of the powder samples by scanning
electron microscopy, structural analysis by Fourier transform infrared spectroscopy,
and powder X-rays diffraction ensured co-crystal formation. Thermal analyses
confirmed the co-crystals with new melting transitions ranging between their respective
starting materials. Unique morphologies of the co-crystal particles were clear in SEM
micrographs. The formation of intermolecular interactions with the co-crystal former
was confirmed by the FT-IR spectral band shifting and was supported by distinct PXRD
patterns of co-crystals thereby authenticating the successful co-crystal formation. In
vitro solubility evaluation of the synthesized co-crystals by HPLC suggested a
remarkable increase in solubility of both INH and PZA in their respective co-crystals.
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A published research article

Dual-drug co-crystal synthesis for synergistic in vitro effect of three key first-line
antiretroviral drugs

Jean Baptiste Ngilirabanga?, Marique Aucamp?, Paulo Pires Rosa®, Yunus
Kippie?, Halima Samsodien®*

4School of Pharmacy, University of the Western Cape, 7535 Cape Town, South Africa
bFaculty of Pharmaceutical Sciences, State University of Campinas, Sao Paulo, Brazil

* Correspondence:
Halima Samsodien
hsamsodien@uwec.ac.za

Anti-HIV, Non-nucleoside reverse transcriptase inhibitors, Human
immunodeficiency virus, Co-crystals, Mechanochemistry, Solubility

Abstract

Two pharmaceutical solid-state co-crystals EFZA and NEF of two non-nucleoside
reverse transcriptase inhibitors (efavirenz, EFV and nevirapine, NVP) and a nucleoside
reverse transcriptase inhibitor, zidovudine (AZT) were prepared. Currently, these drugs
are essential in various front-line HIV treatment regimens due to their potential in the
management of HIV infection. Solid-state principles and solvent-assisted grinding were
used for screening of co-crystal preparation. Characterization was carried out using
DSC, HSM and TGA, and then complimented by FTIR spectral data and powder X-ray
diffraction. HPLC analysis was used for solubility assays. Both co-crystals indicated
different thermal behaviour compared to the individual drug components. Differences
in vibrational modes within the spectral region and the unique powder X-ray patterns
confirmed the identity of EFZA and NEF as new molecular derivatives. Quantitative
studies using HPLC indicated an enhanced solubility of the co-crystals at different pH
values compared to the parent compounds; thus making these interesting candidates for
future formulation.
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A research article (Manuscript Number: JDDST-D-20-00977 under review)

Mechanochemical Synthesis, Characterization and Solubility Evaluation of
Zidovudine-Lamivudine Solid Dispersion (Binary Eutectic Mixture)

Jean-Baptiste Ngilirabanga, Marique Aucamp, Halima Samsodien*

School of Pharmacy, Faculty of Science, University of the Western Town, Bellville
7535, South Africa

* Correspondence:
Halima Samsodien
hsamsodien@uwc.ac.za

Abstract

Objective: In the present work, solid-state co-grinding, also known as
mechanochemistry, is employed to investigate the co-crystal formation between two
HIV nucleoside reverse transcriptase inhibitors lamivudine (3TC) and zidovudine
(AZT).

Methods: Thermal analyses by DSC, HSM, and TGA provided thermodynamic
parameters of the samples over the heating exercise. Infrared spectroscopy enabled
evaluation of structural information of LMZT sample while its morphology was
assessed using Scanning electron microscopy. Powder X-rays diffraction analysis
confirmed the sample’s identity.

Results: Eutectic LMZT was obtained from co-grinding. Its lower melting transition
compared to pure lamivudine and zidovudine, was confirmed by HSM and DSC.
Scanning electron microscopy micrographs indicated that the LMZT sample exhibits
irregular, round-shaped particles with smooth surfaces. Infrared spectroscopy revealed
weak interactions between 3TC and AZT and Powder X-rays diffraction pattern that’s
made of a summation of pure APIs diffraction peaks, confirming LMZT as a eutectic
mixture. Solubility at 37 °C, in different buffered solutions, to mimic gastrointestinal,
was established and the measurement by HPLC indicated that LMZT dual-API solid
dispersion exhibited enhanced solubility for both active pharmaceutical ingredients.

Conclusion: Mechanochemistry is a potential and green method for co-crystal
synthesis. Co-crystal formation attempt between 3TC and AZT, using solid-state co-
grinding resulted in a eutectic LMZT. Characterisation revealed a lower melting
transition and enhanced solubility associated with the resultant eutectic, making this an
interesting dual-API delivery system.

Keywords: HIV; reverse transcriptase inhibitors; mechanochemical synthesis; co-
crystallization; thermal analysis; spectral evaluation; in-vitro solubility

NB: Journal of drug delivery science and technology (Under review)
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A manuscript ready for submission

Screening for the co-crystal between two co-administered reverse transcriptase
inhibitors nevirapine and zidovudine and characterization of resultant derivative
hybrids

Jean-Baptiste Ngilirabanga, Halima Samsodien*

School of Pharmacy, Faculty of Science, University of the Western Town, Bellville
7535, South Africa

* Correspondence:
Halima Samsodien
hsamsodien@uwec.ac.za

Abstract

Screening for the co-crystal between nevirapine and zidovudine was conducted in this
work. Multicomponent solid crystals NVZALl, NVZA2 and NVZA3, have been
produced and characterized. Solid-state grinding, solvent evaporation, and slurry
methods were used to screen for the co-crystals. The physicochemical characterization
was carried out using thermal analyses, spectral, crystallographic and solubility
measurements. Differential scanning calorimetric analysis, thermo-microscopic
observation and thermogravimetric analysis provided thermal behaviors of
multicomponent hybrids such as melting transitions, absence/presence of any volatile
substances. Fourier-transform infrared spectroscopy and the powder X-ray diffraction
respectively provided structural information and confirmed these multicomponent solid
crystals. High-pressure liquid chromatography reverse-phase method enabled the
quantification of the samples. NVZA1 was confirmed as binary eutectic and both
NVZA2 and NVZAS3 as dual-drug co-crystals of zidovudine and nevirapine. Eutectic
NVZAL exhibited a lower melting transition than both individual APIs, whereas co-
crystals NVZA2 and NVZA3 showed a melting transition between AZT and NVP
melting ranges. All three multicomponent solid forms have shown enhanced solubility,
making these solid crystal forms potential targets for pharmaceutical formulators.

Keywords: Co-crystals synthesis, antiretroviral drugs, drug combination,
characterization, enhanced solubility.

Status: To be submitted
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A research article

Efavirenz-amantadine co-amorphisation induced by the co-grinding method:
Synthetic preparation and physicochemical characterization.

Jean-Baptiste Ngilirabanga, Halima Samsodien*

School of Pharmacy, Faculty of Science, University of the Western Cape, Bellville
7535, South Africa

* Correspondence:
Halima Samsodien
hsamsodien@uwc.ac.za

Status: Being finalised

http://etd.uwg.ac.za/



mailto:hsamsodien@uwc.ac.za

Appendices

Appendix B7

A research article

Non-covalent multicomponent crystals of efavirenz and lamivudine: Synthesis,
physicochemical characterization and solubility evaluation

Jean Baptiste Ngilirabanga, Halima Samsodien*

School of Pharmacy, Faculty of Science, University of the Western Town, Bellville
7535, South Africa

* Correspondence:
Halima Samsodien
hsamsodien@uwec.ac.za

Abstract

Status: Being finalised
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A review article

Understanding HIV/TB infections, revolutionary treatment and future
generation of anti-HIV/TB drugs

Jean Baptiste Ngilirabanga, Halima Samsodien*

School of Pharmacy, Faculty of Science, University of the Western Town, Bellville
7535, South Africa

* Correspondence:
Halima Samsodien
hsamsodien@uwc.ac.za

Status: Ready for submission
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Oral Presentation: J.Baptiste Ngilirabanga

Supervisor: Dr Halima Samsodien

Selected antiretroviral and anti-tubercular drug combinations by covalent and
non-covalent approaches

Abstract

Introduction: HIV and TB are still a huge global challenge. Drug resistance makes the
management of two infections very difficult or impossible in some cases. New
treatment regimens are on demand. In this work novel solid-state adducts were prepared
from selected nucleoside reverse transcriptase inhibitors viz. nevirapine and efavirenz,
lamivudine and zidovudine, antitubercular drugs isoniazid and pyrazinamide, and
adamantylamine.

Methods: Neat solid-state, solvent assisted grinding as well as solution co-
crystallization of the mixtures in different molar ratio were used in the preparation of
the adducts. Characterization was attained using differential scanning calorimetry, hot
stage microscopy, thermogravimetric analysis, scanning electron microscopy, Fourier
transform infrared spectroscopy and powder X-ray diffraction. High-pressure liquid
chromatography was used to determine the solubility profile at 37 °C at varying pH
values.

Results: Supramolecular adducts NEF, EFZA, NVZA, LMZT, NL, EL, EFINH, EFAD,
INHZA, LMISO, AZTPZA, INHPZA, were successfully produced and show different
melting ranges with respect to their respective parent compounds. The differences in
vibrational modes within the spectral region as well as the unique powder X-ray
patterns of adducts confirmed the newly derivatized adducts. Solubility studies
suggested an enhanced solubility at different pH values.

Conclusion: Enhanced physicochemical properties; especially solubility critical for the
drug performance, makes these multicomponent solid forms interesting candidates for
future formulations.

Keywords: Anti-HIV drug, anti-tubercular, co-crystallization, supramolecular adducts,
drug resistance.

Conference: First Conference on Biopharmaceutics Natural Science and
Therapeutics (CoBNEST)
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Oral presentation

SELECTED ANTI-RETROVIRAL AND ANTI-TB DRUG COMBINATIONS VIA
NON-COVALENT APPROACHES

JB. Ngilirabangal, H. Samsodienl

School of Pharmacy, University of the Western Cape, Bellville 7535, Cape Town,
South Africa

3220742@myuwc.ac.za

Abstract

Co-crystallisation has shown the abilities to alter not only physicochemical properties
but also bioavailability and other properties of the active substances including
antiretrovirals and anti-tuberculosis drugs. Resistance as one of the main challenges
encountered in HIV and TB treatment and the primary cause of the treatment failure is
also related to poverty in properties of available drugs such as solubility. Despite the
intervention of fixed-dose combinations (FDC) and Highly Active antiretroviral
therapy (HAART), viruses are still able to survive and replicate. This leaves a gap for
further search of more efficient drugs.

The study aimed to develop different complexes of four anti-retroviral, nevirapine
(NV), efavirenz (EFV), Zidovudine (AZT) and lamivudine (NVP), two anti-TB drugs;
isoniazid (INH) and pyrazinamide (PZA) selected from the first-line treatment available
of the market and 1-adamantanamine (ADT) via covalent and non-covalent approaches
also known as supramolecular chemistry. Using traditional methods of co-
crystallisation such as solid-state grinding, liquid assisted grinding and liquid
crystallisation, a set of than 20 multicomponent solid forms were prepared and so far
analysed by HSM, DSC, TGA and FTIR. Further studies include XRD, SSNMR, and
test on stability, dissolution, biological activity, toxicity studies and formulation of the
most successful result.

Local interdepartmental seminar
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Supporting figure 1: TGA/DTA thermograms of zidovudine
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Supporting figure 2: TGA/DTA thermograms of Efavirenz
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Supporting figure 3: TGA/DTA thermograms of nevirapine
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Supporting figure 4: TGA/DTA thermograms of isoniazid
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Supporting figure 6: The CP-HETCOR SSNMR experiment of EFZA supramolecular co-crystal
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Supporting figure 7:C13 SSNMR spectra of EFV, NVP, and NEF co-crystal compared
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Supporting figure 11: C13 SSNMR spectrum of efavirenz
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Supporting figure 12: C13 SSNMR spectrum of zidovudine (AZT)
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Supporting figure 13: C13 SSNMR spectrum of Pyrazinamide (PZA)
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Supporting figure 14:C13 SSNMR spectrum of PGA (2:1) co-crystal
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Supporting figure 15: C13 SSNMR spectrum of nevirapine-efavirenz co-crystal (NEF)
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Supporting figure 16: C13 SSNMR spectrum of nevirapine-efavirenz co-crystal (NEF)

http://etd yyvc.ac.za/



Appendices

5h 50min

— BLYPIT
LGFTIST
95T'IST
6rEarT
0zTert

s~

-~ PLBBET
TEOGET
— EPSSET

SLFETT
~ 65F'6TT

WWWWWWMWMWMWMWWWWWWMW

| T I ' I ' I ' | T I T | T | T 1 T
PPM 260 240 220 200 180 160 140 120 100 80 60 40 20 0

Supporting figure 17: C13 SSNMR spectrum of isoniazid (INH)
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Supporting figure 18: C13 SSNMR spectrum of isoniazid-glutaric acid co-crystal (INHGA 2:1)
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