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Preface

| have been intrigued by the topic of prodrug desay some time. As a pharmacist, bitter

tastant drugs have created serious challengeghalediatric and geriatric patients.

When | started to pursue my Master's degree of mphaeeutical sciences at AL-Quds
University, | was fortunate to have the chance twkwwith Professor Dr. Rafik Karaman
as a research assistant on a project in the madlioghd, especially prodrugs design and
synthesis. The importanag improving the bitter taste, stability and biodadility of
many of the marketed drugs especially the antitsdthat became evident clinically and in
the pharmaceutical industry. Fortunately, thereraagy published studies on this topic.
Prof. Dr. Karaman guided me and many other studeatsthe new technology
“computational approach” of prodrugs design. Thiesis worked on improving the
pharmaceutical characteristics of amoxicillin areptralexin in terms of masking bitter

taste, improving solubility and stability.
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Abstract

Marketed antibacterial drugs suffer several prolslesuich as bitter taste and low stability
which lead to patient incompliance. Prodrug tecbggl for solving such problems is
extremely exciting. Based on previously reportedsitg functional theory calculations,
amoxicillin ProD 1-2 and cephalexiProD 1-2 were designed and synthesized. For the
intraconversion of both antibacterial prodrugs kg and {,, values in different media
were calculated from the linear regression equabiotained from the correlation of log
concentration of the residual prodrug versus tidieconstant temperature and pH the
hydrolysis reaction for the above mentioned prodrdigplayed strict first order kinetics as
the kops Was quite constant and a straight line was obdaikenetic studies in 1N HCI, pH
2.5 and pH 5 were selected to examine the intragrsion of both prodrugs to their parent
drugs. The acid-catalyzed hydrolysis of the prodnrgs found to be much higher in 1N
HCI than in pH 2.5 and pH 5. The experimenigl Yalues of amoxicillinProD 1 in 1N
HCI, pH 2.5 and pH 5 were 2.5, 7 and 81 hours respdy and for cephalexiRroD 1 in

1 N HCl and pH 2.5 were 2 and 14 hours respectivalgontrast, ff; values of amoxicillin
ProD 2in 1N HCI and pH 2.5 were 8 and 44 hours respelgtiand for cephalexifProD 2

in 1 N HCI was 6 hours. On the other hand, at pH the four prodrugs were quite stable
and no release of the parent drugs was observedHAR the hydrolysis of the prodrugs
was too slow. The four antibacterial prodrugs werend to be bitterless. The bitter taste
masking by the prodrugs is believed to be via @mi¢ethe ability of the drug to interact
with bitter taste receptors.
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Chapter One
Introduction

1.1Background

The palatability of the active ingredient of a digga significant obstacle in developing a
patient friendly dosage form. Organoleptic promsitisuch as taste and odor, are an
important factor when selecting a certain drug frim@ generic products available in the
market that have the same active ingredient. # key issue for doctors and pharmacists
administering the drugs and particularly for thedip&ic and geriatric populations.
Nowadays, pharmaceutical companies are recogniagmgnportance of taste masking and
a significant number of techniques have been deeeldor concealing the objectionable
taste [1].

Several marketed antibacterial drugs suffer seyaablems, among the various types of
penicillins and cephalosporins antibiotic medicasiowe have chosen to study the most
popular bitter taste antibacterial drugs, amoxiciind cephalexin. The major drawbacks
in these two antibacterial drugs their low stapilit suspension formulation and mostly
their bitter tastes which lead to patient incommdia and in acceptance. Bitter tastant
molecules interact with taste receptors on the uentp give bitter sensation. Thus,
modification on their structural features mightey& solution to overcome their bitterness.
Amoxicillin and cephalexin bitter taste sensatienthe result of the hydrogen bonding
between the free amino groups in both drugs wighaittive site of the bitter taste receptors
on the tongue. Designing a prodrug promiety witlsustable linker could reduce or
eliminate their bitterness by altering the abibfythe drug to interact with their bitter taste
receptors; this could be achieved by an appropradification of the structure and the
size of the bitter compound. The new novel chema@roach involves the design of
prodrugs for masking bitter taste of pharmacewtidssed on intramolecular processes
using density functional theory (DFT) anab initio methods and correlations of
experimental and calculated reactions rates. Ia #proach no enzyme is needed to
catalyze the interconversion of a prodrug to itsresponding drug. The rate of drug

release is controlled by the nature of the linkearid to the bitter drug. The role of the



linker is to block the free amine group in the esponding parental drug and to convert it
into the more stable amide group, the former igeliet to be responsible for the bitterness
of the drug.

1.1.1 Introduction

Most of the therapeutic drugs have pharmacologacad pharmacokinetic barriers in
clinical drug applications, such as low oral dribg@ption, lack of site specifity, chemical
instability, toxicity and poor patient acceptancaleasant taste, odor, pain at injection
site, etc). Among these various approaches thatuaesl in order to minimize the
undesirable properties of the drug while retainihg desirable therapeutic activity, the
prodrug approach. This approach can be useful e dptimization of the clinical

application of most of the drugs [2].

Prodrugs are bio-reversible pharmacologically iwactdrug molecules that prior to
exerting the desired pharmacological effect theglemgo an enzymatic and or\chemical
transformationin vivo to release the active parent drugs, to exert tlasired
pharmacological effects. The design of prodrugeeiy challenging. Thus, modifying the
absorption, distribution, metabolism and excref{@DME) properties of the parent drug
requires a comprehensive understanding of botlogicdkl and physiological properties of
the drug. The prodrug strategy is more feasible fastier than searching for a new
biologically active molecule with appropriate ADMEoperties. The prodrug approach is
becoming more successful and popular nowadaysaile grodrugs comprise around 10%
of the world’s marketed medications and 20% ofaikll molecular medications approved
between 2000-2008 [3].

Recently, computer modeling techniques, which terofeferred as computer aided drug
design using computational chemistry has becomeasingly useful in designing drugs
for the purpose to enhance, study or discover draugs related biologically active
molecules [4]. The computational chemistry was alsbized to enhance the solubility,
stability and bioavailability of drugs and to maklir bitter taste as well. Numerous novel
prodrugs have been designed and synthesized bymi&aia group for the treatment of
various diseases using DFT calculation methods. ddsgn and synthesis of prodrugs

were based on intramolecular processes utilizingleoutar orbital methods and



correlations between experimental and calculatddesga In this approach no enzyme is
needed for the interconversion of the prodrug sop#rent drug. The designed prodrugs
have the potential to undergo cleavage reactiopfiysiological environments in rates that
are completely dependent on the structural featafe¢ke inactive linker attached to the

parental drug. The rate of drug release is depérmtdy on the rate limiting step for the

conversion of its corresponding prodrug.

The most important factor in product performance tine development of different dosage
are taste, smell and texture. Good flavor and textue found to significantly increase
sales of many products. Most oral medications haweunpleasant bitter taste which
creates a serious challenge in pediatric and geripatients, which in turn affects their

compliance and acceptance.

Several techniques that are based on physiologicaifications have been investigated
and resulted in the development of efficient apphea for masking unpleasant and bitter
taste of many compound. These approaches incl@ijleogting is one of the most efficient
and commonly used taste masking techniques; (2oencapsulation used are commonly
based on the principle of solvent extraction orpewvation; (3) taste masking with flavors,
sweeteners and amino acgidg) taste masking with lipophilic vehicles such lgsds,
lecithin and lecithin-like substancg®) sweeteners are generally used in combinatiom wi
other taste masking technologies; (6) taste suppnés and potentiators, such as
Linguagen’s bitter blockers (e.g., adenosine monsphate), are used for masking the
bitter taste of various compounds by competing viithding to the G-protein coupled
receptor sites (GPCR); (7) pH modifiers; (8) adateb; (9) resins and (10) inclusion

complexes [5].

Although the mentioned approaches have helped fwowe the taste of some drug
formulations, the problem of the bitter taste aigl in pediatric and geriatric formulations
still creates a serious challenge to pharmacistausT different strategies should be
developed in order to overcome this serious problem

The prodrug approach can be the most effective wseful strategy in masking the

bitterness in the clinical application of most loé tdrugs.



1.1.2 Bitter taste

The word “medicine” for a child is considered a lhthg to administer because of its
aversive taste. Medicines dissolve in saliva amd bd taste receptors on the tongue giving
a bitter, sweet, salty, sour, or umami sensatiomee® and sour taste receptors are
concentrated on the tip and lateral borders otdhgue respectively. Bitter taste is sensed
by the receptors on the posterior part of the tengod umami taste receptors are located
all over the tongue. A short period after birthfaimts reject bitter tastes and prefer sweet
and umami tastes [1]. Children have larger numifeiaste buds than adults which are
responsible for sensitivity toward taste. Thestethads regenerate every two weeks. Taste
becomes altered as a function of the aging proedssh explains why most children find
certain flavors to be too strong when adults do mbe American Academy of Pediatrics
estimates that compliance in children is as o2&, indicating that children frequently
fail to take medications properly. Noncompliance tzad to: (1) persistent symptoms, (2)
need for additional doctor visits or even hospztions, (3) worsening of condition, (4)
need for additional medications, (5) increased theate costs and (6) development of

drug-resistant organisms in cases of infectiousadiss [6].

In mammals, taste buds are groups of 30-100 indaliélongated "neuroepithelial” cells
which are often embedded in special structure e gtrrounding epithelium known as
papillae. Just below the taste bud apex, taste aedl joined by tight junctional complexes
that prevent gaps between cells. Food moleculesotaherefore squeeze between taste
cells and get into the taste bud. Taste papillaatéml on the tongue appear as little red
dots, or raised bumps, particularly at the fronthe# tongue called "fungiform™ papillae.
There are three other kinds of papillae, foliatecumvallate and the non-gustatory
filiform. In mammals taste buds are located thraudlthe oral cavity, in the pharynx, the
laryngeal epiglottis and at the entrance of thekagus. Taste perception fades with age;
on average, people lose half their taste recepiptsne they turn 20 [7]. The sensation of
taste can be categorized into five basic tasteseBwss, sourness, saltiness, bitterness,
and umami. Taste buds are able to differentiatengnubfferent tastes through detecting
interaction with different molecules or ions. Swaghami, and bitter tastes are triggered
by the binding of molecules to G protein-coupledegors on the cell membranes of taste
buds. Saltiness and sourness are perceived whaln mi&tal or hydrogen ions enter taste

buds, respectively [8]. As taste senses both hdranfd beneficial things, all basic tastes



are classified as either aversive or appetitivggedding upon the effect the things they
sense have on our bodies [9]. Sweetness helps etatifiyl energy-rich foods, while

bitterness serves as a warning sign of poisons [10]

For a long period, it was commonly acceptieat there is a finite and small number of
"basic tastes" of which all seemingly complex tastee ultimately composed. As of the
early twentieth century, physiologists and psychists believed there were four basic
tastes: sweetness, sourness, saltiness and kstieriiethat time umami was not proposed
as a fifth taste but now a large number of autlewitrecognize it as the fifth taste
[11]. In Asian countries within the sphere of mginIChinese and Indian cultural

influence, pungency (piquancy or hotness) had ticawilly been considered a sixth basic

taste.

Today, the consensus is that sweet, amino acidrfuypand bitter taste converge on a
common transduction channel, the transient recquitential channel TRPM%ja PLC.
TRPMS5 is a newly discovered TRP related to othendlels in sensory signaling systems.
It has been shown that PLC, a major signaling &ffeof G-protein coupled receptors
(GPCRs), and TRPM5 are co expressed with T1Rs &RisTand are vital for sweet,
amino acid, and bitter taste transduction. Actvatof T1R or T2R receptors by their
respective taste molecules would stimulate G pmeteand in turn PLC (PLC-R2). The
activation of PLC generates two intracellular megses - IP3 and DAG - from the
hydrolysis of phosphatidylinositol-4, 5-bisphosghaPIP2) and opens the TRPM5
channel, resulting in the generation of a depalagizeceptor potential. Other additional
pathways may modulate sweet, amino acid, or biiste reception but would not,
themselves, trigger a taste response. It is nptestent known how PLC activates TRPM5
or whether DAG is involved [12-22].

Bitter taste: Bitterness is the most sensitive of the tastes, mwashy perceive it as
unpleasant, sharp, or disagreeable, but it is Sorastdesirable and intentionally added
various bittering agents. Common bitter foods aedebages include coffee, unsweetened
cocoa, south American mate, marmalade, bitter gdoger , olives, citrus peel, many
plants in the Brassicaceae family, dandelion greesid chicory, and escarole. Bitterness
is of interest to those who study evolution, aslwselvarious health researchers [23, 24]

since a large number of natural bitter compoun@skaiown to be toxic. The ability to



detect bitter-tasting, toxic compounds at low thodds is considered to provide an
important protective function [23-25]. Plant leaveften contain toxic compounds, yet
even amongst leaf-eating primates; there is a teyd& prefer immature leaves, which
tend to be higher in protein and lower in fiber gaisons than mature leaves [26]. For
humans, various food processing techniques arewsddwide to detoxify them in order
to make them palatable, otherwise foods can beidemsl inedible for use [27]. The
threshold for stimulation of bitter taste by quimiaverages a concentration of 0.000008 M
[23]. The taste thresholds of other bitter substarare rated relative to quinine, which is
thus given a reference index of 1 [23, 28]. Fomaepi, Brucine has an index of 11, is thus
perceived as intensely more bitter in taste thanige, and is detected at a much lower
solution threshold [20]. The most bitter in tastebstance known is the synthetic
chemical denatonium, which has an index of 1,008].[R is used as an aversive
agent (a bitterant) that is added to toxic substarto prevent accidental ingestion. This
was discovered in 1958 during research on ligogan®cal anesthetic, by MacFarlan
Smith of Gorgie, Edinburgh, Scotland. Researchdiasvn that TAS2Rs (taste receptors,
type 2, also known as T2Rs) such as TAS2R38 cougetthe G protein gustducin are
responsible for the human ability to taste bittebstances [12]. They are identified not
only by their ability to taste for certain "bitteliyands, but also by the morphology of the
receptor itself (surface bound, monomeric) [13]e TMAS2R family in humans is thought
to comprise about 25 different taste receptors,esohwhich can recognize a wide variety
of bitter-tasting compounds. Over 550 bitter-tagtoompounds have been identified, of
which about 100 have been assigned to one or npe@fie receptors [16]. Recently it is
speculated that the selective constraints on th8ZRAfamily have been weakened due to

the relatively high rate of mutation and pseudoz@non [29].

Researchers use two synthetic substances, phardtbamide (PTC) and 6-n-
propylthiouracil (PROP) to study the genetics atdni perception. These two substances
taste bitter to some people, but are virtuallydiests to others. Among the tasters, some are
so-called "supertasters” to whom phenylthiocarbaemi@TC) and 6-n-propylthiouracil
(PROP) are extremely bitter. The variation in sévigjtis determined by two common
alleles at the TAS2R38 locus [30]. This genetidataon in the ability to taste a substance

has been a source of great interest to those widy genetics.



Bitter substances bind to the T2R receptors adtigdhe G-protein and causing activation

of PLC. The second messengers DAG and IP3 are peddyby hydrolysis of
phosphatidylinositol-4, 5-bisphosphate) activatifig@PM5 and mediating release of ta
from internal stores. The elevated®Caauses transmitter release and this increases the

firing of the primary afferent nerve.

The sensation is the result of signal transducfrom taste receptors located in areas
known as taste buds. The taste buds contain vergitse nerve endings, which are
responsible for the production and transmissiorlettrical impulsewvia cranial nerves

VII, IX, and X to certain areas in the brain that a@evoted to the perception of taste [6].
Bitter taste receptors are believed to have evoleedorganism protection against the
ingestion of poisonous food products. Bitter tasta31-35] are very diverse in their
chemical structure and physicochemical propertie$, [22]. In humans, bitter taste
perception is mediated by 25 G-protein coupledptxe of the hTAS2R gene family [21].

The structural basis for hTAS2R’s unique ability tecognize a large number of

chemically diverse and low-affinity agonists is faty understood [15-20].

1.1.2.1 Challenges and criteria for pursuing maskig bitter taste approaches

The most significant challenges that facing devetspvhen pursuing masking bitter taste
drugs approaches are: (i) Safety, tolerability efidtacy of the compound which are based
on non-clinical testing, and physicochemical pradpsrsuch as solubility, permeability and
stability, (ii) lack of robust and reliable techo@p for early taste screening of compounds
with limited toxicity data, (iii) structure—tasteelationships of pharmaceutically active
molecules is limited, (iv) The perception of tastgpharmaceuticals has been shown to be
different between adults and children and it midiffer between healthy and patient
children [8] and (v) ethical concerns to performatéastudies in healthy children unless the
study is a ‘swill and spit’ one with drugs knownhave a good safety profile [31, 34, 36-
38].

There are numerous pharmaceutical and OTC prepasatinat contain active ingredients,
which are bitter in taste; with respect to OTC arapions, such as cough and cold syrups.

A variety of taste masking approaches has been wseddress the patient compliance



problem. Conventional taste masking methods sudheasse of sweeteners, amino acids
and flavoring agents alone are often inadequateaisking the taste of highly bitter drugs.

1.1.3 Prodrug background

Physicochemical, pharmacokinetic and pharmacodymaafaracteristics of a drug
molecule have been modified in the past few decadtmsively and successfully by the
most important chemical tools known as prodrug.1858, Albert was the first that
introduced the term of ‘Prodrug’ or ‘Proagent’ [38jhich describes compounds that prior
to exhibiting their pharmacological effects undergaotransformation process by
eliminating or minimizing the undesirable propestiehile retaining the desirable ones.
The term ‘Prodrug’ signifies a pharmacologicallaative chemical derivative that could
be used in order to convert the physicochemicgbgnttes of drugs in a temporary manner.
Prodrug is also known as ‘Proagent’, ‘Bioreversitiézivative’ or ‘Latentiated drug’. The
term of prodrug is the mostly used term. Also thent “Drug Latentiation” is referred to
the prodrug design approach. The introduction afesv drug to the market is very
expensive and is time consuming, and their usestricted for many demerits reasons
such as side-effects, improper organoleptic proggerdifficulties in formulation, frequent
requirements etc [40]. Thus, it is easier to motliy physicochemical parameters of most
existing drugs, by the many approaches for prodiagign, which can enhance their
usefulness, reduce their toxicity and alter theiration of action. Such approaches as the
biological approach, is used to alter the routadrhinistration to a route more acceptable
to the patient. The physical approach, that inv®lweodification of the design of the
dosage form such as controlled delivery of drugke TThemical approach where a
biologically active compound forms a new compoumat Emphasizes to minimize toxicity
in order to enhance the selectivity of most of ¢hdesired drugs, upan vivo enzymatic
attack will liberate the parent compound. Nowadg@ysdrug remains aa promising and
effective therapeutic tool in the future. Prodram ke defined as pharmacologically inert
chemical derivatives that can be converted vivo either enzymatically or non-
enzymatically to the active drug molecule in order exert their therapeutic effect.

Followed by the subsequent rapid elimination ofréleased derivatizing group as soon as
the goal is achieved it should be converted tatiginal drug

In order to optimize the drug therapeutics, varionemical means are required such as a

design and development of [40]



1. New drugs with desirable properties: such appraoadguires screening of thousands of

molecules for biological activity of which only omaay become a clinically useful

drug.

2. Hard and soft drugs: which are basically analofysasting drugs with desirable

characteristics.

a) A hard drug is known as a chemical entity resistariiiotransformation and has a

b)

long biological half-life; it is eliminated in unahged form by the body through
excretion. It also avoids generation of potentiddgrmful metabolites, decreases
tendency for the possibility of drug-drug interaati and limits inter-subject
variations. For example; Chlorpropamide, has towlbalf life which results in
drug accumulation that leads to subsequent fluclst in plasma drug
concentration level on long term therapy. Metabaliabilization is involved in
hard drugs, whereas, the introduction of a funetiogroup of predictable
metabolic reactivity in a pharmacophore moiety e tconcept of metabolic
switching or metabolic promotion that is used Boft Drug’ and ‘Prodrug’
design.

A soft drug is known as a biologically active corapd that is bio-transformead
Vivo into nontoxic moieties in a rapid and predictablanmer. In case of agents
having very short duration of action such as imsudnd adrenaline- natural
endogenous agent. The design of synthetic softsdimnplves introduction of a
group or a bond susceptible to rapid metabolic oactiFor example, the
replacement of a part of the alkyl side chain & tlugwith an estemgroup that
can be readily hydrolyzeih vivo. The formation of relatively inert metabolites is

the most important advantage of soft drugs design.

3. Prodrug

The purpose from the design in the latter two apghes, was to develop moieties in

contrast to conventional new drug development nashioy which having predictable

biotransformation or excretion.

1.1.3.1 Prodrug classification

Prodrugs are classified into two categories: catimked and bioprecursor, both depend

upon the constitution, lipophilicity, method of bidivation and the catalyst involved in

bioactivation [40].
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1.1.3.1.1 Carrier linked prodrug (Simple Prodrug)

Carrier linked prodrug is a compound that containsactive drug linked with a carrier
group that can be easily removed enzymaticallyi(@scan ester or labile amide). It alters
the physicochemical or pharmacokinetic propertiethe parent drug. The most common

reaction for activation of carrier linked prodrigghydrolysis.

Hence, the major drawback of carrier linked prodrug that they are linked through
covalent linkage with specialized nontoxic proteetcarriers or promoieties in a transient
manner. This depends upon the nature of the carmi@rder to alter or eliminate the
undesirable properties of the parent molecule. i@ainked prodrugs can be further
subdivided into (a) bipartite which is composené carrier (group) attached to the drug,
(b) tripartite which is a carrier group that isaatted via linker to drug and (c) mutual

prodrugs consisting of two drugs linked together.

1.1.3.1.2 Bioprecursors or metabolic precursors

Bioprecursors are inert molecules that do not donta carrier and are obtained by
chemical modification of the active drug. As thegqud drug such a moiety has almost the
same lipophilicity and is bioactivated only enzyrmally by redox biotransformation. For
example, aryl acetic acid NSAID such as fenbufemfaryl propionic acid precursors.

1.1.3.2 Prerequisites of an ideal prodrug

An ideal prodrug should possess the following proge [40]:

1) Pharmacological inertness.

2) Rapid transformation into the active form at tlaeget site, either chemically or
enzymatically.

3) Non-toxic metabolic fragments followed by theipid elimination.

1.1.3.3 Application of prodrug approach

The prodrug approach has been extensively studied amly for correction of

pharmacokinetic behavior but also pharmaceuticajamoleptic, physical and chemical

11



properties of the parent to enhance the stability improve the efficacy of therapy for

more patient compliance and acceptance.

1.1.3.4 Pharmaceutical and pharmacokinetic applicains

The undesirable organoleptic properties and phghiemical problems associated with
drug formulation can be resolved by different gig&ts such as, taste and odour masking,
change of the physical form of the drug, reductidrgastrointestinal irritation, reduction
of pain on injection, enhancement of solubility afhslolution rate (hydrophilicity) of drug
and enhancement of chemical stability. Pharmactikingroperties which affect the
bioavailability and mean residence time of a druge aery important for its
pharmacodynamic efficacy. The prodrug approachroadulate many of the application
drawbacks in the body. The most important applicetiare:
a) Taste masking
Bitterness, acidity or causticity of the drug dne tajor reasons for patient incompliance
and in acceptance particularly pediatrics. In otdeovercome the bad taste of drug, two
approaches can be utilized:

1) Reducing drug stability in saliva.

2) Lowering the affinity of drug for taste recepprthus making the bitterness or

causticity imperceptible.

Nowadays, it is believed that bitter taste is tlsufts of drug interaction with taste
receptors on the tongue as mentioned earlier. Bigdke interaction ability could reduce
or eliminate the bitter taste sensation, by desmgrand synthesizing prodrugs with a

suitable linker.

Due to the large variation of structural featurésitter tasting molecules, it is difficult to
generalize the molecular requirements for bittegnékevertheless, it was reported that a
bitter tastant molecule requires a polar group ardydrophobic moiety. A quantitative
structure activity relationship (QSAR) model wawveleped and has been established for
the prediction of bitterness of several tastantanes. For example, it was reported that
the addition of a pyridinium moiety to an aminodachain of a variety of bitter amino acid
compounds decreases bitterness, such as in the afaggycine. Other structural

modifications, such as an increase in the numbanoho groups/residues to more than 3
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and a reduction in the poly-hydroxyl group/ COOHyvé been proven to decrease
bitterness significantly. Moreover, changing thefaguration of a bitter tastant molecule
by making isomer analogues was found to be impbiftambinding affinity to enhance

bitterness agonist activity (e.g. L-tryptophaniisen while D-tryptophan is sweet) [41].

b) Odor masking
Liquids with low boiling point have a strong odarck as ethyl mercaptan. The odor of
many compounds depends upon their vapor pressoreexample, the ester form of a

prodrug can be used for odor masking.

c) Enhancement of solubility and dissolution rate (hydophilicity) of drugs

When dissolution is the rate limiting step in thesarption of poorly aqueous soluble
agents or when parental or ophthalmic formulatibauzch agents is desired, hydrophilicity
or water solubility is required. As more than 30¢%@ug discovery compounds have poor
aqueous solubility and most of them are hydrophadbicnature and possess poor
bioavailability. Prodrugs can increase their aqesalubility by improving dissolution
rate via ionizable or polar neutral functions dttaent such as phosphates, amino acids or
sugar moieties [42].

d) Enhancement of chemical stability
Drugs may be destabilized during its shelf lifeogity. The prodrug approach can stabilize
the drugs aqueous solution, for example, agairgtad@tion at acidic pH and also enhance

their water solubility.

e) Enhancing permeability and absorption

Oral drug delivery is the preferred route of admiiration for the majority of the drugs but
most common absorption routes are largely nongpecihfacilitated and transported by
passive mechanism. Absorption and permeability havsignificant effect on drug
efficiency, improving the lipophilicity of the pame drug by masking polar ionized or

nonionized functional groups will enhance eithgcal or oral absorption [42].

f) Changing the distribution profile
In order to achieve site-selective drug deliverynasntioned for many decades, many

attempts have been made to harness different mateoular strategies and
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nanotechnologies, but these methods lack clinwetess. Today, the prodrug approach is
one of the most promising site-selective drug @ginstrategies which exploit target cell-
or tissue- specific endogenous enzymes and traespoin this prodrug approach many

great prodrugs have increased their efficacy afetysprofiles.

g) Protecting from rapid metabolism and excretion

The beneficial effects of drugs can be impairedekiensive excretion and\or metabolic

pathways. First-pass effect problem in the gastesiimal tract and liver has been bypassed
by sublingual or buccal administration or by maoetifior controlled release formulations. A

prodrug structure by adding a lipophilic promoistigan decrease the solubility of many
drugs and is one way to prolong the duration abaabdf very water-soluble drugs.

There are two major challenges facing the prodpgy@ach strategy:

1. Hydrolysis of prodrugs by esterases.

2. Bioactivation of the prodrug by cytochrome P4b@ymes.

Prodrug has been one of the classical and highigiedi topics by researchers in
pharmaceutical developments. Still, it remainsdiigiect of interest due to the fact that the
drugs in the developmental pipeline do possess sgraanaceutical or pharmacokinetic

drawbacks.

1.2Research problem

The major problems in the administration of amdhicand cephalexin antibacterial drugs

are:

1) The low stability in suspension formulation. Thesedications are very labile
molecules when are exposed to aqueous media. Tighyt ondergo hydrolysis when
they are standing in solutions.

The main cause of their degradation is the reagtiof the strained lactam ring
particularly towards hydrolysis, the course of tigdrolysis and the nature of the
degradation products are influenced by the pH efgablution. The 3-lactam carbonyl
group in both drugs readily undergo nucleophilitagk by water or especially
hydroxide ion to form the inactive penecilloic aéid case of amoxicillin which is
reasonably stable in neutral to alkaline solutiobsit readily undergoes

decarboxylation and further hydrolytic reactionsoidic solutions.

14



2) Their bitter tastes which lead to lack of patieninpliance and might create a serious
challenge to the pharmacist in pediatric and geci&rmulations.

3) The current suspensions of these antibacteriajigesn three or four times to a patient
for achieving the desired effect. Synthesis of pugd which have the potential to
release the parental drugs in a controlled manaee & good chance to overcome the
frequent dosing problem.

1.3 Thesis objective

Based on DFT calculations by Karaman’'s group onnandrugs [43-45] four novel
antibacterial prodrugs of amoxicillin and cephaftexwvere synthesized. The designed
prodrugs have the potential to be chemically, antdemzymatically, intraconverted to the

parent drug in a programmable manner upon expdsyrkysiological environments.

1.3.1 General objectives:

The main three goals of this research were: (1lyesse solution stability of the
antibacterial drugs (amoxicillin and cephalexin) (nasking their bitterness, and (3)

making a sustain release dosage form.

1.3.2 Specific objectives:

To be relatively stable in aqueous media.

To NOT have bitter taste.

To release the parental drug in a sustain releasmen.

To be readily soluble and stable in a physiologaralironment

To have a moderate hydrophilic-lipophilic balane.B) value

YV V. V VYV VYV V

To furnish upon cleavage a safe and non-toxic loghpets.

1.4Research question

This study will provide the answers to the follogiquestions:-

» Does the prodrug possess superior stability in maiid no bitter taste properties?
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* Would the synthesized prodrugs be capable of relgabe parent drug (amoxicillin
and cephalexin) in a sustained release manneheia tivo route?

» Does the synthesized prodrug have physiochemiagepties which could lead to a
good pharmacokinetic properties and a high bioaldity?

In this study, two linkers were utilized in order lte linked to an amine drug via amide
bonding. The synthesized amide prodrugs of amdixichnd cephalexin that were
synthesizedScheme 2.1and 2.2) show a carboxylic acid group as a hydrophilic rhoie
and a hydrocarbon skeleton as a lipophilic moiddye to a balanced hydrophilic-
lipophilic value the prodrug entity should have thwential to penetrate tissues in a good
manner. It was reported that a polar group anddadphilic moiety are required for bitter
tasting molecules. QSAR model was developed andbkstted for the prediction of
bitterness of several tastant analogues. The ffalleeolinker was to block the free amine
group in the corresponding parental drug and toexnt into an amide group, the former
is believed to be responsible for the bitternesthefdrug [43, 46-48]. Our strategy was to
prepare amoxicillinProD 1-2 and cephalexinProD 1-2 as sodium or potassium

carboxylate due to their high stability in neutglueous medium.
Based on DFT calculation results obtained by Kardsgroup studies on similar amine

drugs, design and synthesis of four novel prodregsamoxicillin and cephalexin are

studied and discussed in the course of this work.
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Literature Review
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Chapter Two

Literature Review
2.1 Introduction

Most of the antibacterial drugs used in the markeffer several problems, mostly
characterized with unpleasant, bitter taste and dtability. Amoxicillin and cephalexin
have extremely unpleasant and bitter taste whidhffisult to mask. This creates a serious
problem in pediatric and geriatric patients, esplgcif the patients cannot swallow whole
tablets or when small doses are required. Evengtinothe strategies that were used for
masking bitter taste by the use of sweeteners landré may cause a serious problem in
diabetic pediatrics and geriatrics patients. Itbadieved that the extremely bitter and
unpleasant taste of antibiotics is due to the m&decular forces between these drugs and
the active site of the bitter taste receptors, ntigsty either due the hydrogen or ionic

bonds.

Using the novel prodrug approach based on intracntde processes we will have a good
chance to mask the bitter taste of the concerndtbaaterial agents. In addition

overcoming the frequent dosing will be achieved.

2.1.1 Enzyme models utilized for the design of paté&al bitterless prodrugs for bitter

drugs such as atenolol, paracetamol, guaifenasinmexicillin and cephalexin.

Scholar studies of enzyme mechanisms by severatisteeand biochemists, over the past
five decades, have had a significant contributmmunderstanding the mode and scope of

enzymes catalysis.

Nowadays, the scientific community has reachedhéoconclusion that enzyme catalysis is
based on the combined effects of the catalysisumgtional groups and the ability to
reroute intermolecular reactions through altermapathways by which substrates can bind
to preorganized active sites. It is believed thate raccelerations by enzymes can be
proceed by (i) covalently enforced proximity, asrsén the case of chymotrypsin, [49] (ii)

non-covalently enforced proximity, as representedhie catalysis of metallo-enzymes,
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[50] (iii) covalently enforced strain, [51], andv{inon-covalently enforced strain, which
has been extensively studied on models mimickirglysozyme enzyme which is most

closely associated with rate acceleration dueitokiind of strain [52].

Rates for the majority of enzymatic reactions rangetween 18 and 168-fold their non-
enzymatic bimolecular counterparts. For instangechemical reactions involving the
catalysis of the enzyme cyclophilin are enhanced®yand those by the enzyme orotidine
monophosphate decarboxylase are accelerated By[58). The significant enhancement
in rate manifested by enzymes is a result of thstsate binding within the confines of the
enzyme active site. The substrate-enzyme bindiegggns the dominant driving force and
the major contributor to catalysis. A consensus I@sn reached that in all enzymatic
processes binding energy is used to overcome m@lyaid thermodynamic factors that
make barriers to the reaction (free energy). THastors are: (1) the change in entropy
(AS®), in the form of the freedom of motions of tleactants in solution; (2) the hydrogen
bonding net around bio-molecules in aqueous salu(i®) a proper alignment of catalytic
functional groups on the enzyme; and (4) the distorof a substrate that must occur

before the reaction takes place [54, 55].

Scholarly studies have been done by Bruice, Colemger, Kirby and others to design
enzyme models having the potential to reach ratesparable to rates of biochemical
reactions catalyzed by enzymes. Examples for suodela are those based on rate
enhancements driven by covalently enforced proyimithe most cited example is the
intramolecular cyclization of dicarboxylic semiest to anhydrides advocated by Bruice et
al. Bruice et al. has demonstrated that a relaate of anhydride formation can reach 5 x
10" upon cyclization of a dicarboxylic semi ester wivempared to a similar counterpart’s

bimolecular process [55].

Other examples of rate acceleration based on pigxiorientation include: (a) acid-
catalyzed lactonization of hydroxy-acids as studigd Cohen et al. and Menger, (b)
intramolecular {2-based cyclization reactions as researched by Bretv al. and

Mandolini’'s group, (c) proton transfer between t@wygens in Kirby's acetals, and proton
transfer between nitrogen and oxygen in Kirby's yene models, (d) proton transfer
between two oxygens in rigid systems as investijate Mengerand (e) proton transfer

from oxygen to carbon in some of Kirby's enol etheThe conclusions emerged from
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these studies are (1) the driving force for enharesgs in rate for intramolecular processes
are both entropy and enthalpy effects. In the cdsesvhich enthalpy effects were
predominant such as ring-closing and proton transfactions proximity or/and steric
effects were the driving force for rate acceleraio(2) The nature of the reaction being
intermolecular or intramolecular is determined be tistance between the two reacting
centers. (3) In &-based ring-closing reactions leading to threm4r-fand five-membered
rings thegem-dialkyl effect is more dominant in processes imid the formation of an
unstrained five-membered ring, and the need factivnal flexibility decreases as the size
of the ring being formed increases. (4) Accelerstion the rate for intramolecular
reactions are a result of both entropy and enthiptors. (5) An efficient proton transfer
between two oxygens and between nitrogen and oxygéfirby’s acetal systems were
affordable when a strong hydrogen bonding was dgesl in the products and the
transition states leading to them [55].

In the past few years some prodrugs based on itmethyl lock system have been
reported. Borchardt et al. has shown that the pampg 3-(2’-acetoxy-4’, 6’-dimethyl
dimethyl) - phenyl-3, 3-dimethylpropionamide is abfe of releasing the biologically
active amine drug upon acetate hydrolysis by enzymggering. Another successful
example exploiting a stereopopulation control maslehe prodrug Taxol which enhances
the drug water solubility and hence affords it & ddministered to the human bodg
intravenous injection. Taxol is the brand nameplaclitaxel, a natural diterpene, approved
in the USA for use to treat cancer [55].

2.1.2 Computational methods used in the design ofitterless prodrugs for bitter

tastant drugs

Nearly 65 years ago, organic, bioorganic and mediahemists alike have started using
computational methods for calculating moleculamperties of ground and transition states.
These computational methods use principles of coéenpsgcience to aid in solving
chemical problems. Theoretical results emerged ftbese methods, incorporated into
efficient computer programs, for calculating theustures and physical and chemical
properties of molecules.
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Equilibriums energy-based and reactions rates ledlons for systems having medicinal
interests are of a vast importance to the healthnaonity. Today, quantum mechanics
(QM) such asab initio, semi-empirical, DFT and molecular mechanics (Mite

commonly and increasingly being used and broadigpied as precise tools for predicting

structure-energy calculations for drugs and prosialtke [55].

2.1.3 Mechanistic study of the acid-catalyzed hydigsis of maleamic acids 1-9 used

for the design of atenolol, amoxicillin and cephaban prodrugs

The acid-catalyzed hydrolysis ©f9 (Figure 2.1)was kinetically investigated by Kirby et
al. The study demonstratethat the amide bond cleavage is due to intramadecul
nucleophilic catalysis by the adjacent carboxytmaroup and the rate-limiting step is the
tetrahedral intermediate breakdow{figure 2.2) [56]. In 1996, the reaction was
computationally investigated by Katagi using AMInéempirical calculations. In contrast
to what was suggested by Kirby, Katagi's study destr@ated that the rate- limiting step is
the formation of the tetrahedral intermediate aatlits dissociation [57]. Later on Kluger
and Chin have experimentally researched the mesmaof the intramolecular hydrolysis
process utilizing several N-alkylmaleamic acidsivkt from aliphatic amines with a wide
range of basicity [58]. The study findings demoaitgtd that the identity of the rate-limiting
step is a function of both the basicity of the lagwgroup and the solution acidity [55].

In order to utilize Kirby's enzyme model [56] fdne design of prodrugs of the following
drugs: atenolol, amoxicillin and cephalexin, a nauhtic study using DFT calculation
methods at B3LYP/6-31G (d,p), B3LYP/311+G (d,p)disvand hybrid GGA (MPW1k) on
an intramolecular acid catalyzed hydrolysis of raale (4-amino-4-oxo-2- butenoic)
acids (Kirby’s N-alkylmaleamic acid4)}-9 was conducted. The calculations confirmed that
the reaction involves three steps: (1) proton feanfom the carboxylic group to the
adjacent amide carbonyl oxygen, (2) nucleophiliack of the carboxylate anion onto the
protonated carbonyl carbon; and (3) dissociatiotheftetrahedral intermediate to provide
products(Figure 2.2). Moreover, the calculations demonstrate that éte-limiting step is
dependent on the reaction medium. When the calocoktwere run in the gas phase the
rate-limiting step was the tetrahedral intermedidtgmation, whereas when the
calculations were conducted in the presence olsted of water the dissociation of the

tetrahedral intermediate was the rate-limiting sidben the leaving group (methylamine)
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in 1-9 was replaced with a group having a low pKa vahle tate-limiting step of the
hydrolysis in water was the formation of the tet@tal intermediate. In addition, the
calculations revealed that the efficiency of thieamolecular acid-catalyzed hydrolysis by
the carboxyl group is remarkably sensitive to tla¢tggn of substitution on the carbon—
carbon double bond; 1) difference between stragrggnbetween intermediate and product
and strain energy between intermediate and rea@gpdistance between hydroxyl oxygen
of the carboxylic group and amide carbonyl carbod 8) the attack angle. The rate of
hydrolysis was found to be linearly correlated wilie strain energy of the tetrahedral
intermediate or the product. Systems having stdhterahedral intermediates or products
experience low rates and vice versa [45, 59-61js &kid catalyzed hydrolysis occurs in
pH ranges between 1-5 [56], as showkrigure 2.3

0 0
. NHCH R
3 H,0 + NH,CH,
OH *
RE Rz
0 0
1 :Ry=R;=H
2 R1=R2=f'u"|e
3 Ry=H; Rz=Me
4 . Ry R;Cyclopent-l-ene-1,2-diyl
5 . Ry, Rz Cyclohex-l-ene-1 2-diyl
o - R1:H: RE:ET
7 . Ry=H: Rz=n-Propyl
8 : R=H: Rz=Trfluoromethyl
0 ;. Ry=Ro=Trifluoromethyl

Figure (2.1) Acid-catalyzed hydrolysis of maleamic aci®.
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2.2 Bitterless amoxicillin and cephalexin prodrugsbased on Kirby’s

maleamic acids enzyme model

As mentioned previously, most of the antibactesigénts that are commonly used suffer
unpleasant taste and a respected number of thermharacterized with bitter taste. For
example, amoxicillin and cephalexin have an extigmepleasant and bitter taste which is
difficult to mask. This is a particular problem geriatric patients who cannot swallow
whole tablets or when small doses are requirednBbe antibacterial suspension is
difficult for pediatrics to administer due to itetber and unpleasant taste [62-67]. It is
widely assumed that the extremely bitter and urgaleaitaste of these antibacterial drugs is
due to a formation of intermolecular force/s betwdiee drug and the active site of the
bitter taste receptor/s. The intermolecular bomsléae most likely due to formation either
via hydrogen bond of the amine (in amoxicillin and le&pxin) group to the active site of

the bitter taste receptors.

Antimicrobial agents are classified according teithspecific mode of action against
bacterial cell. By which these agents may interfeita cell wall synthesis, inhibit protein
synthesis, interfere with nucleic acid synthesigbibit a metabolic pathway. They have a
broad spectrum of activity against both gram-pesiind gram-negative bacteria. Among
these agentsp-lactams — penicillins, cephalosporins, carbapenam$ monobactams,
which represent 60% of all antimicrobial use by giti They are preferred because of
their efficacy, safety, and because their acticiyn be extended or restored by chemical
manipulation. Inevitably, however, their usage been restricted because of their bacterial

resistance.

2.2.1 Amoxicillin

Amoxicillin is an oral semi-synthetic penicillin,aderate-spectrum, bacteriolytflactam
antibiotic used to treat bacterial infections calulg susceptible microorganisms by which
it is susceptible to the action of thdactamases. Amoxicillin has a bactericidal actowl
acts against both Gram positive and Gram-negatiieroorganisms by inhibiting the
biosynthesis and repair of the bacterial mucopepudll. It is usually the drug of choice
within its class because it is well absorbed folloyvoral administration. Amoxicillin
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presents some outstanding advantages in compamsioother aminopenicillins, such as:
a better absorption from the intestinal tract, drettapacity for reaching effective
concentrations at the sites of action and a mqgsil reapacity for penetrating the cellular
wall of Gram-negative microorganisms. Aminopenicgl are frequently prescribed agents
for the oral treatment of lower respiratory tradections and are generally highly effective
against S. pneumonia and n@alactamase-producing H. influenza. Amoxicillin isogtly
common antibiotics prescribed for childrenhéts high absorption after oral administration
which is not altered and affected by the preseridearl. Amoxicillin dose reachesax
about 2 hours after administration and is quickistributed eliminated by excretion in
urine (about 60%- 75%). The antibacterial effecamioxicillin is extended by the presence
of a benzyl ring in the side chain. Because amthxids susceptible to degradation By
lactamase-producing bacteria, which are resistantatbroad spectrum off-lactam
antibiotics, such as penicillin, for this reasdnisioften combined with clavulanic acid, a
B-lactamase inhibitor. This increases effectivenlegsreducing its susceptibility t@-
lactamase resistance. Amoxicillin has two ionizajeups in the physiological range (the
amino group ina-position to the amide carbonyl group and the caybayroup).
Amoxicillin has a good pharmacokinetic profile whioavailability of 95% if taken orally,
its half-life is 61.3 minutes and it is excreted the renal and less than 30% bio-

transformed in the liver [68-71].

2.2.2 Cephalexin

Cephalexin is a first-generation cephalosporinkaatic, which was chosen as the model
drug candidate to obtain dosage with improved Btgbipalatability and attractive

pediatric elegance, cost effective with ease ofiathnation. Cephalosporins are the most
widely used for treatment of skin infections be&ao$ their safety profile and their wide

range of activity against both gram positive arahginegative microorganism. Cephalexin
Is also used for the treatment of articular infeasl as a rational first-line treatment for
cellulitis, it is a useful alternative to peniaili hypersensitivity, and thought to be safe in
a patient with penicillin allergy but caution shdullways be taken, that's because
cephalexin and other first-generation cephalosgoaire known to have a modest cross-
allergy in patients with penicillin hypersensitivitin addition, cephalexin is also effective
and used in the treatment of group (Ahemolytic streptococcal throat infections.

Cephalexin works by interfering with the bacteria&l wall formation, causing it to
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rupture, and thus killing the bacteria. The commbisrzwitterion by which it contains both
a basic and an acidic group, the isoelectric pofrtephalexin in water is approximately
4.5 to 5.0. Cephalexin has a good pharmacokinmtdile; it is well absorbed, 80%
excreted unchanged in urine within 6 hours of adstiation. Cephalexin’s half-life is 0.5-
1.2 hours and it is excreteth the renal. It is used for the treatment of infees including

otitis media, streptococcal pharyngitis, bone anatjinfections, pneumonia, cellulitis and

urinary tract infection, and so it may be usedr@vpnt bacterial endocarditis [72-75].

2.3 Antibacterial drugs history

Amoxicillin and cephalexin as mentioned before suffow stability and bitter taste
sensation. In general, several attempts were nradeder to enhance antibacterial drugs
aqueous solubility and bioavailability. Among seleresearch approaches, the prodrug
approach has been widely used for an improvemedtunfs delivery to their site of action
by physicochemical modulation properties that dafédasorption or by targeting to specific
enzymes or membrane transporters [76, 77]. Gegerlkzymatic catalysis is required for
most of prodrugs that are in clinical use in oridebe converted into the parent drug. This
iIs mostly particular for those prodrugs designedilierate the parent drug in the blood
stream following gastro-intestinal absorption. Téheprodrugs are typically ester
derivatives of drugs containing carboxyl or hydroggoups which are converted into the
parent drug by esterase catalyzed hydrolysis. Hewea high chemical reactivity that
precludes either liquid or solid formulation of thedrug (e.g. some phenol esters) or low
chemical reactivity, resulting in reduced regenerabf the parent drug due to enzymatic
activation for other functional groups. Thus, nargmatic pathways for some prodrugs
that can regenerate the parent drug, have emeyeth alternative approach by which
prodrug activation is not influenced by inter- antta-individual variability that affects the
enzymatic activity. In particular, since the midd@80s, cyclization-activated prodrugs
have been capturing the attention of medicinal ¢snand reached maturity in prodrug
design in the late 1990s. Activation of prodrugs a cyclization pathway allows a fine
tuning of the rate of drug release through the aymate choice of the functional groups
involved in ring closure and stereoelectronic caists in the course of the cyclization
step. As noticed from the history of prodrugs mposith preclinical and clinical
consideration of prodrug bioconversion, the moshmmmn that several hydrolase-activated

prodrugs of penicillins, cephalosporins, and aregisin-converting enzyme inhibitors have
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less than complete absorption which was observedhaghlights yet another challenge
with prodrugs susceptible to esterase hydrolysise Tral bioavailability of these
mentioned types of prodrugs is typically around 58%ce these prodrugs undergo
premature hydrolysis during the absorption process the enterocytes of the
gastrointestinal tract [78]. Another approach whibhs been utilized to enhance
bioavailability of antibacterial drugs in generial,by making the corresponding prodrugs
with optimum lipophilicity. Some drugs remain poorbbsorbed from most of the
administration routes due to their poor lipophiliciTwo approaches were utilized to
enhance the bioavailability of antibacterial drumg increasing their lipophilicity: (a)
membrane/water partition coefficient of the lipdmhform of a drug has been enhanced as
compared to the hydrophilic form, thus favoring g&s diffusion such as in the cases of
pivampicillin, bacampicillin and talamipicillin (pdrugs of ampicillin) which are more
lipophilic and better absorbed than amoxicillin aaré rapidly interconverted and (b) the
lipophilic prodrugs have poor solubility in gastticiids and thus greater stability and
absorption example for such approach is erythromgsiers [79]. Some ampicillin esters
were prepared for improving the bioavailability @mpicillin. For example, the
pivaloyloxyethyl (pivampicillin), phthalidyl (talapicillin), and ethoxycarbonyloxyethyl
(bacampicillin) were found to have two fold the ldbgoavailability of their parent drug,
ampicillin. Complete hydrolysis of these esters wagurred in the gastrointestinal
mucosa, whereas methoxymethyl ester of ampicillas \wartially hydrolyzed by gut and
hepatic first-pass metabolism and appears in tegyc circulation and tissues as intact
ester [80, 81].

Amoxicillin and cephalexin antibacterial drugs hayed pharmacokinetic properties with
a good bioavailability. However, to our knowleddgeerte was no report on studies
involving masking bitter taste of antibacterial atgeusing the prodrug approach. We
believe that blocking the amine group in amoxicilland cephalexin by making the
proposed prodrugs will result in inhibition of tirgeraction between the amine group of
the antibacterial agent and the bitter taste recepit is worth noting that bitter sensation
is a result of either hydrogen bonding or ioniadhing between these substrate and its

receptors [47].

Computational chemistry methods could be usefultfier design of innovative prodrugs

for hydroxyl, phenol, or amine containing drugs.rFmstance, mechanisms of
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intramolecular processes for a respected numbenpyme models that were previously
investigated by others to understand enzyme catahgs/e been recently explored by us
and exploited for a design of some new novel prgdB8]. Using the DFT, molecular
mechanics andib initio at different levels, numerous enzyme model prasssere
calculated for determining the factors governing slgnthesized prodrugs rates. According
to their demonstration, there is a need to furtygrlore the mechanisms for the above
mentioned processes for assigning the factors taffe¢he nature and the mode of the
reaction. Unraveling the reaction mechanism woudldwafor an accurate design of an
efficient chemical device to be utilized as a pugdipromoiety that can be covalently
linked to a parent drug to provide chemically amd @nzymatically the parent drug in a
programmable manner upon exposure to physiologaatironments. For example,
exploring the mechanism for proton transfer in Kisbacetals has led to a design and
synthesis of novel prodrugs of aza-nucleosidesdat tmyelodysplastic syndromes [48],
statins to treat high cholesterol blood levels [f#racetamol prodrugs with no bitter taste
to be administered to children and elderly as gngific and pain killer and prodrugs of
phenylephrine as decongestants [82]. The prodrugtgnavas attached to the hydroxyl
group of the active drug such that the drug protyqierodrug) has a potential to degrade
upon exposure to physiological environment suchstasnach, intestine, and/or blood
circulation, with rates that are solely dependent the structural features of the
pharmacologically inactive promoiety (Kirby’'s enzgnmodel). Other different linkers
such as Kirby’'s N-alkylmaleamic acids (enzyme mpdetre also investigated for the
design of some prodrugs such as those of tranexaerdcto treat bleeding conditions and
acyclovir (anti-viral drug) to treat Herpes Simplexurther, prodrugs for masking the
bitterness of antibacterial drugs such as cefurexivere designed and made as well. The
role of the promoiety in the antibacterial (cefurog) and paracetamol prodrugs was to
block the free amine (cefuroxime) or phenol (pataw®l) which is believed to be
responsible for the drug bitterness, and to endlgleelease of the drug in a programmable
manner. Menger's Kemp acid enzyme model was algdoged for the design of
dopamine prodrugs for the treatment of Parkinsdisease. In addition, dimethyl fumarate
prodrugs to treat psoriasis have been designethesined and currently undervitro and

in vivo Kinetic studies [55].
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2.3.1 Proposed bitterless antibacterial prodrug

Amoxicillin and cephalexin are antibacterial drubat have been developed and widely
used for clinical purposes. They have a relativelyrow spectrum against pathogens and
are hydrolyzed by various types [plactamases. These antibacterial drugs suffer akver
problem, they have a low stability and bitter tasinsation that leads to patient
incompliance. There are limited studies to imprdiveir clinical profiles and mask their
bitter taste. Several attempts were made in ordeenhance their agueous solubility,
potency and bioavailability. According to Karamamriv and based on the previously
reported DFT calculations and on experimental datahe acid catalyzed hydrolysis of
amine acid4-9 [56, 61], 4 antibiotic prodrugs were designed ayisthesizedScheme 2.1
and 2.2} (1) to improve the stability and aqueous soltpibf the parent drugs, (2) to
make a chemical device that is capable for relgatsia parent drug in a sustained release
manner, and 3) to provide drugs without bittergagts shown inScheme 2.land 2.2
amoxicillin and cephalexin prodrugs are compose@rofamide acid linker containing a
carboxylic acid group (hydrophilic moiety) and thest of molecule is composed of a
lipophilic moiety. The combination of both hydropbtiand lipophilic groups provides a
prodrug moiety with a high permeability (a moderkileB). This balance of the prodrug
molecule will be dependent on the pH of the tangeysiological environment. In the
stomach (pH 1-2), it is expected that prodrugsmbxcillin and cephalexin will be in a
free carboxylic acid form (a relatively high lipaptity) whereas in the blood stream
circulation (pH 7.4) a carboxylate anion form wathelatively low lipophilicity is expected
to be predominant. Prodrugs of amoxicillin and @dekin (Scheme 2.1and 2.2) were
synthesized in the form of sodium or potassium @egylate due to their high stability in
neutral aqueous medium. The only difference betwibenproposed prodrugs and the
parent drugs is that the former has an amide maistgad of the free amine group in the
latter, which makes the prodrug more stable thamatresponding amine parent drug. In
addition, kinetic studies on amoxicillin and cemghah revealed that increasing the
lipophilicity of the drug leads to an increase le stability of its aqueous solutiordased

on the above, it is expected that the four antér@dtproposed prodrugs of amoxicillin and
cephalexin will be more resistant to hydrolysis wreanding in aqueous solutions, in
addition...
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In this study, we describe the synthesis, charnaetgsn and kinetic study of the
interconversion of the four proposed antibactepialdrugs, of amoxicillinProD 1-2 and
cephalexinProD 1-2in different media such as 1N HCI, buffer pH 2&ffer pH 5.0 and
buffer pH 7.4. This study was performed in ordeatbieve desirable penicillin derivatives
prodrugs of both amoxicillin and cephalexin antileaial agents that are capable of being
stable in aqueous solutions, more lipophilic, lester and have the potential for releasing

the corresponding drugs in a slow release manner.
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Chapter Three

Experimental Part

This chapter consists of three main parts. Parti®eencerned with the identification and
synthesis of the most popular antibacterial prodrtigat are used worldwide. Part two
describes all instruments, chemicals and reagesdd in this study. Part three describes
the synthetic methods and analysis of the fourbanterial prodrugs of amoxicillin and
cephalexin.

3.1 Part One
3.1.1 Identification of the most important and popuar antibiotic prodrugs

Numerous novel prodrugs have been designed by Karaend coworkers for the

treatment of various diseases using DFT calculatieihods. According to the results
obtained from DFT calculation on similar amine drudesign and synthesis of four novel
amoxicillin and cephalexin prodrugs containing tdifferent linkers were studied in the

course of this work. The main goals of this workeve€1) increase solution stability of the
two antibacterial drugs, amoxicillin and cephaleX2) masking their bitter taste sensation,
and (3) attempting to make a sustain release dokages of the above mentioned

antibacterial drugs.

3.2 Part Two

3.2.1 Instrumentations
3.2.1.1 pH meter

pH meter model HM-30G: TOA electronics™ was usednasure the pH values for all

buffers and reaction media involved in this study.
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3.2.1.2 UV-Spectrophotometer

The concentrations of each sample of the four aotédsial prodrugs and their parental
drugs were determined spectrophotometerically (g8etrophotometer, Model: UV-1601,
Shimadzu, Japan) by monitoring the absorbanégathat was determined from both the

standard and its prodrug.

3.2.1.3 Fourier Transform Infrared Spectrophotomete (FT-IR)

It is the most useful and preferred method of m&fda spectroscopy. In infrared
spectroscopy, IR radiation is passed through a Ear§ome of the infrared radiation is
transmitted or absorbed by the sample. This widlate a molecular fingerprint of the
sample from the resulting spectrum that correspaiedshe frequencies of vibration
between the bonds. The spectrum represents thecaterieabsorption and transmission.
Infrared spectroscopy is useful for several typeanalysis, as no two unique molecular

structures produce the same infrared spectrum.

FT-IR can result in a positive identification of unknovesamples that is known as
guantitative analysis of every different kind ofteréal and can determine the consistency
or quality of a sample. In addition, the size oé theaks in the spectrum is a direct

indication of the amount of components in the nmatu

All infrared spectra (FTIR) were obtained from Kgmotassium bromide) matrix (4000—
400 cm?) using a PerkinElméd?recisely, Spectrum 100, FT-IR spectrometer.

3.2.1.4 Nuclear magnetic resonance spectroscopil (NMR)

'H NMR is a technique that identifies the carbon#oggn framework of any organic
compound. Its use is related to the other instruaiemethods to determine the
compound’s unique structure and its purtty.NMR works by generating a magnetic field
from the atomic nucleus that is known as a spinohmayged particle. The nuclear spins are
random and spin in random directions when an eatexpplied magnetic field is absent,
otherwise, the nuclei align themselves either withagainst the field of the external

magnet when an external magnetic field is present.
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For *H-NMR, chemical shifts are reported in parts pelliani (ppm, &) downfield from
tetramethylsilane (TMS). Spin multiplicities are sdebed as s (singlet), brs (broad

singlet), t (triplet), g (quartet), and m (multiple

3.2.1.5 High Performance Liquid Chromatography (HPLC)

HPLC is probably the most important and widely uaedlytical technique for quantitative
analysis of organic and biomolecules. HPLC is aspiaf separation technique by which a
sample of the drug or prodrug dissolved in a licand injected into a column packed with

small particles separated into its constituent camepts.

All HPLC measurements were carried out using Shaugamrominence high performance
liquid chromatography system HPLC-PDA, (Shimadzipcdapan). Samples were shaken
using Big Bill, (Banstaed/ Themolyne, USA). The hhigressure liquid chromatography
system consisted of a model 2695 HPLC from Watknsadl) equipped with a Waters
2996 Photodiode array. Data acquisition and conterle carried out using Empower ™
software (Waters: Israel). Analytes were separated 4.6 mm x150 mm C18 XBridge®
column (5um particle size) used in conjunction with a 4.6 n#@,um, XBridge® C18
guard column was used. Microfilters 0.4 porosity was normally used (Acrodisc®
GHP, Waters). The C-18 gm) cartridges 6cc single use for general laboyause, were
purchased form Waters Company (Milford, MA, USA).

3.2.1.6 Liquid Chromatography- Mass Spectroscopy (C-MS)

LC-MS is a powerful, selective and sensitive tegheiused to separate a very wide range
of organic compounds, from small molecule metabslitlrug to peptides and proteins.
This system technique is mostly used for fast arabsndirected purification of many
products and new molecular entities. It is usedldtect the molecular weight of many
products. HPLC-MS/MS measurements were performedplogimg a Shimadzu
prominence HPLC system (Shimadzu corp. Japan).
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3.2.2 Chemicals and reagents

Pure standards (>99%) of amoxicillin and cephalexére available commercially from
Sigma Aldrich. Inorganic salts were of analyticahde and were used without further
purification. Organic buffer components were distll or recrystallized. Distilled water
was redistilled twice before use from all-glass apfus. Maleic anhydride, anhydrous
potassium dihydrogen phosphate, succinic anhydadd sodium bicarbonate were
commercially available from Sigma Aldrich. High gyrmethanol, ethylacetate and water
(>99%) were used for HPLC grade and purchased 8mma Aldrich.

Prodrugs of amoxicillin and cephalexin antibioticugls were synthesized by a

modification of published procedures as mentioneldw.

3.3 Part three

3.3.1 Methods (amoxicillin and cephalexin extractio and purification)
3.3.1.1 Preparation of amoxicillin ProD 1-2 (Figure3.1)

Amoxicillin ProD 1 preparation In a 250 ml round-bottom flask, 2.12 g of amoxinill
trihnydrate (5 mmol) was dissolved in,® (100 ml), 0.45 g of sodium bicarbonate was
added. The resulting solution was stirred for 3@utes then 0.50 g of maleic anhydride (5
mmol) was slowly added to the reaction mixture. e of the prepared reaction was
measured in order to verify that the reaction weastral (pH = 7). The reaction mixture
was left to be stirred for 2 hours at room tempemtThe reaction was monitored by Thin
Layer Chromatography (TLC) which was performed egutar basis to check the reactions
completion. The solvent was evaporated and thetiegprecipitate was washed with
ethyl acetate and filtered. The precipitate wassalied in methanol, filtered and
evaporated. The white residue after evaporation dviesl at 39 °C (2.6 g). The product
was characterized by melting point (M.P), H-NMR,IRTand LC-MS. M.P. 170 °CH-
NMR & (ppm) CD30D: 1.5 (CHE-CH3 M), 4.2 (HN-CHCH-S), D, J=20C MHZ), 4.7
(N-CH-COOH), S), 5 (HC-CH5-C), D, J=4 MHZ), 5.4 (NH-CHC, D. J=6.4 MHZ), 5.5
(NH-CH-(Ar), D, J=20 MHZz), 6.3 (HOOC-CHCH-C=0, M), 6.7 (HC-CHC-CH=C, D,
J=10.4 MHZ), 6.8 (O=C-NHC-Ar, D, J=8.8 MHZ), 7.3 (aromatic, M). IR (KBnaxcmi™)
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1763 (C=0), 1585 (C=C), 1650 (C=0), 1600-1700 (NH3B9, 1246, 2753, 3355z
486.1 (M+1).

Amoxicillin ProD 2. we followed the same procedure as for amoxicifioD 1 but
instead of using maleic anhydride linker, 0.50 gcsic anhydride was used (5 mmol)
(product; 2.8 g as white product). M.P. 140-150%GNMR & (ppm) CD30D: 1.5 (CH3
C-CH3 M), 2.5 (COOH-CH2CH2-C=0, M), 3.4 (HC-CHS-C, D, J=56 MHZ), 4.2 (N-
CH-COOH), S), 4.9 (HN-(C=0)-CHAr), S), 5.4 (NH-CHC=0O, D. J=4 MHZ), 6.9
(aromatic ((OH)C-HC-KE-C-CH=CH-C(OH)OH), M), 7.3 (aromatic((OH)CE+HC-C-
CH=CH-C(OH)OH), M). IR (KBrbmax cm ) 1769 (C=0), 1576 (C=C), 1676 (NH), 1576
amide C=0, 1514, 1402, from 1890-336%z 488.1 (M+1).

Hv@’\m < ¢ gl

Amoxicillin Maleic anhyidride Amoxicillin ProD 1

MH. o 0.
=-S5 ,JI\ pH 7 OH o
HO e N i i H
R
OH \[( I \gf \l;lf
HO H
OH

Amoxicillin Succinic anhydride Amoxicillin ProD 2

P

Figure (3.1)y Synthesis of amoxicillin trinydratéProD 1-2 from its parent drug,

amoxicillin trihnydrate.

3.3.1.2 Preparation of cephalexin ProD 1-2 (Figurd.2)

CephalexirProD 1 preparation: In a 250 ml round-bottom flask, 1.7&f gure cephalexin

standard (5 mmol) was dissolved inCH (100 ml), 0.45 g of sodium bicarbonate was
added, the resulting solution was stirred for 3@utes, then 0.52 g of maleic anhydride (5
mmol) was slowly added to the reaction mixture. phof the reaction was maintained to
pH=7. The reaction mixture was stirred for 2 hoalrsoom temperature. The reaction was
monitored by TLC which was done on a regular basisheck the reactions completion.

The solvent was evaporated and the resulting ptatgpwas washed with ethyl acetate
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then filtration. The solid residue was dissolvedmethanol, dried over MgSO4, filtered
and evaporated. The resulting white precipitate esdiected and dried at 39 °C (2.9 gm).
The product was characterized by M.P, H-NMR, FER] LC-MS. M.P. 140-160 °CH-
NMR 6 (ppm) CD30OD: 1.5 (CH&E=C, S), 3.3 (S-CHZ=C, S), 4.9 (C-CHC=0, S), 5.5
(S-CHCH-NH, D, J= 12.8 MHZ), 5.6 (NH-CHCH, D, J= 4.8 MHZ ), 6.3 (O=C-C¥CH-
COOH, M), 7.4 (aromatic, M). IR (KB¥max cn) 1758 (C=0), 1249 (C-0), 1578 (C=C),
1600-1700 (NH), 1674 amide C=0, 3222 shifilz 468 (M+1).

CephalexinProD 2: we followed the same procedure of cephaléxioD 1 but instead of
using maleic anhydride linker, we used 0.52 g sucanhydride (5 mmol) (product; 2.0
gm). M.P. 240 °CH-NMR § (ppm) CD30D: 2 (CH&X=C, S), 2.5 (COOH-CHEZH2-
C=0, M), 3 (NH-CH-CHN-C, D, J=17.6 MHZ), 3.2 (NH-CHCH-S), D, J=1.6 MHZ), 4.9
(NH-CH-C=0), S), 5.5 (AR-CHC=0), S), 7.5 (aromatic, M). IR (KBHcm™) 1755
(C=0), 1586 (C=C), 1643 (NH), 1665 amide C=0, 362879, 2933 shiftsm/z 470
(M+1).

NH3 o o T

Cephalexin Maleic anhydride Cephalexin ProD 1

Cephalexin Succinic anhydride Cephalexin ProD 2

Figure (3.2) Synthesis of cephalexin PrdDd2 from its parent drug, cephalexin.
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3.4 Kinetic Methods

3.4.1 Preparation of samples and buffer solutions

6.8 gm potassium dihydrogen phosphate was dissaiv®d0 ml water for HPLC. The pH
of buffer 2.5 was adjusted by diluted o- phosphaigtd and water was added to a final
volume of 1000 ml (0.05 M). The same procedure vegseated for the preparation of
buffers pH 5.0 and 7.4, however, the required pld agjusted using 1 N NaOH.

Interconversion of 500 ppm amoxicillidfroD 1-2 solutions, in 1N HCI, buffer pH 2.5,
buffer pH 5.0 and buffer pH 7.4, to their parenigiramoxicillin was followed by HPLC
at a wavelength of 254 for amoxicilliRroD 1 and 230 nm for amoxicilliiProD 2.

Conversion reactions were run at 37.0 °C.

Interconversion of 500 ppm cephalextmoD 1-2 solution, in 1IN HCI, buffer pH 2.5,
buffer pH 5.0 and buffer pH 7.4, to its parent dragphalexin, was followed by HPLC at a

wavelength of 230 nm. Conversion reactions weneatu87.0 °C.

3.4.2 Calibration curve for amoxicillin trinydrate and amoxicillin trinydrate ProD1-2

To construct a calibration curve for amoxicillinhiydrate and amoxicillin ProD1-2, 6
calibrants (100, 200, 300, 400, 500 and 600 ppmewpeepared. 20 ul of each solution
was injected into the HPLC and the peak for therplaeuticals was recorded using the
following HPLC conditions: 6 mm x 250 mm, 5 um CABridge® column using mobile
phase contains ACN: water (20:80 V\V), a flow rafel ml miri* and UV detection at a
wavelength of 230 nm.

Peak area vs. concentration of the pharmaceufigah) was then plotted, and® Bf the

plot was recorded.

3.4.2.1 Preparation of amoxicillin trinydrate standard and sample solution

Three samples of amoxicillin were prepared, a stethdample, a linker sample and a

prodrug sample to detect the retention time foheac
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1) Amoxicillin trinydrate standard (500 ppm) was pregzhby dissolving 50 mg of drug
in 100 ml of 1N HCI, buffer pH 2.5, buffer pH 5 ahdffer pH 7.4, and then each
sample was injected into HPLC to detect the repartime of amoxicillin trinydrate.

2) Maleic anhydride linker (500 ppm) was prepared lsgalving 50 mg of drug in 100
ml of 1IN HCI, buffer pH 2.5, buffer pH 5 and buffpH 7.4, and then each sample
was injected into HPLC to detect the retention tohenaleic anhydride.

3) Amoxicillin ProD 1-2 (500 ppm) were prepared by dissolving 50 mg ofpteglrug in
100 ml of ANHCI, buffer pH 2.5, buffer pH 5 and farfpH 7.4, and then each sample

was injected into HPLC to detect the retention time

The progression of reaction was followed by momigithe disappearance of the prodrug

and appearance of amoxicillin and the linker atacbs. time.

3.4.3 Calibration curve for cephalexin and cephalar ProD 1-2

To construct a calibration curve for cephalexin aaghalexirProD 1-2, 6 calibrants (100,
200, 300, 400, 500 and 600ppm) were prepared. 26 gach solution was injected into
the HPLC and the peak for them was recorded usiagfdllowing HPLC conditions: 6
mm x 250 mm, 5 um C18 XBridge ® column using molplase contains ACN: water
(20:80 V\V), a flow rate of 1 ml mihand UV detection at a wavelength of 230 nm.
Peak area vs. concentration of the pharmaceufigah) was then plotted, and® Bf the

plot was recorded.

3.4.3.1 Preparation of cephalexin standard and sangsolution

Three samples were prepared for cephalexin, a @tdrehmple, a linker sample and a

prodrug sample to detect the retention time.

1) Cephalexin standard (500 ppm) was prepared by ldiego50 mg of drug in 100 ml
of 1N HCI, buffer pH 3, buffer pH 5.5 and buffer pH4. Each sample was injected
into HPLC to detect the retention time of cephalexi

2) Maleic anhydride linker (500 ppm) was prepared lsgalving 50 mg of drug in 100
ml of 1IN HCI, buffer pH 3, buffer pH 5.5 and buffpH 7.4, and then each sample

was injected into HPLC to detect the retention tohenaleic anhydride.
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3) CephalexinProD 1-2 (500 ppm) was prepared by dissolving 50 mg ofptealrug in
100 ml of 1N HCI, buffer pH 3, buffer pH 5.5 or lteif pH 7.4 then each sample was

injected into HPLC to detect the retention time.

The progression of reaction was followed by momitpithe disappearance of the prodrug

and appearance of cephalexin and the linker attbez$ietime.
Amoxicillin ProD 1-2 and cephalexifProD 1-2 were left to be monitored on the HPLC

for several days to detect the interconversionheffour prodrugs to their corresponding

parental drugs, to calculate thg of each prodrug.
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Results and Discussion
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Chapter Four

Results and Discussion part

4.1 Results and discussion

We have successfully obtained four antibacteriadprgs of amoxicillin and cephalexin
with two different linkers. They were characterizegM.P, FT-IR,*H-NMR and LC-MS
analytical techniques, to guarantee pure antibatterodrugs that are bitterless taste, with
improved stability and solubility and are capablereleasing the parent drugs in a

sustained release manner as proposed.

4.1.1 Prodrugs characterization using different anlytical techniques

4.1.1.1 Melting point, FT-IR, NMR and LC-MS analyss of amoxicillin maleate ProD

1

1) Decomposition point of amoxicillin malea®xoD 1 was 170 °C.

2) IR (KBr/vmax cmiY) 1763 (C=0), 1585 (C=C), 1650 (C=0), 1600-1700 INH369,
1246, 2753, 3355. The frequency of the reacta# &mine group (NH2) from 3500-
3600 was disappeared and the frequency of the stabée amide product was appeared
in 1650. In addition carboxylic acid group frequgmeas changed and appeared in 1686
as shown irFigures 4.1and4.2

3) 'H-NMR & (ppm) CD30D: 1.5 (CH&-CH3 M), 4.2 (HN-CHCH-S), D, J=20C
MHZ), 4.7 (N-CHCOOH), S), 5 (HC-CHs-C), D, J=4 MHZ), 5.4 (NH-CKC, D.
J=6.4 MHZ), 5.5 (NH-CHAr), D, J=20 MHZ), 6.3 (HOOC-CHCH-C=0, M), 6.7
(HC-CH=C-CH=C, D, J=10.4 MHZ), 6.8 (O=C-Ni€-Ar, D, J=8.8 MHZ), 7.3
(aromatic, M)."H-NMR analysis shows that the product has an aftitisignal in the
region between 6-6.5 ppm as showtrigures 4.3and4.4.

4) The product molecular formula is C20H21N308S (yi#d6). LC-MS (positive mode)
m/z486.1 (M+1) (Figuret.5).
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Figure (4.2): FT-IR spectrum of amoxicillifProD 1.
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Figure (4.4 H-NMR spectrum of amoxicillin maleatroD 1.

Compound Label [RT [Mass [Abund [Formula [Tat Mass
Cpd 2: |D.3G? |463.1054 310915 C20HZ1IM30385 “453. 1049
=x10 6 |[Cpd 2: : +ESI| EIC(222 5466, 223.0481, 223.5545,224 0559 ..) Scan Frag=150.0% 5139_23_5_13..
141 0.3587 1
0.8
0.6 1
0.4
024
0z 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 22 2.4 26 2.8 3

Counts vs. Acquisition Time {min}

=105 [Cpd 2: : +ES| Scan (0.266-0.569 min, 7 Scans) Frag=150.0V 3139_23_5_13_MSMSpos.d Subtract
3.5 485.0947
3 (M+Td=)+
2.5
R
1.5
1 4
0.5 9491995
oA L ! — — (I2r'—"I+I\ aj*l- |
200 300 400 500 600 J0O0 200 900 1000 1100
Counts vs. Mass-to-Charge (m/z)
B T I I LV IR TP
s Calc m/ = D ppm} z [Abund Formula Ton
“445. 1028 “445. 1016 2.65] 1 2154. 7 [C20H20M307S (M+H) +[-H20O]
454. 1128 454, 1122 1.31] 1 103843.5 | C20H22M 3085 M+H) +
458.0834 “458.0836 0.438| 1 F33.0|C20H19M3Na0 7 s M-+Ma)+H[-H20]
4581.1391 4581.1388 077 1 6318.7|C20H25M4085 MM HHE) +
485.0947 1 310915.3
485.0947 485.0942 1.05 310915.3|C20H21MN3Mal8s M -+Ha) +
487.0975 487.0971 0.85] 1 55930.2|C20H21IMN3Mal8s M -+Ha) +
931.1878 931.1885 0.7 1 547.3 |CA0H40MENaO 1552 {2M +a) +[-H20]
9444, 2426 944, 2437 -1.14] 1 111.5 |CHOH4GMNTO 1652 {2M +MNHE) +
949.1995 949.1991 0.39] 1 3512.9 |C40H42MEMNa0 1652 {2M+MNa) +

Figure (4.5 LC-MS spectrum of amoxicillin maleakroD 1.
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4.1.1.2 Melting point, FT-IR, NMR and LC-MS analyss of amoxicillin succinate
ProD 2

1. Decomposition point of amoxicillin succina®eoD 2 was 140-156C.

2. IR (KBr/vmaxcrm?) 1769 (C=0), 1576 (C=C), 1676 (NH), 1576 amide C%814,
1402, from 1890-3305. The frequency of the readtaetamine group (NH2) from
3400-3800 was disappeared and the frequency ohtine stable amide product was
appeared on 1676, in addition carboxylic acid grisaguency changed and appeared
on 1576 as shown iRigure 4.6.

3. 'H-NMR & (ppm) CD30D: 1.5 (CH&E-CH3 M), 2.5 (COOH-CH2CH2-C=0, M),
3.4 (HC-CHS-C, D, J=56 MHZ), 4.2 (N-CHCOOH), S), 4.9 (HN-(C=0)-CHhr),
S), 5.4 (NH-CHC=0O, D. J=4 MHZ2), 6.9 (aromatic ((OH)C-HCEHC-CH=CH-
C(OH)OH), M), 7.3 (aromatic((OH)C-E-HC-C-CH=CHC(OH)OH), M). *H-NMR
analysis shows that the product has an additiagabkin the region between 2-2.5
ppm as shown ifigure 4.7.

4. The product molecular formula is C20H23N308S (yi€ldbo). LC-MS (positive
mode)m/z488.1 (M+\1) Figure 4.8)
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Figure (4.6) FT-IR spectrum of amoxicillin succinaloD 2.
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Figure (4.7) H-NMR spectrum of amoxicillin succinaioD 2.
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Compound Label

Cpd 1: C20 H23 N2 08 5

mSz

RT

466.129 0.215

Find By Formula

Mass
465.1219

«10 2 |Cpd 1: C20 HZ22 N3 08 S: +ESI ENC(223.5545, 224 0559, 224 5623, Z225.0638 ..) Scan Frag=150. .
1)1 o218 1
0.2 4
0.6
0.4 4
024
o
0z 04 06 08 1 12 14 2 2z 28 3
Counts (%) ws. Acguisition Time (min)
MS Spectrum
10 5 |Cpd 1: C20 HZ32 N3 08 S: + FBF Spectrum (0.367-0.48% min) S185_MSMS.d Subtract
2 4881110
7 ([C2O0HZ3INIOBS]+MNa)+
5
5 4
al 4661290
([C20HZ2MN308S]+H)+
3 -
=]
1
o . . . e . . . L . :
450 455 460 465 470 475 480 485 450 455 500

Counts wvs. Mélss—to—charge (mv'z)

MS Spectrum Peak List

TS E z |Abund Formula Tomn
445.1182| 1 5088.87 |C20H23MN3085 M +H)+[H20]
456,129 1 253841.45 |C20HZ3MN3085 M+ +
457.1324) 1 53805.59 |C20H23M3085 M +HY +
458.13 1 18140. 13 | C20HZ3M3085 M +HY +
458.111 1 F20703.949|C20H23M3I08S5 M +HMa) +
489.1145 1 153816.75 |C20H23M30E85 M +a) +
490.1122) 1 51110.45 |[C20H23M3085 M -+HNa)+
491.1139 1 9093, 1 |C20HZ3IN3I0ES M -HNa)+
50<.0545 1 12743, 78 |C20HZ3M3085 =D+
505.0923 1 4153.69 | C20H23M3085 M D+

Figure (4.8) LC-MS spectrum of amoxicillin succinal¥oD 2.

4.1.1.3 Melting point, FT-IR and NMR analysis of cphalexin maleate ProD 1

1) Decomposition point of cephalexin male®®D 1 was 140-166C.

2) IR (KBr/vmax cmi?) 1758 (C=0), 1249 (C-0), 1578 (C=C), 1600-1700 INH674
amide C=0, 3222. The reactant frequency of the draae group (NH2) from 3500-
3700 was disappeared and the frequency of the rsiafg@le amide product was
appeared on 1660, in addition carboxylic acid griseguency changed and appeared
on 1674 as shown dAgure 4.9and4.10Q

3) 'H-NMR & (ppm) CD30D: 1.5 (CHZ=C, S), 3.3 (S-CHZ=C, S), 4.9 (C-CHC=0,
S), 5.5 (S-CHCH-NH, D, J= 12.8 MHZ), 5.6 (NH-C¥H, D, J= 4.8 MHZ ), 6.3
(O=C-CH=CH-COOH, M), 7.4 (aromatic, M)*H-NMR analysis shows that the
product has an additional shift region betweenSp6m as shown ifigure 4.11and
4,12

4) The product formula is C20H18N3NaO7S (yield 1002)-MS (positive modej/z
468 (M+\1) as shown iRigure 4.13
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Figure (4.11) H-NMR spectrum of cephalexin standard.
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Figure (4.12) H-NMR spectrum of cephalexin male&mD 1.
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Compound Label [RT [Mass [Abund [Formula [Tat Mass

Cpd 1: |D.354 |467.D7?'1 350022 C20H18M3MalO7s 4570753
x10 6 |Cpd 1: : +ESI EIC(224.0323-226.5416. 233.0376-235.5469 ..} Scan Frag—150.0V S141_23_5_13_..
1+ 0.354 1
2.5
5
1.5 1
1]
0.5 A
0- : 2 : : : : ! : : : : : : : :
0.2 04 06 0.8 1 12 14 16 _1.8 2 22 24 26 28 3

Counts ws. A‘cqulsltion Time [min)
«10 5 |[Cpd 1:: +ESI Scan (0.253-0.303, 0.455-0.758 min, 9 Scans) Frag=150.0V 5141_23_5_13_MSMSp..

468.02843
3.5 (M+H)+
3
2.5
=
1.5+
|
0.5 l 935 1600
. al L W N | L L EMH) |
200 200 400 500 500 700 200 a00 1000 1100
ounts ve. Mass-to-Charge (m/=)

e Calc m/ =z D ppm ) z [Abund Formula Ton
458.0843 458.0835 -1.59] 1 350021.56 |[C20H19M3Ma07S M4+H)+
4659.0874% “4569.0866 -1.71 1 FE258.6 |C20H19MN3MNaO TS a1 +H)+
470.0852 470,084 -2.55] 1 23983. 2 |C20H19M3MNa07s (M-+H)+
471.0857 471.08556 -0.29] 1 4458 |C20H19M3MNal7s M4+H)+
490.0662 “490.0655 -1.38 1 17034, 3 |[C20H18MN3MNa2075 1 +HMa) +
491.0698 “491.0685 -2.69] 1 4152. 7 |C20H18MN3MNa2075 (M-+Ma)+

235.16 935.1599 -0.12] 1 3458. 4 |CH0H3ITNEMNa20 1452 (2M+H)+
936. 1607 936.1629 2.35 1 1674, 1 |CHOH3MEMa20 1452 (2ZM+HI+
939.1273 939.1313 4.2 1 211. 3 |CHH3NEMNa30 1352 (2M+Ma) +[H20]
957.1434 957.1419 -1.58]| 1 1456.5 |CA0H35MEMa30 1452 (2M+Ma) +

Figure (4.13) LC-MS spectrum of cephalexin male&moD 1.

4.1.1.4 Melting point, FT-IR and NMR analysis resuks of cephalexin succinate ProD 2

1. Melting point of cephalexin succinate ProD 2 wa8 Za.

2. IR (KBr/vmaxcm™) 1755 (C=0), 1586 (C=C), 1643 (NH), 1665 amide C3827,
2879, 2933. The frequency of the reactant free amimup (NH2) from 3500-3700 was
disappeared and the frequency of the more stabidegonoduct was appeared on 1643,
in addition carboxylic acid group frequency changed appeared on 1665 as shown on
Figure 4.14.

3. "H-NMR & (ppm) CD30D: 2 (CHZX=C, S), 2.5 (COOH-CHEZH2-C=0, M), 3 (NH-
CH-CH-N-C, D, J=17.6 MHZ), 3.2 (NH-CHH-S), D, J=1.6 MHZ), 4.9 (NH-CH
C=0), S), 5.5 (AR-CHC=0), S), 7.5 (aromatic, M)'H-NMR analysis shows the
product has an additional signal in the region leetw2-2.5 ppm as shown kigure
4.15

4. The product formula is C20H20N3NaO7S (yield 90%E-MS (positive modehvz
470.1 (M+\1) as shown iRigure 4.16
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Figure (4.14) FT-IR spectrum of cephalexin succin&eD 2.
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Figure (4.15) H-NMR spectrum of cephalexin succin&eD 2.
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Compound Label myz RT Algorithm Mass

Cpd 1: C20 H20 N3 Ma O7 S 470.1003 0.263 |Find By Formula 469.093

w102 |Cpd 1: C20 H20 N3 Na O7 S +ES| EIC(225.5402, 226.0416, 226.5480, 227.0495 ) Scan Frag=_.

11 o02e3 1
0.8
0.6
0.4
0.2
0

02 04 06 08 i 12 14 16 18 2 2z 24 2B 2B 3

Counts (%) vs. Acguisition Time (min)
User Spectra

Fragmentor ¥Yoltage Collision Energy lonization Mode
50 ESI

10 5 |+ES| Scan (0.263 min) Frag=150.0% 5152_MSMS.d

6 470.0861

51 307 1401

41 149.0231

3

2 l

14
£53.4502 917 4 014 -

ol a 11. sl L 1287.7923

100 200 SDD 4[)[) 5[)[) SDD 200 BDD 1000 1100 1200 1300 1400 1500

ounts .fs Mass-to-Charge (miz)

MS Spectrum Peak List

s z |Abund Formula Ton
470.1003) 1 307498.588 |C20H20MN3NaO 75 M+HY+
471.1036] 1 64422, 98 |C20H20N3MNa0 75 M-+
472.1006) 1 21953. 53 |C20H20MN3Na07s M+HY+
473.1015] 1 4097, 1 |C20H20M3MNal0 75 M+HY+
474.1031) 1 829,43 |C20H20M3MNal0 75 M+HY+
492.0815] 1 14454, 56 |C20H20M3Ma07s (M+Na) +
4593.0834| 1 3692.99 |C20H20N3MNa0 75 (M-+Ma) +

Figure (4.16) LC-MS spectrum of cephalexin succin&®D 2.

The FT-IR,*H-NMR and LC-MS spectra mentioned before confirmttthe predicted

compounds are the desired ones.

4.2 Hydrolysis studies:

In this part of study, stability of amoxicillin pdougs and cephalexin prodrugs was
investigated using high performance liquid chrorgeaphy (HPLC). Peaks of standards
and degradation products were monitored to detexrrtiie rate of cleavage of the four
antibacterial prodrugs. Kinetic studies were perfed at constant temperature (&) and

at ambient pressure in different buffers such as HBGI, pH 2.5 (stomach), pH 5
(intestine), and pH 7.4 (blood) which correspondhi® physiological environments in the
human body.

Calibration curves were made for the four antiba@aitg@rodrugs. The results show that R?

values were above 0.95 for all of the prodrugshdgcated inFigure 4.17 The hydrolysis
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monitoring for the four prodrugs in 1N HCI, pH 2@ 5, and pH 7.4 was conducted and
the results of the study are summarizefigures 4.184.35

Amoxicllin ProD 1 0 Amoxicllin ProD 2
y=0.1512x + 0.7247 .
a5 y=0.0596x +2.9574 80 R*=0.9443
R*=0.9904
70
30
60
25
+* o 50 *
u 20 >
2 4 40
< s
30
10
+ 20
5
10
0
0 100 200 300 400 500 600 0
B 0 100 200 300 400 500 600
Concentration (ppm) )
C oncentration (ppm)
Cephalexin ProD 1 S0 Cephalexin ProD 2
45 y=0.0978x - 6.5282
R*=0.9523
y=0.1706x +11.265 40
120 z _
R*=0.9677 35
100
30
8]
80 S5
g < 20
60
£y
15
40
10
20
5
0 0
0 100 200 300 400 500 600 0 100 200 300 400 500 600

Concentration (ppm) Concentration (ppm)

Figure (4.17): Calibration curves for amoxicilliRroD 1-2 and CephalexifroD 1-2
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Figure (4.18) Amoxicillin standard.
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1) Amoxicillin maleateProD 1 kinetic studies at 1N HCI, pH 2.5, 5.0 and.7.4

1.0 Prodrug E
RT Arem | % Area | Hoeight
e 1| 2677 | 4358426 | 7500 | oas084
| 2| 3051 | 1384119 24,10 | 267318
00| Drug
2 s
| 8
GLag- i
000 = ———— e |
1,00 ) .?Eﬂ o =h ) -'|.Iﬂﬂ. ’ .'D.Dﬂ- o Iﬂ‘nﬂ 700 ﬁhﬂ .00 10.00
hMinutos
| 3
000
i Prodrug
aro RT A t
: D Aren | % Aren | Heigh
uuui i 1| 2834 | 3334067 A4.45 | B18781
| 5 2| 3197 | Av0asdo 85 85 | 408070
060 |
2 n.w:
030
o.20-|
LR
000+ ._.-1 ’ e —— —
1.00 200 3.00 400 ‘sbo | wos | r.o0 0.00 oo 10,00
Manilss
PR [
o.8n] Drug
| RT Arsa % Aroa | Haight
o 1|z743{ 1587450 1301288174
n.dnl 2 [4.240 | 10477003 | 8500 | 650407
a.00 ] Prodrug
® r.un.
g
.30
0.20
a0
.00 i
100 2.00 3ba abo aba 0oe 7.00 8,09 700 10.09
Minutos

Figure (4.19): Amoxicillin maleate prodrug at 1N HCI at zero tinadter 5 and 10 hours,

respectively.
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Figure (4.20) Amoxicillin maleate prodrug at pH 2.5 att = @tea 5 hr and 10 hr,

respectively.
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respectively.
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2) Amoxicillin succinateProD 2 kinetic studies at 1N HCI, pH 2.5, 5 and 7.4.
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Figure (4.25) Amoxicillin succinate prodrug at pH 5.0 at t ald after 7 days,
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Figure (4.26) Amoxicillin succinate prodrug at pH 7.4 at t =ahd after 7 days,
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3) Cephalexin maleateroD 1 kinetic studies at 1N HCI, pH 2.5, 5.0 and 7.4.
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4) Cephalexin succinateroD 2 kinetics at 1N HCI, pH 2.5, 5.0 and 7.4.
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Figure (4.33) Cephalexin

respectively.

succinate prodrug at pH 2.5 at t =nd after 7 days
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Figure (4.34) Cephalexin

respectively.
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respectively.

succinate prodrug at pH 7.4 at t =nd after 7 days,
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4.3 In vitro intraconversion of amoxicillin (ProD 1-2) and cephlexin

(ProD 1-2) to their parent drugs.

Based on previously reported DFT calculations anderperimental data for the acid-
catalyzed hydrolysis of amide acids9 (Figure 2.1) [56, 61], four amoxicillin and
cephalexin prodrugs were proposed utilizing twdedént linker(Figures 4.36and 4.37,
respectively. As shown inFigures 4.36and 4.37, the antibacterial prodrugs, amoxicillin
ProD 1-2 and cephalexiriProD 1-2 are composed of a promoiety containing a carboxyli

acid group (hydrophilic moiety) and the rest of thetibacterial prodrug molecule (a
lipophilic moiety).

oYi o NH.
H
OH H d
H
N 2 s HO © N
P °
(o}
HO M
o o
OH

OH
o]
Amoxicillin ProD 1 Maleic anhydride Amoxicillin
OYl o NH-
H
OH i =
HNM o] H2O o - /@)\r S
H H O
N = < HO N
T ° o
O N
HO o O o
OH
Amoxicillin ProD 2 Succinic anhydride Amoxicillin

Figure (4.36) Acid-catalyzed hydrolysis of amoxicilliRroD 1-2

The combination of both, the hydrophilic and lipdghgroups provides a prodrug entity
with a potential to be with a high permeabilitynf@derate HLB). It should be emphasized,
that the HLB value of the prodrug entity will betelenined upon the pH of the target
physiological environment. In the stomach wherepgHeis in the range 1-2, it is expected
that prodrugs, amoxicillifProD 1-2 and cephalexifroD 1-2 will be in a free carboxylic
acid form (a relatively high hydrophobicity) whesda the blood stream circulation where
the pH is 7.4 a carboxylate anion (a relatively laydrophobicity) is expected to be
predominant form. Our strategy was to prepare aailbii ProD 1-2 and cephalexifProD

1-2 as sodium or potassium carboxylates due to thein Istability in neutral aqueous
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medium. It should be indicated that compoubesundergo a relatively fast hydrolysis in
acidic aqueous medium whereas they are quite stalleutral pH.
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Figure (4.37): Acid-catalyzed hydrolysis of cephalexmnoD 1-2

The hydrolysis kinetic studies for amoxicillifroD 1-2 and cephalexirProD 1-2 were
carried out in aqueous buffers in the same mammehdt executed by Kirbgt al. on
maleamic acidsl-9. This is to investigate whether the antibactepeddrugs undergo
hydrolysis in aqueous medium and to what extennat; suggesting the fate of the
prodrugs in the system. The kinetics for the aeithlyzed hydrolysis of the synthesized
amoxicillin ProD 1-2 and cephalexiProD 1-2were carried out in four different aqueous
media: 1 N HCI, buffer pH 2.5, buffer pH 5 and laufppH 7.4. Under the experimental
conditions the four antibacterial prodrugs intracemed to release the parent drugs
(Figures 4.38-4.41ns was determined by HPLC analysis. For amoxcdhd cephalexin
prodrugs, at constant temperature and pH the hysisoteaction displayed strict first order
kinetics as thek,ps was quite constant and a straight line was obdiaime plotting log
concentration of residual prodrug verves tinig,s and the correspondingyt for
amoxicillin ProD 1-2 and cephalexirProD 1-2 in the different media were calculated
from the linear regression equation obtained frbmn ¢orrelation of log concentration of
the residual prodrug verses time, log concentratensus time for the four prodrugs were
obtained from plotting the AUC of each product wsrsime. The kinetic data for
amoxicillin ProD 1-2 and cephalexirProD 1-2 are listed fromTables 4.1 4.2 4.3 and
4.4. It is worth noting that 1IN HCI and pH 2.5 wereleséed to examine the
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intraconversion of amoxicillifProD 1-2 and cephalexiiroD 1-2in the pH as of stomach,
since the mean fasting stomach pH of adult is apprately 1-2.5. Furthermore,
environment of buffer pH 5 mimics that of beginnsmall intestine route, whereas pH 7.4
was selected to determine the intraconversion eftéisted prodrugs in blood circulation
system. Acid-catalyzed hydrolysis of amoxicilifnoD 1-2 and cephalexifProD 1-2 was
found to be much higher in 1IN HCI than at pH 2.8 a&rfFigures 4.38-4.41)At 1N HCI
the %, values for the intraconversion of amoxicilliroD 1 and cephalexiriProD 1 were
about 2.5 hours and that of amoxicilnoD 2 and cephalexifProD 2 were about 7 and 6
hours, respectively. On the other hand, at pHBoth prodrugs amoxicillifProD 1-2 and
cephalexinProD 1-2were quite stable and no release of the paregisduas observed. At
pH 5 the hydrolysis of prodrugs amoxicillfroD 1-2 and cephalexiiProD 1-2 was too
slow. This is becausthe pK, of amoxicillin ProD 1-2 and cephalexifiProD 1-2is in the
range of 3-4, it is expected that at pH 5 the aniéorm of the prodrug will be dominant
and the percentage of the free acidic form thattgmes an acid-catalyzed hydrolysis will
be relatively low. In 1IN HCI and pH 2.5 most of theodrug will exist as the free acid
form and while at pH 7.4 most of the prodrug wi# b the anionic form. Thus, the
discrepancy in rates between amoxiciliroD 1 andamoxicillin ProD 2 at the different
pH buffers is attributed to the strained effectpased in the case of amoxicilliProD 1,
which upon cleavage gives maleic anhydride whiléhs case of amoxicillifProD 2, the
byproduct is the less-strained succinic anhydride same picture is also applied for the
discrepancy between cephalexnoD 1 and cephalexinProD 2. It is worth noting that
previous DFT calculations [61] and experimentahd&6] on the acid catalyzed hydrolysis
of 1-9 revealed that the efficiency of the intramolecwdaid-catalyzed hydrolysis by the
carboxyl group is remarkably sensitive to the patta substitution on the carbon—carbon
double bond. The rate of hydrolysis was found tolibearly correlated with the strain
energy of the tetrahedral intermediate or the proddystems having strained tetrahedral
intermediates or products experience low ratesvaselversa. In addition, the difference in
the rates between amoxicilliProD 1-2 and cephalexinProD 1-2 is due to their
conformational structures, in case of amoxicilinoD 1-2 the distance between the

electrophile and nucelophile is less than cephalexoD 1-2hence the higher in rates.
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Table (4.1) The observe# value and;/, of amoxicillinProD 1in 1N HCI, pH 2.5, 5.0
and 7.4

Medium K obs (M) tiz (h)
1 N HCl 2.33x 10* 2.5
Buffer pH 2.5 9.60 x 10° 7
Buffer pH 5.0 7.55 x 10° 81

Buffer pH 7.4 No reaction

Table (4.2) The observed value and, of amoxicillin ProD 2 in 1N HCI, pH 2.5, 5.0
and 7.4

Medium K obs (M) to (h)
1 N HCl 8.37 x 10° 8.2
Buffer pH 2.5 1.54 x 10° 44

Buffer pH 5.0 No reaction
Buffer pH 7.4 No reaction

Table (4.3) The observed value andt;; of cephalexinProD 1 in 1IN HCI, pH 2.5, 5.0
and 7.4

Medium k obs (h_l) tap (h)
1 N HCI 2.41 x 10° 2.4
Buffer pH 2.5 4.17 x 10° 14

Buffer pH 5.0 No reaction
Buffer pH 7.4 No reaction

Table (4.4). The observed value and;,, of cephalexinProD 2 in 1N HCI, pH 2.5, 5.0
and 7.4

Medium K obs (M) tie (h)
1 N HCI 11.38 x 10° 6
Buffer pH 2.5 No reaction

Buffer pH 5.0 No reaction
Buffer pH 7.4 No reaction
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Figure (4.38): First order hydrolysis plot of amoxicilliaroD 1in (a) 1N HCI, (b) buffer
pH 2.5 and (c) buffer pH 5.0.
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Figure (4.39): First order hydrolysis plot of amoxicilliaroD 2in (a) 1N HCI, (b) buffer
pH 2.5 and (c) buffer pH 5.0.
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Figure (4.41): First order hydrolysis plot of cephalextnoD 2 in 1N HCI.
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Chapter five
Conclusionsand Future directions

5.1 Conclusions

The future of prodrug design is forthcoming yetrextely challenging. Progresses must be
made in better understanding the chemistry of mamganic mechanisms that can be
effectively exploited to push forward the develominand advances of even more types of
prodrugs. The understanding of the organic reastiorechanisms of intramolecular
processes will be the next major milestone in figlsl. It is envisioned that the future of
prodrug design holds the ability to produce saf efficacious delivery of a wide range of

active small molecule and biotherapeutics.

Based on Kirby's enzyme model, we utilized two énk for making novel prodrugs of
both antibacterials, amoxicillin and cephalexin hwihe expectation to have prodrugs
lacking the bitter sensation of their parent dragsvell as to be cleaved in different rates.
The quantum mechanics (QM) calculations using difie methods revealed that the acid-
catalyzed hydrolysis efficiency of processk$, amoxicillin ProD 1-2 and cephalexin
ProD 1-2 is significantly sensitive to the pattern of siutibsion on the carbon-carbon
double bond and nature of the amine leaving gréweording to DFT calculations, the
four antibacterial prodrugs will exist as a fregbcxylic acid form (a relatively high
lipophilicity) in the stomach, whereas in the bloodculation system, the carboxylate
anion form (a relatively low lipophilicity) will bgoredominant. The synthesized amide
prodrugs of amoxicillinProD 1-2 and cephalexirProD 1-2 were found to undergo
hydrolysis in acidic aqueous medium, whereas theyevstable at pH 7.4. The predicted
t12 andkyps Of amoxicillin ProD 1-2 and cephalexifProD 1-2 were calculated. Kinetics
studies on the interconversion of the newly syn#ees amoxicillin and cephalexin
prodrugs revealed that thetvas largely affected by the pH medium as predicted.

In vitro binding test to bitter taste receptors for ther famtibacterial prodrugs, amoxicillin

ProD1-ProD2 and cephalexifProD1-ProD2, were found to be bitterless. The bitter taste

masking is believed to be via altering the abibfythe drug to interact with bitter taste
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receptors. The strategy of the synthesis and kirsttidies of these antibacterial drugs was
to achieve desirable amoxicillin and cephalexindpugs capable of releasing amoxicillin
and cephalexin parental drugs in a controlled selgaanner and enhancing their stability

and solubility with masking their bitter taste satien.

5.2 Future directions:

In vivo pharmacokinetic studies and in vitro birglito bitter taste receptors for amoxicillin
ProD 1-2 and cephalexifroD 1-2 will be done. In vivo pharmacokinetic studies viaé
done in order to determine the bioavailability ahe duration of action of the tested

prodrugs.
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