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1. INTRODUCTION

The term free radical refers to any transient specgggaining one or more unpaired
electrors. This lone electron, occupying an atomic/molecular orbital, usually confers high
reactivity to a species of this type. The omnipresence of free radcalyo is mainly
attributed to the nature of our oxygdapedent lifestyle. That is, as a result of aerobic
metabolism we generate a contingdlow of reactive oxygeand nitrogen specieRQOS and
RNS). A substantial part of free radicals is produced as a kind of acciberthe
mitochondrial electron transport chain where electron leakage can occur, that results in
incomplete reduction of oxygen yielding@,". These species provide a fountain for the
generation of other members of the grotH andH.O.. "OH is the most powrful oxidant
present in biological systems. It attacks biomolecules in close vicinity of its formation
unselectively and relatively sispecifically. Nevertheless, ;0 and H,O, are much less
reactive making them able to fulfill specific functions in ttedl. Albeit according to the
present knowledge they play an essential role in maintaining normal physiological functions
in vivo, their formation is rather &wo-e dged weapono. The pathoph
diseases is linked to the excessive formatdrthese otherwise conducive agents under
circumstances when redox homeostasis is not maintained anymore. This condition is referred
to as oxidative stress, under which the antioxidant defense system fails to control the
formation of the reactive speci€Since this phenomenon is involved in the development of
several diseases huge effort is taken to understand the reactions that occur between ROS and
biomolecules taking place within a small fraction of a seconan@gsmescale).

The oxidative power ofOH inspired many researchers to utilize these agents for trying to
solve a devastating issue of the humankind: the environmental pollAgoa.result of the
social welfare we live in, enormous amounts of chemicals are produced and released into the
environment. Owing to the sophisticated cycles in the biosphere this indirectly poisons our
life. To maintain a sustainable development the anthropogenic impact must be minimized. To
focus on water environment this can be partly achieved by elimination of dnex@teutical
residues that is inevitably released due to the nature of the human metabolism. Without
doubt among these agents antibiotic residues are thought to have the most significant impact
in terms of mortality affecting most part of the earth. Numerous studies are devoted therefore
to aid the implementation of a technique that eliminates these residube basis ofOH

reactions.



Radiation chemistry provides unique tools to study the reactions of free radicals with a
compound of interest. This compound may be an environmental pollutant or a biologically
relevant chemical entity. Most of the times, hoese these terms overlap one another. This is
especially the case for antibiotics. Among antimicrobial agents, penicillins are the most
notoriously concerned compounds owing to their widespread use and high consumption rate.

The free radical reactions digse special molecules, indeed, gained appreciable interest in

the field of environmental protection and biochemistry. This work aims to answer some of

the questions raised in both fields concerning theed@etron reduction and oxidation of
penicillins ty means of radiation chemical techni gt

discuss these issues hand in hand without losing sight of the other.



LITERATURE REVIEW

2. LITERATURE REVIEW
2.1. Free radicals in biology

There are many sources of ROS including mitochondria, endoplasmic reticulum and
NADPH oxidaseqd1]. The formation and interconversion of these speaaies/orepresenan
especially interesting facet of chemistry and biology. Ruthe limited length of thighesis
an up to date review is provided in the Supplementary Material (Sestjoaddressing the
source of free radicals(Section S1.1), their involvement in oxidative stress and redox
signaling @Gection S1.2) and the humanpathologies (Section S1.3) linked to the
overproductiorof these species. In the forthcoming sections the authbmaihly focus on

the chemisy with particular attention tthe reactions ofOH.
2.1.1 Oxidation ofproteins, lipids and DNA

TOH, the most powerful agent of RQ8an oxidize almost all kirslof biomolecules at
close to the diffusion controlled rat practically randomly. Howevesome selectivitystill
arises since proteins and peptides are the most abundant constituents of living oygagisms
thereforethought to be initial targebf reactive oxygen speci¢2]. Oxidation can take place
either on the protein backbone (polypeptide chain) or onitleechain amino acid. These
modifications appear not to be a resultimdiscriminateevents but depending heavily on
many factors such as the type of the oxidant, metal bindinmity of the target site and
protein structurd3]. The rate constants dhe 'OH reaction with free amino acidsere
determined to be in the 120" mol* dm® s* range with aromatic (tyrosine, tryptophan,
histidine, phenylalanine) and sulfaontaining amino acids (methionine, cysteine) being the
most reactiveg4]. In peptides and proteins backbone oxidation can additionally take place and
the rate constant rises to the diffusion controliegion irrespectivéy to the sequencgs].
Backbone oxidation involves H atom abstractiop "OH resulting in carbon centered
radicals. In the presence dissolvedoxygen peroxyl radicals are generated that eventually
give rise to backbone cleavad8]. Furthermore, n the polypeptide chairthe primary
formation of a radical can be followed by emdary processes such as long range
intramolecular electron transfer (LRIET)]. This transferwas observed in several cases
from Met (S. Eandto Jrp(N),dronTHistN) © Tyr(O") and reversible transfer
between Cys(% and Tyr(d). In addition, hydrogen transfer can also o¢aug. involving
thiyl radicals of Cys(3§ [5].
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Among the several targets of oxidants the aromatic ring of tyr@3iy®, the thioether
group of methionindMet) and the thiol group of cysteif€ys) are the mostavoredones

and have been implicated in many protective or detrimentaépses under oxidative stress
2.1.11. Tyrosire oxidation

TOH induced oxidation of tyrosine starts widmdition to the ring giving rise to
hydoxycyclohexadienyladicals (1) (Scheme )1 In the presence adlissolvedoxygen via
peroxyl radical intermediate) 3,4-dihydroxyphenylalanineQOPA) is formed(3), which is
a biomarker of protein oxidation[3]. DOPA can also form in a bimolecular
disproportionation proces8y proton/ OH-catalyzed water elimination the corresponding
phenoxyl radicals form4{ TyrO". These species are capable of undergoing dimerization
yielding eitherdityrosine(5) or (6) in a fast procesk@& 51 10° mol™ dm® s). In addition,
phenoxyl radicad canabstract hydrogen from a suitable partner or take pddng range
intramolecular electron transf@rocessesn case of stéc hindrance too. The former can

lead to carbon ceated radicalthat facilitateperoxidation.

Y W

Ter. OH
B ——
ANV VAV, Ve
/ l X
“H,0
O OH =
*OH ® Ter.
C)] ©)
OH A a2
OH OH O, A
Tyrosine residue 1)
OH
-‘j/ @)
OH OH
OH OH on M e
DOPA residue 6)

3)
Scheme 10neelectron oxidation of a tyrosine residue

Electron transfer occurs between the antioxidetorbatand TyO" (4), the rate constant
e.g. in case of insulin(Tyr®is reported to b&2.9° 0.1)T 10" mol* dm® s* [6]. Besides
TOH, Tyr canreact with wide variety of biologically relevant radicaisit with a lower rate
[7]. NG, is able to abstract hydrogen atom/electfimm Tyr with a rate constant &f =
(2.9° 0.3)1 10" mol™* dm®s* to yield phenoxyl radicalsTyrO' reacts with NG" with a quite
high rate constank@ 31 10° mol* dm® s?) leading to 3nitroTyr [7]. Peroxynitrte takes

9
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also part in Tyr oxidation indirectly via its secondary intermediates,\NOH). Moreover,

lipid peroxyl radicals also initiate TyfOformation which then transforms via several
pathways as mentioned befote.addition, Tyrd reacts with @™ with an appreciable rate
constantof k = (1.6° 0.1)T 10° mol* dm® s* opening other reactionaghways[7]. Two-
electron oxidation of Tyr byHOCI gives chlorinated products, the rate constant is several
orders of magnitude lower than that for treelectron oxidantgk & 26-50 mol™* dm® ™).

Tyrosine modifications in proteins have several biological consequences on both cell
signaling and dsfunctioning[7]. The Tyr residue in certain receptors is essential for signal
transduction via phosphorylation pathways that can easily be inhibited by Tyr oxidation. Tyr
modification may also lead to such alteration in the protein that can trigger intespunse
which might contribute to the pathophysiology of autoimmunseases[7]. Intra- and
intermolecular crosnks lead to protein aggregatiofb and 6). Protein aggregates
accumulate during the aging process and they are thought to be toxic in certain cell
compartments probably due to the inhibition tbe proteasome[8]. This phenomenon
appeared to be a common feature of several degemerative disees. Furthermore, the
N-terminal Tyr residue is an essential part of the natural opioid peptides enkephalins for their
opiate receptor affinity9]. Thus oxidation of this residue is supposed to imply a decreased

activity, and therefore, increased pain sensgtloj.
2.1.1.2. Cysteire oxidation

The thiol group confers uniquergperties to cysteine that makhbis residue a key
component in several redox biochemical processes. Due to the low dissociation energy of the
RSH bond BDE = 367 kJ mol; R denoteshe residual cyste@constituent in this sectign
thiols can easily donate hydrogen atom to freecedd[11]. By hydrogen abstraction from
thiols (or electron abstraction from thiolates)yil radicals form CysS (reaction1, vide
infra). These radicals can reagith a thiolate to yieldthree | ect r on 1lbonh depe ¢ i2 & ¢
(2). This reactionconverts the oxidizing thyil radicals (for CYysBARS/RS) = 0.73 \) to
strongly reducing species that can pass the electrorssoldédoxygen yieldingO," and
disulfide bond(3) [11]. Thyil radicals can also react with, @ading to thyil peroxytadicak
(4) that can rearrange to sulfonyl radicals (R$@y further Q addition sulfonyl peroxyl
radicals are generated (REID") in equilibrium thaties far to the rightRSOJd, RSQ" and
RSOQ00' react with an intact RSH giving rise to sulfenic acid, sulfinate and sulfonate,

respectivelyj11].

10
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RSH+TOHY RS+ H,0 1)
RS+RSf [ RS. E. SR] (2)
[ RS. E+B¥RRSSR +0," 3)
RS + 0, RSOJ (4)

However, a much important reaction pathwarjses in proteins as R8an potentially
convert into carbon centered radicals mttamolecularH atom transferThe intramolecular
hydrogen atom transfer towarddysS was first observed in the tripeptide glutathione
involving its N-terminala-glutamic acid12]. More recently, this process was shown to take
place in the model peptid¢-Ac-Cys-Glys andN-Ac-Cys-Gly,-Asp-Glys between Cys' and
the Gly residue and furthermore inN-Ac-Cys-Ala,-Asp-Gly; between Cy8' and the Ala
residug[13]. The hydrogen abstraction from Gdg well as the reverse reactioasebserved
With komwarg = (1-1.1) T 10° s* and keverse= (8-8.9) T 10° s*, whereas in case of Ala the
corresponding values ai@mag = (0.91) T 10° s andkeverse= 11 10° s*, respectively.
Nauser et al[14] haverecentlyshownthat CyS' and analogue systems undergo- Bad
1,3-hydrogen transfer yielding carbon centetétherkaptoalkyl {HsNCH'CH,SH) and'Cy
radicals("HsNCH,CH'SH), respectively. The latter species of Cys uan d e reljronatibn
(release of H8S™). Carbon centered radicals can add oxygen and form peroxyl radicals
which can induce peptide bond cleavage and inevitably irreversible dam#uge protein.

The relevance of thee reactiors in vivo was also investigated with a kinetic model taking
physiological circumstances into accoud® mmol dni® dissolvedoxygen, 1mmol dm?
ascorbate and0 mmol dm?® gluthation. It appeared that even under these conditions thyil
radicals can enter deleterious intramolecular hydrogen transfer processes to a significant
extent[15]. Since under oxidative stress the ascorbate and gluthation concentrations are
expected to bevenlower, the protein damage siggestedo increasdi.e. they cannot exert

their antioxidant action) Moreover, thyil radicals can undergo intramolecular process
involving an aromatic residue as it was found in-Blys and Ph&ly-Cys-Gly peptideqd16].

CysS was shown to add to the aromatic ring of phenylalanine giving alkyétitistituted
cyclohexadienyl type radicals that can further add oxygen forming peroxyl radicals. These
radicals can eliminate Hleading to a covalent thioether crdss that was observed in

other studies[16]. It was also revealed that the presence disolved oxygen

(0.03 mmol dnmi®) via addition to the thyil radical would not outcompete this reaction

11
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pathway. Such crodsk formation is again (similarly to tyrosine residuedgtrimental
resulting in protein aggregation and diminishetvity. The reaction of ¢ with thiols is
quite slow, the reaction rate constants being in tffel®®mol™ dm® s* range[11], and
therefore, this reaction is not expected to compete with the inactivdtis by theenzyme
superoxide dismutasé & 10° mol* dm® s%) in vivo [17]. If high thiol concentration in the
vicinity of O,™ formation is achieved, thengoingreaction proceeds vecomplex formation
followed by decomposition yielding sulfinyl radicals (R%$Cor via direct hydrogen
abstraction leading to RSSnitrosation of cysteine is important in several regulatory
processes. The free radical nitrosatiaam take place by reaction BS" with NO (yielding
RSNO) or directly startng with the thiolatg11]. Due to the low concentration of NO this
reactionis of minor importance. Among various protein residues cysteineneswith high
reactivity against HOC(k = 3T 10" mol* dm® s%) [18], in the reaction RSCI is formed
initially that can further react to give e.g. cystine, cysteic acid, or a sulfonfibdide

The twoelectron oxidation of cysteine (by.€,) is knownto play a key role in redox
signaling SectionS1.2). Oneelectron oxidation pathways are usually not considered to be
involved in these prasses due to thdigh reactivity of radicals and the resultant
unselectivity. However, recent speculations point out that they can be selective via
colocdization of thesource of radicals and target proteiasd indeed radicals are generated
when signalingprocesses occyl0]. Moreover, onelectron oxidation leds to the same

products as twelectron oxidation most of the time.
2.1.1.3. Methionineoxidation

Methionine carundergoeitheroneelectron or tweelectron oxidation in a facile manner
[21]. "OH induced oxidation of organic sulfides initially yields %H adduct to the sulfur
(7) (Scheme 2 H' catalyzed HO or'OH elimination from thisspecies leads to the sulfur
radical cation &), which is a unique unstable intermediate that exhibits special reactivity
featuresSulfur radical cation can decompose via proton abstraction from the adjacent carbon
giving rise to U-(alkylthio)alkyl radicas (©/10) (in these species the spin is distributed
between the sulfur and the carbadhwever, it is of great importance that the sulfur radical
cation carbe stabilized by forming threglectron bonded species with a heteroatom having a
lone electron pai(X = O, N, S, Halogen)ince in proteins and peptides Met residues can be
surroundedby carboxylate, amide, amine or hydroxyl groufs. E . Nelettionr mrded
intermediateg11) were observed in case &methylglutathione[22], in model peptides
[23,24] and in peptidesvith a formula of Thi(Y),-Met (whereY denotes Gly and Pro,
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andn = 0-4) [25] involving the N-terminal amino groupThis processvas proposed ttake
place by direct interaction of the Gatlduct at the sulfur witlthe terminal amino group
(amino group serves as a proton donokminyl radicals {2) can then form via an
intramolecularelectrontransfer in the threelectron bondedpecieg11). This process was
shown to lead ultimately toC;, cleavagegiving carbon centex U-aminoalkylradicals(13)
[22-25]. Threee | ect r on b ®h d ed d $LJEdEPIANeS wereobserved in
cyclo(Met-Met) [26], and in N-Ac-Met-NH, and N-Ac-Glys-Met-Glys [27] involving the

peptidyl carbonyl group and nitrogen atomihese pathways aref great biological

importance.
NHR' NHR' NHR'
0 o) 0
N, N
H < —_— . H H
J\ S . o
o NH, Coo NH COO NH
98+ s
\

S
[ ]
(] .@
JR— S.
Methionine ™ ®
residue (15)
One electron oxidant
(e.g. Cu(1l))
NHR' NHR'
(6] O
NHR - NHR
~
[ ]
S S
\eo \

) 10)
Scheme 20ne-electron oxidation odmethionineresidueR a n d Rtbhe cahteumioh e

of the peptide chain

Moreover S. E. O s peci es Smethylglutaithions22) ance id norbarnane
derivativesin case of steric availability28]. The sulfur radical cation8] can also be
stabilized via an intramolecular electron transfer from a carboxylate group leading to
decarboxylation gseudeKolbe mechanism) and carbon centémadicals as it was reported
in peptidescontainingC-terminal methionine residuy@9]. Dimeric sulfur radical cationef
type S . Bver& also thoroughly obtained in several peptide sysfeé?23,2527,30,31].In
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this case the partner is an unoxidizedfur atomT he f i r st experi ment al
bond formation in a protein was obtained by 'tbel induced oxidation ofalmodulin[32].

In photosenitized oxidation of methionineontaining peptides sulfur radical cations were
also achievechndt he st abi |l i zed SeckEes dbtaineds0].BRecéntlyaind S. E
Met-Lysand LysMet pepti des S. E. bbseanddrespectiyze[g®]. speci es

Such intramolecular complexation tife unstablesulfur radical cationntermediates has
important chemicaland biologicalconsequenced-or instancei n  t-amegloid fpeptide
(b ARAl z hei me rseeSections4.8 i spite of theunfavorable reduction potentials
(EACu(I/1)p ap= 0.50.55 V and the anodic pealotgntial of methionine is 1.5 )Vone
electron oxidation of th&let™ residue takes place by Cu(ll) that is bound toNkerminal
histidine residug[33]. It was proposed that thredectron bond formation stabilizes the
intermediate sulfur radical catidoy neighboring group parijation (peptidyl C=0 group of
the C-terminal 1e*! [33]) and thus renders the oxidation potential of the sulfur less positive
[28]. Later, it wass hown t hat the stabilizing effect o]
could lowe the oxidation potential of anethionineresidueeven by over 0.5 V[34].
Moreover,B e r g ®s [39 thaveaekcently evidencedby determining the onelectron
reduction potentials of model peptiddsat the overall picture ismuch more difficult to
understané@nd these values are a function of spatial structure and amino acid seafubece
protein too. These findingsobviously anticipate that thesusceptibility of a methionine
residue not even differs from peptide to peptide but depends atbe ¢tocus of this residue
and selective oxidation might be achieved in some casetal Minding also plays a role
since it can direct the oxidation to specific amino acid residues that are otherwise not
available for oxidatiorj36]. His residues are abto bind metal ions and indutiee oxidation
of His or His andMet residues in close vicinity to the binding site as it was showithéor
metalcatalyzed oxidation ofiuman growth hormong7], human relaxinf38] and recently
for human parathyroid hormorj86]. These metacatalyzel oxidations presumably involve
TOH and peroxidesn the mechanism§36]. Oxidation of this type is common problem
compromising the preparation of protein formulations.

Special methionineontaining peptide (TyGly-Gly-PheMet, referred to as Megnk in
the literaturg whichhas gained attention currenthelongs to the pentapeptide enkephalins
These peptideare produced under physical/mental stress and inflammation with a main role
of regulating pain sensation [10Ppuring their mechanism of action thewpre exposed to

oxidative stressSince the tyrosine residue is essential for exerting their aci@jityre site of
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the oneelectron oxidatiorand the fate of the radicals arricial issus. In this respect, the
competitionbetween Tyr, Phe and Met residdesthe "OH attackhas been studied silico
[39,40], indicating that onelectron oxidatia of the Met residue is thermaugmically less
favored compared to the Tyesidue Yet it has beerexperimentallyproposed that the
methionine is the major target and the forming sulfur radical cation is engaged in a
intramolecular electron transféprobably through spaceyith the Tyr residudeading to
tyrosyl radicas (TyrO") [41]. In line with this, dityrosine was found to be the major final
product[41,42] Recently, the possibility of such an intramolecular electron transfer was
substantiated to be thermodynamically favored on bases of the calculatetecinen
reduction potetals [43]. Whereas methionine oxidation can be repairede( infra),
formation of tyrosyl radical is always deleterious.

Sul fur radical cation compl@xwtsaraeconstanpe S. E
of k = 5.3T 10° mol* dm® s* andk = 1.61 10'° mol* dm® s?, respectively, forming the
corresponding sulfoxidgt4]. Since this reaction can efficiently compete wthie reaction of
superoxide dismutas& ¢ 10° mol* dm® s [17]) in vivo, this can be an important final fate
of the oneelectron oxidation in peptides and prote{$. Moreover, in the presence of
natural photosensitizer this wddhown product may be replacéu vivo by an adducas it
was reported in the photosensitized oxidation of peptides containing metH@hjine

The major product that arises from the oxidation of a methionine residue is the methionine
sulfoxide in case of a wide range bfologically relevantoxidants, intuding peroynitrite
(k = 3.61 10° mol* dm® s*), HOCI (k = 3.81 10" mol* dm® s%), H,0, (k = 2T 107
mol* dm® s?) and singlet oxygenk(= 21 10" mol* dm® s?) [3]. The reaction of peroxyl
radicak with methionine implies an adduct formation that clatomposeeither via one
electron transfer leaving sulfur radiaation behind orvia two-electron transfer leading to
the sulfoxide[11]. Methionine sulfoxide exists in two stereoisomeric fer({R) and (S
configuratiors at the sulfur) Of course, the isomeric ratio deperimsth on the environment
and on the oxidantnside the cell methionine sulfoxide can be repaired back to the reduced
form by the enzyme family of methionine sulfoxide reduct@dder). These enzymes are
highly substrate and stereospeciflee enzymeMsrA reduces only the proteimased and free
methionine(S)-sulfoxide, whereas regeneration of i) epimer needshe enzymeMsrB
(proteinbased) andree methioningR)-sulfoxide eductasefRMsr) [45]. With this the cell
can invoke a last antioxidant measure. methionine oxidation that can be repaired, and

thereforemethionine is thoughttobetde ast chanciavivmnt i oxi dant o
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Neverthéess,if the cell fails to repair the damage on methionimsiduesthat can have
severe consequenceSuch abnormality can be the result of several pathologies and
biological aging. The oxidized methionine content increases with aging due to several
reasong46]. Oxidation ofthe methionine residue of a protein converts a hydrophobic side
chain into a hydrophilic one, which can result in an altered structure and loss of the
functionality. Indeed, methionine oxidation has been implicated in many dise@kes.
oxidation of methioninewas suggested to be involved mamyloid aggregation and
neurotoxicity and thereforein t h e pathogenesi s ovide upr& hei mer
Moreover Ucrystallin oxidation was thought to be involved in cataract formatiorifiga
cause of blindness the world, the sites of oxidation are methionine and cysteine residues
[47]. According to the present knowledgeh e unusual sol ubdymcleml i go me
is toxic and medi ates t hel[48p # widscshowry that thef Par
formation of such oligomer requires the oxidation of methiongsédueof the proteinand
therefore oxidative stress plays a key role in the pathogeljé8isRecently, it has also been
shown that methionine oxidation destalaizhe prion protein fold contributing to an early
step in thedevelopment of prion diseas@s0]. In addition, the irreversible oxidation of
enkephalins \ide supra during oxidative stress can be associated with inflammatory
disorders As it was pointed out beforesince methionine residues can be highly susceptible
to oxidation especially in the presermfemetal ions formulation of protein pharmaceuticals

sometimes encounters difficulties.
2.1.1.4. Oxidation of lipids and DNA

Due to thehigh abundance of proteins and peptides inside the cell they are the initial
targes of reactive oxygen species. They caither serve as protective agents to avoid the
damage of more important cell compartments or by forming reactive protein raditate
the oxidation of other biomolecules. For exampilgd peroxidation is a deleterious event
during oxidative stress that can be mediated by thiyl radidddat is thiyl radicals can
abstract hydrogen atom from unsaturated fatig or add to th double bond forming carbon
centerd radicas and subsequently peroxyl radis in the presence of oxyggsi]. However,
thyil radicals were shown to be scavenged by proteins bstmte an event would take place
exhibiting protective featurm this respecf51]. DNA is also surrounded by proteins and the
oxidative damage was also shown to involve these proteins instead of the DNA in several

caseg5].
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2.1.2 Antibiotics as exogenowsdressor®f oxidative stress

Oxidative stress can also be induced by exogenous stressors including UV light, ionizing
radiation, certain drugs and xenobiotjaaflammatory cytokines and environmental toxins.
Redox cycling drugsincluding viologens, quinones, etcexert their toxicaction via
abstracting electrons from redox systefosming reactive intermediates that cpass tle
electronto molecular oxygelyielding O," [52]. Compounds that induce oxidative stress in
such a way are e.g. doxorubicin (anticancer drug) and paréugrhicide also known as
methyl viologen. Growing evidence indicates that certain antibiotics are also implicated in
exogenougxidative stress induction.

It has been reported biohanski et al.[53] that bactericidal antibiotics (ampicillin,
norfloxacin,kanamycin)oesides their targefpecific actioractivatethe generatioof reactive
oxygen specieswvhich might enhance thdrug-mediated cell death ioase ofbacteria.This
finding was further substantiated by several stufbdss7]. The mechanism wasuggested
to include the fast depletion of NADH through the tricarboxylic acid cycldeading to
enhancedO,™ productionvia the respiratory chairO," reduces[Fe-S] clustersand the
forming Fé" by reacting with HO, yields "OH via the Fentonreaction.This points out that
antibiotics cause rederclated alterations that generate reactive oxygen spegaaty
responsible for their lethality55]. The idea fostering ageneral ROSmediateddamage
caused byactericidal drugs wasoondebatedy several reportga) lethality remainedeven
in the absence of oxyge®8,59] (b) different outcome of Cpx stress response among
antibiotics[60] and €) criticized experimental techniques of diagnosing oxidative stress
vivo [61-63]. Although there is still some debate in this fie]@4], conclusionsseem to
become consolidated65]. A key role is attributed to the oxidation of thecteotide pool
during antibiotiemediated oxidative stre$65]. It appears that ost of theargumentsarise
from discrepanes between welknown characteristics of oxidative stress and antibiotic
induced oxidative conditior[§4].

Several antibiotics interfere with mitochondrial processesin eukaryotic cells (e.g.
penicillin derivativestarget the carniine/acylcarnitine transportegi66]), which might be
explained by the theory of theacterial origin ofmitochondrion[67]. The electron transport
chain of the mitochondrions thought to bean important produceof ROS in mammalian
cellson account othe leakage of electrorfSectionS1.1). Kalghatgi et al [68] haverecently
shownthe loss of mitochondrial functios in eukaryotic cellsoriginating frombactericidal

antibiotics resultingn oxidativestress due to overactivation of ROS generation.
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Thediscrepancies outlined above will definitely remain until clarifying the mechanism by
which antibioticstrigger oxidative conditionsn vivo. This effect certainly differs from the
usual pathways. Stjlresearch needs to go ahead towards understanding these mechanisms
since it may providenovel insights and perspectivefor developing new antibiotic agents

against the emergingsistanpathogensfection2.4.1).
2.2. Introducing a special group of antiliotics: penicillins

Since a particular group of antibiotics, namely the penicillin-gnaoip of b-lactam
antibiotics, is the subject of thilsesis herea short insight into their recowdill be given

The story of the iconic antibiotic penicillin is starting wileminggs obser vati o
St . Maryods Hospital Me d[69¢, aHich iS redamlex las aiground. o n d o r
breaking milestone in medical histofy0]. The subsequent introduction of psin into
medical practice brought welfapgotectingcountless millions of lives. HoweveFleming
also observed that microbes can be resis@tt{on2.4.1) against these agenf&l]. In the
following decades, great efforts have been made to bro#demntimicrobial spectrum,
improve the bioavailability of the original penicillin scaffold and achieve sufficient potency
against the emerging resistant strains. In the early years of the antibiotic era, only two
naturally occurring penicillin, penicili G and penicillin V were availabléChart 1).

Isolation of thecommon6-aminopenicillanic acid nucleus brought a breakthrough, allowing
medicinal chemists to perform fundamental changes by achieving a myriad ef/static

analogues [72]JAmong themacidr esi st ant ami nopenicillins (ai
lactamaseesistant isoxazolyl penicillins (e.g. cloxacillin)aiged great prominence

(Chart 1) . Di scovery of t h elactanespldd &d @ farfher range ofc | a s s
semisynthetic devatives overcoming many limitations of penicillins (e.g. cephalexin

(Chart 2); cephalothincefaclor(Chart 1) etc), providing extensive antimicrobial activity.

At present, tremendous amount of information is available addressing the chemistry and
biology of b-lactam antibiotics, the author refers to comprehensive compilations edited by
Page[73] andFlynn[74]. The chemistry of thé-lactamstructure still represnts a sparkling
area of researchThe chemistry of penicillins will be addressed dgtgpstep throughout the
thesis to make the discussion easy to follow.

Penicillins share the same penam scaffold, a-foermb e rlaetdm dystem fused to a
thiazolidine mg, whereas cephalosporins have a cepham skeleton with an expanded
dihydrothiazine ring Chart 1) [75] . T he e pactany isva ayslic énide ring with

i nherent strain, whi c h i-Bactants exeretliefr @tnticroisd ¢ h e 1
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action by inhibiting the pathway of the cell wall biosynthesis in bacteria via targetiag
enzymegranspeptidases (Penicillin Binding Proteins (PB&)yl mirroring their natural D
Ala-D-Ala substrate Ghart 1) [76] . Tlc@amribg is areactiveacylating agent, which
binds covalently to the serine residue of the enzyme, generating a practically dead acyl
enzyme complex. It follows that in the absence of the-foembered lactam ring (i.e.

opening of the ring), they lose the antibacterial agtivit

H ‘ H v HH
' H
m 3 J;I\'J/ P 0 iN%
of : : 0 : I €
COOH 3 co O“Rz COOH
Penicillins : Cephalosporins D-Ala-D-Ala
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R, =H R;=H ?5\/0 0
6-Aminopenicillanic acid | \f

7-Aminocephalosporanic acid

Satlonal B

Penicillin G Penicillin V s—Cl
| (6]
NH, NH, Cefaclor
Ampicillin Amoxicillin 1 /) Ss‘\/o 0
0 .S
al N/ Cephalothin
) |
Cloxacillin !
Chartl.Peni ci |l I i n and clacmim antibioscgromicryomfthe| ass of

D-Ala-D-Ala substrate is highlightad red

Penicillins and cephalosporins are still the most consumed antibiotics in the community
and in hospitasettingg77]. In the United States, a significant amoun880 t in2013) ofb-
lactams is dded to these consumption sectbesng approved for growthpromotion in
agriculture[78]. Unfavorably, these antibiotics exhibit poor human metabo[ig®h, and
therefore, are excreted mainly in unchanged fdisgharging considerable quantities into the
aqguatic envir on me n{actamAastibioicshave hesrwidely eletected, b

e.g.in wastewater effluentsee Section.2.2) [80,81].
2.3. Generation of biologically relevant free radicalsn vitro

By recognizing the biological relevance and oxidizing powelQif, several techniques

have been elaborated over the past decades to generate these species efficiently and
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economicallyOntheone hand, these techniques are utilized to understand basic mechanisms
of "OH reactions and on the other hand huge efforkien to implement these methods to
solve such problem as environmental polluti®hcoursestudyingthe former is essential for

the latter.Since the oxidizing species applied during traditional wastewater treatment and
drinking water production affar less good oxidants thd®H, theyfrequentlyfail to degrade
pharnaceutical residues that areleased into the wer environmen{82,83]. The methods
based oMOH generationhistorically referred to addvanced Qidation ProcesseSAOP),

are regarded to be promising tools to eliminate such refractory organic polfutantaater
matrices [84]. AOP include several techniques: photolysis (VUV, UWOUV/H,O;,
UV/HOCI, UV/S,0¢”) and photocatalysise(g. anatase Ti) electrochemical oxidation
techniques, oxidation based dtenton chemistry, ozondased processes, sonolysis and
ionizing radiation As a matter of fact, there are also many other, not economical laboratory
techniques to study tHeee radicakeactions elevant in biological process¢g&5].

Radiation chemical techniques provided most of the present knowledge about free radical
chemistry of biomoleculef86]. It is partly due to the versatile opportunity to study each
ROS/RNS separately and convenientlyéquested quantities@H, O," , NO,") by changing
experimental conditions or using diffeteadditives. On the other hanal,wealth of data has
been obtained by using fast techniquepulse radiolysis seeSectionS2.3) to unravel the
early mechanismsfdree radical reactions. Althoughhas been introduced first i960[87],
it still dominates the field, whicls testified bythe numerous studies thetvealedthe
mechanistic detts of radical reactionsliscussed above using this techniqtieis thesis is
also devoted to radiation chemistaydtherefore some basicaregiven below.

2.3.1. Principles of radiation chemistry: water radiolysis

Radiation chemistry deals with the chemical consequencegenfction ofhigh energy
radiatiors such aso-rays, Xrays and charged particled-farticles) with a medium of
interest Since the energy is far above the ionization energy of molecules, upon absorption
they ionize the medium they were imparted to. Therefore, they are collectively rateasd
A onizing radiationso.

2Rayslose theirenergy via several processes) photoeectric effect (important below
0.1 MeV); (B Comptoneffect (considerable in the 0AD0 MeV ange); (¢ pair production
(electronpositron paiy the energy should exceed 1.02 MeV since the rest mass of electron
and the positrois 0.51 MeV); (d photeexcitationof the nucleus (above 10 MeV, this is not

the subject of radiation chemistr{§8]. In radiation chemical studie§’Co (o-ray energy
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roughly 1.3 Me\j and**'Cs 6-ray energy roughly 86 MeV) sources are used for irradiation
purposesand therefore, most of thenergyabsorption occurs through ti@mptonprocess,

in which high energy electrons are produced. These electrons lose their energy according to
the Betheequation[88]. The number of photon$ éxpressedn [photonscmi?]) at a defined

depth &in [cm]) of the absorber is given ds= Io1 © &wherely is the beam intensity before
penetration and is the linear absorption coefficiefih [cm™]) of themedium of interest.

High energy electrondeposit their energy via excitation and ionization of the molecules
of the medium. As described by tBetheequation, the rate of energy loss decreases with
increasing electron velocity up to 1 MeV (and does not change considerably above) and is
inversey proportional to the excitation potential of the medi[88]. It follows that as the
electrons lose their energyehbecome more heavily ionizing, initiating furthenization in
the neighborhoodl'he penetration depth of electsoimto a medium increas with increasing
energy considerably below 1 MeV (due to the decrease in energy loss) and liatzan
dependencafter. The penetration profile describes a peak in contraryrays (for further
details se¢89]). From the point of view of radiation chemical practice it should be noted that
some part of the energy is lost when the electron is rapidly decelerated emitayg X
(important only in case of high atomic numbers, (iZ8. for metals) and a small part is
diffused aLCherenkovadiation[88].

Since the action af-raysresides irthe Comptoreffectit is easilyunderstoodhatelectron
beam and-ray irradiationhave practically the san@mnsequenceand mechanisra of their
interactionwith a medium of interesare compatible. This allows us tonravel complex
reaction mechanisms: one caarform final product analysufter o-irradiation and by using
short pulses of electrons observe transient species and the very early reactions. Another
hailed feature of radiatioohemistry arises as the energy deposition occurs unselectively, i.e.
the molecules are ionized according to their relatiaessin the medium. It follows that in a
dilute aqueous solution (concentratiorl nmol dm?) the energyis absorbed by the water
and the direct ionization of the moide of interest is negligibléThis makes it possible to
conveniently study the reactions of a molecule with the water radiolysis intermediates.

The initial event in the radiolysis of watertige ejection ofinelectron from the molecule
(Figure 1) yielding H,O™. This electron might have enough energy to ionize another water
molecuk in the very neighborhood, whidkads toa high local concentration of ionized or
excited molecules. Thesseparated elements (in easf gently ionizing radiationj.e. o-

ray/electron beam) are called sp{®6]. The radical cation O™ is known to be a strong
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acid, which reacts readily with another water molecule t0%* s to yield"OH and HO".

Electronically excited state water moleculegOi are also present and thought to decompose

into "OH and"™H. The ejected electron gets surrounded by water mokeculEd*? s forming
a new entitycalled hydrated electrona@).

As a result of the primaryeactions'OH, ™H and aqT are simultaneously present in the
spur. Then these primary products start to diffuse from these elements ewdintbives rise
to random combinations forming new radicals or molecular speci&Hifencounters with
anotherone HO, is formed, the reaction rate constant of this reactiorkis 2 1 . 1° T
mol™* dm® s [4]. H, is another molecular product that is formed in the collision of"tvor

two €y , the reaction rate constants ake=2 1 . 58 md’ d’@' and2k= 1. 10 1T
mol! dm® s?, respectively{4]. Whereas these reactions are described by nonhoemgen

kinetics[91], after the spur reactions aveerand the primary reactive species diffused to the

bulk they become homogeously distributed. lis generally accepted that the system can be

described by homogeaus kinetics after 10s[90].

Figure 1. Seguence of reactions in the spur

To continue our discussion we need to be able to quantify the yields of the primary

forming species. In radiation chemistry tBevalue is used for this purpose, that is equal to
the formeddestroyedspecies per one Joule of absorbed energy given usuafynol J*
(note that originally it was expressedspecies(100 e\}?, to convert into the SI unit one

needs to multiplythis valueby 1.0361  f).0rhe yields of primary species homogensly
22
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distributed in the solution between pHL3 are as followsG("OH) = G(e,q ) = 0.280mol J*,
G("™H) = 0.0620mol J*, G(H,0,) = 0.0730mol J*, G(H,) = 0.0478mol J* [92]. Theamount
of reactive species that will react with the solute depend$h® scavenging capacity the
given moleculgK[S], rate constant times the solute concentration). Since spur processes are
overin 10° s, in case of a solute witS] O 107 s* the available reactive species are as
above. This means that a solute reacting with the diffusion controlled coatstant
(~ 10" mol* dm® s%) at 1 mmol dm?® concentration defineshe limiting value. 1 the
concentration is higher, solute molecules will also scavenge species competing with the spur
reactions. This implies that the initially available amouni@#fi is higher than that discussed
above. A formula to determine this value YoH isgivenin [93].

It is the prominence of radiation chemistry that by choosing the experimental conditions
appropriatey (for details seeSection4.2.1.3)one can study the reactions of these primary

species separately with a compound of interest being the solute.
2.4. Free radicals for environmental protection

There are several issues of environmental pollution affecting the total environment
- including all human beings that awaken the interasbf scientists and stimulate the
researchtowards finding a solution tthe problem. Probably the mostriking concernin
respect of morbidity and mortalitgpresentshe emergingntibiotic resistancef bacterial
species that needs urgesd coordinatedneasures in the field of medicine, medicinal

chemistry and environmental chemistry.
2.4.1. Antibiotic resistance

Antibiotic resistance is frious problem worldwide threating the humankind. Without
stopping it the modern medicine might leap back to thenewehich bacterial infection (e.g.
meningitis, pneumonia) was the main cause of death among the popuftionThe
epidemic dissemination of resistance is highlyitaited to the selective pressure applied as a
result of the imprudent and widespread use of antibiotics in both human and veterinary
medicine[95]. Pharmaceutical industry is not catching up the pace with developing new
antimicrobial agents since they se@ninvest into more lucrative markets taking aim at-non
communicable diseases (chronic conditions: diab&tgsertension etc.) [96Preserving the
efficacy of extant antibiotics perceiving as our heritagheseforeessential for avoiding the
global fail of medicine. In this combat a vital approach is to mitigate the-mmehe

evolutionary force by minimizing the anthropogenic impact on the species aro[81.us
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Bacterial resistance is no more than a prominent manifestation of the Darwinian notions of
selection and survival, in which case bacteria not onhgpeiewith bacteria butvith us for
occupyingour commonrecological nichg98]. The selective pressure has beentioously
maintained in the pa®i0 years with release of many millions of tonsaafibiotics into the
biosphere along with other toxic agents (rspecific pressure). There ishaige pool of
resistancegenesthat is referred to as resistome [99These genes can be transferted
pathogenic bacterian response to the selective pressure. Spread of antibiotic resistance
emerged to such an extent that in some cases clinicians need to face treatment failure due to
the lack of any effective agefit00]. Currently, world health leaders are putting a lbeffort
into surveillance to assemble information for a global respdds® Department of Health
and Human Servicd401]; World HealthOrganization102).

There are so called Agenetic reactorso i
populationsunder selective pressure that facilitates the exchange of genetic itiforma
involving different microorganismgl03]. Sewage treatment plarttgrba one of them since
during the activated sludge procesmicrobial community and sublethal level of antibiotic
concentration are simultaously present promoting tfitgssemination of antibiotic resistance.
Indeed, urban wastewater treatment plants have ledemed toan h ot spot so f or
antibiotic regstant strains and determinants into the environrfié]. From this standpoint,
it is of special interest to eliminate the low antibiotic concentrgti@sent invastewatein
order to exclude the spread of wastewhiam antibiotic resistandé05].

To prevent the exposure ofthe environmental microbiota to antibiotic residues
degradationinitiated by strong oxidantsis suggestedor the removal of thesecompounds
from wastewater matricesAdvanced OxidationProcessesare gaining importancen

depleting the residual antibacterial activitydstewater by means WH reactions.

2.4.2.b-Lactams as hazardous water pollutants

Antibiotics containingb-lactamring (Chart 1) have beerfoundin different surface and
wastewatematrices[80,81,106], which is understandable as longtheir poor metabolism
(~ 60% is excreted in unchanged foiim case of amoxicillihand their widespreadseare
concerned77]. Bacteriar e s i s t-lactatns[1074.09 and the correspondingantibiotic
resistance geng¢410-112 have beemsolated fromseveraksewagdreatment plants.

2.4. 2. 1. Adyv an-aaas forelimohaingithe antindcfobid activity

Due to the increasing concerns surrounding the presence of antibiotics in water

environment, speal attention has beewlevoted to study the removal of these agents using

24



LITERATURE REVIEW

AOP.Numer ous studies have bee n-lacgtammerivatvesdby on t I
means ofozonation[113-119, Fentonoxidation [114,123130], photocatalysisusing TiO,
[131-13€6, UV and UV/H0O; inducedoxidation[114,137139], oxidationusing ferrate(VI)
[140,141] SO, induced oxidation [142-144], water radiolysis[145-151] and sonolysis
[152]. Amoxicillin received particular attention as a model compound, since it is the drug of
choice for treating sever al i-lacfamm antibiottdi7ze , b ei n
The validated targetsf reactive species of sever®DP are shown irChart 2 in case of
penicillin G and cephalexinOzoneattack occurs at the thioether mgiaif penicillin G
generating sulfoxide isomef417,119] These isomers retain the antibacterial activity (for
(R) isomer the activity is 45% of the parent compound) and are recalcitrant to further
reaction with @, whereashey canreadily transform if'OH reaction[119]. Ozonation of
cephalexin aqueous solution yields the sulfoxides wBR% efficiency (R) isomer is ~83%
as active as the parent compound formed iB4% vyield), since the double bond of the
dihydrothiazine ring provides another tardétl9]. The sulfoxides of cephalexin were
reported to be further oxidized in both; @nd "OH reaction leading to quantitative
elimination of the antibacterial activity. Addition to the double bond leads to opening of the
thiazolidine ringand destabilizatin oft h eactém system, thus inactivating the antibiotic
[119]. If the primary amine group is in unprotonated form, it further contributes to the
degradéion pathway [117]
Ferrate(VI) o x i d at i-lactams ootcursbwith relatively lower rate compared to
ozonation[140], the apparent reaction rate constants were determined to meofidm® s’
and 686mol* dm® s (whereasko app= 4 . §mditdrt’8'and 8 ol dm’ &'p
for penicillin G and cephalexin at pH 7, respectijdly7,140]. In penicillin G, the thioether
moiety is the site of the attack, and an additional unprotonated primary amine group in case
of cephalexin provides a new reaction center increasing thecosigtantwith O; and
ferrate(VI) The almost 2dold increase in the rate constant for the+Qcephalexin reaction
compared to penicillin Gesides in the appreciable reactivity that ozone exhibits to double
bonds. In case of cephalexin, retaining antiaal activity was observeds a result of the
ferrate(VI) oxidationowing to the significant antibacterial activity of the sulfoxide and the

final product sulfong¢140].
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(@)
Ferrate(VI) =3 Ferrate(VI)

Ferrate(VI) \ l 3
"N\

o : 0
COOH
CO(‘)}Oz
Penicillin G Cephalexin
Chart2.Val i dated targets of reactiJactamspeci es

Sulfate radical formed via activation of £ using UV light or generated pulse
radiolitically, was s hownlactamg142:144] Tihe reactbn gh r e
rate constants for SM + penicillin G and cephalexin were determined to be
(2.08° 0.04)T 10’ mol* dm® s* and (2.44° 0.04)1 10° mol* dm® s?, respectively.
Although the rate constants aretguiigh, these reactions are thought to remain still mainly
activationcontrolled[144]. SO," targets predominantly the thioether moiety of penicillins
exerting oneelectron oxidationwhich yieldsthe sulfur radical cation intermedidtiet3,144]

For cephalosporins, the doulidend of the dihydrothiazine ring was suggested to be the main
reaction locus based on transient spectral investigatlddd. SinceSO," attack takes place

i n cl ose pr olxctammsystgm, its gotential for @inating the antibacterial
activity has also been assunjéd2-144].

The feasibility ofradiation technologyand most of the AOPfor elimination of water
pollutants relies on the high reactivity 8H with these compounds, since under real
operatingconditions most of theaé are scavenged by dadsed oxygen (present at ~ 0.27
mmoldm®concentration at 20 AC and Kk=1®ft 0¥ wi t h
mol* dm® s* [4]. Since the scavenging capacity is higfS{ =5 . 3 °is?), & follutant
concentration of 9.1 mmol dm?® is about to compete with this reaction taking a reaction rate
constant of ~ 18 mol* dm® s* with the hydrated electron. This concentratisrirrelevant
for real wastewater matrices (nanomolar and micronpm#utantconcentrations)dowever,
in case of high dose rates (electron beam treatrd@nthution of the Q-contentmay occur
and reactions of the hydrated electron with a saohagstat to play a role (fodetailsof the
processee[153]). Therefore, this reaction also needs to be taken into account for providing a
complex picture of the treatmerithe reaction rate constant values published previously for
penicillins and cephalosporins, using pulse radiolysis techniguedisted inTable 1 The
reaction rateonstantof 'OH r e a c t ilactamsaveiquiethighb but thought to be still

not diffusion controlled148]. Neverthelessthe temperature dependence of the reaction rate
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of the penicillin G oxidation yielded an activation eqeof E, = 17.2° 1.3 kJ mof* [148],
which is within the range of 159 kJ mot* characteristic for truly diffusiomontrolled

reactions in aqueous solutiftb4].

Table 1L Summary of the reported rate constgn&0® mol™ dm® s*) for thereaction of'OH
and @ wi t-lactams, measured using pulse ragiid techniques

Penicillins Ko Keaqr Cephalosporins Kon Keacr
(7.977 0.11F 3 g0 0.1} Cefaclor (6.00° 0.13]
Penicillin G o , 0 ,
(8.7, 30'3,;2; 2.7 Cephalothin (5.517 Q.ZZQZ’C 11¢
(8.767 0.28) 5 760 0 24y (8:22° 0.14F
Penicillin V fotaxi 8° 0.
enicillin (8.54° 0.27) . Cefotaxime (9.8° 0.95 (9.8° 0.5f
21.3 AC . RT
Ampicillin (8'2%02 _0'7292(; 57 Cefazoline (6'4§02 0448£C
Amoxicilin ~ (6:947.044T 3 470 0 o7y Cefuroxim (13.0° 0.1F 990 g.5f
Cloxacilin  (6:277,0-15) 7.5 Ceftazidim (7.9° 08" (100 005§
6- o . (3.35° 0.06} Cephaloridine - 2¢’
Aminopenicillanic (2.40 RTO'OS)a
acid 3.6 Cephalosporin C 8.9
7-Amino-
cephalosporanic 8.6
acid

®Song et al. [147]; °Dail and Mezyk [148]; °Crucq et al. [155]; “Philips et al. [156];
RT: RoomTemperature

Penicillins possesseveralmoieties on their structures sensitive'@H oxidation. Since
hydroxyl radicalshowsprominent reactivity towards aromatics (e.g. rate constants are in the
0.217 1017 10" mol* dm® s* range[157]) and organic sulfides (e.geaction of'OH with
(CHs),S, (CH3CHy),S and (CH),S at thediffusion controlled ratg158]), a competition is
thought to take placeinvolving the remote aromaticing and thioether moigt of the
penicillin scaffold The reaction rate constant of th@H + 6-aminopenicillanic acid (APA)
(Chart 1, the nucleus thais responsible for the antibacterial activity) reactitas been
published ak = (2.40° 0.05)1 10° mol* dm® s* by Song et al[147]. The smallerk value
for 6-aminopenicillanic aciccompared tgenicillins led them tostate tlat the APA moiety
has a minor contribution to the overall oxidation mechaniddail and Mezyk[148] by
obtainingthe reaction rate constantsf sevenb-lactan antibiotics concludedthat the'OH
attack occurs only with 30% at the doubieg system of these compound3n account of

the remainingntactpharmacophore thieability of "OH to removethe antimicrobial potency

27



LITERATURE REVIEW

has also beespeculated144]. Philips et al.[159] have reported orthe degradation of
penicillin G using water radiolysis techniques astiserved a gld of ~0 . 05 ©fanche J
ring-hydroxylated derivativesvhichis equalto ~ 18% of the initially availabléOH.

In cephalosporins competitictakes place between the aromatic/heterocyclic side chain,
the sulfur atomand the double bond of tlighydrothiazine ringChart 2). As a result, lower
reaction rate constants could have been obtaineddbt (Table 1) due to the lower
reactivity of the competing moieties (regarding cephalaf@imart 1) e.g.k = 3.3T 10’ mol*
dm® s* for the thiophene #OH reaction[160]). By comparing cefaclofChart 1) and
ampicillin possessing the same side chain, the lower reactivity of the dihydrothiazine ring
owing to the double bond can also be concluded. Furthermore, the reactivity of the
nucleophile hydrated electron increased feanTinocephalosporanic acid coampd to 6
aminopenicillanic acidupportingthis assumption.

The hydrated electron shows high reactivity towards cephalosporins, practically diffusion
controlled rate constants have been achigVedble 1). Therate constanof the reaction of
eaqT with ampicillin is enhanced owing to the protonated primary amine group as a potential
target for deamination, and for cloxacillin it is even higher since the aromajiceached a
relatively electrorpoor state.

To evaluate the antimicrobial effect ahmsformation products on bacterial strains, one
need to recall microbiological practice. Several studies have monitored the change in
act i v ildctams adringfdvanced oxidation B9H using bacterial assays, involving
mainly broth dilution method$118,119,131,137,138]These measurements are based on
monitoring of the bacterial growth in serially diluted antibiotic samples to achieve dose
response relationship, which provides a quantitative evaluation by revealiB Btevalue
of each sample (fom brief scheme of the measurement EEE8S]). These studies have
reported on the remaining antibacterial activities of the forming products in penicillin G,
cephalexin[118,119] and amoxicillin sample$131,137] Furthermore,Otto et al. [151]
deter mi ned t he st oi ¢ hi o mlactamyinactivationete ®ea-By f or

"OH/penicillin molecule.
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3. AIMS AND OBJECTIVES OF THE THESIS

I. Free radical induced oxidation mechansm of a penicillin derivative possessing sites

on its structure prone to the attack offlOH

It is apparent from the above consideratiddsction2.1.1 andSectionS1) that unraveling
the reaction mechanisms of th@H reaction with proteins and following the subsequent fate
of the forming radicalsare essential for understanding the pathophysiology of several
diseasesThis is especially important as jgrovides basis for future drug development.
Ongoing researds are aimed at studying the early events of the arlectron oxidation of
model peptides. Howevem proteinsthe situationappearsoften to be more difficult to
understand owing to thesomplex and sophisticated nature.

In peptides (like enkephalins) aptbteins methionine and tyrosine/phenylalanine residues
can be simultaneously present. This further complicates the system since both residues are
susceptible tdOH induced oxidatioriThe cooccurrence of an aromatic and thioether moiety
in one moleculecan also be foundn a certain group of fungatecondary metabolites:
in penicillins. The peculiar structure of amoxicilli@hart 3), a widely used semisynthetic
penicillin derivative, makes it a promising candidate for studying the competing reactions of
TOH with these moietieszurthermore, as pharmaceutiggienicillins can also be subjected
to oxidative stresm vivo.

For these prposes the free radical induced oxidation mechanism of amoxicillin was
studied by means of radiation chemical technigResse radiolysisnethodswere applied to
study the pimary steps of th&OH induced oxidation. Final prodsctformingunder differen
circumstances, were identified order to understanohulti-stepreactions ando clarify the
contribution of each reactive oxygen spet¢@ethe oxidation process

e COOH
e 1X
N S
H §
HO

Amoxicillin
(AMX)

Chart 3. Amoxicillin possessing a thether noiety anda phenolic side chain

29



AIMS AND OBJECTIVES

[I. One-electron reduction mechanisnof penicillin derivatives

Oxidative stress phenomenon connected to bactericidal antibiotics in bacterial and
eukaryotic cells is a matter of recent intereSedtion2.1.2). It is known that several
antibiotics (penicillins as wellnterferewith mitochondrialprocesseand this was proposed
to induce ROS generation pathways. The exact mechanism is not specified, however, it might
be essential to dispel several debatdkimfield.

In this respect we were particularly interested in theealectron reduction mechanisof
penicillins. The electronsescapingfrom the electron transport chain in the mitochondria
might induceoneelectron reductiorof a moleculethat might generate reactive species
attacking biomolecules ajiving the electron t@ppropriatepartners e.g. to £ This process
might give further information to understand the oxidative stress phenomenon of penicillin
derivatives.

Therefore the mechanismof eaqT reactionwith model penicillin derivatives, including
amoxicillin, ampicillin, cloxacillin, andhe 6-aminenicillanic acid sustructure(Chart 4),

wasinvestigated by means ptilse radiolysis techniques.

(0] COOH 0) COOH
X %
N S H,N S
H §gy H H
(0]
Amoxicillin 6-Aminopenicillanic acid
(AMX) (APA)
0 COOH 0 COOH
AR SR
N N N
S Y S
H §H H H
Ampicillin Cloxacillin
(AMP) (CLX)

Chart 4. Selected penicillins for studying the eakectron reduction

[ll. The eaqT andTOH i nduced des tlactant dystemrthat aldterntinbsethe b

antibacterial activity

Antibiotics in general and penicillins in particular are hazardous water pollutants.
Their presence in wastewater facilitates the spread of antibiotic resistance among several

bacterial species that has a serious impact on human h&altkliminate the residual
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antimicrobial activity of wastewater implementation AdvancedOxidation Processess
recommendeadpplying"OH as oxidant

As it was mentioned befor&éction 22) ,  {Hatbtan system is essential for penicillins to
exert th& antimicrobial activity(it is the so called pharmacophar€pmpetition is expected
to take place H@een the remote aromatic and thioether moieties for'@he attack. The
outcome of this competitiocertainlydetermineshe efficiency of the antibiotic inactivation
since the thioether group is close to the pharmaco@rateéhe intermediates of oeéectron
oxidation might eventually induce destruction of this system. Previously, dtblean
suggested on kinetic grounds t&H attack occurs mainly at the aromatic side chain of
penicillins and thenability of "OH to removethe antinicrobial potency othe moleculehas
also been conclude@ection 24.2.7). However, after evaluating tH®H induced oxidation
of amoxicillin (Objective I) different picture wagmerging for us

This discrepancy prompted us to investigate the efficiency of elimination of the essential
pharmacophore under differemircumstancesand to reveal the pathways that might
ultimately bring aboutopeningo f  tldttam ring Therefore,the eaqT and "OH mediated
inactivationof amoxicillin wasstudial concerningalsokinetic aspects with involvement of

substructure compoundn themeasuremest(Chart 5).

(0) COOH (o) COOH
NH, u N /§< N /§< NH,
N S H,N S OH

H H H H

(0] (0]

HO HO
Amoxicillin 6-Aminopenicillanic acid 4-Hydroxy-D-phenylglycine
(AMX) (APA) (HPG)

Chart 5. Amoxicillin and its substructure coropnds as subjects tfis study

IV. The effect ofoxidation products of penicillin derivatives on bacterial strains

Advanced Qidation Processesare the methods of choice for elimination of antibiotics
from wastewater matrices as long as their high efficiency is taken into account. It should be
noted, however, that several studies have shed light on the remaining antimicrobial activity at
the begnning of the treatmenin account ofOH reactiongSection 24.2.). From this point
of view, we studied the effects of the products of the free radical oxidation of model
penicillin derivatives (amoxicillin, ampicillin, cloxacillinQhart 4)) on Grampositive and

Gramnegative bacterial straissipplemented by a structdbased chemical approach.
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V. One-electron oxidation mechanism of penicillins in relation toAdvancedOxidation

Processes

In the last decade amy pioneeringworks broughtseveralimportantfacts to lightabout
the applicability of AOP for elimination of antibiotic residues from wastewater matrices.
Nevertheless, the general mechanism of I induced onelectron oxidation of
penicillins,which formsthe basiof several AOP, has not been revealed Metravelingthe
early steps of oxidation is particularly important to find out the connections between different
process parameters and the efficiency of the elimination of the antimicrobial potency.

For this purpose, we studied tf@H and Ci"/Br," induced oneelectron oxidation of
penicillin derivatives Chart 6) using pulse radiolysis techniques.,'OBr," forms as a
result of the reaction ofOH with CI/Br', which are omnipresent wastewater matrices.

Cl,"/Br," plays a keyole when the treatment of saline lrackishwaters are considered.

(0) COOH (o) COOH
% e
H,N S N S
H H H H
o
6-Aminopenicillanic acid Ampicillin

o COOH (APA) (AMP)

H N/§<
N S COOH
H H NH, o
Ho . oW NJ\<
Amoxicillin COOH cl N N N S
AMX
( ) HO S H H

4-Hydroxy-D-phenylglycine Cloxacillin
(4-HPG) (CLX)

Chart 6. Selected penicillins for studying the eakectron oxidation mechanisim respect to
AdvancedOxidation Processes
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4. MATERIALS AND METHODS
4.1. Materials

Amoxicillin (AMX; Chemical Abstract Service Registry Numb€AS No) 26787%78-0),
ampicillin (AMP; CAS No. 6953-4), cloxacillin sodium salt (CLX; CAS No. 6428-4), (+)-
6-aminopenicillanic acid APA; CAS No. 55116-6), 4-hydroxy-D-phenylglycine HPG;

CAS No. 2281810-2), L-ascorbic acid (At CAS No. 5081-7), methyl viobgen dichloride
hydrate (MV; CAS No. 7536%3-0), andthe enzyme catalase from bovine liver (lyophilized
powder, 20066000 unitsmg* protein; CAS No.900105-2) were purchased from Sigma
Aldrich and used as received without further purification. Some important physicochemical
properties of these compounds are highlightedable S1in the Supplementary Material
(SectionS2.1). To obtain more informatimabout the chemistry of penicillin derivatives the
author réers to the work o€hain[161], andHou and Poold162].

Tertbutanol was obtained from Spectrum 3D. Inorganic substances of analytical grade
used as additives including NaBr, KBr, NaCl, KSCNrevalso provided by Sigmaldrich.
Sodium hydroxide and perchloric aqid0%) for adjusting the pHNaH,PO, and NaHPO,
for preparing buffer solutions were obtained from ReangD;I8olution (30%) was provided
by VWR Chemicals. The chemicals used for analytical work were provided by Speiirum
or Carlo Erba and were of higierformance liquid chromatography (HPL@ade. Water
was purified with an Adrona B30 system, which producegh-fuality water with a
conducti vi t y!andfatol ofj@n cacbén cantant < 2 ppb. The purging gases
N2 (99.995%) and ©(99.5%) were from Messgawhereas MO (98%) was from Linde.

4.2. Methods
4.2.1. Irradiation
4.2.1.1. Steadytateo-irradiation

o-Radiolysis experiments were performed by exposing the samples of interests to the field
ofa®Co-smurce havi ng a¥iBqgd-c6200WGi)t(Instituefof Isbtopgs Co. 1 0
Ltd., Budapest).Ethanotchlorobenzene (ECB) dosimetry tvi oscillometric detection
(ISO/ASTM 51538:2009, Practice for use of the ethambbrobenzene dosimetry system)
wasused tacheckthe absorbed dog&63]. Experiments were carried out utilizing a dose rate
of 11.5 kGy R (1 Gy is equal to 1 J K except for samples with catalase added, in this case
a dose rate of 1 kGy“hwas applied. The irradiation was done in ampoules at room
temperature. In case of a sample saturated with a certain gas (bubbling for 10 minutes prior to
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irradiation) the ampoulwas sealedrradiatedsamples werestoreda t  riorAdznalysis.
Furt her d eitradiatibnsfacildgyfare tgiea in the Supplementarytbtéal (Section
S2.2).

4.2.1.2 Pulse radiolysis experiments

A Tesla Linac LPR4 type accelerator (TESLX. T. MIKROEL, Praha, Czech Republic)
equipped with kinetic spectrophotometric detection was used fotetbieam pulse radiolysis
measurementsThis acceleratorsuppliesshort pulses of high energy electrons (4 MeV)
having800 ns durationThe electron &am isfocused toa 1-cm optical path length ceih
which the solution to be irradiated continuously flowing 20-30 Gy/pulsewas applied,
dosimetry was performedith 0.01 mol dm*® KSCN solution calculating witha molar
absorption coefficient of 758Mol* dm® cm™® for SCN,™ at 472 nm[164]. All experiments
were performed at room temperature. The solutions were bubbled with appropriate gases for
30 min prior to irradiation. During the experiment the solution was kept under the
corresponding gas atmdsgre. Details of the experimental setup and gataessingsystem
can be found elsewhef&65,166, and provided also in the Supplementary Materiat{isn
S2.3).

4.2.1.3.Specific conditions to observe distinct free radical reactions

To unravel complex reaction mechanisms, the radical composition generated as a result of
water radiolysis needs to be experimentally simplifiBg. using different additiveghe
reactions of 42 radiolysis intermediates are possible to obsérlkiese circmstances and the
following chemistry will be specified herein:

To study the reactions d®H, the solution(pH between 3 and 113 saturatedvith N,O
acquiringa concentration of [M0]  G&mmal dm®. In this casee,q are converted tdOH
according to reaction (5yith a reactionrate constant ok = 9 . 1° mbI* dinDs?,
achievinga radiation chemical yield @'OH) = 0 . H17]. furtleetmord, KO, and
"H are obtained imather low yieldgTable 2). "TOH can transform to its conjugate baee
with pKa = 11.9. The reaction rate constantté forward reaction (6) is 112 *f réol™* dm®
stland that of the r%nédmE[4reaction is 1.8

—_—

N,O +&q +HOY N,+"OH +"OH (5)

ToOH+"OH$ 'O + H,0 (6)
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Table 2.Radiation chemical yieldsXvaluei n O of primary reactive species under
different circumstance86]

N,O- No- O, AIr - N,O-
saturated saturated saturated equilibrated saturated
(pH 3-11) (pH 3-11) (pH 3-11) (pH 3-11) (pH =2)
G("OH) 0.56 0.28 0.28 0.28 0.40
G(H,0,) 0.09 0.07 0.136* 0.136* ~0.08
G(€sq) - 0.28
G(H) 0.06 0.06 - - 0.22
G(O," IHO," - - 0.33 0.33
G(H,) 0.05 0.05 0.05 0.05 0.05
[O;] (mmol dm?) - - ~135 ~0.27
[N,O] (mmol dm®) ~20 ~20

*Ghormley and Hochanad§l168]

The mechaniseof the gy inducedprocessesire investigated inN,-saturated solutions
above pH 3 (see reactioftd) containing 0.5 mol difi tert-butanol, which scavengé®H
according tareaction {), giving a radiation chemical yield @(e.,q) = 0. 2'8Terte mo | J
butyl alcohol radicalglo not interfere with our systeon the timescale ahe experiments
absorfing with low molar absorption coefficierielow 300 nm(3go = 30 mol* dm® cm?,
Uso = 200 mof* dm® cm™* [169)]). In this system kO, and"H areadditionally presenwith
radiation chemical yT, edpecsveléble®. 07 and 0. 06 ¢

TOH + (CHy)3COHY H,0 +'CH,C(CHs),OH (7)

In Np-saturated solutiorbetween pH 3 and 11 the reductive and oxidative species are
present with almost equal yial{Table 2).

In the presence of oxyge(O.-saturated/aiequilibrated solutions) ,¢ and H are
scavenged according teaction(8) and ) with reaction rateonstars of 1.917 10" mol™*
dm®stand 1.2 10" mol™ dm® s?, respectivelyj4]. The forming Q" and HQ"interconvert
(10) with a pK4(HO,") = 4.8[170]. In our case the solutions were prepared at natural pH of ~

5.2 at which @" prevails. The radiation chemical yield othe Q"/HO," pair is

0. 33 't imthése sblution¥OH arestill present withG("oH) = 0. Z.8hichecem| J
be eliminated bypreparing a solution that contaiss mol dn?® tert-butanol. Furthermore,
the yield of HO, is enhanced@(H,0,) = 0 . 1 3[668])cominglto rdaction (1) and

35



MATERIALS AND METHODS

(12) with reaction rate constants of (8.3.7)T 10° mol* dm®s*and (9.7 0.6)1 10" mol*

dm® s*, respectively (disproportionation o£bis practically negligible]170].

€q +O2 Y O )
H+0, Y HO,' (9)
HO,"f O, +H* (10
2 HO,'Y H,0,+ O, (11)
HO," + O," + H,O0Y H,0,+ O, +'OH (12)

In N,O-saturated solution below pH #eaction (B) with k = 2 . 3 niol* dmp s*
becomesmportant[4], i.e. the competitiolbetween H and NO (compare the scavenging
capacities). It follows thaih N,O-saturated solutionat pH 2 the radiation chemical yields
(calculating with competition kinetigsamountto G('H) = 0. 3'2ands{loH) = J
0. 4 g'mAnl acidbaseequilibrium exiss between™ and g; with pKy("H) = 9.1.

Therefore, in highly basic solutions thatter prevails. The conversion dH into &,

reacton(#) , proceeds with a r e@moltdmsh[4lrate const a
&g +HY ™H (13)
TH+ OHY ey +HO (14)

The reactions ofH can therefore be conveniently studied in highly acidiesaturated
solutions containing 0.5 mol dirtert-butanol. In this case,g are removed in reaction 3L
and"OH are scavenged ligrt-butanol(7).

The contribution of HO, (which forms in reaction of twéOH, see $ction 23.1, andin
reaction (1) and (R)) to the reaction mechanism can be evaluated indirectly by eliminating
that from the reaction system. For this purpasgalase enzyme can be ugede $ction
S2.4), which converts bD, according to reaction (15

2H0,Y 2H,0 + O (15)
It should be noted that in such a casesontinuously forming inside the reaction vessel.
4.2.2. Analytical techniques

The products formed after steasiate o-irradiation or the intact molecules were

characterized by the following analytical techniques:
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4.2.2.1. Spectroscopy

UV-Vis absorption spectra wettaken usinga Jaso 550 spectrophotometsvith 1-cm
optical path lengtlcell.
FTIR spectra wererecorded o a Unicam Mattheson Research Series 1 equipment.

Antibiotic samples were first irradiatethen 2 mL was taken from them and added to 1 mL

of a solution containing 2 mg KSCN and 0.1 g KBr. The samples prepared in this way were

lyophilized and pressed into pastilles. KSCN was used as internal standard for the

guantitative measurement.
3¢ NMRspectra (500 MHz) werebtainedon a Bruker DRX500 Avance spectrometer
the solutions were preparediMSO-ds (TMS).

4.2.2.2 Chromatography
Final product analysis of amoxicilliL.C/ESFMS)

The product®f amoxicillin, subjected to a dose of 1 kGy undérequilibrated condition

at 0.5 nmol dni® concentrationwere separatedn a Phenomenex Kinetex X818 capillary

column @1 mmI 100 mm 2. 6 em parti al Agilestil208 )liquidi si ng

chromatograph (LC)The following settingswere usedflow rate, 0.3 mL min’; injection
v o | ume ;tempeéatusokthe column 2 5The/®bile phase consistedamfetonitrile
(A) and water @) containing0.1% formic acid. Thdinear gradientelution was done as
follows: 0% A at the beginning, whichvas thenincreased to 20%ver 5 mimutes which
condition was maintained for the next 5 oiés Agilent 6410 triple quadrupole MS/MS
equippedwith electrospray ionization (ESigterface was used for mass spectrometry (MS).
The following conditions were adjustedapillary voltage, +300638000 V, scan, 6€B00;
fragmentor, 100 V; nebulizer, 30 psirying gas 12 L min*; gas temperatur8 0 0 A C.
datawere evaluatedvith the Agilent MassHunter Qualitative Analysis softwafeersion
1.3.157.0.

The role of HO; in the production o6oxide was studied in solutions containing catalase
by applying a dose of 0.5 kGy delivered with a dose rate of 1 k&yske S2.4 for
experimental details).

Final product analysis afloxacillin (LCESFEMS/MS)

Cloxacillin solutiors were preparedat 0.5 nmol dmi® concentratiorand irradiated with a
dose of 0.8 kGyq.224 nmol dm?® YOH) under aiequilibrated conditios High-performance
liquid chromatographyandem mass spectrometry technigu€/ESFMS/MS) was applied
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to identify the forming productsThe chromatographic separation velmseusingthe same
systemwith the sameonditionas for amoxicillin yide supry. The mobile phaseonsisted
of acetonitrile (A) and water (Bjontaining0.1% formic acid. Thénear gradienelutionwas
performed as follows25% Aat the bginning, which wasthenincreased to 50% in 4 mites
andthis condition wasnaintainedfor the next6 minutes The LC system was connected to
the same analyzing system as for amoxicillin applying the seomelitions except the
fragmentor voltage that was adjusted to 9@Wllision energies of 0, 5, 10, 20, 30, 40, 50 eV
were used for MS/MS experimenihe collision gasvas N.

4.2.2.3. CQrelease from the samples

CO; loss was calculateftom the difference in theTotal Organic Carbon Content @QC)
between the irradiated QCiragiated @and untreatedlOCy) solutions. TOCwas determined by
a Shimadzu TO. equipment performing high sensitivity analysis. The radiation chemical
yield of the CQ release can be obtained from the slope ofyiedd ( (T@C)/12 = TOG-
TOG adiated/12) - dose plot.

4.2.3.Microbiological assays
4.2.31. Toxicity tests: acute and chronic effects

The Gramnegative bacteriunVibrio fischeri (Agricultural Research Servic€ulture
Collection,NRRL-B-1 1 1 7 7, Hach LangeGefmartymWas udeg ferstreel d or f
toxicity tests performedaccording to DIN EN I1SO 11348 [171], with slight modification.

The liquiddried bacteria weradded tosupplemented seawater complete medium (SSWC,
ISO 11348) tgrovideenough nutrierstto the cellsfor the chronic exposure time (24 Ahe
incubation time for the acute tests was 30 minutes, this measurement was performed within
the period of the 24 h ewpure time.LUMIStox 300 equipment (Hach Lange GmbH,
D¢ssel dor f, agpked foramegsiiringvresogtical density@D, at 435 nm) and
luminescence (acute and chronic toxicity) intensity. Acute luminescence inhibition was
determinedfollowing the eqution given inISO 113482 [171], andin case ofthe chronic
toxicity teststhe results were evaluated according to the me#tablorated byMenz et al.

[172].

4.2.32. Bacterial susceptibilityests

Solutions containingd.5 mmol dm?® amoxicillin and cloxacillin weresubjected to
irradiation 1 mmol dm*® phosphate buffer was used to adjtr# pH to 7. The antibotic

concentration that remainedter the treamentwasquantfied by LC/ESFMS analysisusing
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the same procedures as spedfabove Schematic representation of the microbgcal
practiceis shown inFigure 2.

Staphylococcus aureu§American Type Culture Collection (ATCC), ATCC 6538),
Bacillus subtilis(ATCC 6633), andescherichia coli(ATCC 25922) were used asference
strains for susceptibility testinggacteria were grown iagar slant tubeanda l-day fresh
culturewasserially diluted in saline peptone water to reach the cell densdgssary for the

inoculum. Colony countingwas performedn tryptone glucose agdif GA) platesto verify

the inoculum densityAgar (Catalog number (Cat. N01).01615.100)) peptone (Cat. No.
1.11931.100) yeast extract (Cat. Nd..11926.100)) glucose (Cat. No1.08346.902Pand
NaCl (Cat. N0.1.06404.100pwere purchasefiiom Merck.

Incubation

- T=37°C;

t=24h

Serial dilution
in pH 7 phosphate buffer

DY IR,
L

01 2 3 456 7 8 910

INININININENINININININ 0

0123 4 5 6 7 8 910 lRABlTinpedimetrieinstrumentJ
7—irradiation Incubation

T=37°C;t=24h

Figure 2. Schematic representation of the practice of the agar diffusion (upper part) and the
broth macrdilution assay

For the agar diffusion assay irradiatsamples were diluted by a factor of 86ing 1
mmol dm? phosphate buffer solutioi addition,at 2 kGy a dilution factor of Bad to be
used TGA plates were inoculated withriiL of each bacterial suspension af OFU mL*
concentrationTo makeholes a glass tube with a diameter of 4 masusedandthe cavities
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were filled with 100 Theln coufb atth eo na mwtaisb idootniec
duration of 24 h.

RABIT impedimetric instrument (Don Whitley Scientific, U.Kyas applied for the broth
macrodilution assayln case ofS. aureusbefore the measementtreated samples were
diluted by a factor of Zor amoxicillin series at 2 kGyio predilution was usedFor E. coli,
sampleswere not diluted prior to the assayhe samples were then diluted using
1 mmol dm?® phosphate buffer to obtain ertmemter dilution seriesvith 1:1 serial dilution.

1 mL (for E. col)/0.5 mL (for S. aureulof eachof the serially diluted samplesasput into
3.5 mL E. col)/4 mL (S. aureus impedance broth (Whitley Impedance Broth, Cat. No.
G5000) in triplicate and inoculated with 0.5 mL afbacterialsuspensiomt 10 CFU mL*
concentrationincubaionwas done n t he RABI T e withia duragom b24 a t
h. GraphPad Prism 6 softwamas used for doseesponse fitting, which was perfoeah with

the variable slope model.
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5. RESULTS AND DISCUSSION

5.1. Free radical induced oxidation mechanism of a penicillin derivative possessing sites

on its structure prone to the attack of'OH (Objective I)

5.1.1.Primary steps athe "OH inducedbxidation

Since"OH exhibits appreciable reactivity with phenols [173] and thiaproline derivatives

[174] being the corresponding analog of the thiazolidine structure of amoxicillifOtHe

induced oxidation is expected to follow pathways typical for phenols and orgamiesulf

The transient spectrum recordédd O's

oxidation mechanism.
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Figure 3. Transient absorption spectvatainedl a) 10 e€es and (b) 400
irradiation ofN,O-saturated sakion containingd.1 mmol dnmi® amoxicillin (A) with inset
290 and 260 nm; and record

showingkinetic traces t

350,

electron pulse in the same solution containing Oniohdm® KsFe(CN) (B) with inset

displaying kinetidracesat 350, 290 and 260 nrkinetic traces at 350 nndisplayingthe

biexponential fitting curve®), at 290 and 260 nnDj, and at 410 nnE) recordedn a
solution as specified irA()
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TOH attack at the thioether group inside the thiazolide ring gisesto the generation of
an OH-adductat the sulfur atoma(in Scheme3, note that the pH of the solution was ~&P

which amoxicillin exists in zwitterionic form, see Section S2.1).

coo® Cco0” COO
“NH, . §< “NH; - §< -OH NH, ) S A
- o m fine
m m H on NH B
HO H S
In case of . m
ortho addition| OH u
NH Q N %0 S coo’ ® COO
°H e O CO0 NH H
N H 3 H
S “H,O NH; iy N§<
H H 2
HO °p ~ N s
HO H o B H HO
*0 n -Co,
[ox]

K;3Fe(CN)g . < N o COOV

@ ® Q .
- N/g< NH; N/X
s A 200 Ng—=s N7 s
H .
NH; 4 N/€< I IR
N S HO HO

£ k
H g

HO

e 0 00" e O coo” s O
NH; N§< NH; N/€< NH; N/\<
2 e/f O/'YNJL_L\'& . O/'YNL\; WN s
H oo H . H .
o 0 0

H g HO h HO 1

Scheme3. "OH inducedfree radlcafeactlon pathway of amOX|C|II|n Structures are shown
assuming that the stereochemistry of the parent molecxd@ined

In analogy to other systems [174,175] the absorption bandawith 350 nm is assigned
to these intermediatgs). "OH can also react with the phenolic side chain, in this process
dihydroxycyclohexadienyl radicalb) forms, which absorbsalso around 350 nmTo
eliminate these species and observe the absorption of spedie§CN)* is added to the
solution, which oxidies specie$ yielding compounda in a fast process [176], before water
elimination to n occurs. The spectra thus observddggre 3B) show the exclusive
absorption of the Okadduct at the sulfur atona)( The decay of the band at 350 nm obeys
first-orderkinetics and the biexponential fittingriure 3C) indicates the occurrence of two

parallé processes assigned to theagisearace of species and b. The firstorder rate
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constants, determined to ke= 1.71 10°s™ ({4, = 0.4 ms) and, = 0.31 10°s* (4= 2.3

ms), obtained from the biexponential equation do not show dependence on the radical
concentration (no secoratder processes). Assuming thgtydroxycyclohexadienyl radicsl

are the only species reacting wie(CN)> and the reaction iscthe 20s af t erandt he pu
takingU& 3 4n6Ibdm® cm™ [175] for the OH-adductat the sulfur atom th&-value is
estimatedtob&4& 0. 1 1" (dAloutating withdose/pulse of 30 Gy) fapecies.

The "OH adduct to the sulfur can convert to the sulfur centered radical catjovia
elimination of OH. This speciesd) can transfer through several reaction pathways [29], and
therefore, it is thought to be a key intermediate in the sydilkylthio)alkyl radicak (€)
are formed by proton loss from theécarbon of the sulfur atom of specied. U
(Alkylthio)alkyl radicak can be represented with resonance structarasdf) [158]. Based
on previous observations [158], the 28 band is assigned to these radicals. Interestingly,
U-(alkylthio)alkyl radical (e andf) and the OHadduct &) simultaneously exist in our system.

Albeit the OHadduct at the sulfur is known to digear on the gimescalgU,< 1, Os)
there are cases when these transients can be stabilized, e.g. by carbonyl or methoxy groups
via internal hydrogen bonds [177]. In fal®H can attack the sulfur atom from different
sides of the thiazolidine ring. the attack occurs at the side where the carboxylate group is
present((R) configuration at the sulfurhydrogen bonding can take place between the
hydroxyl radical adducand the carboxylate oxygen stabilizing this intermediate. It follows
that the speci& in which the OH is located on the opposite i@ configuration at the
sulfur) is expected to disappear during the electron pulse leading to several intermediates.
Since the carboxylate oxygen is known to be the best hydrogen bond acceptor, a strong
interaction is expected that can account for the surprisingly long lifetime of the stabilized OH
adduct at the sulfuir( case of amideandestersgheseintermediatesould be stabilized only
for several tens of microseconds/71178]). Taking theseconsiderations into account, it is
expected thiathe decrease in the absorbaat850 nncoincides with théncrease at 290 nm.
However, the change in absorbance does not follow these proceEsgsrén3B on account
of complex buildups and decays. lheuld also be noted th&k(alkylthio)alkyl radicalscan
be generated bYOH via direct hydrogen atom abstraction from thearbonof the sulfur.

Based on previous studies, the yield of this process isxp#cted tde more thar20% of

the initially avalable "OH [179]. Since there are other intermediates substantiating the
presence of aongliving and shodiving OH-adduct at the sulfur we proposethe
contribution of both theOH-adduct driven pathwaynd thedirect H atom abstraction
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(Scheme3) to theformation of U-(alkylthio)alkyl radicals(Scheme3). U-(Alkylthio)alkyl
radicak (eff) (Figure 3D) disappear from the system followisgcondorder kineticsvithout
showing dependence on the amoxicillin concentration. These radicals can beonmtedft
bothU( al ky !l t hi -amiralkyl yype iderindta) (the unpaired electron iplacedon

a carbon atom between thelfur andnitrogenatom). Since the molar absorption coefficient
of such a peculiar species has not been determined ysedbedorder rateconstant can be
given as2ky/U= 2.71 10" cm s’ for the decay of these species.

In amino acids andnhethioninecontaining peptidethe sulfur centered radical catio) (
can readily undergo an internal electron transfer with the carboxylate {261174,18Q].
The electron transfer leads to spegi@s our case, which decomposes by liberating,Gte
process is referred to as theeudeKolbe reaction This pathway gigs rise to the formation
o f -amihoalkyl type radicafk), which has a structureless absorption bandavelength >
255 nm without distincemax [174]. The yield of U-aminoalkyl radica can be predicted by
taking theabsorption coefficient of structurallysimilar specie{Uso = 2560mol™* dm® cm™)
[23], leadingto avalue d8& 0 . 1 7. Thendishppehrance of the absorbance at 260 nm
obeys secondrder kinetics, without showing dependence on the amoxicillin concentration,
with 2k, deternined to be~ 1.271 10° mol* dm® s* (U, & 1 ., Zalcuaing with30
Gylpulse) Since the!'OH adductis the precursor offaminoalky! radicathe presence of
anda at the same time substantiates the existence of two forms OH{aelduct at theulfur
with considerablydifferent lifetimes yide supry. The formation ofU-aminoalkyl radicals
can be probed on account of their reducing properties usstigyl viologen (MV) [774,181].
The buildup of MV ™ at 600 nm g0 = 11850mol™* dm?® cm™ [182], kinetic traces are shown
in Figure 4A) was observed along with tiheduction of the absorbance at shorter wavelength
in a solution with2 mmol dmi® amoxicillin and 0.1 rmol dm® MV. The yield of MV was
determinedt o be ~ 0. Tee2disdepamdypetwleen the yields derived from the
transient spectrum and obtained by using MV prompted weterminethe yield of CQ
release, sinc€0; should form witht h eamikibalkyl radicalsit equal molarityG(CO,) was
determined 0 be ~ B froth éhesfOmeonFigute 4A inset which is in accordance
with the former valueThis phenomenon can bationalized in two ways(a) U-aminoalky!
radicalsare eliminated via reacting with amoxicillin, whichpsesent at high concentian
relative to MV (at 260 m in a NO-saturated solution containing 1Inml dni® amoxicillin
reduced absorbance wabtained(Figure 5)), (b) due tothe strong electrewithdrawing
carbonyl grouplocated closeto the radical sitethe reduction potential of-aminoalkyl
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radicalincreases above that ofethyl viologen so the onelectron process is not feasible
(MV (E/! =-0.447 V [11))).

80,

B 4 G(CO) =0.1580mol J* o
0.02¢
0.0304 A E/ 0.030- B %
0.01!
) Qo
@ 40 . - B oo
0.025+ = @
Q20 ) 0.0251 =" '2 0.00
0.020+ © ¢ - OO " e 0.00
m 00
8 % 100 200 300 400 80-020‘ ;w_)g' (‘j v o -0.00! — S
%0.015- Dose (Gy) % vv% o? vy 0 20 Tci)mgo(nfso) 00 120 140
%58
2 L0015{% 77 o7 %,
S 0.0104 S o, eo°  uY
K n ?°® oy
< 0.005- o010 =%,
o a ':V %00
eV, o
M
0.000 = 4ns bl
o 00051 | 40 ooyzggéggg
L
-0.005+ 2 20 Gy v 130n% ° o°¥§§§§g§g§gggégas§ngcz
0.000{ | , 295 e¥agE
-0.010 T T T T | T T T T T T T T T T T T
0 2 4 6 8 300 320 340 360 380 400 420 440 460 480 500 520 540
Time (s) Wavelength (nm)

Figure 4. (A) Kinetic tracegakenat 600 nm ira solution containing 2 mol dm®
amoxicillin and 0.1 mol dni® methyl viologen at pH 5.8aturated with BD, inset shows
the formation of C@as a function of dose in 0.05mol dni® amoxicillin solution at pH 5.2

saturated with pD. (B) Transient spectrabtainedn 2 mmol dm® amoxicillin + 0.1 nmol
dm ascorbic acidontainingsolution at pH &aturated with BD, inset shows kinetic traces
obtainedat 360 and 375 nm in the same solution as specifigsi)in (

U-Aminoalkyl radicals can convert to thiyl type radicals in equilibrium via
fragmentation(l in Scheme3). Thiyl radicalsare oxidizing species, their formation can be
confirmed by usin@scorbate (AH, which can suffer onrelectron oxidatiorleading tothe
corresponding Al [174,183]. The buildup of AH™ can be observed agax= 360 nm with
Uso = 3300mol™* dm?® cm [184]. Unfortunately, the formation of these species cannot be
observed directly at 360 nulue to thepresence of 850-nm band together with its slow
disappearancéFigure 4B). However,the absorption band assigned to "Aldan beobtained
295 Os af tTae kingtid teace phtainedeat 375 nm reveals that the-bpilthkes
placewi t hi n Figuré 4B insefgiving a rate constant of ~ I@nol* dm?® s* for the
oxidation processlt is quite interesting that albelramiro a | k y | -(alkylthid)alkyd
radicalspossess also reducing proper{i#81,185], they did not react witfre(CN)}*> within
10 Os ti megure®B).mai n (

The sulfur radical cation shows high tendency for stabilization via -#estron bond
formation by coordination with heteroatoms or with another intact sulfur Ei8®)187]. The
threeelectron bond is created as a result ofaherlapbetween the p ortals of the unpaired

electron of the radical cation and thene p electron pair of a donor atom (N, O, S) (see
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Section 2.1.1.3yide suprd. The S E co@®plex can also be obtained via intramolecular
interaction with asterically available carboxyl oxyged87-189], the forming species are
reported to absorb in th890-400 nm range [23/4,187,188]. In case of amoxicillin the
threeelectron complex can form involving tlearboxyl oxygen located on the thiazolidine
ring and the sulfur centered radical catigelding intermediaten. The absorption bangith
amax = 410 nm is assigned to species(Figure 3A). The 416nm band decays following
first-order kinetics(Figure 3E), in line with previous studiesyith k = (3.5° 0.3)1 10? s*
(U, = 2 ms).Phenoxyl radicalgn), which form fromdihydroxycyclohexadienyl radicals
also absorb admax © 400 nm [173]. We propose that both specieandn contribute to the
absorbancen this range, although anease in absorbance (coincidimgth the decrease at
350 nm) and theubsequensecondorder decay process was not observed at 410mithe
system with ascorbaf@&igure 4B) a rapid depletion of the absorbance was observed at 410
nm (compared td-igure 3E) since both the penoxylradicals and the thresdectron bonded
intermediatesre oxidizing species. The intermolecularly formg E . Swad notrfeund

in our systen{evenin solution at 1 mol dni® concentrationFigure 5). The prerequisite of
the formation of such a dimer ithe sterically feasible overlap of the p orbitals of the

participants. We propose that the generation of this complex is sterically hindered in our case.
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Figure 5. Transient absorption spectecordedn 1 (a) and 0.1 mmol drh(b) amoxicillin
solution 10 Os after the electror
The radiation chemical yield of thdihydroxycyclohexadienyl radicadan be derived by
assigningk; rate constanfdeterminedrom the bexponential fittingat 350 nmyide suprato
the decay of this species and calculatimg extent of decrease in absorbaaitebuted to this

processusing the exponential equatiopn$ A T exp¢kx)). In this way aG value of ~ 0.09
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e mo T canlbe estimated bgking U= 4400mol™* dm® cm™ [173]. In light of the calculated
radiation chemical yields, it is apparent that the sulfur atom is the predominant site of the
TOH attackinstead of the aromatic ring. In case of proteins contaithifether moieties
(methionine) and aromatic rings (bgine, phenylalaninéDH targets these parts wigimost

same probabilities [40]lo find out whether the aromatic system is an eleetiefitient site

of the structure or this is not the case but other effects are present, quantum chemical
cdculations ae needed.

5.1.2.Products forming under steadtate gamma irradiation

Aqueous0.5 mmol dm® amoxicillin (AMX) solutionwas irradiated withh kGy under air
equilibrated condition and producs were analyzed using higperformance liquid
chromatographyancem mass spectrometry technique (see Section 4.2.2.2).

Amoxicillin has a uniquebicyclic systemwi t h s t-lacam meiaty fused to a
thiazolidine ring P9, seeScheme4A). It hasa self-built reactivity makingit susceptiblego
any kinds of nucleophilic attack under acidic, alkaline and neutral conditions [Li6&].
molecule has 3 dissociable protons witk, @f 2.63, 7.16 and 9.55 90], at pH 5.2 the
moleculeis present in zwitterionic forniseeTable SJ). In Scheme4 and5 the molecules are
displayed in neutral form since the physicochemical properties of the products are unknown.

A wide variety of products were detected on account of the instable nature of the molecule
added to the high reactivity of radicals. Details alibaproduct analysis and IUPAC names
can be found in the Supplementary Material (Section SBayed on their structural
similarities, he products31 products wrefound, seelable S2 a chromatogram is shown in
Figure SH are sortednto several groups.

In Scheme 4basic reactionsire showrthattake place not only under radiolysis, baiso
under acitt hydrolysis [B1] reflecting the natural reactivity of an aminopenicillin
derivative Amoxicillin can hydrolyze to give amoxicillipenicilloic acid epimersR7/8)
with free carboxyl groupScheme4A). Amoxicillin penilloic acid forms RP10/13 from the
penicilloic acid derivative following COrelease By intramolecular nucleophilic attack,
amoxicillin diketopiperazine derivativePR27) is generated In addition, intermolecular
nucleophilic attackcan also occuiin this caseéhe benzylic carbonyl group of a molecule is
att ack e d-amny grouth & antther ongiving rise to 4-hydroxyphenylD-glycyl
amoxicillin (P15. The products dscted in Scheme4A are key points in the oxidation
pathway since free radical induced modifications occurred on their basic structure leading to

other transformation products that are showSdhemedB andin Schemeb.
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Schemed. Suggestedial products omoxicillin (P9) involving selfdegradationA) and
radical induced reaction8). Structures are shown assuming that the stereochemistry of the
parent moleculés retained
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Schemeb. 4-HydroxyphenyD-glycyl amoxicillin (P15/18/19 andits oxidation products
Structures are shown assuming that the stereochemistry of the parent msletaleed

5.12.1. Modifications of the amoxicillirstructure

Multisite "OH attackon the amoxicillin skeleton can be obser¢@dheme4B) on account
of the highreactivity of hydroxyl radical192].

The reaction of therimary dihydroxycyclohexadnyl radical intermediatwith dissolved
0, leads to the formation eheta andortho-monohydroxy amoxicillin ®1/2). "OH can also
attackthe secondary amino groughich has a lone electron pagiyving rise toN-hydroxy
amoxicillin (P4). The protonatedlamino group (K. = 7.16)is close to therromatic system
and reaction of an electrophile is not expected to occur at this part of the molecule.

The sulfoxide derivative of amoxicillinPg) was found with the largest yield under the
specified conditionsThe thioether moietexhibits high reactivy towards 'OH [186], the
reaction rate constants have bekrierminedto be close to the diffusion controlled limit
~ 10°° mol™ dm® s [179]. The reaction pathways leading to the sulfoxide will be discussed
in Section 5.1.3

The oxidation of carboratom on-CH3; and-CHy- units of the thiazolidine ringields P23
and P22/24 (Scheme 4B). The initial step is expected to ke abstraction from the
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methyl/methylene groups, reaction (160 the presence of dissolved oxygen the
correspondingperoxyl radicalis formed inreaction (17).These radicals can recombine
giving rise to a tetroxid¢18) andyielding the carbonyl compound via thieussell(19) or
Bennettmechanism (20) @3].

R\ o R\ ?
SCH,* *OH — R,,CH + H,0 (16)
R L4 R H Q
R CHF 0y == L 2C-0, 17
R H . R_H H_R
2R,jc—o2 — R,jc—o4—ciR' (18)
R\Ié o) IEI/R R\c—o + R\Ié OH+ O
Rv/ 4 \Rv Rv/ - Ry/ 2 (19)
\ R
2,60 * H0, (20)

Decarboxylation from the thiazolidine rimgf amoxicillin and subsequent oxidation (as
mentioned abovejanlead todecarboxy dioxo amoxicillinR23). Sinceone methyl groujs
locatedon the same side as the carbexglgroup having negative chargthis enhanced
electron density maylead the "OH to the vicinity of that methyl group,obtaining
regioselective oxidatiorR2224 is formed as a result of thertherhydroxylation ofP23

Dicarboxylic acid may fornmvia consecutiveoxidation of methyl groupsCO, loss can
readily occur from this intermediatsince the carbanion is stabilized by the neighboring
carboxyl moietyP14may indicate that the remainit@ne paircanthan build up g-bond.

In decarboxylation of amoxicillif?28is producedthe involvement of free radicails this
process has been discussed in the previous s€ctitmsupra.

The oxidation reactions discussed above also take place on the basic structures depicted in
Scheme4A. These processes can be followedsoheme4B and inSchemeb. In the next
section we will focus on the mechanismSbxide formation, which is the main product of
amoxicillin oxidation, since it is of special interest in many other systems containing

thioether derivatives (e.g. methionine oxidation in case oéprex
5.1.3.The course of reactions leading to fhexide

The relative yield of the sulfoxide was investigated under different circumstances to find
out the contribution of each reactive species to the reaction patliiiigyse 6 inset) which

had beertomprehensively studied in the literature [1196].
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Figure 6. The relative yields o&oxide under differentonditions {ntegrated area of the
peak at m/z 38R, = 5.5 min) in 0.5mmol dmi* amoxicillin solution containinglifferent
additives at pH 7The extracted ion chromatogram at m/z 88hown in the inset

In N,O-saturated solutiofOH and HO, (forming withG= 0. 56 and™ 0. 09
respectively induce the oxidation of the molecu(8ection 4.2.1.3Table 2). Under this
circumstance moderate yield of the sulfoxide was obtdiRigaire 6), which can bassigned
to the effect of either of thesespecies[21,197]. Using catalase [198,1pH,O, can be
excluded from the system, which conveHgO, to O, and HO in an enzymatigrocess
(Section 4.2.1.3, reaction (15)). In this case, howewer,increasing yield o§-oxide was
observed which wasattributedto the effect of theforming oxygen during the enzymatic
processwith equal yield to that of D,. Severalreactions are expected to proceedhe
presence of dissolved oxyg#rat can yield theulfoxide In the absence ¢tfhe>S. E. S< di
(vide suprd, sincethe OH-adduct atthe sulfur has a long lifetimig can readily react with
oxygen forming the corresnding peroxyradical p). O," elimination from this speciesan
lie behindthe enhanced yield of sulfoxid&¢heme §[194,195 .-(Alkylthio)alkyl radicals
can also add, with high reactionrate constant of ~ £amol™ dm® s* [200, the peroxyl
radicalthus generate()) could alsoconvertto the sulfoxide $cheme &, however, in other

system it was not a decisive precursor of$loxide[194].
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COO COO

Oﬁi‘*i&—» SRR s e

e S-oxide + H'/O5~ . o8
o) NH; N/g<
NH7 H mN S
m H g ‘OH o wfxmllm / HO o) ~0.
HO .

S-oxide + products
Scheme 6Possible mechanisms Sfoxide formation involving @ Structures are shown

assuming that the stereochemistry of the parent molexxd@ined

In N,-saturatedsolutions'OH, &g, "H and HO, form with G-valuesof 0.28, 0.28, 0.06
and 0. 0%respettivdly (Skction 4.2.1.Bable 2), in this casegreatreductionin the
Soxide yield was otained(Figure 6). This phenomenorannot beattributed simply tahe
reduced yields of the potentigtecursos, "OH and H,0,. It is, however assignedto the
annihilation ofthe primary intermediate sulfur radical cation in reaction wif.€rherefore,
sulfur radical cationis proposedto be a precursor of the sulfoxidender anaerobic
conditions A reactionpathwayen routeto sulfoxidein the absence of oxygesan also be
found in the literaturewhich is depicted irscheme3 for amoxicillin. A disproportionation
reaction wasreported to lie behindhe secongb r d e r d e c a y-(alkylthio)alkyls s
radicals [158] whichyields ionsg andh. The negative iongj is proposedo transfer backo
e/f via H" abstraction and the predominating positive ioni¢ expected toeact withH,O (i)
andgive the sulfoxide.

In the presence of catalaseNa saturated solutionshe yield ofS-oxide wasonly slighty
enhancedcompared tahe system saturated witN,O, Figure 6). It is apparent that there
should be reaction pathway the sulfoxide statihg with sulfur radical cation and invalwg
O.. Albeit the slowreactionof sulfur radical cationwith O, wasobservednly under extreme
conditions in organic solvents aride role of U-(alkylthio)alkyl radicals in the mechanism
was rejectedin other system [14, the latter mightplay a roleunder ourcircumstances
(Scheme §.

In Ox-saturated solution ([ & 1. 8rB°) '@Hn &' and HO, aregeneratedvith
G-valueso f 0. 28, 0 . 3 3™ (Sentidn 4(2.1.3T8b6 2)crespektivelyherethe
highest yield of sulfoxide could bebservedn line with ourexpecations(Figure 6). In this
caseO," reacts withsulfur radical catios usually at a diffusion-controlled rateyielding

directly the sulfoxide$cheme 7 [196. Any peroxyl radicals can alsnhancehe sulfoxide

yield [21]. In airequilibrated solutiorO, is availableat a lower concentration ((p a O .
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mmol dm?. The lower yield of sulfoxideunambiguouslyconfirms the involvement of
molecular Q in the mechanisnvi{de supra. In Oy-saturated solutionontaining catalase¢he
effect of H,O, could eventually b@bservedsince this system is alréa oxygenrich. From
the decreasean the relative yield ofS-oxide (Figure 6) and the yield of kD, it can be
estimatedthat in the system saturated with,O ~ 60% of the sulfoxide yield could be
assignedto the presenceof H,O,. H,O, reactswith organic sulfideswith a lower rate
compared tdhe reaction of the radical intermediatesy.for Me,S a rate constant of ~ F0
mol* dm® s* was reported]96].

® 0 COO
NH /§< /g<
3 H >
N S&
m H /©/'\N/ j:‘\ /@/v\’( j Hi\ o
HO o
Amoxicillin
{0 + Amoxicillin or
1.+H,0
S-oxide 2. + Amoxicillin

Scheme 7Possible mechanisms 8foxide formatiorinvolving O, and HO,. Structures
are shown assuming that the stereochemistry of the parent mote@ined
It is apparent from this picture thassgolved oxygen hassagnificantimpact on theourse
of reactiors proceeding during the free radicaduced oxidation odmoxicillin in accordance

with previousstudieson different organic sulfides.
5.1.4. Concluding remarks

Multisite attack occurs on thgenicillin scaffoldleavingt h e r e-laatamiwarleeadb
intact. The thioether group is the predominant site of thel attack irducing an oxidation
mechanism tymial for organic sulfidedissolved oxygemplays crucial rolen the generation
of the sulfoxide of amoxicillin, howevern the absence of oxygeH.O, and h e - U
(alkylthio)alkyl radical might govern the reactipathwaysen routeto S-oxide.Several bng
lived reactive intermediates afermed, which are able to take part in further procesies.
surprisinglylong-living "OH adduct to the sulfur wasbservedhat isuniquein the literature.
Reactive -amidoaealnlg@Hkythlealkgl) atdl oxidizing (thiyl radicals)free

radicalssimultaneously exish the system.
5.2 One-electron reduction mechanism of penicillin derivativegObjective II)

Hydraed electronis a nucleophilic species exhibiting considerable reactivity towards
electronpoor sites of a molecule like the carbon atom of a carbonyl group [201]. The

reactivity is heavily influenced by adjacent substituents determining the electraplofithe
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carbon. Penicillin derivatives possess carbonyl functions at the carboxyl dréagiam
group and the amide linkag€hart 7 andChart 4 in Section 3).

o\
\ N

0) c=0
S
@A
Penicillin derivatives
Chart7.Possi bl e targets of hydrated el ectron:

Sinceresonance stabilization canressethe electron deficiencgf the b-lactam carbonyl
carbon (due testeric hindranceas in peptidyl carbonyls, it might be the best candidate for
accommodating the, (e.g. for aceton®e,q = 6 . 3 mdl* db’&* [201]). The amide
linkage exerts considerably lower reactivity on account ofdéecalizationimplying a
reduced electrodeficiency (keag = 1-3 T ° mbl® dm® s* has been reportefbr a single
peptide linkage [202]), and the carboxylate grouis even less reactivffor zwitterionic
glycinekeag = 8 . 2mol* drt® 6" has been reportg@03]). The*C NMR chemical shifts
assigned to thearbonyl carbongTable 3), however, indicate strikingly similar electronic

nature suggesting that thg, might attack these moieties with similar probabilities.

Table 3.2°C NMR characteristics of penicillins

13C NMR chemical shifts of penicillins

lactam >C=0 carboxyl-COOH amide-C(O)NH-
Amoxicillin 172.93 169.90 169.56
Ampicillin 172.93 170.31 169.42
Cloxacillin 172.18/172.22 169.72 160.41
6-Aminopenicillanic acid 169.86 179.20

5.2.1. Kinetics of g reaction

The rate constant of the reaction of penicillins with hydrated electron was determined
either directly by following the consumption ef; at 600 nm or by monitoring the builch
of the forming intermediate at tlw@rrespondingmax of the transient absorption spectra (see
Figure 7 for determination of theke.sq in case of amoxicillin) The rate constant was
measured t0 b&ag = 8. & mdl" di’ss® andkesg = 5. 2° mdl* da’est for 6-
aminopenicillanic acid (APA)and amoxicillin, respectively. Th&.a.q for 4-hydroxy-D-

phenylglycine representing the side chain of amoxicillin, was determined tb.H& 10
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mol™* dm® s* (Section 3Chart 5). Song et al[147] reportedkeaq = (3.35° 0.07)1 10° mol™

dm® s* for the g5 + APA reactionWe usedert-butanolfor scavengindOH, whereashey
appliedisopropanol [147]which might lie behind the different results. We also measured the
keag USiNgisopropanoland obtained a much lower value &fy; = 1.61 10° mol™ dm® s*
(since penicillins are sensitive to alcohols we assume that isopropanol reacts withharRA
making the solutiorf161,162]).Our keaq is also somewhat higher than that determined by
Song et alin case of amoxicillinKeaq = (6.94° 0.44)1 10° mol™ dm® s [147]).

P10

O T T T T
0 0.02 0.04 0.06 0.08 0.10

Concentration (mmol dif)

Figure 7. Concentration dependence of the observed pstrsiarder rate constankd ) o f
absorbance buitdp at 325 nm recorded in amoxicillin solution

Rat e const a’mol*dmnts?veas lculatedifdr botampicillin and cloxacillin

in our laboratory, which is practically the same as measured for amoxi€iknclose values

imply a common reaction mechanism for the-efextron reduction of penicillin derivatives.
5.2.2.Theoneelectron reductiomechanism

The transient spectra obtained in studying the-alaetron reduction mechanism of
penicillin derivatives are shown iRigure 8A and Figure 9A,C,D. It is apparent from the
measurements that hydrated electron targets themratoms of all the three carbonyl groups
of the penicillin structure. A complete reaction mechanism will be discusseadgpait these

moieties into focus on the example of amoxicillBcthieme §.
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Figure 8. (A) Transient absorption spectecorded irD.1 mmol dri¥ amoxicillin solution
containing0.5 mol dn?® tert-butanoland saturated withNLO e€s (a), 80 es (b)
after the pulse. Insefitting to thefirst-order decay at 325 nnB) Kinetic trace recorded at
485 nm with insedisplayingthe trace at 380 nm in the same solution as specified))i{Q)

Kinetic trace recorded at 400 rim0.02 mmol drif 6-aminopenicillanic acid solution
containing0.5 mol dni® tert-butanoland saturated with NDose/puls€0 Gy
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Scheme 8Suggeste@,q induced reaction pathway of amoxicilliStructures are shown
assuming that the stereochemistry of the parent molexxd@ined
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Figure 9. Transient absorption spectratainedn Nj-saturated solutions containing 0.5 mol
dm’ tert-butanol and 0.1 mmol dirampicillin (A), cloxacillin (C) with insetdisplaying
kinetic traces in a solution as specified f0),(and 6aminopenicillanic acidl) with inset
displayingkinetic traces in a solution as specified f0).((B) Kinetic tracetakenat 350 and
295 nm in a solution as specified f@ér)( Dose/pulse wadeterminedo be 20 Gy

5.2.2.1 Hydrated electromttack at the carboxylate group

The carboxylate group of amoxicillin can be considered &s-tarminal residueon

account of the resemblance of its skeleton to a tripeptide. The hydrated electron adduct at the

carboxylate group of amino acids can readily transform via electron migrgg®t],

however, in benzoic acid the adduct is quite stable (decaying on the microsecond time scale)

making it possible to follow the characteristics of these species [205]. In our case a similarly

stable adduct was observed. The initial step in theetaotron reduction is the formation af

radical dianion &) (Scheme §. These radicals absorb usually strongly dugh®p- p*

transitionwith high Uvalue Right after the pulse an intense absorption can be observed at

485 nm(Figure 8B) in case of amoxidin. The absorbances immediately reducedyhich

can be attributed to the rapid hydration (hydrogen bond formation) of the dianion destroying

the resonance effect. A subsequent bupdon the kinetic trace is assigned to protonation
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(the dianion in casef benzoic acid has pK,; = 12 [205]) yielding specie$, the reaction is
done withinl  gFgure 8B). Intermediateb can be further protonategK, = 5.3 was
reported for benzoic acid radical aniand thepH of our solution is 5)2to form species in
equilibrium. This procss is observed as the absorbafucther decreases, the equilibrium is
attained withi~ 4 Figuse 88) withk; = 3 . 3 s'{transf@matiorof b to c). In case
of benzoic acick = 7 . 2 s'i(at gHG= 5.5 was reported for the protonation [205]. The
remaining absorption decagbeys first-order kinetics (no dependence on the radical
concentration, i.e. no doskependenceyith k, & 2 . 9 s'i(dechydofc). The radiation
chemical yield of the radical amdb) can be estimated on account of the reported value of
Uss = 5200 mol dm® cm® [205] givingG = 0 . 1 57 which is eqial t4% of the
initially availablee, .

In case of ampicillinthe absorpon of speciesc can be observedround 480 nniFigure
9A). The transient spectra of cloxacillin are bkhlafted with an absorption maximum at
~ 350 nm(Figure 8C). The transient spectra ofeninopenicillanic acid allowed us to follow
the consecutive processes wkh= 3. 2° sTandk08 2 . 4% s The Wueshift
suggests an interaction between the aromatic side chain and the thiazolidine ring, which
effect can be explained by the oi | ed 0 ( ¢ o mp a c pehicillic denviatives mat i o1
[206,207)].

It became apparent later that efea migration occurs from these intermediates towards

t hd act am carbonyl event ua Hdctgmring(SedtiombB). t o de st
5.2.22. Hydrated electron attack ath dactédm carbonyl

Oneelectron reduction of thb-lactamcarbonyl group gives rise to the formationtoé
corresponding ketyl radical anionl)((Scheme 8 Owing to their highpK, value (pK; ~
11-12[169]) these radicals usually protonate immediately (on 10 nsstale[208]) to yield
U-hydroxyalkyl radicalge). The transient spectra of the compoundignterest(amoxicillin,
ampicillin, cloxacillin and6-aminopenicillanic acidFigure 8 andFigure 9) indicate that the
first absorption band belongs toh e ¢ o r r ehgdporyalld/li radigal €J) In case of
cloxacillin and éaminopenicillanic acid this band is locatedagix = 270 nm and 265 nm
respectively Figure 9C andD). For amoxicillin and ampicillin, the bands325 nmand295
nm belong to overlapping transients. The decay at these wayibkt obeys pure firgirder
kinetics with two consecutive procességg(re 8A inset). The first process is done within
~80e svithk= 2. 7s'In caselof amoxicillin representing the decaydfydroxyalkyl
radicak (e). The increase in absorbanm the350400 nm rangecoincides with the latter
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process(Figure 8A, in Figure 8B inseta kinetic trace is shown at 380 nnmdicating the
absorption of the forming intermediate. These parallel events could be monitored in
ampicillin  solution (the build-up and decay areshown at 295 and 350 nm with

k= 2. 3%st Figure 9B). In case of cloxacillin the forming species absorbs at
amax = 310 nm. Since a blughift occurred it is expected that the unpaired electron hopes to
the neighboring carboforming carbon centered radicd) @fter CO release and destruction

of the b-lactam pharmacopharé&lectron migration of this type takes place from the ketyl
radicals of peptides and amino acids inducing reductive cleavage [204] and leading to carbon
cenered radicals with batochromic shift in the transient spectrum [209, 210]. The band at
amax = 265 nm in case of-@minopenicillanic acid exhibits much slower decay on account of
the same buildip an decay processes, the batochromic shift can also be exbsdter

~ 1 ms(seeFigure 9D inset). The carbon centered radicals disappear following pure first
order kineticswith k = 30 §', 50 s* and200 s' for cloxacillin, 6-aminopenicillanic acigand
ampicillin, respectivelyfor amoxicillin thekineticscould not bedescribedlue to the overlap

at~ 380 nm, se€&igure 8A). It follows that the carbon centered radical is the most stable in
case of cloxacillin.

It is worth to mention again that the aromatic side chain affects the transient spectrum: a
red-shift takes place in case of amoxicillin due to the electtonating OH group on the ring
compared to ampicillin and cloxacillifrigure 8 and9), whereas a blushift is observedn
cloxacillin (Figure 9C, the spectrum is close to that of thear@inopenidlanic acid
moleculg§ due to therelatively electrordeficientaromatic ring.This effect is suggested to
take place on account of the oi | ed o ( c o mp a c penicilio derifativesmat i or
[206,207).

5.2.23. Formation of benzyl radicals in ampicilland amoxicillin samples

Based on the transient spectra observed in theelmotron reduction ophenylglycine
derivatives [41], the absorptions peaking at 325 nm (amoxicillin) and 295 nm (ampicillin)
80 ¢s andalter tha 8ectrors pulse, respechyeindicate the presence of benzyl
radicals () (Scheme 3. The G-value can be estimated takinlge reportedd= 33 000
mol™* dm® cm™ for PHCHCOG , leading toG 4 0.03 and& 0 . 0 4 fon anhoxicillin and
ampicillin benzyl radicals, respectively. It follows that11% and 14% of,, can be
suggestedo deaminate these moleculélhe benzyl radicals disappear from the system
obeying pure firsbrder kineticswith k= 1. £ s'land 0 6° s'ifor dnxicillin and

ampicillin, respectivelyAttack ofeyq at the aromatic system is proposed to be negligible.
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5.2.24. Hydrated electron attack #te amide carbonyl

In peptides the deamination takes place visk#tgl radical aniorformed bye,, attack at
theamidecarbonyl. We suggest the same process for amoxicillin and ampicillin, too, leading
to intermediatén (Scheme §. These species convert ithydroxyalkyl radicalsij as it was
mentioned beforg203]. U-Hydroxyalkyl radicals absorb with maxima below240 nm
following monotonous decrease with the wavelengjthe spectral characteristics observed in
our case Kigure 8A and Figure 9A,C) indicate the formation of specieésTherefore, the
deamination does not occur wit@@% efficiency. In peptides, the efficiency of the electron
transferis around 80% [22]. Taking this value into account it can be predicted thato
and 18% of the initially availabley, target the amide carbonyl, locatddse to the aromatic

side clain for amoxicillin and ampicillin, respectively.
5.2.3. Concluding remarks

The oneelectron reduction of penicillin derivatives generates ketyl radical intermediates
as a result of the accommodation of hydrated electron on the carbonyl carbons. The
mechanism suggested is very close to theadeetron reduction of a tripeptide. geculiar
feature of the system is that the adduct at the carboxylate group is stable overeseveral
similarly to benzoic acid The unique electronic nature of the bicyclic system should
obviously lie behind this effect. Ketyl radicals are reported taeoeicing agents that can
pass the electron to e.g, (D case of quinones that accounts for their toxigityivo. Similar
event would give explanation for tlexidative stress phenomengportedfor penicillins in
the literature (Section 2.1.2)he featbility of the process can be revealed by determining

the oneelectron reduction potentials

5.3.The @qi and"™OH i nduced des tlactant dystem rihat a@dterminbsethe b

antibacterial activity (Objective 1)

Advanced Oxidation Processese aimedat eliminating the biological activity of
wastewater matrices originating from pmaceutical residues, rather than just at
transformation othe drug. Therefore, the fate of the pharmacophore (that determines the
biological activity) should be monitoredidng the treatment. N p e n i c-ladtamirings t h e
is essential fothe antibacterial activity (see Section 2.2). Previously, it has been stated in the
literature that'OH attack occurs predominantly on the side chain of these molecules (see
Section 2.2.1). However, it appears from the abadiscussion (see Section pthat the

sulfur atom is more vulnerable for tfi@H induced oxidation, which is promising in respect
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to the feasibility ofAdvanced Oxidation Processkes eliminating the antibacterialctivity of
penicillins. Her e t he me-lackam systamwilldd invéstigatedd e st r

on amoxicillin (AMX) as a model compound (SectiorCBart 5).
5.3.1. Evidence thdOH and gq target thebicyclic system

There are two absorptianaxima in the UWis spectrum of amoxicillinKigure 10) with
/ max= 272 nmassigned to the aromage p* transition and with ,x= 228 nmattributed to
then- p* transitionof the b-lactam chromophore [&].

After exposing the AMX solution to-irradiation under N,O/Nj-saturatedand air
equilibratedconditions the redhift of the absorption band peaking at 272 nm was observed
together with its widening. Coinciding with this phenomenon an increasing baseline and the
gradual disappearance of thiesorbance at 228 nm can be notadure 10). The redshift of
the aromaticp- p* absorption band is typical when @dtbstitution occurs during the
process (electredonating group). It should be noted, however, that some of the products
exhibit also simar phenomenon at 270 n(penicilloic acid, sulfoxide derivativeg)214];
Section S3.1.1.3Figure S8. Therefore, this band is rather assigned to the overlapping
spectra of several products. Reducing absorbance at 228 nm indicates the changes on the
6-aminopenicillanic acid (APA) part of the molecule (Sectio€Bart 5). The disappearance
of this band leaves behind a higher absorbandé,@® and N-saturated solutiond=igure
10A,C). In solutions saturated with,N\when"OH yield is lower (0.2&mol J%) this effect is
much clearer. Opening of the thiazolidine ring or elimination of the carboxyl group is
expected to terminate the perturbat@frthe lone electron pair of the nitrogen in the lactam
ring giving an enhancedhtensity to the n p* transition [2B]. In case of studying the
reaction ofe,; (Figure 10B) the aromatic absorption band does not differ in shape only the
baseline increases. Since the iniignat 228 nm decreases monadosly with the dose at a
slower pace compared to the MD-saturated solutions'@H reactions), a direct reaction
pathway for the elimination of tHelactamgroup can be hypothesized.

To follow the destruction of thé-lactam ringa quantitative IR method was elaborated
based on monitorinthe absorbance afh e car bonyl st r e-tagtamirimgg vi br
at 1766 crit using KSCN internal standaravith absorption band peakingt 2065 crit
(Figure 11B) [215]. These peaks appeared to be separated from other absorfiiropsak
assignment see Section.33 The removal of the bicyclic system was noted even at low
doses iD.5 mmol dnt solutions Figure 11A) under all of the experimental conditions.
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Figure 10. Absorption spectra of 0.1 mmol dhWAMX solutionssubjected t®-2 kGy dose
under different circumstancéSection 4.2.1.3N,O-saturated solutiorX(), N,-saturated
solution withtert-butanol addedR), N,-saturatedC) andair-equilibrated solutionld)

The radiation chemical yield of the elimination of thdactamcontent was found to be

~ 0.310mol J* at the beginning of the treatment inQNsaturated solutiond("OH) = 0.56

Gmol J%). A much lower value could be obtained undirequilibratedconditions("OH and
O,"/HO," with G-valuesof 0.28 and 0.3%mol J*, respectively)with G & 0.1 Gmol J*.

Furthermore, under agquilibrated conditions &-value of0.54 Gmol J* could be obtained

for the elimination of the AMX content, indicating a rapid transformation with persibting

lactamsystem. It appears thal; destroys thé-lactamring with excellent efficiency; 84%

(~ 0.240Gmol JY). These findings are in line with the WVis results suggesting a direct route

for the ringopening in case o&,y but an indirect way in case of tHOH reaction This
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interpretation is also consistent with the fact thatftactamring is electrophilic in nature.
When bothe,; and "OH were present in the systenfFigure 11A) the effciency of ring
destruction rosep to 100% efficiency~ 0.6 &mol J%).
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Figure 11 (A) Elimination oft h dactém content (IR measurements) and the amount of
intact AMX molecules (integrated areas in LC/MS chromatograss) function of dose
0.5 mmol dn AMX solution under different condition§B) FTIR spectra of aample
containing 0.5 mg AMXrecordedduring investigation ofOH reactions (at 0.6, 2 and 8 kGy)

It was demonstratedia UV-Vis/IR spectroscopic measurements that bi@h and €xq
target the bicyclic system @moxicillin with high efficiencyresulting indestruction of the

pharmacophore.
5 . 3 :L&ctam flegradation initiated B@H

It appears from th&JV-Vis/IR results thatO, slightly inhibits the elimination of thé&-
lactamring. In this cases,q is converted to € /HO," and"OH is present withG = 0.28
OGmol J*, which still cannot fully account for the low yield. Both(alkylthio)alkyl radicals
(Section 5.1.3Scheme $ andU-aminoalkylradicalsare known to react witD, with a high
rate constant of- 10° mol* dm® s* [181,200]. This reaction is expected to hinder the
pathwaysleading to ringopening. In addition, a diffusion controlled rate is reported for the
reaction of the sulfur radical cations with" (Section 5.1.3Scheme J [196], this reaction
inevitaldy removes the precursor for thieg-opening reactionsom our system.

It is therefore proposed thak(alkylthio)alkyl and U-aminoalkylradicalsare implicated in
the destruction of thé-lactamring, in these species the unpaired electron is located on a

carbon being close vicinity to the fearembered system.
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5.33. -Lactam degradatioinitiated by hydrated electron

As shown previously, ~ 14% of tlavalable hydrated electrons targae amid carbonyl
of the amoxicillin molecule (Section 5.2.2.3). This reaction is not expected to contribute to
t h dactédm ringopening. Attack of g at  tldctam carbonyl carbon (s&theme 8n
Section 5.2.2) presumably initiates the opening of the netaifourmembered system.
Furthermore, & eliminatest h elactédm system of amoxicillin with 84% efficiencyide
suprd, and thereforeit is suggested thahe firstorder decay of the lonliving absorption
assigned to species(Scheme 8 in Figure 9B indicatesfurther electron migration from the
carboxyl at e mo-aetamynitragenvukimatedeadind)te debtruction of this
moiety.

5.34. Kinetics ofthe penicillins +'OH reaction

The kinetics ofthe "™OH + penicillins reaction is discussed bringing the amoxicillin
molecule into the focus. In this case, to determine the reaction rate constant theplnfild
the absorbance at 350 nm was monitdfection 5.11, Figure 3A), similarly to the work of
Song etal. [147]. Since"OH attacks several parts of the molec(fection 5.12), the
differential equation describing the decay'®H can be given as (I) indicates. Hde k;
é . kyaredenotedtotrtconsumpti on rate conswhaaakogi® of
their sumkon = ki + k2 + é .kn (kon[AMX] =K. The solution of equation (I) using the initial
(end of pulseJOH concentratiof"OH], gives the equation describing an exponential decay

().

d["oH]

Yolols = (ky + ko + € k))[AMX]["OH] = kop[AMX ]["OH] = K["OH] (I
dt

["OH] = ["OH]vexp(kt) ()

We can also describe the formation of the product with differential equation (lll) and after
invoking the time dependence [3OH] we can get to the exponential equation charazitei
the producbuild-up (V).

dX]
Y% 1sYs = k[AMX]['OH] = k["OH] = k["OH]oexp(kt) ()
dt
K
[X] =% % [TOH]o(1-expEkt) A= As(1-exp(kt)) (IV)
Ko
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By fitting to the recorded kinetic trace of the product buidat a certain wavelength
(absorbancei andA. absorbance of the radical(s) at titrend infinity) we obtaink’ and by
changing the concentration of the solute [AMX] from the slope of kKhes [AMX]
dependenceve can derivkoy (Figure 12A). It is apparent that we always get to the same
reacton rate constant following either of the intermediates that form in the priftdy
reaction. This allows us to examine the overall reactivity of'@d with a molecule of
interest. The secomokder rate constant has measured for amoxicillin is
71 10° mol* dm® s?, which is practially the sameas determined bySong et al[147].
Furthermore, a reaction rate constant of 8.90° mol* dm®s* and 7.92 10° mol* dm® s
was obtained for ampicillin and cloxacillin, respectively. It seems that byeasmg the
nucleophilicity of the aromatic ring@H group on the aromatic ring of amoxicillin) the rate
constant decreases. Slightly different values but the same trend can be noted when reported
rate constants are taken into account from the litergiBeetion 2.4.2.1Table 1). We
propose that the relative nucleophilicity of the competing aromatic dfha sooieties lies
behind this phenomenon.

It is clear from the kinetic analysis that only by measuring the reaction rate constant one
cannot determine the individudDH Aconsumpt i onandr therefore,chenst an
partitioning of the attack ofOH on the AMX structure. It can be calculatedwewer, from
quantitativeproduct analysis at low conversion or from transient spectra taking repdrted
values for the radical intermediatds the absence of calibration compounds and due to the
slow hydrolysis of amoxicillin the former approach is piaaity impossible.

Since diffusion controlled reactions1@"° mol™* dm® s*) are reported for the monosulfide
+ "OH reactions [216], it is quite surprising that a relatively small valu248° 0.051 10°
mol* dm® s* has been reported for-@ninopenicillanic acid (APA) using the KSCN
competition method [147]. Nevedless, the OH adduct at the sulfur has already disappeared
within the electron pulsg ~ 1 videsinfra Gection 5.5.1,Figure 20A) in our
measurementindicating a diffusion controlled reaction rate for the primiDH attack.

Since it was not possible to obtain the rate constant from direct measurement we turned to the
KSCN methodFigure 12B in case of amoxicillinand determined a reaction rate constant of

3.21 10° mol* dm® s* for the APA +'OH reaction.This illusive decrease in rate constant

was also found in case of methionine by using the KSCN competition method [217]. This
phenomenon can be rationalizedoigh the reactivity of sulfur radical cation a(8CN)" .

Sulfur radical cations can form threéectronbonde®& . E. X ( X = S, 0, N, Cl
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mentioned before (Section 2.1.1.3 and B.]217,218]. The absorption band ¢SCN)" at

480 nm ismonitored in the competition measurement, however, in this regioB th& . S ( +)
di mers and S. &so 8bGdb. lc additipn, tEx eEs. cBpMx can also break

apart and regeneration ¢6CN)"™ might occur. The threelectron baded species in i

system are basicaliypdistinguishablérom each otherq17. (SCN)"™ + APA and SCN +

>S'(+) reactions need to be taken into account at low sulfide concentratieneas at higher
sulfide concentrationth® . E. S d i prevail ;1 thensygemt The threéectron bonded
species thus formed induce an apparent increase at 480 nm that is not the effect of
competition kinetics anymore. The feasibility®f. Eim& formation in case oFBPA was
confirmed in our experimentgspectrum shown later in Section 5.5Higure 20A) and
elsewhere [144].
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Figure 12 (A) Concentration dependence of fheeudefirst-order rate constankq ) o f
build-up at 350nm inAMX solutions (B) KSCN competition method fabtainingthe rate
constant

As it was mentioned before, ti&e. Eim& could not be obtained in case of amoxiill
on account of sfric difficulties (Section5.1.1, seeFigure 5 (a)). By using the KSCN
competition technique the reaction &H with AMX was measured to be 71 10°
mol* dm® s when fitting was perfoned only to the firsfour points inFigure 12B. Under
the conditions of the experiment a quite complex system arises [217]. The deviation of the
last measured point from the linearifyigure 12B) can be rationalized taking into account
the reaction ofSCN)" wi t h AMX and shiftingSofX tetheui | i br
right (i.e. low stability of the complex, not likthe APA derivative \(ide suprd). The
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transient spectra containing AMX/KSCN with 1(Rigure 13 (b)) and 5:1 ratiogFigure 13

(c)) did not indicate any other species besides the ones we discussed.
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Figure 13. Transient absorption spectecordedn N,O-saturated mmol dm® KSCN (a),
0.1 mmol dn* KSCN and AMX solution (b) and 0.1 mmol dhAMX solution with 0.02
mmol dm*KSCN(c)1 0 Os after the pul se
In order to get a picture about the reactivity of the aromatic side chain of AMX, the
reaction of/OH with 4-hydroxy-D-phenylglycinewas investigated. The reaction rate constant
was determined to kel 10 mol* dm® s* using the KSCN competition methodthich is a
value limited by the diffusion rate [157]. After all, the susceptibility of the sulfur compared to
the aromatic system might be explained as follows: while sulfides have lone electson pair
that can be donated to empty orbitdlse disturbance of an aromatic system and thereby
providingp electronss usually less faved (both of these moieties ardtsaucleophiles).
In case of amoxicillin the OH substitution at tidH- unit was also noted with low yield
in final product experimentwide supra Section 5.2). The partial reaction rate constant for
this reaction is expected to be in the rang®.6f1 10° - 2.57 10° mol* dm® s* [219]. The
hydroxylamine can form if the N centered radical encounters anterthe probability of
this eventis, of course, very low. In addition, an electrophilic reaction at the protonated
primary amine (pH ~ 5.2) should not be favored. Furthermore, some products indicate that H
abstraction occurreffom the -CHsz and -CH,- units, the reation rate constant fosuch a

process was reported to betbe order ofL0® mol* dm® s in case of alkangg20,221].
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5.3.5. Concluding remarks

By following the fate of the essential pharmacophoranbxicillin we confirmed thaé,q
and "OH eliminate the chemical warhead contrary to previous statements based only on
kinetics measurements. THOH attack at the sulfur yields intermediates that induce the
destruction of theb-lactam system.Destruction of the foumembered ring by hydrated
elctrons occur s pr e s dancanbdaponyw ana thet carbogykate carbgn t h e
of the molecule.

It is apparent from our competition measurements using KSCN that this technique gives
rise to incorrect rate constants in case of an organic sulfidetaluhereactivity of the
(SCN)™ with the sulfurand the formation 08 . Eim&sabsorbing in the same wavelength

region.

5.4. The effect of oxidation products of penicillin derivatives on bacterial strains
(Objective 1V)

When the applicability ofAdvanced Oxidation Processés eliminating the selective
pressure on bacterial strains exerted by antibiotic residues is taken into account special
emphasis needs to be placed on the investigation of the forming oxidation products on
bacterial strains. i8ce several papers have been reported on the unfavorable effects of the
productsof TOH induced oxidatioron bacterigSection 2.4.2.1), we were about to find out
the underlying reasons of these effects applying a strubaiged and biological approach.

The treatment was done in -@quilibrated solutions of model penicillin derivatives
(ampicillin, amoxicillin, cloxacillin; Section 3Chart 4) to reflect real treatment conditions.

5.4.1. Chemicahpproach
5.4.1.1 Following the fate of the pharmacophdhat determines the antimicrobial potency

The radiation chemical yields for the removal of BRlactam contentvere determined as
described in the previous sectioBetion 5.3.L The IR spectra recorded under-air
equilibrated conditions can be seenRigure 14B for amoxicillin. In Figure 14A the
dynamics of thé-lactamelimination is shown as a function of absorbed dose for the model
penicillin derivatives. From the initial decay tli&values of theb-lactam elimination are
calculated to b® . 0 8 JBfor@loxacillin, 0. 1 O'foodmoxiilinand 0. 32 Omol

for ampicillin. The efficiency of the treatment can be evaluated only at low doses since at
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higher doses the forming products start to scavé@g¢ and inhibit theradicatb as ed b

lactamelimination[222], this effect is indicated by the curvature obtaineligure 14A.
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ampicillin z ) samples as a function dbse. B) FTIR spectra of amoxicillin, without
treatment (a) and after a dose of 0.6 kGy (b), 1 kGy (c) and 8 kGy (d) recorded in 0.5 nimol dm
amoxicillin solution. Experiments were performedden airequilibrated conditions
It was concluded before (Section 8)3that the low yield ob-lactam inactivation under
air-equilibrated conditions resides in the reactivity of the intermediates of sulfur oxidation
with O,/O," . The high yield oftie loss of amoxicilli{0.548mol J*, Section 5.3 lindicates

that the forming products possess a stdblactam ring.It is interesting that in case of

ampicillin the yield of d e. Even if allttHeonitiallyi s g u i
available’OH target the sulfur atom (due to the lackld# electrordonating OH group as on
amoxicillinods structure) and a negligible
amoxicillin this was ‘esedSectiants.d)dtiststil higherthan 0. 09

expected. Therefore, we assume ttta intermediates of oxidation are the same as for
amoxicillin but they undergo a reactiodestabilizing theb-lactam systemlIn case of
cloxacillin, the aromatic system is substituted with an eleetritinddrawing Cl atom,
however, an aromatic isoxazoleg is additionally present in the system as a new target of
TOH. Up to~ 0.4 kGy 0.112 nmol dni® "OH injected into the system) a slow removal rate is

observedhfter which the rate increases.
5.4.1.2.Investigating the structures of the products

In light of the structural requirement for exerting the antibacterial act{@ection 2.2,
Chart 1) final product analyis wasperformed on a sample containifig5 nmol dm?®
cloxacillin andirradiated with a dose of 0.8 kGy (0.224mol dm® "OH), since he highest
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abundance of the products was observed under this con{#floproducts were separated
(P1-P40), seeFigure S12andTable S4in Section S3.3)Supporting information for MS/MS

data evaluation can be found in Section S3.3. The product analysis for amoxicillin can be
found in Section 5.12, due to the structural similarity this pattern might also be applied to
ampicillin. In the absence of refemn substances one can get only a hint about the
dominating products anticipating thdahe response factors of some products (peak
intensity/molecule) areomparablen account of their structural similarities.

Penicillins react slowly with water leading ttoe corresponding penicilloic acid derivative
(Scheme9, cloxacillin penicilloic acidP21/23, see alsd-igure S12Din the Supplementary
Material)[223,224]. Cloxacillin has also some sd#gradation products in aqueous solutions
[225, which differin sane aspectfrom that of aminopenicillins (amoxicillin, ampicillin, see
Scheme4A in Section 51.2) due to the lack of abkamino groupon the side chaij179].
These products, regarded as impurities, are showwoxes inScheme9. Freshly made
solutions vere always prepared to overshadow their interferences.

The epimers of the penicilloic acidP21/23) and penilloic acid R20'25) derivatives of
cloxacillin were observed, they could be separated on the achiral stationary phase similarly to
other system$123,179,180] The highly oxidized derivativ®9 was formed only with low
abundance. Under the specified conditid?k3 and P40 were detected, they are highly
oxidized derivatives of another impurity [225].

Multisite hydroxyl radical attack on the cloxacillin skeleton was observed similarly to
amoxicillin. It is characteristidor the system that the products forming as a result of the
reaction of 12 "OH are present with the highest abundaréérydroxy cloacillin (P29,
sulfoxide derivative P30 and aromatic hydroxylated isomer®3l32) of cloxacillin
(Scheme9). Interestingly, the aromaticydroxylated isomersP@1/32) can be found with the
highest intensity among these compounds. Products oxidizee onetiimyl groups could also
be obtained®18andP33). To consider the mechanism of the formation of the compounds in
Scheme9 we refer to the case of amoxicillin (Section 5.1). From this point of view, it is
interesting thaP31/P32 predominates in the ca®f cloxacillin instead of the sulfoxide as it
was found for amoxicillin. It suggests that the primary forming sulfur radical cation converts
to other drivatives under aerobic conditions.

In the presence of dissolv€ hydrated electron converts @" (Section 4.2.1.3), which
exhibits reducing properties. The isoxazole structure is especially sensitive to reductive ring

cleavage [226], which can be attributed to the greater electronegativity of the oxygen atom
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connected to the nitrogecompared to hetocyclic analogs (pyrazole®xazole$. The
reported tweelectron reduction process occurs in cloxacillin giving rise to prode#t®8

and P22 (stereoisomers due to the double bond,Sgeeme9). These imines are known to
hydrolyze readily [226], howear, in our case this process does not take place, probably due
to the stabilizing effect of the neighboring aromatic group and the double fRghdformed

with the highest abundance, the isomeric products arising probably as a ressfrars
isomeism (P8) andtautomerism P22) are present with lower intensity. Multisit®H attack

was also observed on the structure of these intermediates. It should be noted that aromatic
hydroxylated product was not observed suggesting that an intact isoxazak inmgprtant

for activating the aromatic ring for th@H attack.
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Elimination of the strained fovmembered system penicilloic acid P21/23 andP9) and
penilloic acid P2025 and P12 derivativesleads to loss of the antibacterial activity.
However, based on the structural requirement of the antibacterial potency the biological
activity is predicted to be retained in most of the produsthéme9). In N-hydroxy and
sulfoxide derivativeshe substution is expected to cause hindrance in the enzsubstrase
recognition. The sulfoxide ha8 stereoisomers, both of them can be obtained when
penicillins react with ozonel[l9227]. In line with other investigations we observed a single
product [214].The formation of theR) isomer is preferred on account of thébbhding with
the amide group and due to the steric hindrance in case ofSthisofmer (with the
carboxylate group) [228]. These isomers have a reduced antibacterial activity, which is less
pronounced in case of th&)(isomer in which the oxygen is located on the opposite side of
the thiazolidine ring relative o  tlactam rimg [119]This phenomenon is also expected for
N-hydroxy derivativesIn addition, loss of the carboxylate groupnfrahe thiazolidine ring
eliminates an essential part for teabstrate recognition (Section 2@hart 1). These
considerations can also be taken into account in case of the products of amoxicillin oxidation
(Section 5.12, Schemed).

It is apparent fromhe above discussion that at moderately low radical exposure products
form with polar groups on their structug@cheme4 and9). The next section is devoted to

biological assays in order to shed light on the effetthese products on bacterial strains.
5.4.2. Biologicalapproach
5.4.2.1. Acute and chrontoxicity tests

It has been concerned previousige€tion 2.1.P that b-lactams can stimulate the
production of reactive oxygen species in bactefiae enhanced ROS productioonveys
danger signaltha have impact on several biochemical processes. Damage in lipids, proteins
and DNA under oxidative stress induces thNA damage response system (SOSPS
response induction invokes several protective measures in bacteria in order to survive in the
presece ofb-lactams[229]. One of these measures is the stimulation ohtrezontal gene
transfer (HGT)events [230], which is known to lie behind tssemination of resistance,
crossing species and genus barriers [B8}. example, integron integrase expression is also
SOSmediated, with this measure the bacteria can acquire multiresistance [231,232].
Therefore, it is of high importance to monitor the acute toxicity of the samadidted by
ROS towards bacterian order to predictheir HGT increasing effect
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The Gramnegative bacteriunvibrio fischeri[172] was used for the acute toxicity tests. In
this test the bioluminescence of the microorganism is followed, which is produced in a redox
biochemical reaction thateedsO, and provides defense against oxidative stres3|[Zhe
test was successfully applied for assesB@g-mediated toxicity mechanism33].

The solutions for the test containB@ mg L* amoxicillin and 100 mg L* ampicillin and
cloxacillin to acquire the best response during the experifféguire 15A).

In the acute toxicity test the toxicity of the sample is defined as the ratio of luminescence
intensity before and after the 30 min exposure time (luminescence inhibition given in %).
While there is no inhibition observed in case of amoxicillin and cloxacillin a slight increase
can be noted for ampicillin sampleBiqure 15A). Since the bioluminescence is about to
protect the bacteria against oxidative stress and penicillin derivatives laréo attimulate
such processes [53], this phenomenon is quite clear. It is also known that an acute toxicity
test is inappropriate to evaluate the antimicrobial potency of a sample due to the short
exposure time and the delayed effect connected to theamisoh of antibacterial activity
[235,236]. Previously, it has been reported that amoxicillin does not show any toxicity to
Vibrio fischerieven at a concentration of 3433 mg [237]. While the potency admpicillin
is close to that of amoxicillin [238], cloxacillin is less active against @ramnegative
specieg239].
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Figure 15 Luminescence inhibition incaite @A) and chronic B) toxicity testsin amoxicillin
(y), cl&andampitlih (2 nsarfplesas a function of absorbed dassngVibrio
fischeri

In Figure 15A an increase in toxicity can be observed after the treatment in all the three

antibiotic solutions. The toxicity is assigned to the increase in ROS production caused by
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penicillin derivatives. There is a different trend in the low and high dose range. A peak can be
noted in the0.4-0.6 kGy (0.1120.168 mmol dri¥ "OH) interval (it should be noted that in
case of amoxicillin the presence of a peak is ambiguollss phenomnon cannot be
attributed to structural differencemhibition at the peak maximum in decreasing order:
(amoxicillin >) cloxacillin > ampicillin) however, to an effect that is common for all the
penicillin derivatives. It was shown before ti&H generses products that are more polar
compared to the parent compound. This altered hydrophilicity should be first taken into
account. It is known that penicillindiffuse across the outer membrane of Grasgative
bacteria through their porin channdls reachthe intracellular environment [240]. The
physicochemical properties of an antibiotic unequivocally determine its permeability. In case
of penicillins present in zwitterionic form (ampicillin, amoxicillin) the penetration is fast and
almost independent a@he total hydrophobicity [241]. In line with this only a small increase

in toxicity can be seen for ampicillin iRigure 15A (below 1 kGy).In addition, a strong
dependence on the hydrophobicity exists for monoionic derivatives like cloxacillin.
Therefore OH-substitution on the cloxacillin scaffold implies a significantly higtiéiusion

rate through the porin channel Figure 15A, a sharp peak demonstrates the strong
dependence. In summary, peak observed at low radical exposure is attributed ¢toetimein

in the permeability of the penicillins investigated.

The first peak observed in case of ampicillin and cloxacillin is followed by a slower
increase Figure 15A). This phenomenon can now be attributed to the structural diffiesen
with specialrespect to theredictable electron densities at the aromatig. There is a slight
increase in case of ampicillin, whereas a noticeable peak is observed u8 th@y2range
(0.562.24 mmol dri? "OH) for amoxicillin and for cloxacillin the highest toxty was
obtained at8 kGy (2.24 mmol dni "OH). The toxicity at high dose is assigned to the
formation of polyhydroxylated phenolic derivatives. The evidence for the presence of the
aromatic ring at such a high dose comes from IR measurement showingrsistinue
aromatic absorption ban@® Gy, Figure 14B; seeSection S3.2 for the assignmerit)was
shown that aromatic compounds exhibit appreciable reactivitgrds 'OH (Section 5.3.4),
in this reaction hydroxylated compounds can form. Since OH groezgrparation further
activates the aromatic ring for the electrophiH attack in several cases polyhydroxylated
compounds were observed [242]. Polyhydroxylated phenolic derivatives of ampicillin and
amoxicillin were reported in case of photochemicalcpeses [142] and phekenton
reaction [127], respectively. Phenols exert their toxic action by transforming to-cgdixg
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guinones. The toxicity shows an increase W@k substituent incorporation [243,244
Amoxicillin is activated for thdOH attackcompaed to ampicillin and cloxacillin. The late
stage toxicity in case of cloxacillin might be assigned to the formation of a cyanide that is
known to occur in the degradation of isoxazoles [245]. Ampicillin is expected to exhibit the
lowest activity forOH substitution and therefore, only a small peak can be obtained at high
radical exposureHigure 15A).

Since penicillins kill only dividing cells [§,229] the acute toxicity does not measure their
target specific antibacterial action. Therefore, a chronic toxicity assay was applied with 24 h
exposure time usingrowth inhibition (determinedoy measuring the optical densit@D))
and luminescence inhtion tests Figure 158 and Figure 16) [172]. In these experiments
cloxacillin showed the highest inhibition followed by ampicillin and amoxicilhioté that
amoxicillin was appliedat 50 mg [* concentratiorwhile ampicillin and cloxacillinat 100
mg L™ concentration). A continuous decrease in the luminescence inhibition can be observed
up to 2 kGy Figure 15B) in case of cloxacillin and ampicillin. The growth inhibition
exhibits a peak at 0.2 kGy after which a monotons decrease can be sd€igure 16).

This effect is due to the change in the hydrophilicity of the products compared to the parent
compound yide supra. TheOD measurement also counts the bacteria that have already died
or are not dividing. The resting bacteria, however, can still gghit. The absence of the
peak in the luminescence measurement can be accounted to the fact that penahiitias

SOS responseand as a result, delay cell division [235], which can only be observed in
growth inhibition test
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as a function of absorbed dasgngVibrio fischerias reference straitnsertdisplays the
visible changes in optical density
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5.4.2.2. Bacterial susceptibilitgst: agar diffusion assay

Agar diffusion test is aoutine assay in medical praaito find the appropriate antibiotic
against vhich the bacterium is suscepélj246]. The antibacterial potency is evaluated by
observing the size of the inhibition zoner®unding the antibiotic solution in agar media
seeded with a certaimacterium The relation between the minimum inhibitory concentration
(MIC [mg L™)) of the antibiotic andhe inhibition zone radiusx([mmy]) is expressed as

equation (V) indicates:
106 116 —, V)

wherec denotes the antibiotic concentration givemrig L™, D is the diffusion coefficient
given inmn? hrt andt is the diffusion time given in hourherefore MIC can be obtained
by serial dilution of the antibiotisolution.It is noteworthy to mention that the theory behind
this measurement representtireear, free diffusion of thantibiotic moleculeshrough the
capillaries in the agar platevhich is a very similar model when diffusion across pben
channes is taken into account [247TThe susceptibility test was performed usiBgam
positive S. aureusB. subtili§ and Gramnegative E. coli) species to get a general picture.
The cell wall structure of Gramegative species is different from the Grpositve species
in thattheylack the extra outer membrane with porin channels and hayeraphilic cell
wall instead In this case the hydrophilicity should still be crucial in determining the
permeability.

The change in inhibition zone radius as a function of dose can be evalu&igdran 17.
The radius of the inhibibn zone was determined to be 6 mm in case of the untreated
amoxicillin sample tested agairt subtilis(Table 4). A slight reduction canéobserved at
0.2 kGy(to 5 mm), after which the zone diameter remains unchangedOu#iGy Figure
17A and Table 4). Since the amoxicillin concentration has already decreasesO%yat
0.8 kGy (determined by LC/MS method, see Section 4.E@ure 2), it appears that
B. subtilisis especially susceptible to the forming produdibe antibacterial activity is
eliminated only at high dose exposure, the potency is totally lost at 83dByples seeded
with E. colishowed somewhat different dedependence, in this case a larger inhibition zone
appeared at 0.6 kGyable 4), which disappeared at a dos@ kGy.lt is clear thakE. coliis

not only less susceptible to the parent molecule but also to the forming products.
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Figure 17. Agar diffusion teston agar plates seeded wghsubtilis(A) andE. coli (B)
usingamoxicillin solutionsinhibition zones can be seen as a function of absorbed dose

Table 4. Dosedependence of thahibition zone radiugmm)

Dose (kGy)
Sample 0 0.2 04 06 0.8 1 4 8
. N 6 6 55 5 5 5 4 1.5
Bacillus subtilis
6 5 4.5 5 35 0.5
1. 4 4 3 3.5 2.5 2 1 -
Escherichia coli
2. 4.5 4 3 3.5 2.5 1.5 - -

Since Staphylococcus aurels a clinically important pathogen able to rapidly develop
resistance tmoxious agentf95], it was considered to use as a test organisiiigire 18 an
agar plate can be seen prepared to determinkliGevalue at 0.4 kGy by serial dilutigfthe
experment involved a wide dose interval with 0.2, 0.4, 0.6, 0.8, 1 and 2 kGy doslest (
only one sample is shown)However, theMIC value cannot be derived from these
measurements on accounttbé presence of many substances with different diffusion, rates
interesting tendency can be observed. The radius of the inhibition zone decréagddsat
Furthermore, aD.4 and 0.6 kGya halo was found around the clear inhibition zdsee
Figure 18 for the sample at 0.4 kGy)The halo is proposed to be formededto the
substances with higher diffusion rate. This phenomenomppksaed at 0.8 kGy and 1 kGy
but appeared again at 2 kGy. This hidbse activity is assigned to the forming polyhydroxy
phenolic compoundéote that 10 times higher concentration wagliad at 2 kGy, Section
4.2.3).

The results of the agar diffusion test lead us to estith@&entibacterial potency of the
products of the advanced oxidation of penicillin derivatise$ower and higher dosesd
their enhanced diffusion raté sensitive broth macrodilution assay needs to be performed to
acquire quantitative information.
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Figure 18 Agar diffusion tesbn agar plate seeded wiitaphylococcus aureusing
amoxicillin sample at 0.4 kGyeven member dilution seri€k1) was prepared

5.4.2 3. Bacterial susceptibility test: broth macrodilution assay

The bacterial growth was monitored on the basisngiedance microbiology fB]. Since
the metabolic pathway of bacteria implies the conversioweaskly charged substrates to
strongly charge particlesthe conductivity increases in the broth medidris assay counts
only viable cellswhichis a big advantage.

The broth macratution assay was carried out using the GiawsitiveS. aureusand the
Gramnegative E. coli. When the logarithm of the residual antibiotic concentration
(determined by LC/MS after the treatment) is plotted against the area under the growth curve
representing the size of the bacterial populatidoseresponse relationships obtained
(Figure 19A,B,E). The EC50 values (the concentration provoking 50% of the response,
Figure 19C,D and insetsan be derived from the fitting to the experimental points. It is
clear that a loweEC50value implies a higher antibacterial activity.

It was shown beforevide suprd thatS. aureusis quite susceptible to amoxicillin (agar
diffusion assay).The EC50 value at 0 kGy(Figure 19C) indicates that the antibacterial
adivity is ~ 500 times highecompared toE. coli (Figure 19D). The susceptibility of
S. aureusto the products of a@dnced oxidation is also recognized Figure 19C. The
highest antimicrobial activitywas reached at0.4 kGy (0.112 mmol di 'OH) with
log(EC50 of -3.6. This value is more thalOO times that of the untreated solution
(log(EC50 = -1.46. The error bars irFigure 19C indicate that inspite of the high
uncertainty there is a noticeable trend, which is in line with the enhaadedicrobial
activity of the product§Section 5.4.2.1 and 5.4.2.2).
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Figure 19. Doseresponse curveaa case ofamoxicillin samplegested agains$. aureugA)
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(D), respectively, with insewdisplayingthe correspondingC50values. In E), dose
response curven case otloxacillin samplesested againdt. coliareshown

A slightly enhanced activity was obtained at 0.2 kGy for amoxicillin sample tested against
E. coli (Figure 19D). The lower susceptibility can be rationalized if the porin chaohel
E. colias size exclusion barrier is taken into account. At higher dose exptsamd @ kGYy

the EC50value is reduced, it is equal to about half ofstendard (0 kGy)This phenorenon
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is assigned to th@olyhydroxylated phenolic compoundalbeit the EC50 value for the
untreated sample of cloxacillin indicates a similar antimicrobial potency to that of amoxicillin

in case ofS. aureusthe curves do not shift towards lower concatidn as a function of dose
(Figure 19E). A somewhat enhanced activity of the products is indicated UnkiGy

(0.28 mmol drit "OH) as the top of the curve is considerably loweFigure 19E compared

to the untreated sample, representing that the bacterial population is yet affected. Since

cloxacillin is ineffective againdk. coli, this experiment was not performed [239].
5.4.3. Concluding remarks

The spread of antibiotic resistance is a k@nissue that needs coordinated measures
involving several scientific fields. Wastewater treatment plants are housing hétleedse
activated sludge proces®y the dissemination of antibiotic resistance due to the presence of
sublethal level of arhiotic concentratios Implication ofAdvanced Oxidation Processesn
be the right intervention of environmental chemists to eliminate these residues. However, it is
apparent from the above discussion that the process should be judiciously optimized since
application of too low and too high radical exposure affects bacstrains adversely. A low
radical exposure can occur under real treatment conditions since most #DHhés
scavenged by the complex matrix of the wastewétatural alkalinity, dissolved organic

matter)

5.5. One-electron oxidation mechanism of peillins in relation to Advanced Oxidation

Processe$Objective V)

Advanced idation Processesgely on the high oxidative power dOH. Unraveling the
primary reaction pathsf the oxidations essential for revealing the factors that determine the
process efficiencyPreviously, we investigated tHOH induced oxidation of amoxicillin
addressing biological issues eg@ion 51.1). In a preceding sectior(Section 53.1) we
calculated thafOH eliminatest h e  Haetam structure with 55% efficiency for this
molecule. The rate constants of tf@H + penicillins reactions have beesportedin the
literature for several derivatives (Section422, Table 1) and were also addressed herein
(Section5.3.4), based on these values a common reaction mechanism appears to hold. Our
aim is toestablish a general omdectron oxidation mechanism of penicillins (Sect@n

Chart 6) utilizing both"OH and C}"/Br,™ as oneelectron oxidants.
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5.5.1.0Oneelectronoxidation of penicilinsinduced by'OH

As it was mentioned beforéSection 2.4.2)aromatics and thioether derivatives exert
enhanced reactivity towards the electrophilH. It is, therefore, reasonable to anticipate
that the free radical induced oxidation mechanism can be separated into two different
pathwaysaffecting either the aromatic ring or the sulfur atom inside the thiazolidine ring
(Section 3,Chart 6). To follow the oxidation of the thioether moie6saminopenicillanic
acid (APA)was chosen as the common substructure compound of penidiliadransient
absorption spectra iRigure 20A together with previousesults Section 5.11 and [174])

suggest aeaction mechanism shown 3themelO.

0.0304

0.0304
A (APA) B(AMP)
LV .
c@ i 0.016] 0.1 mmol drif AMP
0.025-4 ’fg 0.025- -
[ g 0014
0.012 .
. = °% - ;8”‘3 A ” P S o010 & Tuw 121 after the pulse
o : & om
D0.020{ %s™eg £ m 8 0020 , &" S 0.008] .
e i s o 4 40ms c »-:. 2 0.006] lr
8 o OO s 235 A 60ms o =l < 0004 o
S 00154 % ®, OQO.A%% ¢ 10005 500154 0.99210.1 mmol drif AMP o
o OO(:=Q by * 340n8 4 -0.002] + 0.1 mmol drif Fe(CN)*
< ot 99%}:‘ - o 580ns <DE 250 300 350 400 450 500
Oo.010] PO 0.010{[ = Wavelength (nm)
N ' [ A
0.0054 0.005+
- A :Agé‘fpm"m Ay
0.000 . . . . . . , 0.000 . : : . _—
250 300 350 400 450 500 550 600 250 300 350 400 450 500 550 600
Wavelength (nm) Wavelength (nm)
0.0304 ( ) 0.020{4
018" | 0.1 mmol dn CLX
u 8 0.016] fﬂ e
o < 0.014
0.0251 ox $g N £ o012, y 0.1 mmol dri¥ CLX
o o8 e 2 8‘83‘; A +0.1 mmol drif Fe(CN)*
o A :
S 0.020] “° m oAV 2 0.006] 6 ms after the pulse
© T A, O 0.004]
e " v, 0.002] ”
o v " 0 Ay 0.000}
B 0'015'1‘ "% 250 300 350 400 450 500 550 600
' O
<DE - S0 49 Wavelength (nm)
0.0104 L] e 1015
v 50ns
A 120n¥
0.005- o 350
= 590nsy
0.000

250

T
300

T
350

T
400

T
450

T
500

T
550

Wavelength (nm)
Figure 20. Transient absorption spectra observed i@{daturated solutions containing
1 mmol dm?® 6-aminopenicillanic acid/), 1 mmol dn¥ ampicillin (B) with inset displaying
theabsorption spectra with and without(E&)s> at different concentration, and
1 mmol dn?® cloxacillin (C) with inset displaying the absorption spectra with and without
Fe(CN)s® at different concentration

TOH attack at the sulfur leads to the formation of an adgt)oiSchemel0), which has a

quite long lifetime on account of an internal stabilization Marogen bondingvith the
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carboxylate grougsee Section 5.11). Due to the lack of the absorption bandag.x =
285 nm in theCl," induced oxidatiorof 6-aminopenicillanic acidFigure 22A, vide infrg)
and considering theesemblancef the spectra in th&H induced oxidationio the caseof
ampicillin (AMP) (Figure 20 A,B), the bandpeaking at 285 nnFigure 20 A) belongs to
speciesa. In case of ampicillin and cloxacillin the band peakin@2® nm(Figure 20B) and
315 nm(Figure 20C), respectively, is assigned to the OH adduct at the sulfur &onilarly
to the case of amoxicillin (Section 5.1.1) the adduct in what attack occurfrom opposite
side of the thiazolidine ring relative to the carboxylate group (in the abserstabdfzing

effects) a rapidOH elimination is expected giving rige thesulfur radical cationk).
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Schemel0. The oxidation oB-aminopenicillanic aciéhduced by'OH and aromatic ring
transformation i n c¢ adaadsmrfthéammppenidillanicacid at pH
constituent of the molecul&tructures are shown assuming that the stereochemistry of the
parent moleculés retained

The sulfur radical cationb] is able to convert to several other transient species [29]. One
of them forms viaa deprotonation pathway affecting tbe&arbon of the sulfur atom leading
to U-(alkylthio)alkyl radicals which can be depicted by mesomeric forfnsand d) [158].
Based on previous results the absorption bands peakgPatm, 280 nm and 260 nane
assigned tothe correspondingc/d species of6-aminopenicillanic acid, ampicillin and

cloxacillin, respectively Kigure 20). The direct formation of these species via hydrogen
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abstraction exerted bYDH is anticipated noto exceed 20% efficiencyJAminoalkyl type
radicals(f) can form via specieswith the pseudeKolbe mechanisnsimilarly to amoxicillin
(Section 5.1.1). These specig} exhibit structureless absorption bandth &y« below 255
nm [174]. It appears that this pathway is highlydeed since in case of amoxicillin30% of
the initially available"OH contributes to the formation of speciesU-Aminoalkyl type
radicals(f) can convert vigh-fragmentation toyield thiyl type radicals in equilibriumgj
(Section 5.11 and [174]).

Threeelectron bonded species can also be produced via interaction between the lone
electron pair on a p orbital of a heteroatom (O, S, CI, Br) and the unpaired electron of the
sulfur radical catior(see Section 2.1.1.3, 511and 5.3.%[249]. In a bond 6 this type two
electrons are placed onkmnding ( orbital while the other one is oa 0* nonbonding
orbital. These species can easily dissociate owing tcdbtmelwe ak eni ng nfat ur e ¢
orbital yielding sulfur radical cationb{ in equilibrium. Thebroad absorption band withax
= 580 nm (assignetb thed Y & transition) represents the thresdectron bonde®S. E. S <
dimers of éaminopenicillanic acidi] (Figure 20A). The peak is considerably shifted to
longer wavelength compared to other analogs, which can be explained in two ways: (a) the p
orbitals cannot overlap perfectly or/and (@gctrondonation fromadjacentsubstituents
towards thel* orbital [249]. These effects decrease the stability of>tBe E .b&d and
reduce the differenceetween thel a # ldvelsi [186]. It follows that our system is rather
expected to behifted towards the precursar)(and towards an intramolecularly foimg
threeelectron bonded speci€s). The initial generation of several radical species is followed
by relaxation of the system to adjast equilibrium this phenomenon can be observed as the
decrease of the absorption band at 560 nm coincides witin¢hease at 390 nnfigure
20A). The 396nm band belongs to theS. E . O Q)G@pecigsSince there is a blughift and
broadening with the time at 390 nm the presencehef sulfur radical cationbj in
equilibrium can also be hypothesizedn case of penicillins(amoxicillin, ampicillin,
cloxacillin) the threeelectron bonded>S. E . déners could not be obtained, which
phenomenonis attributel to steric difficulties on accoundf the Ac oi | edd and cot
structureof these molecules (7]. The intramolecularly formingS. E . O<pé&ties exist in
these systems witnax~ 400 nm Figure 20B,C), in line with otherreports[250].

The impact of thearomaticside chain on the oxidation mechanism was evaluated in
experiments performed with solutiomsiditionally containing Fe(CN)}* . In this case the

hydroxycyclohexadienyl radicalg) are oxidized in a fast process (leading<joexcluding
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their interaction[176]. It appeared that there is a negligible contribution to the oxidation
mechanism coming from the side chain aromatic ring in case of ampigiibpire 20B
inset) whereas the contribution in case of cloXatiis noticeableg(Figure 20C inset) This
effect is anticipated to betill lower compared to that observed in case of amoxicillin
possessing a phenolic side chainlg% of the initially availabléOH attacked the aromatic
side chain of amoxicillinjSection 5.11).

The effect of dissolvedxygen on the oxidation process was evaluated in detail in case of
amoxicillin (Section 5.1.3)these processes are anticipated to take place for other penicillin

derivatives due to the genef@H induced oxidation mechanism.
5.5.2.0neelectronoxidationof penicillins induced by GY /Br,"
5.5.2.1.Reaction kinetic®f Cl,"

To generateCl," efficiently highCI' concentration was applied relative to the penicillin
derivative( O 1 % o0 j and theepH sfahe tsolution was adjusted2tf251]. Several
reactionstake place under the conditions used in the experimses$3.4Table S§. Cl,"
has an absorption band witha, = 340 nm (e.g. seeFigure 22A) and Us = 9600
mol™* dm® cm™ [252], the contribution of the absorption fra®t" (44 = 3800 mot dm® cm*

[253]) is insignificant since its concentration is very low in equilibrium [2594je decay of

the absorbancat 340 nnobeys firstorder kinetics when penicillins are presé@fgure 21B

inset). The following reactions need to be taken into account (for a more detailed picture see
Section S3.%[254,255]:

ToH + cl £ cloH" (21) k=431 10 mol*dm®s?  ky=6.17 10°s?
CIOH™ + H"§ (HOCIH)" (22) k=31 10°moltdm®s*  kyp=1T 1¢%s?
(HocH)'# cI"+ H,0 (23)  kes=(5° 2)1 10*s* ko3= 2.5 10°s®
cl+cl't cL" (24) ko =8.51 10 mol*dm®s?  ko,=61 10°s?t

Kos= 1.41 10° mol* dm®
CL" + H,Of (HOCIH)"+CI'  (25) kps=13008 kos=(8° 2)1 10° mol*dm’®s?
CL"+ penicilling@BY kpr@duct s

C'+ penicillins@7Y pg=?@uct s
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Under the conditions of our experiments it can be anticipatedetinatibrium (24) is
attained[255,256].In this case the observed decay rate at 340kngtan be given agVvl)
indicates. This equation stands wh&@Cl'] >> 1 and ky[CI'] + kpq >> (kgs +

ko7)[Penicillins] +kos + ko3 applies (derivation of equation Idan be found in [256)

K 6 kos + K23/ (Kod[CI']) + { ko7l (K2d[CI']) + keg}[Penicillins] (VI)

The observed firsbrder decay ratek()0at 340 nm exhibits linear dependence on the
concentration of penicillin derivatives in tf020.1 mmol dn? range Figure 21A). By
increasing the concentration significant curvature is obtaffiégure 21A inse) since
equilibrium (24)is not attained anymore on account of lingh K>, value with a lowk 4 (the
equilibrium is shifted to the right in accordance with the work duxton et al.[256].
According to equation (V])kzs can be derived as the intercept of stigight line fitted to the
experimental pointsf thek &s[Penicillins] plot(Figure 21A) sincekzs >> Kk 23/(K24ClI']). In

our case a value &5 = 1535° 160 s! was determined that is close to the reported value of
1300 §' [256,257). As the slopes frorfrigure 21A are plotted againgt/[CI'] in Figure 21B,

kos IS given as the intercept indicates and the slope of the straight line fitted to these values

supplyka7/Kza.
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containing 0.1 mmol dMAPA and 15 mmol diiNaCl at pH 2
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The reactivity of the aromatic and thioether moieties towadds was examined on the
substructure compounds of amoxicillirB-aminopenicillanic acid and -Hydroxy-D-
phenylglycine (HPG)A reaction rate constant @f. 6 °mol*d®®s?, 2 . Bmol dmi 0
standl. 3 Tmolt m® s* was determined for the reaction ®k" with amoxicillin, 4-
hydroxy-D-phenylglycine and 6aminopenicillanic acid respectively The reaction rate
constant forCl" is proposed to béiffusion controlled(~ 10°° mol* dm® s?) in all cases.
These values indicate that the phenolic side chain scaventg® of the initially available
CL" in the amoxicillin moleculéy calculating with competition kinetic¥he rate constant
of the phenol CI,™ reaction has been determined to2be 5 & ol d®® s [258], which
is very close to the value measured herein4ttrydroxy-D-phenylglycine Since the rate
constants for the benzeneGt" and chlorobenzee + Cl," reactions are very low, ¢0°
mol* dm® st a n d 10°Gnol* dm® s? [254,255] respectively, the effect of the side chain
constituent of ampicillin and cloxacillin when taking the reaction€kf into account is
assumed to bregligible.A reaction rate constant 8f 1 °malddm®*s*and5 1°mald
dm® s* has been reportefor (CHs),S and (CHsCH.),S, respectively[217,218]. The
somewhat smaller value df 3 T molt* @m® s for 6-aminopenicillanic acid might be
attributed to steric effects limiting tf@," reactions. It is apparent from the determined rate

constants that the sulfur atom is expected to be the predominant siteCtf"tkatack.

5.5.2.2.0neelectron oxidation of penicillins induced B,"

The CL" induced oxidation was studied on amoxicillin and its substructure compounds
(Figure 22) together with cloxacillin and ampicillif{gure 23). An absorption band peaking
at 340 nm is obtained at short delay tinaéter the pulse being assigned@b” . This band
rapidly disappears as the reaction proceeds leading to the transient spectra of the forming
intermediates. The initial radiation chemical yield can be calculated ®(®k") = 0.33
emot J

It is characterisc for the system that several equilibrexist (28-32) (Scheme 1}
[217,218] due to the presence of thedectron bonded species. In the first step ofGh&
induced oxidation a threglectron bonded adduct is form@d absorbing~ 390 nm[218].
Due to thé instability, these species can dissociate formsudfur radical cationsh{ (29)
(Scheme 1) or by reacting with an intact molecule yieldth® E . S < i5(p0k 8Speates (
| can convert tahe sulfur radical cation(b) and an intact molecul@ equilibrium. Since CI

has a higher electronegativiopmpared to the sulfuhe threeelectron complex is always
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thought to dissociatéorming the corespondingradical ion instead of undergoing atomic
dissociation (32) [249]. The sulfur radical catigna key intermediate, which is a precursor
for different radical specigside supraScheme D). Therefore, these radical species are also

suggested to exist in this system.
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Figure 22 Transient absorption specwhtainedn 0.1 mol dnm?® NaCl solutionssaturated
with N,O containing 1 mmol dif 6-aminopenicillanic acid4), 1 mmol dn 4-hydroxy-D-
phenylglycine B) and 1 mmol drii amoxicillin (C) at pH 2 (contribution of the reactions of

"H wasinvestigatedn solution contaimig 0.1 mol drf tert-butanol at pH &nd saturated

with N, the absorbance was corrected according to the correspdhtljiegjd, see Section
4.2.1.3)

300 350

As a result, the transient spectrum that is observed & time delay following the
electron puls€Figure 22A) consists of the spectrum of several species involwir®). E). C |
and the correspondingulfur radical cationk) (overlapping banslpeaking at390 nnm), U-
(alkylthio)alkyl radicals ¢/d) (absorption band peaking 260 nm) the threeelectron bonded
> S . Ei) Pecies@nax = 560 nm)(Scheme 1) and presumably-aminoalkyl radicalsf}
are also generate®&¢heme 1) It is observed on the spectral dynamics that the equilibrium

is reached within- 34¢s (Figure 22A), whichis much faster comped to the'OH reactions
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(Figure 20A). It can be anticipated that at 390 nm the absorption 8f. E . Q)JStkemé

10) and> S . E) (&hemé¢ 1) also contribute to the absorbance based on previous studies
(Section 5.1.1 anfR15,250]). It is noteworthy to mention that instead of the lower initial
oneelectron oxidant concentratio('OH) = 0 tand@@k3) I 0. 3 3seec mo |
Section 4.2.1.3; seEigure 20A and Figure 22A) the absorbance at 560 nm §. Ei) S< (
specie} is almost twice in case of th@l," induced oxidation compared to that W@H
suggesting a higher sulfur radical catidar) ¢oncentration. This is easily understood if the
stabilized adduct at the sulfur in case of I induced oxidatioris taken into account
(Figure 20A, amax= 285 nn).

o) COOH
N
@ o
H3Nj\;‘\/§< +Cl
H {H g
(32) 6-Aminopenicillanic acid
o COOH 6-Aminopenicillanic acid
N +
0 COOH COOH /§< H® o COOH
N cly (30) H;N j:‘\s%. ? NH, E1)) N
HN® —~——l H @S =~ @
3 o (28) S. 7%]\] %) H3NH (S_B.
H
6-Ami ill id HOOC -
m1n0pen1c1 anic aci or 29) icl
\\ o) COOH
@] - ,
H;N N\* Cl Scheme 11
H §a
Q\]]—h Q\IH3 ®NH;

4 Ot
HO o HO™ X © H 0 0
Amoxicillin D o—
cuct, G,
oY
cl
HO o

Scheme 1. Cl," inducedoxidationinitiated byCl," in case oB-aminopenicillanic acid and
amoxicillin at pH 2. Rstands fothe 6aminopenicillanic acid constituent of the molecule
Structures are shown assuming that the stereochemistry of the parent mslextaleed

The reaction ofcl,™ with the aromatic side chain of amoxicillin was investigated on the
substructure congund 4-hydroxy-D-phenylglycine The reaction was shown to proceed
slowly k= 2 . 8mol* dri’® 6%) compared to the-Bminopenicillanic aci¢onstituen{k =
1. 3  Tmolt @m® s?), andindeed, a slower decay 61," can be observed at 34Bigure
22B). The reaction ofCL" involves a onelectron oxidation event yielding the
corresponding radical catidim), which in case of phenols converts to gienoxyl radical
(n) (Scheme 1) [258]. The absorption band peaking at 410 (Hgure 22B) is assigned to
speciesn according to our previous investigation on amoxicillin (Section 5.1.1 and [173]).
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CI" adds to the aromatic ring formit@-cyclohexadienyl radicals) that absorb at 300 nm
(Scheme 1) [254,255,258] These radicals are also petin case of 4hydroxy-D-
phenylglycine Figure 22B).

It appears from the transient spectra of amoxicillin tthe correspondingspecies
generated from the substructure constituentg-hyfroxy-D-phenylglycine 6-
aminopenicillanic acid) are simultaneouslyresent Figure 22), only the >S. E. S<
intermediates cannot form in this case due to the steric Inceli@s proposed before. Since
the experiments werdone at highly acidic pH the coibution of "H reactionsto the
transient spectraasalways examinedThe interference can arise " adds to the aromatic
ring forming cyclohexadienyl radicalsvhich absorbat amax a8 345, 340 and 310 nm for-4
hydroxy-D-phenylglycine amoxicillin, and ampicillin, respectivelyfFigure 22B,C and
Figure 23A). The resemblance of the spectra obtained in caseaafigopenicillanic acid
(Figure 22A) to the spectrum observed in case of the hydrated electron reaction (Section
5.2.2, Figure 9D) indicates that 'H attacks theb-lactam carbonyl(generating a similar

intermediatdo the ketyl radicalyide supra.
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Figure 23. Transient absorption specwhservedn 0.1 mol dn? NaCl solutionsaturated
with N2O containing 1 mmol diiampicillin (A) at pH 2, and 1 mmol drrcloxacillin (B) at
pH 5 (cloxacillin is soluble only at this pH, at low pH it precipitates)

In Figure 23 the transient spectra recorded in ampicillin and cloxacillin solutions can be
seen. In case of ampicillifFigure 23A) the absorption band peaking at 330 nm is assigned
to the corresponding sulfur radical cation. Furthermore, at ~ 360>rn. EI) @nd  (
>S. E. O)$kemé 1land10) speciesare expected to contribute to the absorbabkce.
(Alkylthio)alkyl radicals ¢/d) absorb at shorter wavelength at which a small interference

coming fromCl-cyclohexadienyl radicals expectedU-Aminoalkyl radicals {) should also
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be present in a system of this type. The spectra recorded in cloxacillin solution are quite
similar to the case of @minopenicillanic acid with a slight reshift (Figure 22A andFigure
23B). The reactions occurring at the aromatic side chain can therefore be firmly excluded.
The threeelectron bonded S S<Especies were not present.

It is noteworthy to metion that at pH 2 the molecules are present as free acids.
>S. E. spexfesmay undergo a protonation process that has not been studied in our case
[250].

5.5.2.3.0neelectron oxidation of penicillins induced By,"

The Br," induced oxidation was investigated iN,O-saturated solutions with
0.1 mol dn?® NaBradded containind mmol dm® 6-aminopenicillanic acid, amoxicillin and
ampicillin (Figure 24). When there is no organic compound presé&mngufe 24A) two
absorption barsl dominate the spectra: &t = 360 assigned tBr," (3go = 9900° 600
mol* dm® cm? [259)) and atamax & 265 nmassigned to Bf ((3gs = 40900 mof dm® cm*
[260]). Severakquilibria are present similarly t61," (seeLampre et al[261]).

On account of the complex buileh and decay processgsde infrg the corresponding

rate constants of ther,"

induced oxidation of penicillins could not be derived. While slow
decayg areobserved at 360 nm the builghbs at short wavelengtarequite fast (Figure 24B,C
andD). The formations of the oxidized transients are done witl@n ,e- 40e @nd~36¢ s

at 265 nm in case of-@minopenicillanic acidamoxicillin and ampicillin, respectively

(Figure 24 insets) Br,"

exhibits an even lower reactivity towards aromatics compared to
Cl,", a reaction rate constantlot= 6 °Imol1d&® s* has beemeported for theBr," +

phenol reactiorf262]. Neverthelesshigh reaction rate constants have been reported for the
(CHs),S and (CHCH,),S + Bp" reactionswith k=3 . 2 °imoMdd®*s*and 2° T 10
mol* dm?® s, respectively [28]. The fast reaction oBr," with 6-aminopenicillanic acid is

also observedFigure 24B inset) The mechanism is expected to follow that unraveled for

ClL" (Scheme 1). In case oBr," the threeelectron bondedS. E .sgeies are not present.

The broad absorption band-a¥400 nm(Figure 24B) probably involves theS. E. Br s peci
[218]. At shorter wavelength probably)(alkylthio)alkyl radicals contribute to the
absorbance. The same oxidation mechanism is anticipated for amoxicillin and ampicillin
(Figure 24C,D) involving the silfur atom. Since the absorbanat shorter wavelength is
assgned to secondary intermediates, the reaction rate constant is much faster than these

processes indicate. The slow decay of the-@®0bandis in line with the proposed
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mechanisn(Scheme 1] consisting ofseveral egilibria through which additional formein
of Br," can take place. The absorbarateshorter wavelength indicates that a much higher

sulfur radical cation concentration should be initially present compared {®theeaction

due to a longiving stabilized OH adduct at the sulfur.
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Figure 24. Transient spectrabtainedn solutiors saturated with BD with 0.1 mol dmi® KBr
(A), 0.1mol dmi® KBr and 1 nmol dmi® 6-aminopenicillanic acidg), 0.1 mol dn® KBr and
1 mmol dmi® amoxicillin (C), 0.1 mol dn® KBr and1 mmol dm® ampicillin (D) added The
pH of the solutions was. Insetdisplaykinetic tracs recorded at 265 and 360 nm in a

soluion as specified for the figure
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5.5.3. Corluding remarks

The generalOH induced oxidatiormechanism of penicillins has been unraveled herein.
The oxidation follows the reaction pathways typical for organic sulfides. The kinetics as well
as the mechanism of th€l,"/Br," induced oxidation indicate that the sulfur is the
predominant site of ddation. By usingCl."/Br," a much higher sulfur radical cation
concentration could be obtained compai@¥OH since in this case a lodiying OH adduct
at the sulfur was generated. The reactivity@4" /Br," towards the thioether group of
penicillins makes the Advanced Oxidation Processapplicable to eliminate these residues

even from saline or brackish waters.
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6. SUMMARY

The unique structure of penicillins made the free radical reactions of these molecules
especially peculiar. The oredectron oxidation and reduction of these antibiotics brought
many interesting reactions to light adding a new chapter to the chemistrgeofadicals.

The reported reactions can be anticipated to aid the understanding of more complex systems
like peptides and proteins with thioether groups in their structure.

AdvancedOxidation Rocessesre to be implemented as cutting edge technologiggat
the wastewater produced by the man of the future, polluted by a wide range of chemicals
including antibiotics. In all cases a major goal is to eliminate the residual antibacterial
activity of the wastewater since it has a detrimental effect on min@alth through its impact
on the microbia of the environmentAdvanced Oxidation f@cessesare based on free
radical reactions and rationalization of the ongoing processes under treatment cannot be
completed without unraveling the very early event®xitlation. Furthermore, the effect of
final products on microbiota at different stages of the treatment is also an important concern
of engineering. Both of these issues were addressed iAltDithesis

Amoxicillin possesses aromatic and thioether megetboth prone to "OH induced
oxidation. The reaction rate constants’©H with aromatics and organic sulfides are in the
diffusion controlled range. Therefore, a competition is expected to occur between these
moieties for consuming the availabl®H. This competition governs the efficiency of the
antbacterialinactivation since the sulfur atom is close to the fx¢gctam pharmacophore. In
other systems (peptides) it was shown fi@t attack at these sitéake placewith nearly
same probabilitie. The "OH induced oxidation of amoxicillin exhibits a reaction pathway
typical for oxidation of sulfides. A small contribution of the aromatic side chain to the
oxidation mechanism can be predicted. Therefore, theelmwtron oxidation occurs
predominarit at the sulfur atom.

Interestingly, the primary intermedial®H adduct to the sulfur can be stabilized for
several ms in penicillin derivatives. The reaction mechanisifObf induced oxidation of
penicillinsindicatesthe existenceof a shortliving anda stabilized londiving "OH adduct to
the sulfur. The londiving species(U;; = 2.3 ms in case of amoxicilliriy proposedto be
stabilized via a hydrogen bond between the carboxylate group and the OH group attached to
the sulfur atom. Such an interaction yielding "H adduct to the sulfur existing for

extremely long time period is unique phenomenon in the literature. CEmispresumably
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occur in methionineontaining proteins/peptides provided the steric requirements with the
corresponding entities are met. It is apparent that thesdilang species open the gates for
other reaction pathways to take place during metheswixidation that have not been taken
yet into account.

€y IS accommodated on the carbonyl groups of the penicillin skelg@dding ketyl
radicals. It appears that penicillins react with the hydrated electron som&wiiiatly to a
tripeptide Ketyl radicals are reported to form in case of redggling quinones lying behind
their toxicity. If the ketyl radicals of penicillins exhibit similar redoycling properties it
would give explanatiotfior the oxidative stress phenomenon that is frequently coaden
the literature.

It was shown thae,; and"OH are able to demolish tHelactamsystem of penicillins.

The sulfur radical cationthe U-aminoalkyl and U-(alkylthio)alkyl radicalsare proposed to

play key role in the ringpening reactionAttack of e, at  tlactam darbonyl carbon
presumably initiates the opening of the strained-foembered system. Furthermore, it is
expected that electron migration occurs from the ketyl radical of the carboxylate moiety
t o wa r d-kctam migogebleadingto opening of théb-lactam ring. The relatively high
efficiency that g; and TOH provide in elimination of the kef-lactam pharmacophore,
which determines the antibacterial activity, is promisingespect to implementation of an
advanced oxidatiorprocess to eliminate the residual antibacterial activity of wastewater
matrices originating from penicillins.

It appeared thatxeessive orinsufficient radical exposure is deleterious sfation to
elimination ofthe selective pressure on bacterial agaht low radical exposure the forming
products exhibit enhanced toxicity and antimicrobial potency. This might be on account of
the enhanced permeability of the products for both Gragative and Graspositive species.
The adverse effect at high radicaxposure presumably arises from the forming
polyhydroxylated phenolic compound# low radical exposure can occur under real
treatment conditions since most of theH is scavenged by the complex matrix of the
wastewatenatural alkalinity, dissolved oamic matter)It follows that careful optimization
of the advancedxidation process is necessary.

A general onelectron oxidation mechanism applies to penicillins wHéMH and
CL"/Br," are used as oxidants. The oxidation takes place mainly at the sulfur atom. The
high reactivity ofCl," /Br," towards penidiins maks the advanced oxidatiotreatment of

saline or brackish watec®ntaminated with these molecules highly feasible.
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7. NOVEL SCIENTIFIC FINDINGS

|. We proved that the hydrated electron attack occurs at the carboo m olactam and b
amide carbonyl group, and of the carboxylate group of the penicillin skeleton. The initial
intermediates of the oraectron reductions are ketyl radicals. (Papetide infrag

. We found that"OH partitioning between the aromatic and thioether moieties in
amoxicillin is shifted towards the latter entitfherefore, the'OH induced oxidation of

amoxicillin exhibits a reaction pathway typical fotidation of sulfides. (Paper 2)

lIl. By unraveling theeaction mechanism of tHOH induced oxidation of amoxicillin we
found that a shotiving and a stabilized longving "OH adduct to the sulfur exist in the
system. The lorgjving species is suggested to be stabilized via a hydrogen bond between the
carboxylate group and the OHogip attached to the sulfur atom conferring a long lifegpan

this intermediate. (Paper 2)

IV. We showed that.g and"OH are suitable candidates for demolishingfilectam system
of penicillins. To substantiate our results we conducted IR spectrascapi knetics
measurements. (Paper 3)

V. We confirmed via parallel final product analysis and microbiological investigations that
too low and too high radical exposure during advanced oxidation of penicillins compromises

the elimination of the selectivegssure on bacterial strairffRaper 4)

VI. We found by using pulse radiolysis techniques that theetewtron oxidation of
penicillins takes place predominantly at the sulfur atom applying beth®b" and'OH as
oxidants. Furthermore, we showed that penicillins exhibihthancedreactivity towards
ClL"/Br,". A higher sulfur radical cation concentration wabtained by CbL"/Br,"
compared tdOH due to aunique stabilized intermediate that forms a result othe "OH

induced oxidation. (Pap@rand5)
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SUPPLEMENTARY MATERIAL
S1. Free radicals in biology
S1.1.Sources ofree radicals

ROS include nomadical (HO,) andradical species'OH, G,"), too. O,™ can form via
several pathways in the cell and serve as a common precursor of otheFIB@S £1) [1].
Mitochondrionis animportant source of thes release, which forms here mainly as a result
of the electron leakage from the electron transport chain. The mitochondrial electron
transport chain consists of four multiprotein complexes with electron carriers having
sufficiently negative reduction potéais EA r a n g i-n3g to #0.30 2]) to pass an
electron to molecular oxygeEA (»,/0.") =-0.160V [3]). Among the seven identified site
of the mitochondrial superoxide formation, complex | (NADH dehydrogenase) and complex
lll (ubiquinonecytochromec reductase) in the electron transport chain have the greatest
capacities[4]. The origin of the electron loss resides in a semiquinone tadi@ll) or a
reduced flavine mononucleotide (FMN). In complex Ill, electrons are transferred by
reduction of ubiquinone (Q) to ubiquinol (QHand disturbance in the normal electron flow
of this Qcycle Figure Sl) gives rise to théQH formation. In compix |, contribution of the
ubiquinonebinding and the flavine mononucleotidinding site to the overall yield of 0 is
still under debat§s]. Another major contributor of ROS formation in mammalian cells is the
endoplasmic reticulum (ER). ER is a sophisticated organelle responsible for protein folding
and processing. Disturbance in its homeostasis leads to accumulation of un/misfolded
proteinsstimulating the unfolded protein response that implies the generation off@@OS
NADPH oxidases (NOX) are enzymes capable of transferring electrons through membranes
giving that to désolvedoxygen as acceptor. The forming'Ohave several functions e lgost
defense and regulation of cell growW).

The three isoforms (neuronal, inducible, endothelial) of nitric oxide synthase (NOS) are
the producers of the smallest signaling molecule known, the nitric oxide. Besides fulfilling
essential functions e.gcontrolling vascular tone and neurotransmission, it is also the
precursor of harmful reactive nitrogen species. In case of the existence of cardiovascular risk
factors or vascular disease enhancetl fdrmation occurs. ¢ can readily recombine with
NO (k = (4.36 . 7 ) ° mol* dnB s%) yielding the deleterious peroxynitrite (ONOQJ8].
Peroxynitrite can oxidize the cofactor of the endothelial NOS, making it,Argénerating

enzyme further contributing to the vascular oxidative stress. This phenomenon is referred to
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as NOS uncoupling9]. There are still many other enzymes able to produce ROS/RNS
including cytochrome P450, lipoxygenase and cyclooxygenase assdoidkexriarachidonic

acid metabolism, xanthine oxidase, and organelles like peroxisomes.

0, SoD3
0,* = H,0,
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000000000060 000000
Endoplasmic Electron
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transport chain
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\ ‘Cellular proteins
/ NOZ.
elele} ..
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NO,* HOCI Thioredoxin
DNA H,0 Pho* Glutaredoxin
OXIDATIVE STRESS
Antioxidant defense system SOH
4 REDOX SIGNALING [/

Figure S1. Cellular formation of reactive oxygen species. Antioxidant defense system is
about to maintain a neat homeostasisifinmal physiological functions

If O," once formedit can take part in a series of reactions leading to other ROS.
By enzymatic guperoxide dismutas&§ODZ13 in cytoplasm, mitochondria and extracellular
space, respectively) or n@amzymatic dismutation it can convert te®4 (Figure S1). It can
also generate peroxynitrite as mentioned before. With this reactighsh@t cannot cross
cell membranes readily (i.e. mitochondria) is transformed A0,tnd peroxynitrite, which
are able to diffuse through them. The fact that these speciesadydo interconvert to other
ROS including G" further underlines the importance of the mitochondrial ROS formation
affecting other cellular compartmeni&j. Another source of D, arises from the reaction of
O," with [4Fe-4S] enzyme clusters liberatirfpee FE* [10]. This reaction not only damages
essential enzymes, explaining the cytotoxicity ef (but the released iron can generge
in reaction with HO. via the Fentonchemistry."OH is the most powerful oxidai vivo,

which damages proteinBpids and DNA in the vicinity dits formation unselectively and
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relatively site-specifically. Therefore,"OH is invariably toxic in biological systems.
Furthermore, owing to its oxidative attack further ROS are generated e.g. peroxyl radicals
and Q™ as byproductg8]. Peroxidases are able to convepOkito other harmful species
generating HOCI (myeloperoxidase), N@r phenoxyl radical from suitable partngf<].

At the same time, D, plays crucial role in cell signaling e.g. via oxidation of cysteine
residues thatre later recovered enzymaticalljt1]. Therefore, cells possess an effective
antioxidant system to control the,® level with peroxidoredoxins (PRX), glutathione
peroxidass (GPx) and catalases (CAT). These enzymes conyéx td waer molecule.

Of RNS peroxynitie is the deleterious agent that can oxidize methionine and cysteine,
nitrate tyrosine and tryptophan and damage lipids and DNA. Its reactivity resides mainly in

secondary reactive speci®®H, NO," and CQ", forming undein vivo circumstance§l?2].
S1.2. Oxidative stress and redox signaling

Oxidative stress refers to overproduction of ROS causing damage in proteins, lipids and
DNA. Since there are two sites thfe coin: redox signaling and oxidative stress, maintaining
a neat homeostasis is essential for normal physiological functions. For this purpose, a
sophisticated antioxidant defea: system protects the cell, whetavenges ROS or prevent
their formation including superoxide dismutase (SOB), catalase (CAT), glutathione
peroxidases (GPx), glutathior&transferase, glutathione, peroxiredoxins and thioredoxins
[1]. Dietderived antioxidants are e.g. Vitamin E an{llG].

Whereas'OH reacts unselectivelyith biomolecules in the vicinity of its formation,,©
and HO, are less reactive and have specific targets. This specificity makes them able to act
as signaling agents. Specific target of" Qs the Fé&" in [Fe-S] clusters owing to the
electrostatic #iraction Whereas this lies behind tlire vivo toxicity of O,", in some cases
this is how the receptor senses the agddidl. Such an example is the redsensitive
transcription factor SoxR ifEscherichia coli which contains [R&] clusters in its m@ox
center providing a unique tool for ,O sensing and triggering distinct responses.
H,0O, specifically attack cysteine residues. However, cysteisethe constituent of many
proteins HO, does nottargetthese residues randomly. The selectivity arises as different
cysteine residues possess different redox activity depending on the ionization Isgate (p
localization, so practically on the gross environment. This can be further influenced by metal
binding Increase in nucleophilicity implies an increasing reaction rate, and thertfere

thiolate €S) is the most reactive. The reaction rate constant varies within a wide range,
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10-10° mol* dm® s, and this is the basis that makesOH a signaling moledle.
Particular attention is given to peroxidasasd among them especially to peroxiredoxins
which case theeaction rateconstantreaches thenaximum(~ 10-10" mol* dm® s%) [10].
Two-electron oxidation in these enzymes leads to sulfenic @8DH) and aleration in
enzyme function. &rther attack of excess,8; (should be higher than the nanomolar range)
can result in overoxidation to sulfinieSO:H) or sulfonic acid {SO;H), which oxidation is
actually irreversible. Only sulfenic acid cha recovered byhtoredoxin or glutaredoxirand
therefore take part in redox signaling. Obviously, cells try to avoid the exposure to high level
of H,O, due to the oxidative damage putting in force several antioxidant measures.
Peroxidases are also cahsiied to be part of the antioxidant defense system. These peculiar
signaling mechanisms mentioned above have been found in microbes but interestingly not yet
in mammalian cells. In eukaryotes ROS are plausibly a part of a more complex and
sophisticated imacellular signaling system modulating multiple pathwayg.

Much evidence has been brought to light indicating the involvement of redox signaling in

the regulation of important physiological proceq46s13 (Figure S2).

Antioxidant defense system ROS & RNS

ROS hormesis
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Autoimmunity

Tumorigenesis
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Alzheimer’s disease
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Figure S2.Redox signalingysoxidative stress
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ROS play key role in controlling normal and cancer cell proliferation pathways. Activation
of growth factor (epidermal and plateldrived growth factor) is followed by increase in
ROS generation of NADPH oxidases. Thglhithus producednactivates phosphatases by
cysteine oxidation of the protein that ledadenhanced tyrosine phosphorylation (inhibiting
the dephosphorylating enzyme) of the epidermal growth factor receptor triggering
proliferative signaling pathways (e.g. nutrient iatacell survival). Of course, phosphatases
are subsequently recovered by thioredoxin for retaining the catalytic cycle. Cancer cells
continuously trigger growth factor pathways to maintain insistent proliferation. This is
associated with an increased nbetigc activity, and thereforewith enhanced ROS formation
from mitochondria, endoplasmic reticulum and NADPH oxidases. This elevated ROS level
induces further signaling pathways that drives tumorigenesis. By inhibition of prolyl
hydroxylases these circurstances also promote the metabolic adaptation to hypoxia in
cancer cells. At the same time, tumor cells need to keep the antioxidant attevibyjgher
level to avoid ROSnduced cell death (oxidative stress). These mechanisms add further
approaches toancer therapy: lowering the ROS signaling level by administering appropriate
antioxidants or increasing the ROS level and thereby inactivating the antioxidant system in
order to kill tumor cells. This is a mattof future research. ROS ta#tlso an essential part in
regulation of inflammation. In innate immune response activation of cytokines proceeds via
stimulation of ROS generation of the mitochondria or NADPH oxidases andaR&tso
implicated in normal macrophage activity. ROS proauncbf mitochondria and NOX is also
needed for T and B cell activation to achieve effective adaptive immune response. Since
hyperactivation or suppression of immune system results in pathological conditions e.g.
autoimmunity, cardiovascular disease, mamitey the redox balance is crucial. Probably the
most important contribution of ROS to human survival resides in the productios dby
phagocytic cells to kill pathogenic bacteria. Regulation of aging is anothémfheee ROS
have a central role. Helay aging implies the necessity of the replacement of adult or
damaged tissues by undifferentiated stem cells. Stem cells need to differentiate and self
renew. Low level of mitochondrial and NADPH oxidase derived ROS production is required
for cell proliferation, and ROS aralso essential for cell differentiation. Nevertheless,
elevated levels of ROS have a detrimental effect impairing these functidres llecme
apparent that mitochondrial formation of ROS can have a positive effect on lifespan.
Activities that promote mitochondrial ROS generation induce endogenous mechanisms

conferring increased stress resistance and longevity to thEl6glISuch healthy activities
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that enhance the mitochondrial oxygen consumption are physical exercise and calorie
restrictions. Since imbalance in ROS homeostasis is linked to several diseasiedeabwith
abnormal cell differentiation, targeting redox/signaling pathwaysngb a new
pharmacological approach to several therapies. Yet there is only one clinigdigdaggent

for such a therapy that is ATRA, a metaboliteJdbcopherol (Vitamin E) used in treatment

of promyelocytic leukemi§l]. However, there is a bunch of drugspreclinical and clinical

phaseemphasizing the potency of this facet for drug dewelent.
S1.3. Oxidative stress and human pathologies

In the light of the above consideration, it is not surprising that imbalance in ROS
homeostasis has been linked to several pathological conditiigard S2). It is also
apparent that increased Gnsumption inevitable leads to a higher risk for oxidative stress to
occur. Indeed, in line with the fact that the @nsumption and energy uptakesthe highest
in the brain (displays 20% of the tota} @onsumption)it is the most sensitive to RJ%7].
This associates with a high lipid content of the brain (50% of the dry weight) involving
polyunsaturated fatty acids susceptible to free radical attack and with the subsequent poor
regeneration capacity of neurons. Therefore, neuronal damage can accuutitegethe
aging process, and thus oxidative stress is the causative element in development of several
neurodegenerative disorders. Indeed, aging is the greatest risk factor for these diseases.
Mitochondrial dysfunction and oxidative stress are commonerg@hants of the
pathophysiology of Al zheimerdés disease, Par
and Hunti ng[i8hn o6Asl zchieseameseds di sease is charac
amyloid plaques mainly composed bfamyloid peptide ff A)Pthat is originated from a
membranebound proteinb AP cont ai ns a meQ-thrminahdomae thatess i d u e
important for its neurotoxicityl9]. This methioningesidueis able to reduce Cu(ll) that can
be strongly bound tresidub)Adming buffur radical cation sandi di n e
subsequently kD, from O; in a catalytic manndtl9,20]. H,O, can convert tdOH in Fenton
reaction initiating oxidative damage. Stabilization of shéur radical cation in threelectron
bonded complexes prales a driving force for the reduction of the Cu[B)]. This radical
cation further transforms to carbon centered radical in an intramolecular process, these
radical s ar e precursors of peroxi des. bAP
dehydrogenasedeading to impaired energy metabolisfii8]. Parkinsonods di
characterized by the loss of dopaminergic neurons from the substantia nigra. In this case

complex | activity is diminished that may induce electron leakage and enhanced formation of
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ROS. The di sease i s -tyeualeinj2e]eDbpariye isdessentas fort i o n
neuronal signaling, however, when it is released to the cytoplasm it can coowdthatestal

ions leading to the generation of ROS and neuromelanin, which isl@éseoanteract with
metals to produce ROS. D o p asynuclesn arid onotationsint a s i s
this protein leads to abundant presence of dopamine in the cytomasitherefore, to
oxidative stress. Under these circumstances in the presefice i 4symutlein ddgregates

giving a vicious cycle.

Oxidative/nitrosative stress has also been implicated in the pathogenesis of depression
[17]. This opens gates to introduce antioxidants as possible candidates in antidepressant
therapies. Of cours@n active agent needs to cross the blo@n barrier to exert its effect
and several diedlerived antioxidants do not meet this requirenj28j. As it was mentioned
before, oxidative stress is unequivocal contributor to the development and progadssion
cancer. Involvement of ROS in several diseasesnected to cell differentiatiors reported,
however, the contribution of these processes to the pathophysiology is less clear since
oxidative stress occurs during inflammation collaterally as a manfulgi3,23,24]

Such notoriasly referred diseases are atismlerosis, obesity, type 2 diabetes and
rheumatoid arthriti§l].

According to the above considerations ROS production exhibdrmesis [25]

(Figure S2): small increase in ROS levels may indgayeral signaling pathways that are
pivotal for normal physiological functi@enwhereas overproduction leads to damage in DNA,
lipids and proteins that might result in the development of severe diseases. Redox signaling
usually occurs close to the sourmiethe ROS formationAccumulation of ROS in different

cell compartments has different outcomes due to varying surroundings that also determines
whether oxidative stress or redox signaling occurs (e.g. proteins involved in redox signaling
are localized clse to the formation of the corresponding ROS). Excessive formation of ROS

out of the right site inevitable leads to oxidative stfé4$
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S2. Supporting information for the AMaterials and methodsd section

S2.1. Materials

@ o) COOH COO
NH; N§< pK, =2.63 NH3 H §<
Oy oy
H H
HO © HO
Monocation (pH < 2.63) Zwitterion (2.63 <pH < 7.16)
Amoxicillin (AMX)
pK,=7.16
COO COO
Q)N* . *&‘ - mj F
HO O
Monoanion (7.16 < pH < 9.55) Dianion (pH > 9.55)

Table S1.Physicochemical properties of the compounds under investigation. The prevailing
form of amoxicillin in solution is shown above as a functiothefpH

Molecular Solubility

pKa values mass  at 20 Reduction
-COOH -NH -OH : '
> (gmor)) (mol dm?) potentials
Amoxicillin 2.63 7.16 9.58 365.0 0.007 -
Ampicillin 2.68 7.28 - 349.0 0.016 -
. 457.86  >0.044
Cloxacillin 2.70 - - (Nasal)  (Nasalt -
6-
Aminopenicillanic 2.30° 4.90 - 216.26 0.01F -
acid
4-Hydorxy-D- -, g 9.20° ~95 167.16  0.115 :
phenylglycine
o ) pK,y = 4.10° g EA ( AAT)
Ascorbic acid DKop = 112" 176.12 1.910 0.0V
Methyl viologen ] 257.16 2720 EA ( MYMVT™)
dichloride hydrate (anhydrous ' =-0.448 V

aTsuji et al.[26]; " Hou and Poold27]; ¢ Ulijn et al. [28]; ¢ Kumler and Danield29]; ¢ Crea et al.[30];
" Bezerra et al.[31]; ¢ Apelblat and Manzurolg32]; " Bonilla et al [33]; ' Steenken and Netf84];
I'Wardman[35].



SUPPLEMENTARY MATERIAL

S2.2. -Irmadiation facility

Thefacilityisan SLLO 1 t y p e pirfadliatot equippeal Witil°C@gamma sources.
These sources (Ce63 HH type with dimensions of 11 1
torpedoes (each containing 4 sourc@spure S3. These torpedoes are placed along the
superficies of a cylindrical cage, which can receive 20 capsules. Whdacilty is not
under work sources are kept in a water (distilled) pool under the irradiation chamber in 4.2 m
deep from the surface of the water, providing appropriate shieldsndel the chambeoom
To perform irradiation the torpedoes are lifted up to tireadiation chamberwhere the
samples to bé&reatedare placed. The dimensions of the chamber raced 1 4 4n,itls
surrounded by 1.7 m thick concrete wallhis roan can be approached viddma z e 0 due t ¢
safety puposes. Several measures ensilne safe work of theirradiator which can be
operated from a separated roohhe facility enables to applyuite wide range of dose rates

by changing the distance of the sdespfrom the sources.

Figure S3 SLL-01 type pilot sca -irpadiator operated by éhinstitute of Isotopes Co. Ltd
































































































