Budapest University of Technology and Economics
Faculty of Chemical Technology and Biotechnology
George Olah Doctoral School
Department of Organic Chemistry and Technology

Free Radical Chemistry of Penicillin Derivatives
PhD Thesis
Author:
László Szabó
Supervisor:
Dr. Tünde Tóth
Co-supervisor:
Prof. Erzsébet Takács

Hungarian Academy of Sciences Cetre for Energy Research
Institute for Energy Security and Environmental Safety
Radiation Chemistry Department

Budapest, Hungary
2016

Dedicated to living and deceased members of my family.

ACKNOWLEDGEMENTS
In the first place I would like to express my deepest gratitude to my supervisors Prof.
Erzsébet Takács and Dr. Tünde Tóth. The same tribute is entitled to Prof. László Wojnárovits
being practically my third supervisor. There are no words to express my appreciation for
having the possibility to study at the Radiation Chemistry „School” that is hallmarked by the
name of Prof. Erzsébet Takács and Prof. László Wojnárovits, who have been making
grandiose efforts to create the environment for the research including the material and
academic backgrounds. The same appreciation goes to Dr. Tünde Tóth for introducing me
into the „tricks of the trade” of organic chemistry. Through the „battles” in the scientific
world my supervisors have taught me valuable lessons about endurance, optimism and that
your work needs to be a game, in which you can find happiness. „...their memory can never
grow old, while their honor is every men’s envy.” [Lys. 2.79]
My special thanks go to the members of the Radiation Chemistry Department I have
worked with: Gergely Rácz, Dr. Renáta Homlok, Dr. Tamás Csay, Gyuri Sági, Krisztina
Kovács, Dr. Erzsébet Illés, Katalin Gonter and Éva Koczog. Without their altruistic help, my
work would have been a much tougher task. Furthermore, I would like to express my sincere
gratitude to Zoltán Papp, who operates the γ-irradiation facility, he has an impressive attitude
and personality being partner in the research at any time. Since I have spent most of my time
in the company of the Tesla Linac LPR-4 type accelerator, I owe particular thanks to László
Takács for being a real-life hero in repairing, maintaining and operating this equipment. I also
need to be grateful for his patience that is obviously necessary for working with me.
I owe special thanks to Prof. Csilla Mohácsi-Farkas and Tekla Engelhardt for the
possibility of working at the Department of Microbiology and Biotechnology (Corvinus
University of Budapest) and introducing me into the practice of microbiological assays.
Although I have spent only short time at their laboratory, these memories will never fade.
I owe a special debt of gratitude to Dr. József Nagy for his kind help and to Prof. Krzysztof
Bobrowski for the valuable discussions. I would also like to express my sincere appreciation
to the Reviewers of the articles for their kind work and criticism.
Last but not least, my greatest debt is owed to my family for the devotion and sacrifices. I
am really grateful for leading me to the right path in my life. It is apparent that this thesis is
devoted to those who accompanied me on this rugged journey. Furthermore, a bunch of
thanks goes to my friend Tamás Németh for his support, and to Martina Ayaka Herlitschke
for her encouragement and devotion.

ABBREVIATIONS, ACRONYMS AND SYMBOLS ........................................................ 4
1. INTRODUCTION............................................................................................................. 6
2. LITERATURE REVIEW.................................................................................................. 8
2.1. Free radicals in biology .................................................................................................. 8
2.1.1. Oxidation of proteins, lipids and DNA ..................................................................... 8
2.1.1.1. Tyrosine oxidation ............................................................................................. 9
2.1.1.2. Cysteine oxidation ........................................................................................... 10
2.1.1.3. Methionine oxidation ....................................................................................... 12
2.1.1.4. Oxidation of lipids and DNA ........................................................................... 16
2.1.2. Antibiotics as exogenous stressors of oxidative stress ........................................... 17
2.2. Introducing a special group of antibiotics: penicillins ................................................. 18
2.3. Generation of biologically relevant free radicals in vitro ............................................ 19
2.3.1. Principles of radiation chemistry: water radiolysis ................................................ 20
2.4. Free radicals for environmental protection .................................................................. 23
2.4.1. Antibiotic resistance ............................................................................................... 23
2.4.2. β-Lactams as hazardous water pollutants ............................................................... 24
2.4.2.1. Advanced oxidation of β-lactams for eliminating
the antimicrobial activity .................................................................................. 24
3. AIMS AND OBJECTIVES OF THE THESIS ............................................................... 29
4. MATERIALS AND METHODS .................................................................................... 33
4.1. Materials ....................................................................................................................... 33
4.2. Methods ........................................................................................................................ 33
4.2.1. Irradiation ............................................................................................................... 33
4.2.1.1. Steady-state γ-irradiation ................................................................................. 33
4.2.1.2. Pulse radiolysis experiments ............................................................................ 34
4.2.1.3. Specific conditions to observe distinct free radical reactions .......................... 34
4.2.2. Analytical techniques ............................................................................................. 36
4.2.2.1. Spectroscopy .................................................................................................... 37
4.2.2.2. Chromatography .............................................................................................. 37
4.2.2.3. CO2 release from the samples .......................................................................... 38
4.2.3. Microbiological assays ........................................................................................... 38
4.2.3.1. Toxicity tests: acute and chronic effects .......................................................... 38
4.2.3.2. Bacterial susceptibility tests ............................................................................. 38
5. RESULTS AND DISCUSSION ..................................................................................... 41
5.1. Free radical induced oxidation mechanism of a penicillin derivative
possessing sites on its structure prone to the attack of OH (Objective I) ................... 41
1

5.1.1. Primary steps of the OH induced oxidation .......................................................... 41
5.1.2. Products forming under steady-state gamma irradiation ........................................ 47
5.1.2.1. Modifications of the amoxicillin structure ....................................................... 49
5.1.3. The course of reactions leading to the S-oxide ....................................................... 50
5.1.4. Concluding remarks ................................................................................................ 53
5.2. One-electron reduction mechanism of penicillin derivatives (Objective II) ................ 53
5.2.1. Kinetics of eaq reaction .......................................................................................... 54
5.2.2. The one-electron reduction mechanism .................................................................. 55
5.2.2.1. Hydrated electron attack at the carboxylate group .......................................... 57
5.2.2.2. Hydrated electron attack at the β-lactam carbonyl .......................................... 58
5.2.2.3. Formation of benzyl radicals in ampicillin and amoxicillin samples .............. 59
5.2.2.4. Hydrated electron attack at the amide carbonyl ............................................... 60
5.2.3. Concluding remarks ................................................................................................ 60
5.3. The eaq− and OH induced destruction of the β-lactam system that
determines the antibacterial activity (Objective III) .................................................... 60
5.3.1. Evidence that OH and eaq target the bicyclic system ........................................... 61
5.3.2. β-Lactam degradation initiated by OH .................................................................. 63
5.3.3. β-Lactam degradation initiated by hydrated electron ............................................. 64
5.3.4. Kinetics of the penicillins + OH reaction .............................................................. 64
5.3.5. Concluding remarks ................................................................................................ 68
5.4. The effect of oxidation products of penicillin derivatives
on bacterial strains (Objective IV) ............................................................................... 68
5.4.1. Chemical approach ................................................................................................. 68
5.4.1.1. Following the fate of the pharmacophore that determines
the antimicrobial potency ................................................................................. 68
5.4.1.2. Investigating the structures of the products ..................................................... 69
5.4.2. Biological approach ................................................................................................ 72
5.4.2.1. Acute and chronic toxicity tests ....................................................................... 72
5.4.2.2. Bacterial susceptibility test: agar diffusion assay ............................................ 76
5.4.2.3. Bacterial susceptibility test: broth macrodilution assay................................... 78
5.4.3. Concluding remarks ................................................................................................ 80
5.5. One-electron oxidation mechanism of penicillins in relation to
Advanced Oxidation Processes (Objective V) ............................................................. 80
5.5.1. One-electron oxidation of penicillins induced by OH........................................... 81
5.5.2. One-electron oxidation of penicillins induced by Cl2−/Br2−................................. 84
5.5.2.1. Reaction kinetics of Cl2− ................................................................................. 84
2

5.5.2.2. One-electron oxidation of penicillins induced by Cl2− ................................... 86
5.5.2.3. One-electron oxidation of penicillins induced by Br2− ................................... 90
5.5.3. Concluding remarks ................................................................................................ 91
6. SUMMARY .................................................................................................................... 92
7. NOVEL SCIENTIFIC FINDINGS ................................................................................. 94
8. LIST OF PUBLICATIONS ............................................................................................ 95
9. REFERENCES ................................................................................................................ 99
SUPPLEMENTARY MATERIAL .....................................................................................S1
S1. Free radicals in biology .................................................................................................S1
S1.1. Sources of free radicals ...........................................................................................S1
S1.2. Oxidative stress and redox signaling .......................................................................S3
S1.3. Oxidative stress and human pathologies .................................................................S6
S2. Supporting information for the „Materials and methods” section ................................S8
S2.1. Materials ..................................................................................................................S8
S2.2. γ-Irradiation facility .................................................................................................S9
S2.3. Pulse radiolysis setup ............................................................................................S10
S2.3.1. Electron accelerator ........................................................................................S10
S2.3.2. Kinetic spectrophotometry..............................................................................S11
S2.3.3. Derivation of optical properties ......................................................................S12
S2.4. Experimental details for measurements applying catalase ....................................S13
S3. Supporting information for the „Results and discussion” section ..............................S15
S3.1. Free radical induced oxidation mechanism of a penicillin derivative
possessing sites on its structure prone to the attack of OH (Objective I) ...............S15
S3.1.1. Final product analysis .....................................................................................S15
S3.1.2. Nomenclature of the transformation products ................................................S25
S3.2. FTIR band assignment...........................................................................................S32
S3.3. The effect of oxidation products of penicillin derivatives on
bacterial strains (Objective IV) ................................................................................S33
S3.3.1. Final product analysis .....................................................................................S33
S3.4. One-electron oxidation mechanism of penicillins in relation to
Advanced Oxidation Processes (Objective V) ........................................................S38
S4. References ...................................................................................................................S40

3

ABBREVIATIONS, ACRONYMS AND SYMBOLS
A

Absorbance

Ac

Acyl

Ala

Alanine

Asp

Aspartic acid

AOP

Advanced Oxidation Processes

AH2

Ascorbic acid

AMP

Ampicillin

AMX

Amoxicillin

APA

6-Aminopenicillanic Acid

BDE

Bond Dissociation Energy

βAP

β-Amyloid Peptide

c

Concentration

CLX

Cloxacillin

CFU

Cell Forming Unit

Cys

Cysteine

D

Diffusion Coefficient

DAD

Diode Array Detector

DMSO-d6

Deuterated Dimethyl Sulfoxide

DNA

Deoxyribonucleic Acid

DOPA

3,4-Dihydroxyphenylalanine

E°

Standard Reduction Potential

ε

Molar Absorption Coefficient

Ea

Activation Energy

EC50

Concentration Provoking 50% of the Response

ESI

Electrospray Ionization

FTIR

Fourier Transform Infrared Spectroscopy

G

Radiation Chemical Yield

Gly

Glycine

HGT

Horizontal Gene Transfer

His

Histidine

HPG

4-Hydroxy-D-Phenylglycine

I

Intensity

4

K

Equilibrium Constant

k

Reaction Rate Constant

k’

Observed Reaction Rate Constant

λ

Wavelength

LC

Liquid Chromatography

Met

Methionine

MIC

Minimum Inhibitory Concentration

µ

Linear Absorption Coefficient

MS

Mass Spectrometry

Msr

Methionine Sulfoxide Reductase

MV

Methyl Viologen

NADH

Nicotinamide Adenine Dinucleotide

NADPH

Nicotinamide Adenine Dinucleotide Phosphate

NMR

Nuclear Magnetic Resonance

NPOC

Non-Purgeable Organic Carbon

OD

Optical Density

pKa

Acid Dissociation Constant

RT

Room Temperature

Rt

Retention Time

TOC

Total Organic Carbon

Phe

Phenylalanine

RNS

Reactive Nitrogen Species

ROS

Reactive Oxygen Species

S

Solute

t

Time

τ1/2

Half-life

Thr

Threonine

TMS

Tetramethylsilane

Trp

Tryptophan

Tyr

Tyrosine

x

Inhibition Zone Radius/Penetration Depth

Lys

Lysine

Vis

Visible

UV

Ultraviolet
5

1. INTRODUCTION
The term free radical refers to any transient species containing one or more unpaired
electrons. This lone electron, occupying an atomic/molecular orbital, usually confers high
reactivity to a species of this type. The omnipresence of free radicals in vivo is mainly
attributed to the nature of our oxygen-dependent lifestyle. That is, as a result of aerobic
metabolism we generate a continuous flow of reactive oxygen and nitrogen species (ROS and
RNS). A substantial part of free radicals is produced as a kind of accident via the
mitochondrial electron transport chain where electron leakage can occur, that results in
incomplete reduction of oxygen yielding O2. These species provide a fountain for the
generation of other members of the group: OH and H2O2. OH is the most powerful oxidant
present in biological systems. It attacks biomolecules in close vicinity of its formation
unselectively and relatively site-specifically. Nevertheless, O2 and H2O2 are much less
reactive making them able to fulfill specific functions in the cell. Albeit according to the
present knowledge they play an essential role in maintaining normal physiological functions
in vivo, their formation is rather a „two-edged weapon”. The pathophysiology of several
diseases is linked to the excessive formation of these 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 species. 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 second (ns-ms timescale).
The oxidative power of OH inspired many researchers to utilize these agents for trying to
solve a devastating issue of the humankind: the environmental pollution. As a 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 the pharmaceutical
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 residues on the basis of OH
reactions.
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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, however, 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 of these 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 the one-electron reduction and oxidation of
penicillins by means of radiation chemical techniques. The author’s mere intention is to
discuss these issues hand in hand without losing sight of the other.
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2. LITERATURE REVIEW
2.1. Free radicals in biology
There are many sources of ROS including mitochondria, endoplasmic reticulum and
NADPH oxidases [1]. The formation and interconversion of these species in vivo represent an
especially interesting facet of chemistry and biology. Due to the limited length of this thesis,
an up to date review is provided in the Supplementary Material (Section S1) addressing the
sources of free radicals (Section S1.1), their involvement in oxidative stress and redox
signaling (Section S1.2) and the human pathologies (Section S1.3) linked to the
overproduction of these species. In the forthcoming sections the author will mainly focus on
the chemistry with particular attention to the reactions of OH.
2.1.1. Oxidation of proteins, lipids and DNA


OH, the most powerful agent of ROS, can oxidize almost all kinds of biomolecules at

close to the diffusion controlled rate, so practically randomly. However, some selectivity still
arises since proteins and peptides are the most abundant constituents of living organisms, and
therefore, thought to be initial targets of reactive oxygen species [2]. Oxidation can take place
either on the protein backbone (polypeptide chain) or on the side chain amino acid. These
modifications appear not to be a result of indiscriminate events but depending heavily on
many factors such as the type of the oxidant, metal binding, vicinity of the target site and
protein structure [3]. The rate constants of the OH reaction with free amino acids were
determined to be in the 107-1010 mol-1 dm3 s-1 range, with aromatic (tyrosine, tryptophan,
histidine, phenylalanine) and sulfur-containing amino acids (methionine, cysteine) being the
most reactive [4]. In peptides and proteins backbone oxidation can additionally take place and
the rate constant rises to the diffusion controlled region irrespectively to the sequence [3].
Backbone oxidation involves H atom abstraction by OH resulting in carbon centered
radicals. In the presence of dissolved oxygen peroxyl radicals are generated that eventually
give rise to backbone cleavage [3]. Furthermore, in the polypeptide chain the primary
formation of a radical can be followed by secondary processes such as long range
intramolecular electron transfer (LRIET) [5]. This transfer was observed in several cases
from Met(S.˙.Br) to Tyr(O) and to Trp(N), from His(N) to Tyr(O) and reversible transfer
between Cys(S) and Tyr(O). In addition, hydrogen transfer can also occur, e.g. involving
thiyl radicals of Cys(S) [5].
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Among the several targets of oxidants the aromatic ring of tyrosine (Tyr), the thioether
group of methionine (Met) and the thiol group of cysteine (Cys) are the most favored ones
and have been implicated in many protective or detrimental processes under oxidative stress.
2.1.1.1. Tyrosine oxidation


OH induced oxidation of tyrosine starts with addition to the ring giving rise to

hydoxycyclohexadienyl radicals (1) (Scheme 1). In the presence of dissolved oxygen via
peroxyl radical intermediate (2) 3,4-dihydroxyphenylalanine (DOPA) is formed (3), which is
a biomarker of protein oxidation [3]. DOPA can also form in a bimolecular
disproportionation process. By proton/OH-catalyzed water elimination the corresponding
phenoxyl radicals form (4, TyrO). These species are capable of undergoing dimerization
yielding either dityrosine (5) or (6) in a fast process (k ≈ 5 × 108 mol-1 dm3 s-1). In addition,
phenoxyl radicals can abstract hydrogen from a suitable partner or take part in long range
intramolecular electron transfer processes in case of steric hindrance, too. The former can
lead to carbon centered radical that facilitates peroxidation.

Scheme 1. One-electron oxidation of a tyrosine residue
Electron transfer occurs between the antioxidant ascorbate and TyrO (4), the rate constant
e.g. in case of insulin(TyrO) is reported to be (2.9  0.1) × 107 mol-1 dm3 s-1 [6]. Besides


OH, Tyr can react with wide variety of biologically relevant radicals, but with a lower rate

[7]. NO2 is able to abstract hydrogen atom/electron from Tyr with a rate constant of k =
(2.9  0.3) × 107 mol-1 dm3 s-1 to yield phenoxyl radicals. TyrO reacts with NO2 with a quite
high rate constant (k ≈ 3 × 109 mol-1 dm3 s-1) leading to 3-nitroTyr [7]. Peroxynitrite takes
9
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also part in Tyr oxidation indirectly via its secondary intermediates (NO2, OH). Moreover,
lipid peroxyl radicals also initiate TyrO formation which then transforms via several
pathways as mentioned before. In addition, TyrO reacts with O2 with an appreciable rate
constant of k = (1.6  0.1) × 109 mol-1 dm3 s-1 opening other reaction pathways [7]. Twoelectron oxidation of Tyr by HOCl gives chlorinated products, the rate constant is several
orders of magnitude lower than that for the one-electron oxidants (k ≈ 26-50 mol-1 dm3 s-1).
Tyrosine modifications in proteins have several biological consequences on both cell
signaling and dysfunctioning [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 immune response
which might contribute to the pathophysiology of autoimmune diseases [7]. Intra- and
intermolecular cross-links lead to protein aggregation (5 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 of the proteasome [8]. This phenomenon
appeared to be a common feature of several neurodegenerative diseases. Furthermore, the
N-terminal Tyr residue is an essential part of the natural opioid peptides enkephalins for their
opiate receptor affinity [9]. Thus oxidation of this residue is supposed to imply a decreased
activity, and therefore, increased pain sensation [10].
2.1.1.2. Cysteine oxidation
The thiol group confers unique properties to cysteine that make this residue a key
component in several redox biochemical processes. Due to the low dissociation energy of the
RS-H bond (BDE = 367 kJ mol-1; R denotes the residual cysteine constituent in this section),
thiols can easily donate hydrogen atom to free radicals [11]. By hydrogen abstraction from
thiols (or electron abstraction from thiolates) thyil radicals form, CysS (reaction 1, vide
infra). These radicals can react with a thiolate to yield three-electron bonded (2σ/1σ*) species
(2). This reaction converts the oxidizing thyil radicals (for CysS E°(RS/RS) = 0.73 V) to
strongly reducing species that can pass the electron to dissolved oxygen yielding O2 and
disulfide bond (3) [11]. Thyil radicals can also react with O2 leading to thyil peroxyl radicals
(4) that can rearrange to sulfonyl radicals (RSO2). By further O2 addition sulfonyl peroxyl
radicals are generated (RSO2OO) in equilibrium that lies far to the right. RSOO, RSO2 and
RSO2OO react with an intact RSH giving rise to sulfenic acid, sulfinate and sulfonate,
respectively [11].
10
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RSH + OH → RS + H2O

(1)

RS + RS ⇄ [RS.˙.SR]

(2)

[RS.˙.SR] + O2 → RSSR + O2

(3)

RS + O2 ⇄ RSOO

(4)

However, a much important reaction pathway arises in proteins as RS can potentially
convert into carbon centered radicals via intramolecular H atom transfer. The intramolecular
hydrogen atom transfer towards CysS was first observed in the tripeptide glutathione
involving its N-terminal γ-glutamic acid [12]. More recently, this process was shown to take
place in the model peptide N-Ac-Cys-Gly6 and N-Ac-Cys-Gly2-Asp-Gly3 between CysS and
the Gly residue, and furthermore in N-Ac-Cys-Ala2-Asp-Gly3 between CysS and the Ala
residue [13]. The hydrogen abstraction from Gly as well as the reverse reaction was observed
with kforward = (1-1.1) × 105 s-1 and kreverse = (8-8.9) × 105 s-1, whereas in case of Ala the
corresponding values are kforward = (0.9-1) × 104 s-1 and kreverse = 1 × 105 s-1, respectively.
Nauser et al. [14] have recently shown that CysS and analogue systems undergo 1,2- and
1,3-hydrogen transfer yielding carbon centered α-merkaptoalkyl (+H3NCHCH2SH) and Cα
radicals (+H3NCH2CHSH), respectively. The latter species of Cys can undergo β-elimination
(release of HS/S). Carbon centered radicals can add oxygen and form peroxyl radicals
which can induce peptide bond cleavage and inevitably irreversible damage in the protein.
The relevance of these reactions in vivo was also investigated with a kinetic model taking
physiological circumstances into account: 0.03 mmol dm-3 dissolved oxygen, 1 mmol dm-3
ascorbate and 10 mmol dm-3 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 be even lower, the protein damage is suggested to increase (i.e. they cannot exert
their antioxidant action). Moreover, thyil radicals can undergo intramolecular process
involving an aromatic residue as it was found in Phe-Cys and Phe-Gly-Cys-Gly peptides [16].
CysS was shown to add to the aromatic ring of phenylalanine giving alkylthio-substituted
cyclohexadienyl type radicals that can further add oxygen forming peroxyl radicals. These
radicals can eliminate HO2 leading to a covalent thioether cross-link that was observed in
other studies [16]. It was also revealed that the presence of dissolved oxygen
(0.03 mmol dm-3) via addition to the thyil radical would not outcompete this reaction
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pathway. Such cross-link formation is again (similarly to tyrosine residues) detrimental
resulting in protein aggregation and diminished activity. The reaction of O2 with thiols is
quite slow, the reaction rate constants being in the 102-103 mol-1 dm3 s-1 range [11], and
therefore, this reaction is not expected to compete with the inactivation of O2 by the enzyme
superoxide dismutase (k ≈ 109 mol-1 dm3 s-1) in vivo [17]. If high thiol concentration in the
vicinity of O2 formation is achieved, the ongoing reaction proceeds via a complex formation
followed by decomposition yielding sulfinyl radicals (RSO) or via direct hydrogen
abstraction leading to RS. S-nitrosation of cysteine is important in several regulatory
processes. The free radical nitrosation can take place by reaction of RS with NO (yielding
RSNO) or directly starting with the thiolate [11]. Due to the low concentration of NO this
reaction is of minor importance. Among various protein residues cysteine is one with high
reactivity against HOCl (k = 3 × 107 mol-1 dm3 s-1) [18], in the reaction RSCl is formed
initially that can further react to give e.g. cystine, cysteic acid, or a sulfonamide [19].
The two-electron oxidation of cysteine (by H2O2) is known to play a key role in redox
signaling (Section S1.2). One-electron oxidation pathways are usually not considered to be
involved in these processes due to the high reactivity of radicals and the resultant
unselectivity. However, recent speculations point out that they can be selective via
colocalization of the source of radicals and target proteins, and indeed radicals are generated
when signaling processes occur [20]. Moreover, one-electron oxidation leads to the same
products as two-electron oxidation most of the time.
2.1.1.3. Methionine oxidation
Methionine can undergo either one-electron or two-electron oxidation in a facile manner
[21]. OH induced oxidation of organic sulfides initially yields an OH adduct to the sulfur
(7) (Scheme 2). H+ catalyzed H2O or –OH elimination from this species leads to the sulfur
radical cation (8), which is a unique unstable intermediate that exhibits special reactivity
features. Sulfur radical cation can decompose via proton abstraction from the adjacent carbon
giving rise to α-(alkylthio)alkyl radicals (9/10) (in these species the spin is distributed
between the sulfur and the carbon). However, it is of great importance that the sulfur radical
cation can be stabilized by forming three-electron bonded species with a heteroatom having a
lone electron pair (X = O, N, S, Halogen), since in proteins and peptides Met residues can be
surrounded by carboxylate, amide, amine or hydroxyl groups. S.˙.N three-electron bonded
intermediates (11) were observed in case of S-methylglutathione [22], in model peptides
[23,24] and in peptides with a formula of Thr-(Y)n-Met (where Y denotes Gly and Pro,
12
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and n = 0-4) [25] involving the N-terminal amino group. This process was proposed to take
place by direct interaction of the OH-adduct at the sulfur with the terminal amino group
(amino group serves as a proton donor). Aminyl radicals (12) can then form via an
intramolecular electron transfer in the three-electron bonded species (11). This process was
shown to lead ultimately to Cα-Cβ cleavage giving carbon centered α-aminoalkyl radicals (13)
[22-25]. Three-electron bonded S.˙.O (14) and S.˙.N (15) complexes were observed in
cyclo(Met-Met) [26], and in N-Ac-Met-NH2 and N-Ac-Gly3-Met-Gly3 [27] involving the
peptidyl carbonyl group and nitrogen atom. These pathways are of great biological
importance.

Scheme 2. One-electron oxidation of a methionine residue. R and R’ denote the continuation
of the peptide chain
Moreover, S.˙.O species were observed in S-methylglutathione [22] and in norbornane
derivatives in case of steric availability [28]. The sulfur radical cation (8) can also be
stabilized via an intramolecular electron transfer from a carboxylate group leading to
decarboxylation (pseudo-Kolbe mechanism) and carbon centered radicals, as it was reported
in peptides containing C-terminal methionine residue [29]. Dimeric sulfur radical cations of
type S.˙.S were also thoroughly obtained in several peptide systems [22,23,25-27,30,31]. In
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this case the partner is an unoxidized sulfur atom. The first experimental evidence of an S.˙.N
bond formation in a protein was obtained by the OH induced oxidation of calmodulin [32].
In photosensitized oxidation of methionine-containing peptides sulfur radical cations were
also achieved and the stabilized S.˙.N, S.˙.S and S.˙.O species obtained [30]. Recently, in
Met-Lys and Lys-Met peptides S.˙.N and S.˙.S species were observed, respectively [31].
Such intramolecular complexation of the unstable sulfur radical cation intermediates has
important chemical and biological consequences. For instance, in the β-amyloid peptide
(βAP; Alzheimer’s disease, see Section S1.3) in spite of the unfavorable reduction potentials
(E°[Cu(I/II)βAP] = 0.5-0.55 V and the anodic peak potential of methionine is 1.5 V) oneelectron oxidation of the Met35 residue takes place by Cu(II) that is bound to the N-terminal
histidine residue [33]. It was proposed that three-electron bond formation stabilizes the
intermediate sulfur radical cation by neighboring group participation (peptidyl C=O group of
the C-terminal Ile31 [33]) and thus renders the oxidation potential of the sulfur less positive
[28]. Later, it was shown that the stabilizing effect of a neighboring amide group (S.˙.O)
could lower the oxidation potential of a methionine residue even by over 0.5 V [34].
Moreover, Bergés et al. [35] have recently evidenced by determining the one-electron
reduction potentials of model peptides that the overall picture is much more difficult to
understand and these values are a function of spatial structure and amino acid sequence of the
protein, too. These findings obviously anticipate that the susceptibility of a methionine
residue not even differs from peptide to peptide but depends also on the locus of this residue
and selective oxidation might be achieved in some cases. Metal binding also plays a role
since it can direct the oxidation to specific amino acid residues that are otherwise not
available for oxidation [36]. His residues are able to bind metal ions and induce the oxidation
of His or His and Met residues in close vicinity to the binding site as it was shown for the
metal-catalyzed oxidation of human growth hormone [37], human relaxin [38] and recently
for human parathyroid hormone [36]. These metal-catalyzed oxidations presumably involve


OH and peroxides in the mechanisms [36]. Oxidation of this type is common problem

compromising the preparation of protein formulations.
Special methionine-containing peptide (Tyr-Gly-Gly-Phe-Met, referred to as Met-enk in
the literature), which has gained attention currently, belongs to the pentapeptide enkephalins.
These peptides are produced under physical/mental stress and inflammation with a main role
of regulating pain sensation [10]. During their mechanism of action they are exposed to
oxidative stress. Since the tyrosine residue is essential for exerting their activity [9] the site of
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the one-electron oxidation and the fate of the radicals are crucial issues. In this respect, the
competition between Tyr, Phe and Met residues for the OH attack has been studied in silico
[39,40], indicating that one-electron oxidation of the Met residue is thermodynamically less
favored compared to the Tyr residue. Yet it has been experimentally proposed that the
methionine is the major target and the forming sulfur radical cation is engaged in an
intramolecular electron transfer (probably through space) with the Tyr residue leading to
tyrosyl radicals (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 calculated one-electron
reduction potentials [43]. Whereas methionine oxidation can be repaired (vide infra),
formation of tyrosyl radical is always deleterious.
Sulfur radical cation complexes of type S.˙.N and S.˙.S react with O2 with a rate constant
of k = 5.3 × 109 mol-1 dm3 s-1 and k = 1.6 × 1010 mol-1 dm3 s-1, respectively, forming the
corresponding sulfoxide [44]. Since this reaction can efficiently compete with the reaction of
superoxide dismutase (k  109 mol-1 dm3 s-1 [17]) in vivo, this can be an important final fate
of the one-electron oxidation in peptides and proteins [5]. Moreover, in the presence of
natural photosensitizer this well-known product may be replaced in vivo by an adduct as it
was reported in the photosensitized oxidation of peptides containing methionine [31].
The major product that arises from the oxidation of a methionine residue is the methionine
sulfoxide in case of a wide range of biologically relevant oxidants, including peroxynitrite
(k = 3.6 × 102 mol-1 dm3 s-1), HOCl (k = 3.8 × 107 mol-1 dm3 s-1), H2O2 (k = 2 × 102
mol-1 dm3 s-1) and singlet oxygen (k = 2 × 107 mol-1 dm3 s-1) [3]. The reaction of peroxyl
radicals with methionine implies an adduct formation that can decompose either via oneelectron transfer leaving sulfur radical cation behind or via two-electron transfer leading to
the sulfoxide [11]. Methionine sulfoxide exists in two stereoisomeric forms ((R) and (S)
configurations at the sulfur). Of course, the isomeric ratio depends both on the environment
and on the oxidant. Inside the cell methionine sulfoxide can be repaired back to the reduced
form by the enzyme family of methionine sulfoxide reductase (Msr). These enzymes are
highly substrate and stereospecific: the enzyme MsrA reduces only the protein-based and free
methionine-(S)-sulfoxide, whereas regeneration of the (R) epimer needs the enzyme MsrB
(protein-based) and free methionine-(R)-sulfoxide reductase (fRMsr) [45]. With this the cell
can invoke a last antioxidant measure, i.e. methionine oxidation that can be repaired, and
therefore methionine is thought to be the „last chance antioxidant” in vivo.
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Nevertheless, if the cell fails to repair the damage on methionine residues, that can have
severe consequences. Such abnormality can be the result of several pathologies and
biological aging. The oxidized methionine content increases with aging due to several
reasons [46]. Oxidation of the 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 diseases. The
oxidation of methionine was suggested to be involved in β-amyloid aggregation and
neurotoxicity, and therefore, in the pathogenesis of Alzheimer’s disease (vide supra).
Moreover, α-crystallin oxidation was thought to be involved in cataract formation (leading
cause of blindness in the world), the sites of oxidation are methionine and cysteine residues
[47]. According to the present knowledge the unusual soluble oligomeric form of α-synuclein
is toxic and mediates the pathology of Parkinson’s disease [48]. It was shown that the
formation of such oligomer requires the oxidation of methionine residue of the protein, and
therefore, oxidative stress plays a key role in the pathogenesis [49]. Recently, it has also been
shown that methionine oxidation destabilizes the prion protein fold contributing to an early
step in the development of prion diseases [50]. In addition, the irreversible oxidation of
enkephalins (vide supra) during oxidative stress can be associated with inflammatory
disorders. As it was pointed out before, since methionine residues can be highly susceptible
to oxidation especially in the presence of metal ions, formulation of protein pharmaceuticals
sometimes encounters difficulties.
2.1.1.4. Oxidation of lipids and DNA
Due to the high abundance of proteins and peptides inside the cell they are the initial
targets of reactive oxygen species. They can either serve as protective agents to avoid the
damage of more important cell compartments or by forming reactive protein radicals initiate
the oxidation of other biomolecules. For example, lipid peroxidation is a deleterious event
during oxidative stress that can be mediated by thiyl radicals. That is, thiyl radicals can
abstract hydrogen atom from unsaturated fatty acid or add to the double bond forming carbon
centered radicals and subsequently peroxyl radicals in the presence of oxygen [51]. However,
thyil radicals were shown to be scavenged by proteins before such an event would take place
exhibiting protective feature in this respect [51]. DNA is also surrounded by proteins and the
oxidative damage was also shown to involve these proteins instead of the DNA in several
cases [5].
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2.1.2. Antibiotics as exogenous stressors of oxidative stress
Oxidative stress can also be induced by exogenous stressors including UV light, ionizing
radiation, certain drugs and xenobiotics, inflammatory cytokines and environmental toxins.
Redox cycling drugs, including viologens, quinones, etc., exert their toxic action via
abstracting electrons from redox systems forming reactive intermediates that can pass the
electron to molecular oxygen yielding O2 [52]. Compounds that induce oxidative stress in
such a way are e.g. doxorubicin (anticancer drug) and paraquat (herbicide, also known as
methyl viologen). Growing evidence indicates that certain antibiotics are also implicated in
exogenous oxidative stress induction.
It has been reported by Kohanski et al. [53] that bactericidal antibiotics (ampicillin,
norfloxacin, kanamycin) besides their target-specific action activate the generation of reactive
oxygen species, which might enhance the drug-mediated cell death in case of bacteria. This
finding was further substantiated by several studies [54-57]. The mechanism was suggested
to include the fast depletion of NADH through the tricarboxylic acid cycle leading to
enhanced O2 production via the respiratory chain. O2 reduces [Fe-S] clusters and the
forming Fe2+ by reacting with H2O2 yields OH via the Fenton reaction. This points out that
antibiotics cause redox-related alterations that generate reactive oxygen species, partly
responsible for their lethality [55]. The idea fostering a general ROS-mediated damage
caused by bactericidal drugs was soon debated by several reports: (a) lethality remained even
in the absence of oxygen [58,59], (b) different outcomes of Cpx stress response among
antibiotics [60] and (c) criticized experimental techniques of diagnosing oxidative stress in
vivo [61-63]. Although there is still some debate in this field [64], conclusions seem to
become consolidated [65]. A key role is attributed to the oxidation of the nucleotide pool
during antibiotic-mediated oxidative stress [65]. It appears that most of the arguments arise
from discrepancies between well-known characteristics of oxidative stress and antibiotic
induced oxidative conditions [64].
Several antibiotics interfere with mitochondrial processes in eukaryotic cells (e.g.
penicillin derivatives target the carnitine/acylcarnitine transporter [66]), which might be
explained by the theory of the bacterial origin of mitochondrion [67]. The electron transport
chain of the mitochondrion is thought to be an important producer of ROS in mammalian
cells on account of the leakage of electrons (Section S1.1). Kalghatgi et al. [68] have recently
shown the loss of mitochondrial functions in eukaryotic cells originating from bactericidal
antibiotics resulting in oxidative stress due to overactivation of ROS generation.
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The discrepancies outlined above will definitely remain until clarifying the mechanism by
which antibiotics trigger oxidative conditions in vivo. This effect certainly differs from the
usual pathways. Still, research needs to go ahead towards understanding these mechanisms
since it may provide novel insights and perspectives for developing new antibiotic agents
against the emerging resistant pathogens (Section 2.4.1).
2.2. Introducing a special group of antibiotics: penicillins
Since a particular group of antibiotics, namely the penicillin sub-group of β-lactam
antibiotics, is the subject of this thesis, here a short insight into their record will be given.
The story of the iconic antibiotic penicillin is starting with Fleming’s observation at
St. Mary’s Hospital Medical School in London in 1928 [69], which is regarded as a groundbreaking milestone in medical history [70]. The subsequent introduction of penicillin into
medical practice brought welfare protecting countless millions of lives. However, Fleming
also observed that microbes can be resistant (Section 2.4.1) against these agents [71]. In the
following decades, great efforts have been made to broaden the antimicrobial 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, penicillin G and penicillin V were available (Chart 1).
Isolation of the common 6-aminopenicillanic acid nucleus brought a breakthrough, allowing
medicinal chemists to perform fundamental changes by achieving a myriad of semisynthetic
analogues [72]. Among them, acid-resistant aminopenicillins (ampicillin, amoxicillin) and βlactamase-resistant isoxazolyl penicillins (e.g. cloxacillin) gained great prominence
(Chart 1). Discovery of the cephalosporin class of β-lactams led to a further range of
semisynthetic derivatives overcoming many limitations of penicillins (e.g. cephalexin
(Chart 2); cephalothin, cefaclor (Chart 1) etc.), providing extensive antimicrobial activity.
At present, tremendous amount of information is available addressing the chemistry and
biology of β-lactam antibiotics, the author refers to comprehensive compilations edited by
Page [73] and Flynn [74]. The chemistry of the β-lactam structure still represents a sparkling
area of research. The chemistry of penicillins will be addressed step-by-step throughout the
thesis to make the discussion easy to follow.
Penicillins share the same penam scaffold, a four-membered β-lactam system fused to a
thiazolidine ring, whereas cephalosporins have a cepham skeleton with an expanded
dihydrothiazine ring (Chart 1) [75]. The eponymous β-lactam is a cyclic amide ring with
inherent strain, which is the effective chemical warhead. β-Lactams exert their antimicrobial
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action by inhibiting the pathway of the cell wall biosynthesis in bacteria via targeting the
enzymes transpeptidases (Penicillin Binding Proteins (PBP)) and mirroring their natural DAla-D-Ala substrate (Chart 1) [76]. The β-lactam ring is a reactive acylating agent, which
binds covalently to the serine residue of the enzyme, generating a practically dead acylenzyme complex. It follows that in the absence of the four-membered lactam ring (i.e.
opening of the ring), they lose the antibacterial activity.

Chart 1. Penicillin and cephalosporin class of β-lactam antibiotics (mimicry of the
D-Ala-D-Ala substrate is highlighted in red)
Penicillins and cephalosporins are still the most consumed antibiotics in the community
and in hospital settings [77]. In the United States, a significant amount (~ 830 t in 2013) of βlactams is added to these consumption sectors being approved for growth promotion in
agriculture [78]. Unfavorably, these antibiotics exhibit poor human metabolism [79], and
therefore, are excreted mainly in unchanged form discharging considerable quantities into the
aquatic environment. As a consequence, β-lactam antibiotics have been widely detected
e.g. in wastewater effluents (see Section 2.4.2) [80,81].
2.3. Generation of biologically relevant free radicals in vitro
By recognizing the biological relevance and oxidizing power of OH, several techniques
have been elaborated over the past decades to generate these species efficiently and
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economically. On the one hand, these techniques are utilized to understand basic mechanisms
of OH reactions and on the other hand huge effort is taken to implement these methods to
solve such problem as environmental pollution. Of course, studying the former is essential for
the latter. Since the oxidizing species applied during traditional wastewater treatment and
drinking water production are far less good oxidants than OH, they frequently fail to degrade
pharmaceutical residues that are released into the water environment [82,83]. The methods
based on OH generation, historically referred to as Advanced Oxidation Processes (AOP),
are regarded to be promising tools to eliminate such refractory organic pollutants from water
matrices [84]. AOP include several techniques: photolysis (VUV, UV/O3, UV/H2O2,
UV/HOCl, UV/S2O82−) and photocatalysis (e.g. anatase TiO2), electrochemical oxidation
techniques, oxidation based on Fenton chemistry, ozone-based processes, sonolysis and
ionizing radiation. As a matter of fact, there are also many other, not economical laboratory
techniques to study the free radical reactions relevant in biological processes [85].
Radiation chemical techniques provided most of the present knowledge about free radical
chemistry of biomolecules [86]. It is partly due to the versatile opportunity to study each
ROS/RNS separately and conveniently in requested quantities (OH, O2, NO2) by changing
experimental conditions or using different additives. On the other hand, a wealth of data has
been obtained by using a fast technique (pulse radiolysis; see Section S2.3) to unravel the
early mechanisms of free radical reactions. Although it has been introduced first in 1960 [87],
it still dominates the field, which is testified by the numerous studies that revealed the
mechanistic details of radical reactions discussed above using this technique. This thesis is
also devoted to radiation chemistry, and therefore, some basics are given below.
2.3.1. Principles of radiation chemistry: water radiolysis
Radiation chemistry deals with the chemical consequences of interaction of high energy
radiations such as γ-rays, X-rays and charged particles (β-particles) 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 referred to as
„ionizing radiations”.
γ-Rays lose their energy via several processes: (a) photoelectric effect (important below
0.1 MeV); (b) Compton effect (considerable in the 0.01-100 MeV range); (c) pair production
(electron-positron pair, the energy should exceed 1.02 MeV since the rest mass of electron
and the positron is 0.51 MeV); (d) photo-excitation of the nucleus (above 10 MeV, this is not
the subject of radiation chemistry) [88]. In radiation chemical studies,

60
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roughly 1.3 MeV) and 137Cs (γ-ray energy roughly 0.66 MeV) sources are used for irradiation
purposes, and therefore, most of the energy absorption occurs through the Compton process,
in which high energy electrons are produced. These electrons lose their energy according to
the Bethe equation [88]. The number of photons (I expressed in [photons cm-2]) at a defined
depth (x in [cm]) of the absorber is given as: I = I0 × e-μx, where I0 is the beam intensity before
penetration and μ is the linear absorption coefficient (in [cm-1]) of the medium of interest.
High energy electrons deposit their energy via excitation and ionization of the molecules
of the medium. As described by the Bethe equation, the rate of energy loss decreases with
increasing electron velocity up to 1 MeV (and does not change considerably above) and is
inversely proportional to the excitation potential of the medium [88]. It follows that as the
electrons lose their energy they become more heavily ionizing, initiating further ionization in
the neighborhood. The penetration depth of electrons into a medium increases with increasing
energy considerably below 1 MeV (due to the decrease in energy loss) and retains linear
dependence after. The penetration profile describes a peak in contrary to γ-rays (for further
details see [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 emitting X-rays
(important only in case of high atomic numbers (Z), i.e. for metals) and a small part is
diffused as Cherenkov radiation [88].
Since the action of γ-rays resides in the Compton effect it is easily understood that electron
beam and γ-ray irradiation have practically the same consequences and mechanisms of their
interaction with a medium of interest are compatible. This allows us to unravel complex
reaction mechanisms: one can perform final product analysis after γ-irradiation and by using
short pulses of electrons observe transient species and the very early reactions. Another
hailed feature of radiation chemistry arises as the energy deposition occurs unselectively, i.e.
the molecules are ionized according to their relative mass in the medium. It follows that in a
dilute aqueous solution (concentration ~ 1 mmol dm-3) the energy is absorbed by the water
and the direct ionization of the molecule of interest is negligible. This makes it possible to
conveniently study the reactions of a molecule with the water radiolysis intermediates.
The initial event in the radiolysis of water is the ejection of an electron from the molecule
(Figure 1) yielding H2O+. This electron might have enough energy to ionize another water
molecule in the very neighborhood, which leads to a high local concentration of ionized or
excited molecules. These separated elements (in case of gently ionizing radiation, i.e. γray/electron beam) are called spurs [90]. The radical cation H2O+ is known to be a strong
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acid, which reacts readily with another water molecule in ~ 10-14 s to yield OH and H3O+.
Electronically excited state water molecules H2O* are also present and thought to decompose
into OH and H. The ejected electron gets surrounded by water molecules in 10-12 s forming
a new entity called hydrated electron (eaq−).
As a result of the primary reactions OH, H and eaq− are simultaneously present in the
spur. Then these primary products start to diffuse from these elements, which event gives rise
to random combinations forming new radicals or molecular species. If OH encounters with
another one H2O2 is formed, the reaction rate constant of this reaction is 2k = 1.1 × 1010
mol-1 dm3 s-1 [4]. H2 is another molecular product that is formed in the collision of two H or
two eaq−, the reaction rate constants are 2k = 1.55 × 1010 mol-1 dm3 s-1 and 2k = 1.1 × 1010
mol-1 dm3 s-1, respectively [4]. Whereas these reactions are described by nonhomogeneous
kinetics [91], after the spur reactions are over and the primary reactive species diffused to the
bulk they become homogeneously distributed. It is generally accepted that the system can be
described by homogeneous kinetics after 10-7 s [90].

Figure 1. Sequence 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 the G value is used for this purpose, that is equal to
the formed/destroyed species per one Joule of absorbed energy given usually in µmol J-1
(note that originally it was expressed in species (100 eV)-1, to convert into the SI unit one
needs to multiply this value by 1.036 × 10-7). The yields of primary species homogeneously
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distributed in the solution between pH 3-11 are as follows: G(OH) = G(eaq−) = 0.28 µmol J-1,
G(H) = 0.062 µmol J-1, G(H2O2) = 0.073 µmol J-1, G(H2) = 0.047 µmol J-1 [92]. The amount
of reactive species that will react with the solute depends on the scavenging capacity of the
given molecule (k[S], rate constant times the solute concentration). Since spur processes are
over in 10-7 s, in case of a solute with k[S] ≤ 10-7 s-1 the available reactive species are as
above. This means that a solute reacting with the diffusion controlled rate constant
(~ 1010 mol-1 dm3 s-1) at 1 mmol dm-3 concentration defines the limiting value. If the
concentration is higher, solute molecules will also scavenge species competing with the spur
reactions. This implies that the initially available amount of OH is higher than that discussed
above. A formula to determine this value for OH is given in [93].
It is the prominence of radiation chemistry that by choosing the experimental conditions
appropriately (for details see Section 4.2.1.3) 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 interests of scientists and stimulate the
research towards finding a solution to the problem. Probably the most striking concern in
respect of morbidity and mortality represents the emerging antibiotic resistance of bacterial
species that needs urgent and coordinated measures in the field of medicine, medicinal
chemistry and environmental chemistry.
2.4.1. Antibiotic resistance
Antibiotic resistance is a serious problem worldwide threatening the humankind. Without
stopping it the modern medicine might leap back to the era in which bacterial infection (e.g.
meningitis, pneumonia) was the main cause of death among the population [94]. The
epidemic dissemination of resistance is highly attributed 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 seem to invest into more lucrative markets taking aim at noncommunicable diseases (chronic conditions: diabetes, hypertension etc.) [96]. Preserving the
efficacy of extant antibiotics perceiving as our heritage is therefore essential for avoiding the
global fail of medicine. In this combat a vital approach is to mitigate the man-made
evolutionary force by minimizing the anthropogenic impact on the species around us [97].
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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 only compete with bacteria but with us for
occupying our common ecological niche [98]. The selective pressure has been continuously
maintained in the past 60 years with release of many millions of tons of antibiotics into the
biosphere along with other toxic agents (non-specific pressure). There is a huge pool of
resistance genes that is referred to as resistome [99]. These genes can be transferred to
pathogenic bacteria in 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 agent [100]. Currently, world health leaders are putting a lot of effort
into surveillance to assemble information for a global response (U.S. Department of Health
and Human Services [101]; World Health Organization [102]).
There are so called „genetic reactors” in the ecosystem containing diverse bacterial
populations under selective pressure that facilitates the exchange of genetic information
involving different microorganisms [103]. Sewage treatment plants harbor one of them since
during the activated sludge process a microbial community and sublethal level of antibiotic
concentration are simultaneously present promoting the dissemination of antibiotic resistance.
Indeed, urban wastewater treatment plants have been referred to as „hotspots” for spreading
antibiotic resistant strains and determinants into the environment [104]. From this standpoint,
it is of special interest to eliminate the low antibiotic concentration present in wastewater in
order to exclude the spread of wastewater-born antibiotic resistance [105].
To prevent the exposure of the environmental microbiota to antibiotic residues,
degradation initiated by strong oxidants is suggested for the removal of these compounds
from wastewater matrices. Advanced Oxidation Processes are gaining importance in
depleting the residual antibacterial activity of wastewater by means of OH reactions.
2.4.2. β-Lactams as hazardous water pollutants
Antibiotics containing β-lactam ring (Chart 1) have been found in different surface- and
wastewater matrices [80,81,106], which is understandable as long as their poor metabolism
(~ 60% is excreted in unchanged form in case of amoxicillin) and their widespread use are
concerned [77]. Bacteria resistant to β-lactams [107-109] and the corresponding antibiotic
resistance genes [110-112] have been isolated from several sewage treatment plants.
2.4.2.1. Advanced oxidation of β-lactams for eliminating the antimicrobial activity
Due to the increasing concerns surrounding the presence of antibiotics in water
environment, special attention has been devoted to study the removal of these agents using
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AOP. Numerous studies have been reported on the degradation of β-lactam derivatives by
means of ozonation [113-119], Fenton oxidation [114,120-130], photocatalysis using TiO2
[131-136], UV and UV/H2O2 induced oxidation [114,137-139], oxidation using ferrate(VI)
[140,141], SO4− 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 several infections, being the most often consumed β-lactam antibiotic [77].
The validated targets of reactive species of several AOP are shown in Chart 2 in case of
penicillin G and cephalexin. Ozone attack occurs at the thioether moiety of penicillin G
generating sulfoxide isomers [117,119]. These isomers retain the antibacterial activity (for
(R) isomer the activity is ~ 15% of the parent compound) and are recalcitrant to further
reaction with O3, whereas they can readily transform in OH reaction [119]. Ozonation of
cephalexin aqueous solution yields the sulfoxides with ~ 52% efficiency ((R) isomer is ~ 83%
as active as the parent compound formed in ~ 34% yield), since the double bond of the
dihydrothiazine ring provides another target [119]. The sulfoxides of cephalexin were
reported to be further oxidized in both O3 and OH reaction leading to quantitative
elimination of the antibacterial activity. Addition to the double bond leads to opening of the
thiazolidine ring and destabilization of the β-lactam system, thus inactivating the antibiotic
[119]. If the primary amine group is in unprotonated form, it further contributes to the
degradation pathway [117].
Ferrate(VI) oxidation of β-lactams occurs with relatively lower rate compared to
ozonation [140], the apparent reaction rate constants were determined to be 114 mol-1 dm3 s-1
and 686 mol-1 dm3 s-1 (whereas kO3,app = 4.8 × 103 mol-1 dm3 s-1 and 8.7 × 104 mol-1 dm3 s-1)
for penicillin G and cephalexin at pH 7, respectively [117,140]. 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 the rate constant with O3 and
ferrate(VI). The almost 20-fold increase in the rate constant for the O3 + cephalexin reaction
compared to penicillin G resides in the appreciable reactivity that ozone exhibits to double
bonds. In case of cephalexin, retaining antibacterial activity was observed as a result of the
ferrate(VI) oxidation owing to the significant antibacterial activity of the sulfoxide and the
final product sulfone [140].
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Chart 2. Validated targets of reactive species under advanced oxidation of β-lactams
Sulfate radical, formed via activation of S2O82− using UV light or generated pulse
radiolitically, was shown to exhibit high reactivity towards β-lactams [142-144]. The reaction
rate constants for SO4− + penicillin G and cephalexin were determined to be
(2.08  0.04) × 109 mol-1 dm3 s-1 and (2.44  0.04) × 109 mol-1 dm3 s-1, respectively.
Although the rate constants are quite high, these reactions are thought to remain still mainly
activation-controlled [144]. SO4− targets predominantly the thioether moiety of penicillins
exerting one-electron oxidation, which yields the sulfur radical cation intermediate [143,144].
For cephalosporins, the double bond of the dihydrothiazine ring was suggested to be the main
reaction locus based on transient spectral investigations [144]. Since SO4− attack takes place
in close proximity to the β-lactam system, its potential for eliminating the antibacterial
activity has also been assumed [142-144].
The feasibility of radiation technology (and most of the AOP) for elimination of water
pollutants relies on the high reactivity of OH with these compounds, since under real
operating conditions most of the eaq− are scavenged by dissolved oxygen (present at ~ 0.27
mmol dm-3 concentration at 20 °C and 1 atm) with a reaction rate constant of k = 1.9 × 1010
mol-1 dm3 s-1 [4]. Since the scavenging capacity is high (k[S] = 5.3 × 106 s-1), a pollutant
concentration of ~ 0.1 mmol dm-3 is about to compete with this reaction taking a reaction rate
constant of ~ 1010 mol-1 dm3 s-1 with the hydrated electron. This concentration is irrelevant
for real wastewater matrices (nanomolar and micromolar pollutant concentrations). However,
in case of high dose rates (electron beam treatment) diminution of the O2-content may occur
and reactions of the hydrated electron with a solute may start to play a role (for details of the
process see [153]). Therefore, this reaction also needs to be taken into account for providing a
complex picture of the treatment. The reaction rate constant values published previously for
penicillins and cephalosporins, using pulse radiolysis techniques, are listed in Table 1. The
reaction rate constants of OH reaction with β-lactams are quite high, but thought to be still
not diffusion controlled [148]. Nevertheless, the temperature dependence of the reaction rate
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of the penicillin G oxidation yielded an activation energy of Ea = 17.2  1.3 kJ mol-1 [148],
which is within the range of 15-19 kJ mol-1 characteristic for truly diffusion-controlled
reactions in aqueous solution [154].
Table 1. Summary of the reported rate constants (× 109 mol-1 dm3 s-1) for the reaction of OH
and eaq− with β-lactams, measured using pulse radiolysis techniques
k.OH

Penicillins

keaq-

(7.97  0.11)

a,

RT

Penicillin G

(8.70  0.32)

b,

23 °C

(8.76  0.28)a,
RT

Penicillin V

(8.54  0.27)

b,

(8.21  0.29)

b,

Ampicillin
Amoxicillin
Cloxacillin
6Aminopenicillanic
acid

a

22.7 °C

(6.94  0.44)

a,

RT

(6.27  0.15)b,
23 °C

(2.40  0.05)a,

Song et al. [147];
RT: Room Temperature

RT

b

(3.92  0.1)a

Cefaclor

2.7d

Cephalothin

(6.00  0.13)
22.7 °C

(5.51  0.29)b,
19.2 °C

21.2 °C

Cefotaxime
d

11d

(9.8  0.9)c,

(9.8  0.5)c

RT

5.7d

Cefazoline

(3.47  0.07)a

Cefuroxim

7.5d

Ceftazidim

(3.35  0.06)a
3.6d

Dail and Mezyk

keaqb,

(8.22  0.14)b,

(5.76  0.24)a
2.7

21.3 °C

k.OH

Cephalosporins

[148];

(6.48  0.48)b,
22.4 °C

(13.0  0.1)

c,

RT

(7.9  0.8)c,

(9.9  0.5)c

RT

(10  0.05)c

Cephaloridine

-

28d

Cephalosporin C

-

8.9d

7-Aminocephalosporanic
acid

-

8.6d

c

Crucq et al. [155];

d

Philips et al. [156];

Penicillins possess several moieties on their structures sensitive to OH oxidation. Since
hydroxyl radical shows prominent reactivity towards aromatics (e.g. rate constants are in the
0.2 × 1010-1 × 1010 mol-1 dm3 s-1 range [157]) and organic sulfides (e.g. reaction of OH with
(CH3)2S, (CH3CH2)2S and (CH2)4S at the diffusion controlled rate [158]), a competition is
thought to take place involving the remote aromatic ring and thioether moiety of the
penicillin scaffold. The reaction rate constant of the OH + 6-aminopenicillanic acid (APA)
(Chart 1, the nucleus that is responsible for the antibacterial activity) reaction has been
published as k = (2.40  0.05) × 109 mol-1 dm3 s-1 by Song et al. [147]. The smaller k value
for 6-aminopenicillanic acid compared to penicillins led them to state that the APA moiety
has a minor contribution to the overall oxidation mechanism. Dail and Mezyk [148] by
obtaining the reaction rate constants of seven β-lactam antibiotics concluded that the OH
attack occurs only with 30% at the double-ring system of these compounds. On account of
the remaining intact pharmacophore the inability of OH to remove the antimicrobial potency
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has also been speculated [144]. Philips et al. [159] have reported on the degradation of
penicillin G using water radiolysis techniques and observed a yield of ~ 0.05 µmol J-1 for the
ring-hydroxylated derivatives, which is equal to ~ 18% of the initially available OH.
In cephalosporins competition takes place between the aromatic/heterocyclic side chain,
the sulfur atom and the double bond of the dihydrothiazine ring (Chart 2). As a result, lower
reaction rate constants could have been obtained for OH (Table 1) due to the lower
reactivity of the competing moieties (regarding cephalothin (Chart 1) e.g. k = 3.3 × 109 mol-1
dm3 s-1 for the thiophene + OH reaction [160]). By comparing cefaclor (Chart 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 for 7-aminocephalosporanic acid compared to 6aminopenicillanic acid supporting this assumption.
The hydrated electron shows high reactivity towards cephalosporins, practically diffusion
controlled rate constants have been achieved (Table 1). The rate constant of the reaction of
eaq− 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 aromatic ring reached a
relatively electron-poor state.
To evaluate the antimicrobial effect of transformation products on bacterial strains, one
needs to recall microbiological practice. Several studies have monitored the change in
activity of β-lactams during advanced oxidation by OH using bacterial assays, involving
mainly broth dilution methods [118,119,131,137,138]. These measurements are based on
monitoring of the bacterial growth in serially diluted antibiotic samples to achieve doseresponse relationship, which provides a quantitative evaluation by revealing the EC50 value
of each sample (for a brief scheme of the measurement see [118]). These studies have
reported on the remaining antibacterial activities of the forming products in penicillin G,
cephalexin [118,119] and amoxicillin samples [131,137]. Furthermore, Otto et al. [151]
determined the stoichiometry necessary for complete β-lactam inactivation to be 4-5


OH/penicillin molecule.
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3. AIMS AND OBJECTIVES OF THE THESIS
I. Free radical induced oxidation mechanism of a penicillin derivative possessing sites
on its structure prone to the attack of OH
It is apparent from the above considerations (Section 2.1.1 and Section S1) that unraveling
the reaction mechanisms of the OH reaction with proteins and following the subsequent fate
of the forming radicals are essential for understanding the pathophysiology of several
diseases. This is especially important as it provides basis for future drug development.
Ongoing researches are aimed at studying the early events of the one-electron oxidation of
model peptides. However, in proteins the situation appears often to be more difficult to
understand owing to their complex and sophisticated nature.
In peptides (like enkephalins) and proteins methionine and tyrosine/phenylalanine residues
can be simultaneously present. This further complicates the system since both residues are
susceptible to OH induced oxidation. The co-occurrence of an aromatic and thioether moiety
in one molecule can also be found in a certain group of fungal secondary metabolites:
in penicillins. The peculiar structure of amoxicillin (Chart 3), a widely used semisynthetic
penicillin derivative, makes it a promising candidate for studying the competing reactions of


OH with these moieties. Furthermore, as pharmaceuticals, penicillins can also be subjected

to oxidative stress in vivo.
For these purposes the free radical induced oxidation mechanism of amoxicillin was
studied by means of radiation chemical techniques. Pulse radiolysis methods were applied to
study the primary steps of the OH induced oxidation. Final products, forming under different
circumstances, were identified in order to understand multi-step reactions and to clarify the
contribution of each reactive oxygen species to the oxidation process.

Chart 3. Amoxicillin possessing a thioether moiety and a phenolic side chain
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II. One-electron reduction mechanism of penicillin derivatives
Oxidative stress phenomenon connected to bactericidal antibiotics in bacterial and
eukaryotic cells is a matter of recent interest (Section 2.1.2). It is known that several
antibiotics (penicillins as well) interfere with mitochondrial processes and this was proposed
to induce ROS generation pathways. The exact mechanism is not specified, however, it might
be essential to dispel several debates in this field.
In this respect we were particularly interested in the one-electron reduction mechanism of
penicillins. The electrons escaping from the electron transport chain in the mitochondria
might induce one-electron reduction of a molecule that might generate reactive species
attacking biomolecules or giving the electron to appropriate partners e.g. to O2. This process
might give further information to understand the oxidative stress phenomenon of penicillin
derivatives.
Therefore, the mechanism of eaq− reaction with model penicillin derivatives, including
amoxicillin, ampicillin, cloxacillin, and the 6-aminopenicillanic acid substructure (Chart 4),
was investigated by means of pulse radiolysis techniques.

Chart 4. Selected penicillins for studying the one-electron reduction
III. The eaq− and OH induced destruction of the β-lactam system that determines the
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 health. To eliminate the residual
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antimicrobial activity of wastewater implementation of Advanced Oxidation Processes is
recommended applying OH as oxidant.
As it was mentioned before (Section 2.2), the β-lactam system is essential for penicillins to
exert their antimicrobial activity (it is the so called pharmacophore). Competition is expected
to take place between the remote aromatic and thioether moieties for the OH attack. The
outcome of this competition certainly determines the efficiency of the antibiotic inactivation
since the thioether group is close to the pharmacophore and the intermediates of one-electron
oxidation might eventually induce destruction of this system. Previously, it had been
suggested on kinetic grounds that OH attack occurs mainly at the aromatic side chain of
penicillins and the inability of OH to remove the antimicrobial potency of the molecule has
also been concluded (Section 2.4.2.1). However, after evaluating the OH induced oxidation
of amoxicillin (Objective I) different picture was emerging for us.
This discrepancy prompted us to investigate the efficiency of elimination of the essential
pharmacophore under different circumstances, and to reveal the pathways that might
ultimately bring about opening of the β-lactam ring. Therefore, the eaq− and OH mediated
inactivation of amoxicillin was studied concerning also kinetic aspects with involvement of
substructure compounds in the measurements (Chart 5).

Chart 5. Amoxicillin and its substructure compounds as subjects of this study
IV. The effect of oxidation products of penicillin derivatives on bacterial strains
Advanced Oxidation Processes are 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 beginning of the treatment on account of OH reactions (Section 2.4.2.1). From this point
of view, we studied the effects of the products of the free radical oxidation of model
penicillin derivatives (amoxicillin, ampicillin, cloxacillin (Chart 4)) on Gram-positive and
Gram-negative bacterial strains supplemented by a structure-based chemical approach.
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V. One-electron oxidation mechanism of penicillins in relation to Advanced Oxidation
Processes
In the last decade many pioneering works brought several important facts to light about
the applicability of AOP for elimination of antibiotic residues from wastewater matrices.
Nevertheless, the general mechanism of the



OH induced one-electron oxidation of

penicillins, which forms the basis of several AOP, has not been revealed yet. Unraveling the
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 the OH and Cl2−/Br2− induced one-electron oxidation of
penicillin derivatives (Chart 6) using pulse radiolysis techniques. Cl2−/Br2− forms as a
result of the reaction of OH with Cl−/Br−, which are omnipresent in wastewater matrices.
Cl2−/Br2− plays a key role when the treatment of saline or brackish waters are considered.

Chart 6. Selected penicillins for studying the one-electron oxidation mechanism in respect to
Advanced Oxidation Processes
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4. MATERIALS AND METHODS
4.1. Materials
Amoxicillin (AMX; Chemical Abstract Service Registry Number (CAS No.) 26787-78-0),
ampicillin (AMP; CAS No. 69-53-4), cloxacillin sodium salt (CLX; CAS No. 642-78-4), (+)6-aminopenicillanic acid (APA; CAS No. 551-16-6), 4-hydroxy-D-phenylglycine (HPG;
CAS No. 22818-40-2), L-ascorbic acid (AH2; CAS No. 50-81-7), methyl viologen dichloride
hydrate (MV; CAS No. 75365-73-0), and the enzyme catalase from bovine liver (lyophilized
powder, 2000-5000 units mg-1 protein; CAS No. 9001-05-2) were purchased from SigmaAldrich and used as received without further purification. Some important physicochemical
properties of these compounds are highlighted in Table S1 in the Supplementary Material
(Section S2.1). To obtain more information about the chemistry of penicillin derivatives the
author refers to the work of Chain [161], and Hou and Poole [162].
Tert-butanol was obtained from Spectrum 3D. Inorganic substances of analytical grade
used as additives including NaBr, KBr, NaCl, KSCN were also provided by Sigma-Aldrich.
Sodium hydroxide and perchloric acid (70%) for adjusting the pH, NaH2PO4 and Na2HPO4
for preparing buffer solutions were obtained from Reanal. H2O2 solution (30%) was provided
by VWR Chemicals. The chemicals used for analytical work were provided by Spectrum-3D
or Carlo Erba and were of high-performance liquid chromatography (HPLC)-grade. Water
was purified with an Adrona B30 system, which produces high-quality water with a
conductivity of 0.055 μS cm-1 and a total organic carbon content < 2 ppb. The purging gases
N2 (99.995%) and O2 (99.5%) were from Messer, whereas N2O (98%) was from Linde.
4.2. Methods
4.2.1. Irradiation
4.2.1.1. Steady-state γ-irradiation
γ-Radiolysis experiments were performed by exposing the samples of interests to the field
of a 60Co γ-source having an activity of 2.3 × 1015 Bq (~ 62000 Ci) (Institute of Isotopes Co.
Ltd., Budapest). Ethanol-chlorobenzene (ECB) dosimetry with oscillometric detection
(ISO/ASTM 51538:2009, Practice for use of the ethanol-chlorobenzene dosimetry system)
was used to check the absorbed dose [163]. Experiments were carried out utilizing a dose rate
of 11.5 kGy h-1 (1 Gy is equal to 1 J kg-1) except for samples with catalase added, in this case
a dose rate of 1 kGy h-1 was 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 ampoule was sealed. Irradiated samples were stored at 4 °C prior to analysis.
Further details of the γ-irradiation facility are given in the Supplementary Material (Section
S2.2).
4.2.1.2. Pulse radiolysis experiments
A Tesla Linac LPR-4 type accelerator (TESLA V. T. MIKROEL, Praha, Czech Republic)
equipped with kinetic spectrophotometric detection was used for the electron pulse radiolysis
measurements. This accelerator supplies short pulses of high energy electrons (4 MeV)
having 800 ns duration. The electron beam is focused to a 1-cm optical path length cell in
which the solution to be irradiated is continuously flowing. 20-30 Gy/pulse was applied,
dosimetry was performed with 0.01 mol dm-3 KSCN solution calculating with a molar
absorption coefficient of 7580 mol-1 dm3 cm-1 for SCN2− 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 atmosphere. Details of the experimental setup and data processing system
can be found elsewhere [165,166], and provided also in the Supplementary Material (Section
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 simplified. By using different additives the
reactions of 1-2 radiolysis intermediates are possible to observe. These circumstances and the
following chemistry will be specified herein:
To study the reactions of OH, the solution (pH between 3 and 11) is saturated with N2O
acquiring a concentration of [N2O] ≈ 20 mmol dm-3. In this case eaq are converted to OH
according to reaction (5) with a reaction rate constant of k = 9.1 × 109 mol-1 dm3 s-1,
achieving a radiation chemical yield of G(OH) = 0.56 μmol J-1 [167]. Furthermore, H2O2 and


H are obtained in rather low yields (Table 2). OH can transform to its conjugate base O−

with pKa = 11.9. The reaction rate constant of the forward reaction (6) is 1.2 × 1010 mol-1 dm3
s-1 and that of the reverse reaction is 1.8 × 106 mol-1 dm3 s-1 [4].
N2O + eaq + H2O → N2 + OH + −OH


OH + −OH ⇄ O− + H2O

(5)
(6)
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Table 2. Radiation chemical yields (G value in µmol J-1) of primary reactive species under
different circumstances [86]
N2ON2O2 AirN2Osaturated 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(H2O2)

0.09

0.07

0.136*

0.136*

~ 0.08

-

0.28

-

-

-

G( H)

0.06

0.06

-

-

0.22

G(O2−/HO2)

-

-

0.33

0.33

-

G(H2)

0.05

0.05

0.05

0.05

0.05

-

-

~ 1.35

~ 0.27

-

−

G(eaq )


[O2] (mmol dm-3)
-3

[N2O] (mmol dm )

~ 20

~ 20

*Ghormley and Hochanadel [168]

The mechanisms of the eaq induced processes are investigated in N2-saturated solutions
above pH 3 (see reaction (13)) containing 0.5 mol dm-3 tert-butanol, which scavenges OH
according to reaction (7), giving a radiation chemical yield of G(eaq) = 0.28 μmol J-1. Tertbutyl alcohol radicals do not interfere with our system on the timescale of the experiments
absorbing with low molar absorption coefficient below 300 nm (ε280 = 30 mol-1 dm3 cm-1,
ε250 = 200 mol-1 dm3 cm-1 [169]). In this system H2O2 and H are additionally present with
radiation chemical yields of 0.07 and 0.06 μmol J-1, respectively (Table 2).


OH + (CH3)3COH → H2O + CH2C(CH3)2OH

(7)

In N2-saturated solution between pH 3 and 11 the reductive and oxidative species are
present with almost equal yields (Table 2).
In the presence of oxygen (O2-saturated/air-equilibrated solutions) eaq and H are
scavenged according to reaction (8) and (9) with reaction rate constants of 1.9 × 1010 mol-1
dm3 s-1 and 1.2 × 1010 mol-1 dm3 s-1, respectively [4]. The forming O2− and HO2 interconvert
(10) with a pKa(HO2) = 4.8 [170]. In our case the solutions were prepared at natural pH of ~
5.2 at which O2− prevails. The radiation chemical yield of the O2−/HO2 pair is
0.33 μmol J-1. In these solutions OH are still present with G(OH) = 0.28 μmol J-1, which can
be eliminated by preparing a solution that contains 0.5 mol dm-3 tert-butanol. Furthermore,
the yield of H2O2 is enhanced (G(H2O2) = 0.136 μmol J-1 [168]) owing to reaction (11) and
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(12) with reaction rate constants of (8.3  0.7) × 105 mol-1 dm3 s-1 and (9.7  0.6) × 107 mol-1
dm3 s-1, respectively (disproportionation of O2− is practically negligible) [170].
eaq− +O2 → O2−


H + O2 → HO2

(8)
(9)

HO2 ⇄ O2− + H+

(10)

2 HO2 → H2O2 + O2

(11)

HO2 + O2 + H2O → H2O2 + O2 + −OH

(12)

In N2O-saturated solution below pH 4 reaction (13) with k = 2.3 × 1010 mol-1 dm3 s-1
becomes important [4], i.e. the competition between H+ and N2O (compare the scavenging
capacities). It follows that in N2O-saturated solutions at pH 2 the radiation chemical yields
(calculating with competition kinetics) amount to G(H) = 0.32 μmol J-1 and G(OH) =
0.4 μmol J-1. An acid-base equilibrium exists between H and eaq with pKa(H) = 9.1.
Therefore, in highly basic solutions the latter prevails. The conversion of H into eaq,
reaction (14), proceeds with a reaction rate constant of 2.2 × 107 mol-1 dm3 s-1 [4].
eaq + H+ → H


H + OH → eaq + H2O

(13)
(14)

The reactions of H can therefore be conveniently studied in highly acidic N2-saturated
solutions containing 0.5 mol dm-3 tert-butanol. In this case eaq are removed in reaction (13)
and OH are scavenged by tert-butanol (7).
The contribution of H2O2 (which forms in reaction of two OH, see Section 2.3.1, and in
reaction (11) and (12)) to the reaction mechanism can be evaluated indirectly by eliminating
that from the reaction system. For this purpose, catalase enzyme can be used (see Section
S2.4), which converts H2O2 according to reaction (15).
2 H2O2 → 2 H2O + O2

(15)

It should be noted that in such a case O2 is continuously forming inside the reaction vessel.
4.2.2. Analytical techniques
The products formed after steady-state γ-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 were taken using a Jasco 550 spectrophotometer with 1-cm
optical path length cell.
FTIR spectra were recorded on a Unicam Mattheson Research Series 1 equipment.
Antibiotic samples were first irradiated, then 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
quantitative measurement.
13

C NMR spectra (500 MHz) were obtained on a Bruker DRX-500 Avance spectrometer,

the solutions were prepared in DMSO-d6 (TMS).
4.2.2.2. Chromatography
Final product analysis of amoxicillin (LC/ESI-MS)
The products of amoxicillin, subjected to a dose of 1 kGy under air-equilibrated condition
at 0.5 mmol dm-3 concentration, were separated on a Phenomenex Kinetex XB-C18 capillary
column (2.1 mm × 100 mm, 2.6 μm particle size) using an Agilent 1200 liquid
chromatograph (LC). The following settings were used: flow rate, 0.3 mL min-1; injection
volume, 10 μL; temperature of the column, 25 °C. The mobile phase consisted of acetonitrile
(A) and water (B) containing 0.1% formic acid. The linear gradient elution was done as
follows: 0% A at the beginning, which was then increased to 20% over 5 minutes, which
condition was maintained for the next 5 minutes. Agilent 6410 triple quadrupole MS/MS
equipped with electrospray ionization (ESI) interface was used for mass spectrometry (MS).
The following conditions were adjusted: capillary voltage, +3000/-3000 V; scan, 60-800;
fragmentor, 100 V; nebulizer, 30 psi; drying gas, 12 L min-1; gas temperature, 300 °C. MS
data were evaluated with the Agilent MassHunter Qualitative Analysis software (version
1.3.157.0).
The role of H2O2 in the production of S-oxide was studied in solutions containing catalase
by applying a dose of 0.5 kGy delivered with a dose rate of 1 kGy h-1 (see S2.4 for
experimental details).
Final product analysis of cloxacillin (LC/ESI-MS/MS)
Cloxacillin solutions were prepared at 0.5 mmol dm-3 concentration and irradiated with a
dose of 0.8 kGy (0.224 mmol dm-3 OH) under air-equilibrated conditions. High-performance
liquid chromatography-tandem mass spectrometry technique (LC/ESI-MS/MS) was applied
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to identify the forming products. The chromatographic separation was done using the same
system with the same condition as for amoxicillin (vide supra). The mobile phase consisted
of acetonitrile (A) and water (B) containing 0.1% formic acid. The linear gradient elution was
performed as follows: 25% A at the beginning, which was then increased to 50% in 4 minutes
and this condition was maintained for the next 6 minutes. The LC system was connected to
the same analyzing system as for amoxicillin applying the same conditions except the
fragmentor voltage that was adjusted to 90 V. Collision energies of 0, 5, 10, 20, 30, 40, 50 eV
were used for MS/MS experiments. The collision gas was N2.
4.2.2.3. CO2 release from the samples
CO2 loss was calculated from the difference in the Total Organic Carbon Content (TOC)
between the irradiated (TOCirradiated) and untreated (TOC0) solutions. TOC was determined by
a Shimadzu TOC-L equipment performing high sensitivity analysis. The radiation chemical
yield of the CO2 release can be obtained from the slope of the yield ((∆TOC)/12 = (TOC0TOCirradiated)/12) - dose plot.
4.2.3. Microbiological assays
4.2.3.1. Toxicity tests: acute and chronic effects
The Gram-negative bacterium Vibrio fischeri (Agricultural Research Service Culture
Collection, NRRL-B-11177, Hach Lange GmbH, Düsseldorf, Germany) was used for the
toxicity tests, performed according to DIN EN ISO 11348-2 [171], with slight modification.
The liquid-dried bacteria were added to supplemented seawater complete medium (SSWC,
ISO 11348) to provide enough nutrients to the cells for the chronic exposure time (24 h). The
incubation time for the acute tests was 30 minutes, this measurement was performed within
the period of the 24 h exposure time. LUMIStox 300 equipment (Hach Lange GmbH,
Düsseldorf, Germany) was applied for measuring the optical density (OD, at 435 nm) and
luminescence (acute and chronic toxicity) intensity. Acute luminescence inhibition was
determined following the equation given in ISO 11348-2 [171], and in case of the chronic
toxicity tests the results were evaluated according to the method elaborated by Menz et al.
[172].
4.2.3.2. Bacterial susceptibility tests
Solutions containing 0.5 mmol dm-3 amoxicillin and cloxacillin were subjected to
irradiation. 1 mmol dm-3 phosphate buffer was used to adjust the pH to 7. The antibiotic
concentration that remained after the treatment was quantified by LC/ESI-MS analysis using
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the same procedures as specified above. Schematic representation of the microbiological
practice is shown in Figure 2.
Staphylococcus aureus (American Type Culture Collection (ATCC), ATCC 6538),
Bacillus subtilis (ATCC 6633), and Escherichia coli (ATCC 25922) were used as reference
strains for susceptibility testing. Bacteria were grown in agar slant tubes and a 1-day fresh
culture was serially diluted in saline peptone water to reach the cell density necessary for the
inoculum. Colony counting was performed on tryptone glucose agar (TGA) plates to verify
the inoculum density. Agar (Catalog number (Cat. No.) 1.01615.1000), peptone (Cat. No.
1.11931.1000), yeast extract (Cat. No. 1.11926.1000), glucose (Cat. No. 1.08346.9029) and
NaCl (Cat. No. 1.06404.1000) were purchased from Merck.

Figure 2. Schematic representation of the practice of the agar diffusion (upper part) and the
broth macrodilution assay
For the agar diffusion assay irradiated samples were diluted by a factor of 20 using 1
mmol dm-3 phosphate buffer solution, in addition, at 2 kGy a dilution factor of 2 had to be
used. TGA plates were inoculated with 1 mL of each bacterial suspension at 106 CFU mL-1
concentration. To make holes a glass tube with a diameter of 4 mm was used and the cavities
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were filled with 100 μL of the antibiotic solution. The incubation was done at 37 °C with a
duration of 24 h.
RABIT impedimetric instrument (Don Whitley Scientific, U.K.) was applied for the broth
macrodilution assay. In case of S. aureus, before the measurement treated samples were
diluted by a factor of 2, for amoxicillin series at 2 kGy no pre-dilution was used. For E. coli,
samples were not diluted prior to the assay. The samples were then diluted using
1 mmol dm-3 phosphate buffer to obtain a ten-member dilution series with 1:1 serial dilution.
1 mL (for E. coli)/0.5 mL (for S. aureus) of each of the serially diluted samples was put into
3.5 mL (E. coli)/4 mL (S. aureus) impedance broth (Whitley Impedance Broth, Cat. No.
G50001) in triplicate and inoculated with 0.5 mL of a bacterial suspension at 107 CFU mL-1
concentration. Incubation was done in the RABIT equipment at 37 °C with a duration of 24
h. GraphPad Prism 6 software was used for dose-response fitting, which was performed 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 of the OH induced oxidation
Since OH exhibits appreciable reactivity with phenols [173] and thiaproline derivatives
[174] being the corresponding analog of the thiazolidine structure of amoxicillin, the OH
induced oxidation is expected to follow pathways typical for phenols and organic sulfides.
The transient spectrum recorded 10 µs after the pulse (Figure 3A) indicates a complex
oxidation mechanism.
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Figure 3. Transient absorption spectra obtained (a) 10 μs and (b) 400 μs after pulse
irradiation of N2O-saturated solution containing 0.1 mmol dm-3 amoxicillin (A) with inset
showing kinetic traces at 350, 290 and 260 nm; and recorded (c) 2 μs and (d) 10 μs after the
electron pulse in the same solution containing 0.1 mmol dm-3 K3Fe(CN)6 (B) with inset
displaying kinetic traces at 350, 290 and 260 nm; kinetic traces at 350 nm, displaying the
biexponential fitting curve (C), at 290 and 260 nm (D), and at 410 nm (E) recorded in a
solution as specified in (A)
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OH attack at the thioether group inside the thiazolide ring gives rise to the generation of

an OH-adduct at the sulfur atom (a in Scheme 3, note that the pH of the solution was ~5.2, at
which amoxicillin exists in zwitterionic form, see Section S2.1).

Scheme 3. OH induced free radical reaction pathway of amoxicillin. Structures are shown
assuming that the stereochemistry of the parent molecule is retained
In analogy to other systems [174,175] the absorption band with λmax = 350 nm is assigned
to these intermediates (a). OH can also react with the phenolic side chain, in this process
dihydroxycyclohexadienyl radical (b) forms, which absorbs also around 350 nm. To
eliminate these species and observe the absorption of species a, Fe(CN)63 is added to the
solution, which oxidizes species b yielding compound c in a fast process [176], before water
elimination to n occurs. The spectra thus observed (Figure 3B) show the exclusive
absorption of the OH-adduct at the sulfur atom (a). The decay of the band at 350 nm obeys
first-order kinetics and the biexponential fitting (Figure 3C) indicates the occurrence of two
parallel processes assigned to the disappearance of species a and b. The first-order rate
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constants, determined to be k1 = 1.7 × 103 s-1 (τ1/2 = 0.4 ms) and k2 = 0.3 × 103 s-1 (τ1/2 = 2.3
ms), obtained from the biexponential equation do not show dependence on the radical
concentration (no second-order processes). Assuming that dihydroxycyclohexadienyl radicals
are the only species reacting with Fe(CN)63 and the reaction is done 2 µs after the pulse and
taking ε ≈ 3400 mol-1 dm3 cm-1 [175] for the OH-adduct at the sulfur atom the G-value is
estimated to be G ≈ 0.11 µmol J-1 (calculating with dose/pulse of 30 Gy) for species a.
The OH adduct to the sulfur can convert to the sulfur centered radical cation (d) via
elimination of OH. This species (d) can transfer through several reaction pathways [29], and
therefore, it is thought to be a key intermediate in the system. α-(Alkylthio)alkyl radicals (e)
are formed by proton loss from the α-carbon of the sulfur atom of species d. α(Alkylthio)alkyl radicals can be represented with resonance structures (e and f) [158]. Based
on previous observations [158], the 290-nm band is assigned to these radicals. Interestingly,
α-(alkylthio)alkyl radical (e and f) and the OH-adduct (a) simultaneously exist in our system.
Albeit the OH-adduct at the sulfur is known to disappear on the µs timescale (τ1/2 < 1 µs),
there are cases when these transients can be stabilized, e.g. by carbonyl or methoxy groups
via internal hydrogen bonds [177]. In fact, OH can attack the sulfur atom from different
sides of the thiazolidine ring. If the attack occurs at the side where the carboxylate group is
present ((R) configuration at the sulfur) hydrogen bonding can take place between the
hydroxyl radical adduct and the carboxylate oxygen stabilizing this intermediate. It follows
that the species in which the OH is located on the opposite side ((S) 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 sulfur (in case of amides and esters these intermediates could be stabilized only
for several tens of microseconds [177,178]). Taking these considerations into account, it is
expected that the decrease in the absorbance at 350 nm coincides with the increase at 290 nm.
However, the change in absorbance does not follow these processes in Figure 3B on account
of complex build-ups and decays. It should also be noted that α-(alkylthio)alkyl radicals can
be generated by OH via direct hydrogen atom abstraction from the α-carbon of the sulfur.
Based on previous studies, the yield of this process is not expected to be more than 20% of
the initially available OH [179]. Since there are other intermediates substantiating the
presence of a long-living and short-living OH-adduct at the sulfur, we propose the
contribution of both the OH-adduct driven pathway and the direct H atom abstraction
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(Scheme 3) to the formation of α-(alkylthio)alkyl radicals (Scheme 3). α-(Alkylthio)alkyl
radicals (e/f) (Figure 3D) disappear from the system following second-order kinetics without
showing dependence on the amoxicillin concentration. These radicals can be noted to be of
both α-(alkylthio)alkyl and α-aminoalkyl type (vide infra) (the unpaired electron is placed on
a carbon atom between the sulfur and nitrogen atom). Since the molar absorption coefficient
of such a peculiar species has not been determined yet, the second-order rate constant can be
given as 2k2/ε = 2.7 × 104 cm s-1 for the decay of these species.
In amino acids and methionine-containing peptides the sulfur centered radical cation (d)
can readily undergo an internal electron transfer with the carboxylate group [29,174,180].
The electron transfer leads to species j in our case, which decomposes by liberating CO2, the
process is referred to as the pseudo-Kolbe reaction. This pathway gives rise to the formation
of α-aminoalkyl type radical (k), which has a structureless absorption band at wavelength >
255 nm without distinct λmax [174]. The yield of α-aminoalkyl radicals can be predicted by
taking the absorption coefficient of a structurally similar species (ε260 = 2560 mol-1 dm3 cm-1)
[23], leading to a value of G ≈ 0.17 µmol J-1. The disappearance of the absorbance at 260 nm
obeys second-order kinetics, without showing dependence on the amoxicillin concentration,
with 2k2 determined to be ~ 1.27 × 108 mol-1 dm3 s-1 (τ1/2 ≈ 1.5 ms, calculating with 30
Gy/pulse). Since the OH adduct is the precursor of α-aminoalkyl radical the presence of k
and a at the same time substantiates the existence of two forms of the OH-adduct at the sulfur
with considerably different lifetimes (vide supra). The formation of α-aminoalkyl radicals
can be probed on account of their reducing properties using methyl viologen (MV) [174,181].
The build-up of MV+ at 600 nm (ε600 = 11850 mol-1 dm3 cm-1 [182], kinetic traces are shown
in Figure 4A) was observed along with the reduction of the absorbance at shorter wavelength
in a solution with 2 mmol dm-3 amoxicillin and 0.1 mmol dm-3 MV. The yield of MV+ was
determined to be ~ 0.02 µmol J-1. The discrepancy between the yields derived from the
transient spectrum and obtained by using MV prompted us to determine the yield of CO2
release, since CO2 should form with the α-aminoalkyl radicals at equal molarity. G(CO2) was
determined to be ~ 0.16 µmol J-1 from the slope in Figure 4A inset, which is in accordance
with the former value. This phenomenon can be rationalized in two ways: (a) α-aminoalkyl
radicals are eliminated via reacting with amoxicillin, which is present at high concentration
relative to MV (at 260 nm in a N2O-saturated solution containing 1 mmol dm-3 amoxicillin
reduced absorbance was obtained (Figure 5)), (b) due to the strong electron-withdrawing
carbonyl group located close to the radical site, the reduction potential of α-aminoalkyl
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radical increases above that of methyl viologen, so the one-electron process is not feasible
(MV (E71 = -0.447 V [181])).
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Figure 4. (A) Kinetic traces taken at 600 nm in a solution containing 2 mmol dm-3
amoxicillin and 0.1 mmol dm-3 methyl viologen at pH 5.2 saturated with N2O, inset shows
the formation of CO2 as a function of dose in 0.05 mmol dm-3 amoxicillin solution at pH 5.2
saturated with N2O. (B) Transient spectra obtained in 2 mmol dm-3 amoxicillin + 0.1 mmol
dm-3 ascorbic acid containing solution at pH 6 saturated with N2O, inset shows kinetic traces
obtained at 360 and 375 nm in the same solution as specified in (B)
α-Aminoalkyl radicals can convert to thiyl type radicals in equilibrium via βfragmentation (l in Scheme 3). Thiyl radicals are oxidizing species, their formation can be
confirmed by using ascorbate (AH), which can suffer one-electron oxidation leading to the
corresponding AH [174,183]. The build-up of AH can be observed at λmax = 360 nm with
ε360 = 3300 mol-1 dm3 cm-1 [184]. Unfortunately, the formation of these species cannot be
observed directly at 360 nm due to the presence of a 350-nm band together with its slow
disappearance (Figure 4B). However, the absorption band assigned to AH can be obtained
295 µs after the pulse. The kinetic trace obtained at 375 nm reveals that the build-up takes
place within ~ 60 μs (Figure 4B inset) giving a rate constant of ~ 108 mol-1 dm3 s-1 for the
oxidation process. It is quite interesting that albeit α-aminoalkyl and α-(alkylthio)alkyl
radicals possess also reducing properties [181,185], they did not react with Fe(CN)63 within
10 µs time domain (Figure 3B).
The sulfur radical cation shows high tendency for stabilization via three-electron bond
formation by coordination with heteroatoms or with another intact sulfur atom [186,187]. The
three-electron bond is created as a result of the overlap between the p orbitals of the unpaired
electron of the radical cation and the lone p electron pair of a donor atom (N, O, S) (see
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Section 2.1.1.3, vide supra). The S.˙.O complex can also be obtained via intramolecular
interaction with a sterically available carboxyl oxygen [187-189], the forming species are
reported to absorb in the 390-400 nm range [23,174,187,188]. In case of amoxicillin the
three-electron complex can form involving the carboxyl oxygen located on the thiazolidine
ring and the sulfur centered radical cation yielding intermediate m. The absorption band with
λmax = 410 nm is assigned to species m (Figure 3A). The 410-nm band decays following
first-order kinetics (Figure 3E), in line with previous studies, with k = (3.5  0.3) × 102 s-1
(τ1/2 = 2 ms). Phenoxyl radicals (n), which form from dihydroxycyclohexadienyl radicals,
also absorb at λmax  400 nm [173]. We propose that both species m and n contribute to the
absorbance in this range, although increase in absorbance (coinciding with the decrease at
350 nm) and the subsequent second-order decay process was not observed at 410 nm. In the
system with ascorbate (Figure 4B) a rapid depletion of the absorbance was observed at 410
nm (compared to Figure 3E) since both the phenoxyl radicals and the three-electron bonded
intermediates are oxidizing species. The intermolecularly forming S.˙.S dimer was not found
in our system (even in solution at 1 mmol dm-3 concentration, Figure 5). The prerequisite of
the formation of such a dimer is the 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 spectra recorded in 1 (a) and 0.1 mmol dm-3 (b) amoxicillin
solution 10 µs after the electron pulse
The radiation chemical yield of the dihydroxycyclohexadienyl radical can be derived by
assigning k1 rate constant (determined from the biexponential fitting at 350 nm, vide supra) to
the decay of this species and calculating the extent of decrease in absorbance attributed to this
process using the exponential equation (y = A × exp(-kx)). In this way a G value of ~ 0.09
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μmol J-1 can be estimated by taking ε = 4400 mol-1 dm3 cm-1 [173]. In light of the calculated
radiation chemical yields, it is apparent that the sulfur atom is the predominant site of the


OH attack instead of the aromatic ring. In case of proteins containing thioether moieties

(methionine) and aromatic rings (tyrosine, phenylalanine) OH targets these parts with almost
same probabilities [40]. To find out whether the aromatic system is an electron-deficient site
of the structure or this is not the case but other effects are present, quantum chemical
calculations are needed.
5.1.2. Products forming under steady-state gamma irradiation
Aqueous 0.5 mmol dm-3 amoxicillin (AMX) solution was irradiated with 1 kGy under airequilibrated condition and products were analyzed using high-performance liquid
chromatography-tandem mass spectrometry technique (see Section 4.2.2.2).
Amoxicillin has a unique bicyclic system with strained β-lactam moiety fused to a
thiazolidine ring (P9, see Scheme 4A). It has a self-built reactivity making it susceptible to
any kinds of nucleophilic attack under acidic, alkaline and neutral conditions [161]. The
molecule has 3 dissociable protons with pKa of 2.63, 7.16 and 9.55 [190], at pH 5.2 the
molecule is present in zwitterionic form (see Table S1). In Scheme 4 and 5 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 about the product analysis and IUPAC names
can be found in the Supplementary Material (Section S3.1). Based on their structural
similarities, the products (31 products were found, see Table S2, a chromatogram is shown in
Figure S5) are sorted into several groups.
In Scheme 4 basic reactions are shown that take place not only under radiolysis, but also
under acidic hydrolysis [191] reflecting the natural reactivity of an aminopenicillin
derivative. Amoxicillin can hydrolyze to give amoxicillin penicilloic acid epimers (P7/8)
with free carboxyl group (Scheme 4A). Amoxicillin penilloic acid forms (P10/13) from the
penicilloic acid derivative following CO2 release. By intramolecular nucleophilic attack,
amoxicillin diketopiperazine derivative (P27) is generated. In addition, intermolecular
nucleophilic attack can also occur, in this case the benzylic carbonyl group of a molecule is
attacked by the α-amino group of another one giving rise to 4-hydroxyphenyl-D-glycyl
amoxicillin (P15). The products depicted in Scheme 4A are key points in the oxidation
pathway since free radical induced modifications occurred on their basic structure leading to
other transformation products that are shown in Scheme 4B and in Scheme 5.
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Scheme 4. Suggested final products of amoxicillin (P9) involving self-degradation (A) and
radical induced reactions (B). Structures are shown assuming that the stereochemistry of the
parent molecule is retained
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Scheme 5. 4-Hydroxyphenyl-D-glycyl amoxicillin (P15/18/19) and its oxidation products.
Structures are shown assuming that the stereochemistry of the parent molecule is retained
5.1.2.1. Modifications of the amoxicillin structure
Multisite OH attack on the amoxicillin skeleton can be observed (Scheme 4B) on account
of the high reactivity of hydroxyl radical [192].
The reaction of the primary dihydroxycyclohexadienyl radical intermediate with dissolved
O2 leads to the formation of meta- and ortho-monohydroxy amoxicillin (P1/2). OH can also
attack the secondary amino group, which has a lone electron pair, giving rise to N-hydroxy
amoxicillin (P4). The protonated α-amino group (pKa = 7.16) is close to the aromatic system
and reaction of an electrophile is not expected to occur at this part of the molecule.
The sulfoxide derivative of amoxicillin (P6) was found with the largest yield under the
specified conditions. The thioether moiety exhibits high reactivity towards OH [186], the
reaction rate constants have been determined to be close to the diffusion controlled limit
~ 1010 mol-1 dm3 s-1 [179]. The reaction pathways leading to the sulfoxide will be discussed
in Section 5.1.3.
The oxidation of carbon atom on -CH3 and -CH2- units of the thiazolidine ring yields P23
and P22/24 (Scheme 4B). The initial step is expected to be H abstraction from the
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methyl/methylene groups, reaction (16). In the presence of dissolved oxygen the
corresponding peroxyl radical is formed in reaction (17). These radicals can recombine
giving rise to a tetroxide (18) and yielding the carbonyl compound via the Russell (19) or
Bennett mechanism (20) [193].

Decarboxylation from the thiazolidine ring of amoxicillin and subsequent oxidation (as
mentioned above) can lead to decarboxy dioxo amoxicillin (P23). Since one methyl group is
located on the same side as the carboxylate group having negative charge, this enhanced
electron density may lead the OH to the vicinity of that methyl group, obtaining
regioselective oxidation. P22/24 is formed as a result of the further hydroxylation of P23.
Dicarboxylic acid may form via consecutive oxidation of methyl groups. CO2 loss can
readily occur from this intermediate since the carbanion is stabilized by the neighboring
carboxyl moiety. P14 may indicate that the remaining lone pair can than build up a -bond.
In decarboxylation of amoxicillin P28 is produced, the involvement of free radicals in this
process has been discussed in the previous section (vide supra).
The oxidation reactions discussed above also take place on the basic structures depicted in
Scheme 4A. These processes can be followed in Scheme 4B and in Scheme 5. In the next
section we will focus on the mechanism of S-oxide 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 of proteins).
5.1.3. The course of reactions leading to the S-oxide
The relative yield of the sulfoxide was investigated under different circumstances to find
out the contribution of each reactive species to the reaction pathways (Figure 6 inset), which
had been comprehensively studied in the literature [194-196].
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Figure 6. The relative yields of S-oxide under different conditions (integrated area of the
peak at m/z 382, Rt = 5.5 min), in 0.5 mmol dm-3 amoxicillin solution containing different
additives at pH 7. The extracted ion chromatogram at m/z 382 is shown in the inset
In N2O-saturated solution OH and H2O2 (forming with G = 0.56 and 0.09 μmol J-1,
respectively) induce the oxidation of the molecule (Section 4.2.1.3, Table 2). Under this
circumstance moderate yield of the sulfoxide was obtained (Figure 6), which can be assigned
to the effect of either of these species [21,197]. Using catalase [198,199] H2O2 can be
excluded from the system, which converts H2O2 to O2 and H2O in an enzymatic process
(Section 4.2.1.3, reaction (15)). In this case, however, the increasing yield of S-oxide was
observed, which was attributed to the effect of the forming oxygen during the enzymatic
process with equal yield to that of H2O2. Several reactions are expected to proceed in the
presence of dissolved oxygen that can yield the sulfoxide. In the absence of the >S.˙.S< dimer
(vide supra), since the OH-adduct at the sulfur has a long lifetime it can readily react with
oxygen forming the corresponding peroxyl radical (p). O2 elimination from this species can
lie behind the enhanced yield of sulfoxide (Scheme 6) [194,195]. α-(Alkylthio)alkyl radicals
can also add O2 with high reaction rate constant of ~ 109 mol-1 dm3 s-1 [200], the peroxyl
radical thus generated (q) could also convert to the sulfoxide (Scheme 6), however, in other
system it was not a decisive precursor of the S-oxide [194].
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Scheme 6. Possible mechanisms of S-oxide formation involving O2. Structures are shown
assuming that the stereochemistry of the parent molecule is retained
In N2-saturated solutions OH, eaq, H and H2O2 form with G-values of 0.28, 0.28, 0.06
and 0.07 μmol J-1, respectively (Section 4.2.1.3, Table 2), in this case great reduction in the
S-oxide yield was obtained (Figure 6). This phenomenon cannot be attributed simply to the
reduced yields of the potential precursors, OH and H2O2. It is, however, assigned to the
annihilation of the primary intermediate sulfur radical cation in reaction with eaq. Therefore,
sulfur radical cation is proposed to be a precursor of the sulfoxide under anaerobic
conditions. A reaction pathway en route to sulfoxide in the absence of oxygen can also be
found in the literature, which is depicted in Scheme 3 for amoxicillin. A disproportionation
reaction was reported to lie behind the second-order decay process of α-(alkylthio)alkyl
radicals [158], which yields ions g and h. The negative ion (g) is proposed to transfer back to
e/f via H+ abstraction and the predominating positive ion (h) is expected to react with H2O (i)
and give the sulfoxide.
In the presence of catalase in N2 saturated solutions, the yield of S-oxide was only slightly
enhanced (compared to the system saturated with N2O, Figure 6). It is apparent that there
should be reaction pathway to the sulfoxide starting with sulfur radical cation and involving
O2. Albeit the slow reaction of sulfur radical cation with O2 was observed only under extreme
conditions in organic solvents and the role of α-(alkylthio)alkyl radicals in the mechanism
was rejected in other system [194], the latter might play a role under our circumstances
(Scheme 6).
In O2-saturated solution ([O2] ≈ 1.35 mmol dm-3) OH, O2 and H2O2 are generated with
G-values of 0.28, 0.33 and 0.136 μmol J-1 (Section 4.2.1.3, Table 2), respectively, here the
highest yield of sulfoxide could be observed in line with our expectations (Figure 6). In this
case O2 reacts with sulfur radical cations usually at a diffusion-controlled rate yielding
directly the sulfoxide (Scheme 7) [196]. Any peroxyl radicals can also enhance the sulfoxide
yield [21]. In air-equilibrated solution O2 is available at a lower concentration ([O2] ≈ 0.27
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mmol dm-3). The lower yield of sulfoxide unambiguously confirms the involvement of
molecular O2 in the mechanism (vide supra). In O2-saturated solution containing catalase, the
effect of H2O2 could eventually be observed since this system is already oxygen-rich. From
the decrease in the relative yield of S-oxide (Figure 6) and the yield of H2O2, it can be
estimated that in the system saturated with N2O ~ 60% of the sulfoxide yield could be
assigned to the presence of H2O2. H2O2 reacts with organic sulfides with a lower rate
compared to the reaction of the radical intermediates, e.g. for Me2S a rate constant of ~ 10-2
mol-1 dm3 s-1 was reported [196].

Scheme 7. Possible mechanisms of S-oxide formation involving O2 and H2O2. Structures
are shown assuming that the stereochemistry of the parent molecule is retained
It is apparent from this picture that dissolved oxygen has a significant impact on the course
of reactions proceeding during the free radical induced oxidation of amoxicillin in accordance
with previous studies on different organic sulfides.
5.1.4. Concluding remarks
Multisite attack occurs on the penicillin scaffold leaving the reactive β-lactam warhead
intact. The thioether group is the predominant site of the OH attack inducing an oxidation
mechanism typical for organic sulfides. Dissolved oxygen plays crucial role in the generation
of the sulfoxide of amoxicillin, however, in the absence of oxygen H2O2 and the α(alkylthio)alkyl radical might govern the reaction pathways en route to S-oxide. Several longlived reactive intermediates are formed, which are able to take part in further processes. A
surprisingly long-living OH adduct to the sulfur was observed that is unique in the literature.
Reactive reducing (α-aminoalkyl and α-(alkylthio)alkyl) and oxidizing (thiyl radicals) free
radicals simultaneously exist in the system.
5.2. One-electron reduction mechanism of penicillin derivatives (Objective II)
Hydrated electron is a nucleophilic species exhibiting considerable reactivity towards
electron-poor sites of a molecule like the carbon atom of a carbonyl group [201]. The
reactivity is heavily influenced by adjacent substituents determining the electrophilicity of the
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carbon. Penicillin derivatives possess carbonyl functions at the carboxyl group, β-lactam
group and the amide linkage (Chart 7 and Chart 4 in Section 3).

Chart 7. Possible targets of hydrated electrons on the penicillins’ structure
Since resonance stabilization cannot ease the electron deficiency of the β-lactam carbonyl
carbon (due to steric hindrance) as in peptidyl carbonyls, it might be the best candidate for
accommodating the eaq (e.g. for acetone keaq = 6.3 × 109 mol-1 dm3 s-1 [201]). The amide
linkage exerts considerably lower reactivity on account of the delocalization implying a
reduced electron-deficiency (keaq = 1-3 × 108 mol-1 dm3 s-1 has been reported for a single
peptide linkage [202]), and the carboxylate group is even less reactive (for zwitterionic
glycine keaq = 8.2 × 106 mol-1 dm3 s-1 has been reported [203]). The 13C NMR chemical shifts
assigned to the carbonyl carbons (Table 3), however, indicate strikingly similar electronic
nature suggesting that the eaq might attack these moieties with similar probabilities.
Table 3. 13C NMR characteristics of penicillins
13

C NMR chemical shifts of penicillins

lactam >C=O

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 eaq reaction
The rate constant of the reaction of penicillins with hydrated electron was determined
either directly by following the consumption of eaq at 600 nm or by monitoring the build-up
of the forming intermediate at the corresponding λmax of the transient absorption spectra (see
Figure 7 for determination of the keaq- in case of amoxicillin). The rate constant was
measured to be keaq = 8.8 × 109 mol-1 dm3 s-1 and keaq = 5.2 × 109 mol-1 dm3 s-1 for 6aminopenicillanic acid (APA) and amoxicillin, respectively. The keaq for 4-hydroxy-Dphenylglycine, representing the side chain of amoxicillin, was determined to be 1.5 × 109
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mol-1 dm3 s-1 (Section 3, Chart 5). Song et al. [147] reported keaq = (3.35  0.07) × 109 mol-1
dm3 s-1 for the eaq + APA reaction. We used tert-butanol for scavenging OH, whereas they
applied isopropanol [147], which might lie behind the different results. We also measured the
keaq using isopropanol and obtained a much lower value of keaq- = 1.6 × 109 mol-1 dm3 s-1
(since penicillins are sensitive to alcohols we assume that isopropanol reacts with APA when
making the solution [161,162]). Our keaq- is also somewhat higher than that determined by
Song et al. in case of amoxicillin (keaq = (6.94  0.44) × 109 mol-1 dm3 s-1 [147]).
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Figure 7. Concentration dependence of the observed pseudo-first-order rate constant (k’) of
absorbance build-up at 325 nm recorded in amoxicillin solution
Rate constant of 5.5 × 109 mol-1 dm3 s-1 was calculated for both ampicillin and cloxacillin
in our laboratory, which is practically the same as measured for amoxicillin. The close values
imply a common reaction mechanism for the one-electron reduction of penicillin derivatives.
5.2.2. The one-electron reduction mechanism
The transient spectra obtained in studying the one-electron reduction mechanism of
penicillin derivatives are shown in Figure 8A and Figure 9A,C,D. It is apparent from the
measurements that hydrated electron targets the carbon atoms of all the three carbonyl groups
of the penicillin structure. A complete reaction mechanism will be discussed putting all these
moieties into focus on the example of amoxicillin (Scheme 8).
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Figure 8. (A) Transient absorption spectra recorded in 0.1 mmol dm-3 amoxicillin solution
containing 0.5 mol dm-3 tert-butanol and saturated with N2 10 μs (a), 80 μs (b) and 580 μs (c)
after the pulse. Inset: Fitting to the first-order decay at 325 nm. (B) Kinetic trace recorded at
485 nm with inset displaying the trace at 380 nm in the same solution as specified in (A). (C)
Kinetic trace recorded at 400 nm in 0.02 mmol dm-3 6-aminopenicillanic acid solution
containing 0.5 mol dm-3 tert-butanol and saturated with N2. Dose/pulse 20 Gy

Scheme 8. Suggested eaq induced reaction pathway of amoxicillin. Structures are shown
assuming that the stereochemistry of the parent molecule is retained
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Figure 9. Transient absorption spectra obtained in N2-saturated solutions containing 0.5 mol
dm-3 tert-butanol and 0.1 mmol dm-3 ampicillin (A), cloxacillin (C) with inset displaying
kinetic traces in a solution as specified for (C), and 6-aminopenicillanic acid (D) with inset
displaying kinetic traces in a solution as specified for (D). (B) Kinetic trace taken at 350 and
295 nm in a solution as specified for (A). Dose/pulse was determined to be 20 Gy
5.2.2.1. Hydrated electron attack at the carboxylate group
The carboxylate group of amoxicillin can be considered as a C-terminal residue on
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 migration [204],
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 the one-electron reduction is the formation of a
radical dianion (a) (Scheme 8). These radicals absorb usually strongly due to the *
transition with high ε value. Right after the pulse an intense absorption can be observed at
485 nm (Figure 8B) in case of amoxicillin. The absorbance is immediately reduced, which
can be attributed to the rapid hydration (hydrogen bond formation) of the dianion destroying
the resonance effect. A subsequent build-up on the kinetic trace is assigned to protonation
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(the dianion in case of benzoic acid has a pKa = 12 [205]) yielding species b, the reaction is
done within 1 μs (Figure 8B). Intermediate b can be further protonated (pKa = 5.3 was
reported for benzoic acid radical anion and the pH of our solution is 5.2) to form species c in
equilibrium. This process is observed as the absorbance further decreases, the equilibrium is
attained within ~ 4 μs (Figure 8B) with k1 = 3.3 × 105 s-1 (transformation of b to c). In case
of benzoic acid k = 7.2 × 105 s-1 (at pH = 5.5) was reported for the protonation [205]. The
remaining absorption decay obeys first-order kinetics (no dependence on the radical
concentration, i.e. no dose-dependence) with k2 ≈ 2.9 × 103 s-1 (decay of c). The radiation
chemical yield of the radical anion (b) can be estimated on account of the reported value of
ε435 = 5200 mol-1 dm3 cm-1 [205] giving G = 0.15 μmol J-1, which is equal to 54% of the
initially available eaq.
In case of ampicillin, the absorption of species c can be observed around 480 nm (Figure
9A). The transient spectra of cloxacillin are blue-shifted with an absorption maximum at
~ 350 nm (Figure 8C). The transient spectra of 6-aminopenicillanic acid allowed us to follow
the consecutive processes with k1 = 3.2 × 105 s-1 and k2 ≈ 2.4 × 103 s-1. The blue-shift
suggests an interaction between the aromatic side chain and the thiazolidine ring, which
effect can be explained by the „coiled” (compact) conformation of penicillin derivatives
[206,207].
It became apparent later that electron migration occurs from these intermediates towards
the β-lactam carbonyl eventually leading to destruction of the β-lactam ring (Section 5.3.3).
5.2.2.2. Hydrated electron attack at the β-lactam carbonyl
One-electron reduction of the β-lactam carbonyl group gives rise to the formation of the
corresponding ketyl radical anion (d) (Scheme 8). Owing to their high pKa value (pKa ~
11-12 [169]) these radicals usually protonate immediately (on 10 ns time scale [208]) to yield
α-hydroxyalkyl radicals (e). The transient spectra of the compounds of interest (amoxicillin,
ampicillin, cloxacillin and 6-aminopenicillanic acid, Figure 8 and Figure 9) indicate that the
first absorption band belongs to the corresponding α-hydroxyalkyl radical (e). In case of
cloxacillin and 6-aminopenicillanic acid this band is located at λmax = 270 nm and 265 nm,
respectively (Figure 9C and D). For amoxicillin and ampicillin, the bands at 325 nm and 295
nm belong to overlapping transients. The decay at these wavelengths obeys pure first-order
kinetics with two consecutive processes (Figure 8A inset). The first process is done within
~ 80 μs with k = 2.7 × 103 s-1 in case of amoxicillin representing the decay of α-hydroxyalkyl
radicals (e). The increase in absorbance in the 350-400 nm range coincides with the latter
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process (Figure 8A, in Figure 8B inset a kinetic trace is shown at 380 nm) indicating the
absorption of the forming intermediate. These parallel events could be monitored in
ampicillin solution (the build-up and decay are shown at 295 and 350 nm with
k = 2.3 × 103 s-1, Figure 9B). In case of cloxacillin the forming species absorbs at
λmax = 310 nm. Since a blue-shift occurred it is expected that the unpaired electron hopes to
the neighboring carbon forming carbon centered radical (f) after CO release and destruction
of the β-lactam pharmacophore. Electron migration of this type takes place from the ketyl
radicals of peptides and amino acids inducing reductive cleavage [204] and leading to carbon
centered radicals with batochromic shift in the transient spectrum [209, 210]. The band at
λmax = 265 nm in case of 6-aminopenicillanic acid exhibits much slower decay on account of
the same build-up an decay processes, the batochromic shift can also be observed after
~ 1 ms (see Figure 9D inset). The carbon centered radicals disappear following pure firstorder kinetics with k = 30 s-1, 50 s-1 and 200 s-1 for cloxacillin, 6-aminopenicillanic acid, and
ampicillin, respectively (for amoxicillin the kinetics could not be described due to the overlap
at ~ 380 nm, see Figure 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 electron-donating OH group on the ring
compared to ampicillin and cloxacillin (Figure 8 and 9), whereas a blue-shift is observed in
cloxacillin (Figure 9C, the spectrum is close to that of the 6-aminopenicillanic acid
molecule) due to the relatively electron-deficient aromatic ring. This effect is suggested to
take place on account of the „coiled” (compact) conformation of penicillin derivatives
[206,207].
5.2.2.3. Formation of benzyl radicals in ampicillin and amoxicillin samples
Based on the transient spectra observed in the one-electron reduction of phenylglycine
derivatives [211], the absorptions peaking at 325 nm (amoxicillin) and 295 nm (ampicillin)
80 μs and 118 μs after the electron pulse, respectively, indicate the presence of benzyl
radicals (g) (Scheme 8). The G-value can be estimated taking the reported ε = 33 000
mol-1 dm3 cm-1 for PhCHCOO2, leading to G ≈ 0.03 and ≈ 0.04 μmol J-1 for amoxicillin and
ampicillin benzyl radicals, respectively. It follows that ~ 11% and 14% of eaq can be
suggested to deaminate these molecules. The benzyl radicals disappear from the system
obeying pure first-order kinetics with k = 1.1 × 103 s-1 and 6 × 102 s-1 for amoxicillin and
ampicillin, respectively. Attack of eaq at the aromatic system is proposed to be negligible.
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5.2.2.4. Hydrated electron attack at the amide carbonyl
In peptides the deamination takes place via the ketyl radical anion formed by eaq attack at
the amide carbonyl. We suggest the same process for amoxicillin and ampicillin, too, leading
to intermediate h (Scheme 8). These species convert to α-hydroxyalkyl radicals (i) as it was
mentioned before [203]. α-Hydroxyalkyl radicals absorb with maxima below 240 nm
following monotonous decrease with the wavelength. The spectral characteristics observed in
our case (Figure 8A and Figure 9A,C) indicate the formation of species i. Therefore, the
deamination does not occur with 100% efficiency. In peptides, the efficiency of the electron
transfer is around 80% [212]. Taking this value into account it can be predicted that ~ 14%
and 18% of the initially available eaq target the amide carbonyl, located close to the aromatic
side chain for amoxicillin and ampicillin, respectively.
5.2.3. Concluding remarks
The one-electron 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 the one-electron reduction of a tripeptide. A peculiar
feature of the system is that the adduct at the carboxylate group is stable over several μs
similarly to benzoic acid. The unique electronic nature of the bicyclic system should
obviously lie behind this effect. Ketyl radicals are reported to be reducing agents that can
pass the electron to e.g. O2 in case of quinones that accounts for their toxicity in vivo. Similar
event would give explanation for the oxidative stress phenomena reported for penicillins in
the literature (Section 2.1.2). The feasibility of the process can be revealed by determining
the one-electron reduction potentials.
5.3. The eaq− and OH induced destruction of the β-lactam system that determines the
antibacterial activity (Objective III)
Advanced Oxidation Processes are aimed at eliminating the biological activity of
wastewater matrices originating from pharmaceutical residues, rather than just at
transformation of the drug. Therefore, the fate of the pharmacophore (that determines the
biological activity) should be monitored during the treatment. In penicillins the β-lactam ring
is essential for the 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 2.4.2.1). However, it appears from the above discussion (see Section 5.1) that the
sulfur atom is more vulnerable for the OH induced oxidation, which is promising in respect
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to the feasibility of Advanced Oxidation Processes for eliminating the antibacterial activity of
penicillins. Here the mechanism of the destruction of the β-lactam system will be investigated
on amoxicillin (AMX) as a model compound (Section 3, Chart 5).
5.3.1. Evidence that OH and eaq target the bicyclic system
There are two absorption maxima in the UV-Vis spectrum of amoxicillin (Figure 10) with

max = 272 nm assigned to the aromatic * transition and with max = 228 nm attributed to
the n* transition of the β-lactam chromophore [213].
After exposing the AMX solution to γ-irradiation under N2O/N2-saturated and airequilibrated conditions the red-shift 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 the absorbance at 228 nm can be noted (Figure 10). The red-shift of
the aromatic * absorption band is typical when OH-substitution occurs during the
process (electron-donating group). It should be noted, however, that some of the products
exhibit also similar phenomenon at 270 nm (penicilloic acid, sulfoxide derivatives) ([214];
Section S3.1.1.3, Figure 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 (Section 3, Chart 5). The disappearance
of this band leaves behind a higher absorbance in N2O- and N2-saturated solutions (Figure
10A,C). In solutions saturated with N2 (when OH yield is lower (0.28 µmol J-1)) this effect is
much clearer. Opening of the thiazolidine ring or elimination of the carboxyl group is
expected to terminate the perturbation of the lone electron pair of the nitrogen in the lactam
ring giving an enhanced intensity to the n* transition [213]. In case of studying the
reaction of eaq (Figure 10B) the aromatic absorption band does not differ in shape only the
baseline increases. Since the intensity at 228 nm decreases monotonously with the dose at a
slower pace compared to the N2O-saturated solutions (OH reactions), a direct reaction
pathway for the elimination of the β-lactam group can be hypothesized.
To follow the destruction of the β-lactam ring a quantitative IR method was elaborated
based on monitoring the absorbance of the carbonyl stretching vibration on the β-lactam ring
at 1766 cm-1 using KSCN internal standard with absorption band peaking at 2065 cm-1
(Figure 11B) [215]. These peaks appeared to be separated from other absorptions (for peak
assignment see Section S3.2). The removal of the bicyclic system was noted even at low
doses in 0.5 mmol dm-3 solutions (Figure 11A) under all of the experimental conditions.

61

RESULTS AND DISCUSSION

2.0

1.6

1.4

1.4

1.2

.OH reaction

1.0
0.8

Absorbance

1.6

0.4

0.2

0.2

1.8

C

Wavelength (nm)

500

0.0
200
2.0

1.8

1.6

1.6

1.4

1.4

1.2

.OH and e - reaction
aq

1.0
0.8

1.2

0.4

0.4

0.2

0.2
400

Wavelength (nm)

500

D

400

500

.OH and O .-/HO .reaction
2

2

0.8
0.6

300

300

Wavelength (nm)

1.0

0.6

0.0
200

eaq reaction

0.8

0.4

400

0 kGy
0.5 kGy
0.8 kGy
1 kGy
2 kGy

1.0

0.6

300

B

1.2

0.6

0.0
200
2.0

Absorbance

1.8

Absorbance

Absorbance

1.8

2.0

A

0.0
200

300

400

Wavelength (nm)

500

Figure 10. Absorption spectra of 0.1 mmol dm-3 AMX solutions subjected to 0-2 kGy dose
under different circumstances (Section 4.2.1.3): N2O-saturated solution (A), N2-saturated
solution with tert-butanol added (B), N2-saturated (C) and air-equilibrated solution (D)
The radiation chemical yield of the elimination of the β-lactam content was found to be
~ 0.31 µmol J-1 at the beginning of the treatment in N2O-saturated solution (G(OH) = 0.56
µmol J-1). A much lower value could be obtained under air-equilibrated conditions (OH and
O2/HO2 with G-values of 0.28 and 0.33 µmol J-1, respectively) with G ≈ 0.1 µmol J-1.
Furthermore, under air-equilibrated conditions a G-value of 0.54 µmol J-1 could be obtained
for the elimination of the AMX content, indicating a rapid transformation with persisting βlactam system. It appears that eaq destroys the β-lactam ring with excellent efficiency, ~ 84%
(~ 0.24 µmol J-1). These findings are in line with the UV-Vis results suggesting a direct route
for the ring-opening in case of eaq but an indirect way in case of the OH reaction. This
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interpretation is also consistent with the fact that the β-lactam ring is electrophilic in nature.
When both eaq and OH were present in the system (Figure 11A) the efficiency of ring
destruction rose up to 100% efficiency (~ 0.6 µmol J-1).
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Figure 11. (A) Elimination of the β-lactam content (IR measurements) and the amount of
intact AMX molecules (integrated areas in LC/MS chromatograms) as a function of dose in
0.5 mmol dm-3 AMX solution under different conditions. (B) FTIR spectra of a sample
containing 0.5 mg AMX, recorded during investigation of OH reactions (at 0.6, 2 and 8 kGy)
It was demonstrated via UV-Vis/IR spectroscopic measurements that both OH and eaq
target the bicyclic system of amoxicillin with high efficiency resulting in destruction of the
pharmacophore.
5.3.2. β-Lactam degradation initiated by OH
It appears from the UV-Vis/IR results that O2 slightly inhibits the elimination of the βlactam ring. In this case eaq is converted to O2/HO2 and OH is present with G = 0.28
µmol J-1, which still cannot fully account for the low yield. Both α-(alkylthio)alkyl radicals
(Section 5.1.3, Scheme 6) and α-aminoalkyl radicals are known to react with O2 with a high
rate constant of ~ 109 mol-1 dm3 s-1 [181,200]. This reaction is expected to hinder the
pathways leading to ring-opening. In addition, a diffusion controlled rate is reported for the
reaction of the sulfur radical cations with O2 (Section 5.1.3, Scheme 7) [196], this reaction
inevitably removes the precursor for the ring-opening reactions from our system.
It is therefore proposed that α-(alkylthio)alkyl and α-aminoalkyl radicals are implicated in
the destruction of the β-lactam ring, in these species the unpaired electron is located on a
carbon being close vicinity to the four-membered system.
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5.3.3. β-Lactam degradation initiated by hydrated electron
As shown previously, ~ 14% of the available hydrated electrons target the amide carbonyl
of the amoxicillin molecule (Section 5.2.2.3). This reaction is not expected to contribute to
the β-lactam ring-opening. Attack of eaq at the β-lactam carbonyl carbon (see Scheme 8 in
Section 5.2.2) presumably initiates the opening of the strained four-membered system.
Furthermore, eaq eliminates the β-lactam system of amoxicillin with 84% efficiency (vide
supra), and therefore, it is suggested that the first-order decay of the long-living absorption
assigned to species c (Scheme 8) in Figure 9B indicates further electron migration from the
carboxylate moiety towards the β-lactam nitrogen ultimately leading to destruction of this
moiety.
5.3.4. Kinetics of the penicillins + OH reaction
The kinetics of the OH + penicillins reaction is discussed bringing the amoxicillin
molecule into the focus. In this case, to determine the reaction rate constant the build-up of
the absorbance at 350 nm was monitored (Section 5.1.1, Figure 3A), similarly to the work of
Song et al. [147]. Since OH attacks several parts of the molecule (Section 5.1.2), the
differential equation describing the decay of OH can be given as (I) indicates. Here k1, k2
….. kn are denoted to the „consumption rate constants” of individual reactions, whereas kOH is
their sum, kOH = k1 + k2 +….. kn (kOHAMX = k'. The solution of equation (I) using the initial
(end of pulse) OH concentration OH0 gives the equation describing an exponential decay
(II).
dOH
 = (k1 + k2 +….kn)AMXOH = kOHAMXOH = k'OH
dt

(I)

OH = OH0exp(-k't)

(II)

We can also describe the formation of the product with differential equation (III) and after
invoking the time dependence of OH we can get to the exponential equation characterizing
the product build-up (IV).
dX
 = kxAMXOH = kx'OH = kx'OH0exp(-k't)
dt

(III)

kx
X = OH0(1-exp(-k't))
kOH

(IV)

A = A(1-exp(-k't))
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By fitting to the recorded kinetic trace of the product build-up at a certain wavelength
(absorbance, A and A absorbance of the radical(s) at time t and infinity) we obtain k' and by
changing the concentration of the solute [AMX] from the slope of the k' vs AMX
dependence we can derive kOH (Figure 12A). It is apparent that we always get to the same
reaction rate constant following either of the intermediates that form in the primary OH
reaction. This allows us to examine the overall reactivity of the OH with a molecule of
interest.

The

9
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second-order
3

rate

constant

thus

measured

for

amoxicillin

is

-1

7 × 10 mol dm s , which is practically the same as determined by Song et al. [147].
Furthermore, a reaction rate constant of 8.97 × 109 mol-1 dm3 s-1 and 7.92 × 109 mol-1 dm3 s-1
was obtained for ampicillin and cloxacillin, respectively. It seems that by increasing the
nucleophilicity of the aromatic ring (-OH 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 literature (Section 2.4.2.1, Table 1). We
propose that the relative nucleophilicity of the competing aromatic and sulfur moieties lies
behind this phenomenon.
It is clear from the kinetic analysis that only by measuring the reaction rate constant one
cannot determine the individual OH „consumption rate constants” and therefore, the
partitioning of the attack of OH on the AMX structure. It can be calculated, however, from
quantitative product analysis at low conversion or from transient spectra taking reported ε
values for the radical intermediates. In the absence of calibration compounds and due to the
slow hydrolysis of amoxicillin the former approach is practically impossible.
Since diffusion controlled reactions (~1010 mol-1 dm3 s-1) are reported for the monosulfide
+ OH reactions [216], it is quite surprising that a relatively small value of 2.40  0.05 × 109
mol-1 dm3 s-1 has been reported for 6-aminopenicillanic acid (APA) using the KSCN
competition method [147]. Nevertheless, the OH adduct at the sulfur has already disappeared
within the electron pulse (~ 1 μs) (vide infra, Section 5.5.1, Figure 20A) in our
measurements indicating a diffusion controlled reaction rate for the primary OH attack.
Since it was not possible to obtain the rate constant from direct measurement we turned to the
KSCN method (Figure 12B in case of amoxicillin) and determined a reaction rate constant of
3.2 × 109 mol-1 dm3 s-1 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 rationalized through the reactivity of sulfur radical cation and (SCN)2.
Sulfur radical cations can form three-electron bonded S.˙.X (X = S, O, N, Cl, Br, I) species as
65

RESULTS AND DISCUSSION

mentioned before (Section 2.1.1.3 and 5.1.1) [217,218]. The absorption band of (SCN)2 at
480 nm is monitored in the competition measurement, however, in this region the S.˙.S(+)
dimers and S.˙.SCN complexes also absorb. In addition, the S.˙.SCN complex can also break
apart and regeneration of (SCN)2 might occur. The three-electron bonded species in this
system are basically indistinguishable from each other [217]. (SCN)2 + APA and SCN +
>S(+) reactions need to be taken into account at low sulfide concentration, whereas at higher
sulfide concentration the S.˙.S dimers might prevail in the system. The three-electron bonded
species thus formed induce an apparent increase at 480 nm that is not the effect of
competition kinetics anymore. The feasibility of S.˙.S dimer formation in case of 6-APA was
confirmed in our experiments (spectrum shown later in Section 5.5.1, Figure 20A) and
elsewhere [144].
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Figure 12. (A) Concentration dependence of the pseudo-first-order rate constant (k’) of
build-up at 350 nm in AMX solutions. (B) KSCN competition method for obtaining the rate
constant
As it was mentioned before, the S.˙.S dimer could not be obtained in case of amoxicillin
on account of steric difficulties (Section 5.1.1, see Figure 5 (a)). By using the KSCN
competition technique the reaction of OH with AMX was measured to be ~ 7 × 109
mol-1 dm3 s-1 when fitting was performed only to the first four points in Figure 12B. Under
the conditions of the experiment a quite complex system arises [217]. The deviation of the
last measured point from the linearity (Figure 12B) can be rationalized taking into account
the reaction of (SCN)2 with AMX and shifting of equilibrium >S.˙.X ↔ >S+ + X to the
right (i.e. low stability of the complex, not like the APA derivative (vide supra)). The
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transient spectra containing AMX/KSCN with 1:1 (Figure 13 (b)) and 5:1 ratios (Figure 13
(c)) did not indicate any other species besides the ones we discussed.
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Figure 13. Transient absorption spectra recorded in N2O-saturated 1 mmol dm-3 KSCN (a),
0.1 mmol dm-3 KSCN and AMX solution (b) and 0.1 mmol dm-3 AMX solution with 0.02
mmol dm-3 KSCN (c) 10 µs after the pulse
In order to get a picture about the reactivity of the aromatic side chain of AMX, the
reaction of OH with 4-hydroxy-D-phenylglycine was investigated. The reaction rate constant
was determined to be 1 × 1010 mol-1 dm3 s-1 using the KSCN competition method, which 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 electron pairs
that can be donated to empty orbitals, the disturbance of an aromatic system and thereby
providing  electrons is usually less favored (both of these moieties are soft nucleophiles).
In case of amoxicillin the OH substitution at the -NH- unit was also noted with low yield
in final product experiments (vide supra, Section 5.1.2). The partial reaction rate constant for
this reaction is expected to be in the range of 0.5 × 108 - 2.5 × 108 mol-1 dm3 s-1 [219]. The
hydroxylamine can form if the N centered radical encounters another OH, the probability of
this event is, 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 occurred from the -CH3 and -CH2- units, the reaction rate constant for such a
process was reported to be on the order of 109 mol-1 dm3 s-1 in case of alkanes [220,221].
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5.3.5. Concluding remarks
By following the fate of the essential pharmacophore of amoxicillin we confirmed that eaq
and OH eliminate the chemical warhead contrary to previous statements based only on
kinetics measurements. The OH attack at the sulfur yields intermediates that induce the
destruction of the β-lactam system. Destruction of the four-membered ring by hydrated
electrons occurs presumably via targeting the β-lactam carbonyl and the carboxylate carbon
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 sulfide due to the reactivity of the
(SCN)2 with the sulfur and the formation of S.˙.S dimers absorbing in the same wavelength
region.
5.4. The effect of oxidation products of penicillin derivatives on bacterial strains
(Objective IV)
When the applicability of Advanced Oxidation Processes for 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. Since several papers have been reported on the unfavorable effects of the
products of OH induced oxidation on bacteria (Section 2.4.2.1), we were about to find out
the underlying reasons of these effects applying a structure-based and biological approach.
The treatment was done in air-equilibrated solutions of model penicillin derivatives
(ampicillin, amoxicillin, cloxacillin; Section 3, Chart 4) to reflect real treatment conditions.
5.4.1. Chemical approach
5.4.1.1. Following the fate of the pharmacophore that determines the antimicrobial potency
The radiation chemical yields for the removal of the β-lactam content were determined as
described in the previous section (Section 5.3.1). The IR spectra recorded under airequilibrated conditions can be seen in Figure 14B for amoxicillin. In Figure 14A the
dynamics of the β-lactam elimination is shown as a function of absorbed dose for the model
penicillin derivatives. From the initial decay the G-values of the β-lactam elimination are
calculated to be 0.08 µmol J-1 for cloxacillin, 0.1 µmol J-1 for amoxicillin and 0.32 µmol J-1
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 scavenge OH and inhibit the radical-based βlactam elimination [222], this effect is indicated by the curvature obtained in Figure 14A.
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Figure 14. (A) Elimination of the β-lactam content in amoxicillin (■), cloxacillin (●) and
ampicillin (▲) samples as a function of dose. (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 mmol dm-3
amoxicillin solution. Experiments were performed under air-equilibrated conditions
It was concluded before (Section 5.3.1) that the low yield of β-lactam inactivation under
air-equilibrated conditions resides in the reactivity of the intermediates of sulfur oxidation
with O2/O2. The high yield of the loss of amoxicillin (0.54 µmol J-1, Section 5.3.1) indicates
that the forming products possess a stable β-lactam ring. It is interesting that in case of
ampicillin the yield of deactivation is quite high (0.32 µmol J -1). Even if all the initially
available OH target the sulfur atom (due to the lack of the electron-donating OH group as on
amoxicillin’s structure) and a negligible portion attacks the aromatic side chain (for
amoxicillin this was estimated to be ~ 0.09 µmol J-1, see Section 5.1.1), it is still higher than
expected. Therefore, we assume that the intermediates of oxidation are the same as for
amoxicillin but they undergo a reaction destabilizing the β-lactam system. In case of
cloxacillin, the aromatic system is substituted with an electron-withdrawing Cl atom,
however, an aromatic isoxazole ring is additionally present in the system as a new target of


OH. Up to ~ 0.4 kGy (0.112 mmol dm-3 OH injected into the system) a slow removal rate is

observed after which the rate increases.
5.4.1.2. Investigating the structures of the products
In light of the structural requirement for exerting the antibacterial activity (Section 2.2,
Chart 1) final product analysis was performed on a sample containing 0.5 mmol dm-3
cloxacillin and irradiated with a dose of 0.8 kGy (0.224 mmol dm-3 OH), since the highest
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abundance of the products was observed under this condition (40 products were separated
(P1-P40), see Figure S12 and Table S4 in 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 5.1.2, due to the structural similarity this pattern might also be applied to
ampicillin. In the absence of reference substances one can get only a hint about the
dominating products anticipating that the response factors of some products (peak
intensity/molecule) are comparable on account of their structural similarities.
Penicillins react slowly with water leading to the corresponding penicilloic acid derivative
(Scheme 9, cloxacillin penicilloic acid P21/23, see also Figure S12D in the Supplementary
Material) [223,224]. Cloxacillin has also some self-degradation products in aqueous solutions
[225], which differ in some aspects from that of aminopenicillins (amoxicillin, ampicillin, see
Scheme 4A in Section 5.1.2) due to the lack of an α-amino group on the side chain [179].
These products, regarded as impurities, are shown in boxes in Scheme 9. Freshly made
solutions were always prepared to overshadow their interferences.
The epimers of the penicilloic acid (P21/23) and penilloic acid (P20/25) derivatives of
cloxacillin were observed, they could be separated on the achiral stationary phase similarly to
other systems [123,179,180]. The highly oxidized derivative P9 was formed only with low
abundance. Under the specified conditions P13 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 characteristic for the system that the products forming as a result of the
reaction of 1-2 OH are present with the highest abundance: N-hydroxy cloxacillin (P29),
sulfoxide derivative (P30) and aromatic hydroxylated isomers (P31/32) of cloxacillin
(Scheme 9). Interestingly, the aromatic hydroxylated isomers (P31/32) can be found with the
highest intensity among these compounds. Products oxidized on the methyl groups could also
be obtained (P18 and P33). To consider the mechanism of the formation of the compounds in
Scheme 9 we refer to the case of amoxicillin (Section 5.1). From this point of view, it is
interesting that P31/P32 predominates in the case of cloxacillin instead of the sulfoxide as it
was found for amoxicillin. It suggests that the primary forming sulfur radical cation converts
to other derivatives under aerobic conditions.
In the presence of dissolved O2 hydrated electron converts to O2 (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 nitrogen compared to heterocyclic analogs (pyrazoles, oxazoles). The
reported two-electron reduction process occurs in cloxacillin giving rise to products P4, P8
and P22 (stereoisomers due to the double bond, see Scheme 9). These imines are known to
hydrolyze readily [226], however, in our case this process does not take place, probably due
to the stabilizing effect of the neighboring aromatic group and the double bonds. P4 is formed
with the highest abundance, the isomeric products arising probably as a result of cis/trans
isomerism (P8) and tautomerism (P22) are present with lower intensity. Multisite OH 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 isoxazole ring is important
for activating the aromatic ring for the OH attack.

Scheme 9. Some of the products of cloxacillin exposed to a dose of 0.8 kGy under airequilibrated condition. Arrows show the place of modification on the structure. Structures are
shown assuming that the stereochemistry of the parent molecule is retained
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Elimination of the strained four-membered system in penicilloic acid (P21/23 and P9) and
penilloic acid (P20/25 and P12) derivatives leads 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 products (Scheme 9). In N-hydroxy- and
sulfoxide derivatives the substitution is expected to cause hindrance in the enzyme-substrate
recognition. The sulfoxide has 2 stereoisomers, both of them can be obtained when
penicillins react with ozone [119,227]. In line with other investigations we observed a single
product [214]. The formation of the (R) isomer is preferred on account of the H-bonding with
the amide group and due to the steric hindrance in case of the (S) isomer (with the
carboxylate group) [228]. These isomers have a reduced antibacterial activity, which is less
pronounced in case of the (R) isomer in which the oxygen is located on the opposite side of
the thiazolidine ring relative to the β-lactam ring [119]. This phenomenon is also expected for
N-hydroxy derivatives. In addition, loss of the carboxylate group from the thiazolidine ring
eliminates an essential part for the substrate recognition (Section 2.2, Chart 1). These
considerations can also be taken into account in case of the products of amoxicillin oxidation
(Section 5.1.2, Scheme 4).
It is apparent from the above discussion that at moderately low radical exposure products
form with polar groups on their structure (Scheme 4 and 9). The next section is devoted to
biological assays in order to shed light on the effects of these products on bacterial strains.
5.4.2. Biological approach
5.4.2.1. Acute and chronic toxicity tests
It has been concerned previously (Section 2.1.2) that β-lactams can stimulate the
production of reactive oxygen species in bacteria. The enhanced ROS production conveys
danger signals that have impact on several biochemical processes. Damage in lipids, proteins
and DNA under oxidative stress induces the DNA damage response system (SOS). SOS
response induction invokes several protective measures in bacteria in order to survive in the
presence of β-lactams [229]. One of these measures is the stimulation of the horizontal gene
transfer (HGT) events [230], which is known to lie behind the dissemination of resistance,
crossing species and genus barriers [99]. For example, integron integrase expression is also
SOS-mediated, with this measure the bacteria can acquire multiresistance [231,232].
Therefore, it is of high importance to monitor the acute toxicity of the sample (mediated by
ROS) towards bacteria in order to predict their HGT increasing effect.
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The Gram-negative bacterium Vibrio 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 that needs O2 and provides defense against oxidative stress [233]. The
test was successfully applied for assessing ROS-mediated toxicity mechanism [234].
The solutions for the test contained 50 mg L-1 amoxicillin and 100 mg L-1 ampicillin and
cloxacillin to acquire the best response during the experiment (Figure 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 samples (Figure 15A). Since the bioluminescence is about to
protect the bacteria against oxidative stress and penicillin derivatives are able to stimulate
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 the mechanism of antibacterial activity
[235,236]. Previously, it has been reported that amoxicillin does not show any toxicity to
Vibrio fischeri even at a concentration of 3433 mg L-1 [237]. While the potency of ampicillin
is close to that of amoxicillin [238], cloxacillin is less active against the Gram-negative
species [239].
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Figure 15. Luminescence inhibition in acute (A) and chronic (B) toxicity tests in amoxicillin
(■), cloxacillin (●) and ampicillin (▲) samples as a function of absorbed dose using Vibrio
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 the 0.4-0.6 kGy (0.112-0.168 mmol dm-3 OH) interval (it should be noted that in
case of amoxicillin the presence of a peak is ambiguous). This phenomenon cannot be
attributed to structural differences (inhibition 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 that OH generates products that are more polar
compared to the parent compound. This altered hydrophilicity should be first taken into
account. It is known that penicillins diffuse across the outer membrane of Gram-negative
bacteria through their porin channels to reach the 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 of the total hydrophobicity [241]. In line with this only a small increase
in toxicity can be seen for ampicillin in Figure 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 higher diffusion
rate through the porin channels. In Figure 15A, a sharp peak demonstrates the strong
dependence. In summary, peak observed at low radical exposure is attributed to the increase
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 differences
with special respect to the predictable electron densities at the aromatic ring. There is a slight
increase in case of ampicillin, whereas a noticeable peak is observed in the 2-8 kGy range
(0.56-2.24 mmol dm-3 OH) for amoxicillin and for cloxacillin the highest toxicity was
obtained at 8 kGy (2.24 mmol dm-3 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 showing the persisting
aromatic absorption band (8 kGy, Figure 14B; see Section S3.2 for the assignment). It was
shown that aromatic compounds exhibit appreciable reactivity towards OH (Section 5.3.4),
in this reaction hydroxylated compounds can form. Since OH group incorporation further
activates the aromatic ring for the electrophilic OH attack in several cases polyhydroxylated
compounds were observed [242]. Polyhydroxylated phenolic derivatives of ampicillin and
amoxicillin were reported in case of photochemical processes [142] and photo-Fenton
reaction [127], respectively. Phenols exert their toxic action by transforming to redox-cycling
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quinones. The toxicity shows an increase with OH substituent incorporation [243,244].
Amoxicillin is activated for the OH attack compared 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 for OH substitution and therefore, only a small peak can be obtained at high
radical exposure (Figure 15A).
Since penicillins kill only dividing cells [76,229] the acute toxicity does not measure their
target specific antibacterial action. Therefore, a chronic toxicity assay was applied with 24 h
exposure time using growth inhibition (determined by measuring the optical density (OD))
and luminescence inhibition tests (Figure 15B and Figure 16) [172]. In these experiments
cloxacillin showed the highest inhibition followed by ampicillin and amoxicillin (note that
amoxicillin was applied at 50 mg L-1 concentration while ampicillin and cloxacillin at 100
mg L-1 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 monotonous decrease can be seen (Figure 16).
This effect is due to the change in the hydrophilicity of the products compared to the parent
compound (vide supra). The OD measurement also counts the bacteria that have already died
or are not dividing. The resting bacteria, however, can still emit light. The absence of the
peak in the luminescence measurement can be accounted to the fact that penicillins induce
SOS response, and as a result, delay cell division [235], which can only be observed in
growth inhibition test.
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Figure 16. Growth inhibition in amoxicillin (■), cloxacillin (●) and ampicillin (▲) samples
as a function of absorbed dose using Vibrio fischeri as reference strain. Insert displays the
visible changes in optical density
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5.4.2.2. Bacterial susceptibility test: agar diffusion assay
Agar diffusion test is a routine assay in medical practice to find the appropriate antibiotic
against which the bacterium is susceptible [246]. The antibacterial potency is evaluated by
observing the size of the inhibition zone surrounding the antibiotic solution in agar media
seeded with a certain bacterium. The relation between the minimum inhibitory concentration
(MIC [mg L-1]) of the antibiotic and the inhibition zone radius (x [mm]) is expressed as
equation (V) indicates:
(

)

( )

,

(V)

where c denotes the antibiotic concentration given in mg L-1, D is the diffusion coefficient
given in mm2 hr-1 and t is the diffusion time given in hours. Therefore, MIC can be obtained
by serial dilution of the antibiotic solution. It is noteworthy to mention that the theory behind
this measurement represents a linear, free diffusion of the antibiotic molecules through the
capillaries in the agar plate, which is a very similar model when diffusion across the porin
channels is taken into account [247]. The susceptibility test was performed using Grampositive (S. aureus, B. subtilis) and Gram-negative (E. coli) species to get a general picture.
The cell wall structure of Gram-negative species is different from the Gram-positive species
in that they lack the extra outer membrane with porin channels and have a hydrophilic 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 evaluated in Figure 17.
The radius of the inhibition zone was determined to be 6 mm in case of the untreated
amoxicillin sample tested against B. subtilis (Table 4). A slight reduction can be observed at
0.2 kGy (to 5 mm), after which the zone diameter remains unchanged until 0.8 kGy (Figure
17A and Table 4). Since the amoxicillin concentration has already decreased by 50% at
0.8 kGy (determined by LC/MS method, see Section 4.2.3, Figure 2), it appears that
B. subtilis is especially susceptible to the forming products. The antibacterial activity is
eliminated only at high dose exposure, the potency is totally lost at 8 kGy. Samples seeded
with E. coli showed somewhat different dose-dependence, in this case a larger inhibition zone
appeared at 0.6 kGy (Table 4), which disappeared at a dose ~ 2 kGy. It is clear that E. coli is
not only less susceptible to the parent molecule but also to the forming products.
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Figure 17. Agar diffusion tests on agar plates seeded with B. subtilis (A) and E. coli (B)
using amoxicillin solutions, inhibition zones can be seen as a function of absorbed dose
Table 4. Dose-dependence of the inhibition zone radius (mm)

Bacillus subtilis

Escherichia coli

Dose (kGy)
0.6
0.8

Sample

0

0.2

0.4

1

2

4

8

1.

6

6

5.5

5

5

5

4

1.5

-

2.

6

5

5

5

4.5

5

3.5

0.5

-

1.

4

4

3

3.5

2.5

2

1

-

-

2.

4.5

4

3

3.5

2.5

1.5

-

-

-

Since Staphylococcus aureus is a clinically important pathogen able to rapidly develop
resistance to noxious agents [95], it was considered to use as a test organism. In Figure 18 an
agar plate can be seen prepared to determine the MIC value at 0.4 kGy by serial dilution (the
experiment involved a wide dose interval with 0, 0.2, 0.4, 0.6, 0.8, 1 and 2 kGy doses (but
only one sample is shown)). However, the MIC value cannot be derived from these
measurements on account of the presence of many substances with different diffusion rates,
interesting tendency can be observed. The radius of the inhibition zone decreased at 0.2 kGy.
Furthermore, at 0.4 and 0.6 kGy a halo was found around the clear inhibition zone (see
Figure 18 for the sample at 0.4 kGy). The halo is proposed to be formed due to the
substances with higher diffusion rate. This phenomenon disappeared at 0.8 kGy and 1 kGy
but appeared again at 2 kGy. This high-dose activity is assigned to the forming polyhydroxy
phenolic compounds (note that 10 times higher concentration was applied at 2 kGy, Section
4.2.3).
The results of the agar diffusion test lead us to estimate the antibacterial potency of the
products of the advanced oxidation of penicillin derivatives at lower and higher doses and
their enhanced diffusion rate. A sensitive broth macrodilution assay needs to be performed to
acquire quantitative information.
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Figure 18. Agar diffusion test on agar plate seeded with Staphylococcus aureus using
amoxicillin sample at 0.4 kGy. Seven member dilution series (1:1) was prepared
5.4.2.3. Bacterial susceptibility test: broth macrodilution assay
The bacterial growth was monitored on the basis of impedance microbiology [248]. Since
the metabolic pathway of bacteria implies the conversion of weakly charged substrates to
strongly charged particles the conductivity increases in the broth medium. This assay counts
only viable cells, which is a big advantage.
The broth macrodilution assay was carried out using the Gram-positive S. aureus and the
Gram-negative 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 population, dose-response relationship is obtained
(Figure 19A,B,E). The EC50 values (the concentration provoking 50% of the response,
Figure 19C,D and insets) can be derived from the fitting to the experimental points. It is
clear that a lower EC50 value implies a higher antibacterial activity.
It was shown before (vide supra) that S. aureus is quite susceptible to amoxicillin (agar
diffusion assay). The EC50 value at 0 kGy (Figure 19C) indicates that the antibacterial
activity is ~ 500 times higher compared to E. coli (Figure 19D). The susceptibility of
S. aureus to the products of advanced oxidation is also recognized in Figure 19C. The
highest antimicrobial activity was reached at 0.4 kGy (0.112 mmol dm-3 OH) with
log(EC50) of -3.6. This value is more than 100 times that of the untreated solution
(log(EC50) = -1.46). The error bars in Figure 19C indicate that in spite of the high
uncertainty there is a noticeable trend, which is in line with the enhanced antimicrobial
activity of the products (Section 5.4.2.1 and 5.4.2.2).
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Figure 19. Dose-response curves in case of amoxicillin samples tested against S. aureus (A)
and E. coli (B). Log(EC50) values derived from (A) and (B) are depicted below in (C) and
(D), respectively, with insets displaying the corresponding EC50 values. In (E), doseresponse curves in case of cloxacillin samples tested against E. coli are shown
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 channel of
E. coli as size exclusion barrier is taken into account. At higher dose exposure (1 and 2 kGy)
the EC50 value is reduced, it is equal to about half of the standard (0 kGy). This phenomenon
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is assigned to the polyhydroxylated phenolic compounds. Albeit the EC50 value for the
untreated sample of cloxacillin indicates a similar antimicrobial potency to that of amoxicillin
in case of S. aureus, the curves do not shift towards lower concentration as a function of dose
(Figure 19E). A somewhat enhanced activity of the products is indicated until 1 kGy
(0.28 mmol dm-3 OH) as the top of the curve is considerably lower in Figure 19E compared
to the untreated sample, representing that the bacterial population is yet affected. Since
cloxacillin is ineffective against E. coli, this experiment was not performed [239].
5.4.3. Concluding remarks
The spread of antibiotic resistance is a central issue that needs coordinated measures
involving several scientific fields. Wastewater treatment plants are housing hotbeds (i.e. the
activated sludge process) for the dissemination of antibiotic resistance due to the presence of
sublethal level of antibiotic concentrations. Implication of Advanced Oxidation Processes can
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 bacterial strains adversely. A low
radical exposure can occur under real treatment conditions since most of the OH is
scavenged by the complex matrix of the wastewater (natural alkalinity, dissolved organic
matter).
5.5. One-electron oxidation mechanism of penicillins in relation to Advanced Oxidation
Processes (Objective V)
Advanced Oxidation Processes rely on the high oxidative power of OH. Unraveling the
primary reaction paths of the oxidation is essential for revealing the factors that determine the
process efficiency. Previously, we investigated the OH induced oxidation of amoxicillin
addressing biological issues (Section 5.1.1). In a preceding section (Section 5.3.1) we
calculated that OH eliminates the key β-lactam structure with 55% efficiency for this
molecule. The rate constants of the OH + penicillins reactions have been reported in the
literature for several derivatives (Section 2.4.2, Table 1) and were also addressed herein
(Section 5.3.4), based on these values a common reaction mechanism appears to hold. Our
aim is to establish a general one-electron oxidation mechanism of penicillins (Section 3,
Chart 6) utilizing both OH and Cl2−/Br2− as one-electron oxidants.

80

RESULTS AND DISCUSSION

5.5.1. One-electron oxidation of penicillins induced by OH
As it was mentioned before (Section 2.4.2) aromatics and thioether derivatives exert
enhanced reactivity towards the electrophilic OH. It is, therefore, reasonable to anticipate
that the free radical induced oxidation mechanism can be separated into two different
pathways affecting either the aromatic ring or the sulfur atom inside the thiazolidine ring
(Section 3, Chart 6). To follow the oxidation of the thioether moiety 6-aminopenicillanic
acid (APA) was chosen as the common substructure compound of penicillins. The transient
absorption spectra in Figure 20A together with previous results (Section 5.1.1 and [174])
suggest a reaction mechanism shown in Scheme 10.
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Figure 20. Transient absorption spectra observed in N2O-saturated solutions containing
1 mmol dm-3 6-aminopenicillanic acid (A), 1 mmol dm-3 ampicillin (B) with inset displaying
the absorption spectra with and without Fe(CN)63 at different concentration, and
1 mmol dm-3 cloxacillin (C) with inset displaying the absorption spectra with and without
Fe(CN)63 at different concentration


OH attack at the sulfur leads to the formation of an adduct (a) (Scheme 10), which has a

quite long lifetime on account of an internal stabilization via hydrogen bonding with the
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carboxylate group (see Section 5.1.1). Due to the lack of the absorption band at λmax =
285 nm in the Cl2− induced oxidation of 6-aminopenicillanic acid (Figure 22A, vide infra)
and considering the resemblance of the spectra in the OH induced oxidation to the case of
ampicillin (AMP) (Figure 20 A,B), the band peaking at 285 nm (Figure 20 A) belongs to
species a. In case of ampicillin and cloxacillin the band peaking at 320 nm (Figure 20B) and
315 nm (Figure 20C), respectively, is assigned to the OH adduct at the sulfur atom. Similarly
to the case of amoxicillin (Section 5.1.1) the adduct in which OH attack occurs from opposite
side of the thiazolidine ring relative to the carboxylate group (in the absence of stabilizing
effects) a rapid –OH elimination is expected giving rise to the sulfur radical cation (b).

Scheme 10. The oxidation of 6-aminopenicillanic acid induced by OH and aromatic ring
transformation in case of ampicillin at pH ≈ 5. R stands for the 6-aminopenicillanic acid
constituent of the molecule. Structures are shown assuming that the stereochemistry of the
parent molecule is retained
The sulfur radical cation (b) is able to convert to several other transient species [29]. One
of them forms via a deprotonation pathway affecting the α-carbon of the sulfur atom leading
to α-(alkylthio)alkyl radicals, which can be depicted by mesomeric forms (c and d) [158].
Based on previous results the absorption bands peaking at 260 nm, 280 nm and 260 nm are
assigned to the corresponding c/d species of 6-aminopenicillanic acid, ampicillin and
cloxacillin, respectively (Figure 20). The direct formation of these species via hydrogen
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abstraction exerted by OH is anticipated not to exceed 20% efficiency. α-Aminoalkyl type
radicals (f) can form via species e with the pseudo-Kolbe mechanism similarly to amoxicillin
(Section 5.1.1). These species (f) exhibit structureless absorption band with λmax below 255
nm [174]. It appears that this pathway is highly favored since in case of amoxicillin ~ 30% of
the initially available OH contributes to the formation of species f. α-Aminoalkyl type
radicals (f) can convert via β-fragmentation to yield thiyl type radicals in equilibrium (g)
(Section 5.1.1 and [174]).
Three-electron bonded species can also be produced via interaction between the lone
electron pair on a p orbital of a heteroatom (O, S, Cl, Br) and the unpaired electron of the
sulfur radical cation (see Section 2.1.1.3, 5.1.1 and 5.3.4) [249]. In a bond of this type two
electrons are placed on a bonding σ orbital while the other one is on a σ* non-bonding
orbital. These species can easily dissociate owing to the bond-weakening nature of the σ*
orbital yielding sulfur radical cation (b) in equilibrium. The broad absorption band with λmax
= 580 nm (assigned to the σ→σ* transition) represents the three-electron bonded >S.˙.S<
dimers of 6-aminopenicillanic acid (i) (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 (b) electron-donation from adjacent substituents
towards the σ* orbital [249]. These effects decrease the stability of the >S.˙.S< bond and
reduce the difference between the σ and σ* levels [186]. It follows that our system is rather
expected to be shifted towards the precursor (b) and towards an intramolecularly forming
three-electron bonded species (h). The initial generation of several radical species is followed
by relaxation of the system to adjust an equilibrium, this phenomenon can be observed as the
decrease of the absorption band at 560 nm coincides with the increase at 390 nm (Figure
20A). The 390-nm band belongs to the >S.˙.OOC< (h) species. Since there is a blue-shift and
broadening with the time at 390 nm the presence of the sulfur radical cation (b) in
equilibrium can also be hypothesized. In case of penicillins (amoxicillin, ampicillin,
cloxacillin) the three-electron bonded >S.˙.S< dimers could not be obtained, which
phenomenon is attributed to steric difficulties on account of the „coiled” and compact
structure of these molecules [207]. The intramolecularly forming >S.˙.OOC< species exist in
these systems with λmax ~ 400 nm (Figure 20B,C), in line with other reports [250].
The impact of the aromatic side chain on the oxidation mechanism was evaluated in
experiments performed with solutions additionally containing Fe(CN)63. In this case the
hydroxycyclohexadienyl radicals (j) are oxidized in a fast process (leading to k) excluding
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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 ampicillin (Figure 20B
inset), whereas the contribution in case of cloxacillin is noticeable (Figure 20C inset). This
effect is anticipated to be still lower compared to that observed in case of amoxicillin
possessing a phenolic side chain (~ 16% of the initially available OH attacked the aromatic
side chain of amoxicillin) (Section 5.1.1).
The effect of dissolved oxygen 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 general OH induced oxidation mechanism.
5.5.2. One-electron oxidation of penicillins induced by Cl2−/Br2−
5.5.2.1. Reaction kinetics of Cl2−
To generate Cl2− efficiently high Cl− concentration was applied relative to the penicillin
derivative (≤ 1% of the salt) and the pH of the solution was adjusted to 2 [251]. Several
reactions take place under the conditions used in the experiments (see S3.4, Table S6). Cl2−
has an absorption band with λmax = 340 nm (e.g. see Figure 22A) and ε340 = 9600
mol-1 dm3 cm-1 [252], the contribution of the absorption from Cl (ε340 = 3800 mol-1 dm3 cm-1
[253]) is insignificant since its concentration is very low in equilibrium [254]. The decay of
the absorbance at 340 nm obeys first-order kinetics when penicillins are present (Figure 21B
inset). The following reactions need to be taken into account (for a more detailed picture see
Section S3.4) [254,255]:


OH + Cl− ⇄ ClOH−

(21)

k21 = 4.3 × 109 mol-1 dm3 s-1

k-21 = 6.1 × 109 s-1

ClOH− + H+ ⇄ (HOClH)

(22)

k22 = 3 × 1010 mol-1 dm3 s-1

k-22 = 1 × 108 s-1

(HOClH) ⇄ Cl + H2O

(23)

k23 = (5  2) × 104 s-1

k-23 = 2.5 × 105 s-1

Cl− + Cl ⇄ Cl2−

(24)

k24 = 8.5 × 109 mol-1 dm3 s-1

k-24 = 6 × 104 s-1

K24 = 1.4 × 105 mol-1 dm3
Cl2− + H2O ⇄ (HOClH) + Cl−

(25)

k25 = 1300 s-1

Cl2− + penicillins → products

(26)

k26 = ??

Cl + penicillins → products

(27)

k27 = ??

k-25 = (8  2) × 109 mol-1 dm3 s-1
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Under the conditions of our experiments it can be anticipated that equilibrium (24) is
attained [255,256]. In this case the observed decay rate at 340 nm, k’, can be given as (VI)
indicates. This equation stands when K24[Cl−] >> 1 and k24[Cl−] + k-24 >> (k26 +
k27)[Penicillins] + k25 + k-23 applies (derivation of equation IV can be found in [256]).
k’ = k25 + k-23/(K24[Cl−]) + {k27/(K24[Cl−]) + k26}[Penicillins]

(VI)

The observed first-order decay rate (k’) at 340 nm exhibits linear dependence on the
concentration of penicillin derivatives in the 0.02-0.1 mmol dm-3 range (Figure 21A). By
increasing the concentration significant curvature is obtained (Figure 21A inset) since
equilibrium (24) is not attained anymore on account of the high K24 value with a low k-24 (the
equilibrium is shifted to the right), in accordance with the work of Buxton et al. [256].
According to equation (VI), k25 can be derived as the intercept of the straight line fitted to the
experimental points of the k’ vs [Penicillins] plot (Figure 21A) since k25 >> k-23/(K24[Cl−]). In
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Figure 21. (A) k’ vs [APA] plot, in case of solutions containing 10 mmol dm-3 (a), 15 mmol
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The reactivity of the aromatic and thioether moieties towards Cl2− was examined on the
substructure compounds of amoxicillin: 6-aminopenicillanic acid and 4-hydroxy-Dphenylglycine (HPG). A reaction rate constant of 1.6 × 109 mol-1 dm3 s-1, 2.8 × 108 mol-1 dm3
s-1 and 1.3 × 109 mol-1 dm3 s-1 was determined for the reaction of Cl2− with amoxicillin, 4hydroxy-D-phenylglycine and 6-aminopenicillanic acid, respectively. The reaction rate
constant for Cl is proposed to be diffusion controlled (~ 1010 mol-1 dm3 s-1) in all cases.
These values indicate that the phenolic side chain scavenges ~ 18% of the initially available
Cl2− in the amoxicillin molecule by calculating with competition kinetics. The rate constant
of the phenol + Cl2− reaction has been determined to be 2.5 × 108 mol-1 dm3 s-1 [258], which
is very close to the value measured herein for 4-hydroxy-D-phenylglycine. Since the rate
constants for the benzene + Cl2− and chlorobenzene + Cl2− reactions are very low, < 105
mol-1 dm3 s-1 and ≤ 106 mol-1 dm3 s-1 [254,255], respectively, the effect of the side chain
constituent of ampicillin and cloxacillin when taking the reactions of Cl2− into account is
assumed to be negligible. A reaction rate constant of 3 × 109 mol-1 dm3 s-1 and 5 × 109 mol-1
dm3 s-1 has been reported for (CH3)2S and (CH3CH2)2S, respectively [217,218]. The
somewhat smaller value of 1.3 × 109 mol-1 dm3 s-1 for 6-aminopenicillanic acid might be
attributed to steric effects limiting the Cl2− reactions. It is apparent from the determined rate
constants that the sulfur atom is expected to be the predominant site of the Cl2− attack.
5.5.2.2. One-electron oxidation of penicillins induced by Cl2−
The Cl2− induced oxidation was studied on amoxicillin and its substructure compounds
(Figure 22) together with cloxacillin and ampicillin (Figure 23). An absorption band peaking
at 340 nm is obtained at short delay times after the pulse being assigned to Cl2−. 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 to be G(Cl2−) = 0.33
μmol J-1.
It is characteristic for the system that several equilibria exist (28-32) (Scheme 11)
[217,218] due to the presence of three-electron bonded species. In the first step of the Cl2−
induced oxidation a three-electron bonded adduct is formed (l) absorbing ~ 390 nm [218].
Due to their instability, these species can dissociate forming sulfur radical cations (b) (29)
(Scheme 11) or by reacting with an intact molecule yield the >S.˙.S< species (i) (30). Species
i can convert to the sulfur radical cation (b) and an intact molecule in equilibrium. Since Cl
has a higher electronegativity compared to the sulfur the three-electron complex is always
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thought to dissociate forming the corresponding radical ion instead of undergoing atomic
dissociation (32) [249]. The sulfur radical cation is a key intermediate, which is a precursor
for different radical species (vide supra, Scheme 10). Therefore, these radical species are also
suggested to exist in this system.
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Figure 22. Transient absorption spectra obtained in 0.1 mol dm-3 NaCl solutions saturated
with N2O containing 1 mmol dm-3 6-aminopenicillanic acid (A), 1 mmol dm-3 4-hydroxy-Dphenylglycine (B) and 1 mmol dm-3 amoxicillin (C) at pH 2 (contribution of the reactions of

H was investigated in solution containing 0.1 mol dm-3 tert-butanol at pH 2 and saturated
with N2, the absorbance was corrected according to the corresponding H yield, see Section
4.2.1.3)
As a result, the transient spectrum that is observed at 4 μs time delay following the
electron pulse (Figure 22A) consists of the spectrum of several species involving >S.˙.Cl (l)
and the corresponding sulfur radical cation (b) (overlapping bands peaking at 390 nm), α(alkylthio)alkyl radicals (c/d) (absorption band peaking at 260 nm), the three-electron bonded
>S.˙.S< (i) species (λmax = 560 nm) (Scheme 11) and presumably α-aminoalkyl radicals (f)
are also generated (Scheme 10). It is observed on the spectral dynamics that the equilibrium
is reached within ~ 34 μs (Figure 22A), which is much faster compared to the OH reactions
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(Figure 20A). It can be anticipated that at 390 nm the absorption of >S.˙.OOC< (h) (Scheme
10) and >S.˙.Cl (l) (Scheme 11) also contribute to the absorbance based on previous studies
(Section 5.1.1 and [215,250]). It is noteworthy to mention that instead of the lower initial
one-electron oxidant concentration (G(OH) = 0.4 μmol J-1 and G(Cl2−) = 0.33 μmol J-1, see
Section 4.2.1.3; see Figure 20A and Figure 22A) the absorbance at 560 nm (>S.˙.S< (i)
species) is almost twice in case of the Cl2− induced oxidation compared to that of OH
suggesting a higher sulfur radical cation (b) concentration. This is easily understood if the
stabilized adduct at the sulfur in case of the OH induced oxidation is taken into account
(Figure 20A, λmax = 285 nm).

Scheme 11. Cl2− induced oxidation initiated by Cl2− in case of 6-aminopenicillanic acid and
amoxicillin at pH 2. R stands for the 6-aminopenicillanic acid constituent of the molecule.
Structures are shown assuming that the stereochemistry of the parent molecule is retained
The reaction of Cl2− with the aromatic side chain of amoxicillin was investigated on the
substructure compound 4-hydroxy-D-phenylglycine. The reaction was shown to proceed
slowly (k = 2.8 × 108 mol-1 dm3 s-1) compared to the 6-aminopenicillanic acid constituent (k =
1.3 × 109 mol-1 dm3 s-1), and indeed, a slower decay of Cl2− can be observed at 340 (Figure
22B). The reaction of Cl2− involves a one-electron oxidation event yielding the
corresponding radical cation (m), which in case of phenols converts to the phenoxyl radical
(n) (Scheme 11) [258]. The absorption band peaking at 410 nm (Figure 22B) is assigned to
species n according to our previous investigation on amoxicillin (Section 5.1.1 and [173]).
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Cl adds to the aromatic ring forming Cl-cyclohexadienyl radicals (o) that absorb at ~ 300 nm
(Scheme 11) [254,255,258]. These radicals are also present in case of 4-hydroxy-Dphenylglycine (Figure 22B).
It appears from the transient spectra of amoxicillin that the corresponding species
generated

from

the

substructure

constituents

(4-hydroxy-D-phenylglycine,

6-

aminopenicillanic acid) are simultaneously present (Figure 22), only the >S.˙.S<
intermediates cannot form in this case due to the steric hindrance as proposed before. Since
the experiments were done at highly acidic pH the contribution of H reactions to the
transient spectra was always examined. The interference can arise as H adds to the aromatic
ring forming cyclohexadienyl radicals, which absorb at λmax ≈ 345, 340 and 310 nm for 4hydroxy-D-phenylglycine, amoxicillin, and ampicillin, respectively (Figure 22B,C and
Figure 23A). The resemblance of the spectra obtained in case of 6-aminopenicillanic acid
(Figure 22A) to the spectrum observed in case of the hydrated electron reaction (Section
5.2.2, Figure 9D) indicates that H attacks the β-lactam carbonyl (generating a similar
intermediate to the ketyl radical, vide supra).
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Figure 23. Transient absorption spectra observed in 0.1 mol dm-3 NaCl solution saturated
with N2O containing 1 mmol dm-3 ampicillin (A) at pH 2, and 1 mmol dm-3 cloxacillin (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 ampicillin (Figure 23A) the absorption band peaking at 330 nm is assigned
to the corresponding sulfur radical cation. Furthermore, at ~ 360 nm >S.˙.Cl (l) and
>S.˙.OOC< (h) (Scheme 11 and 10) species are expected to contribute to the absorbance. α(Alkylthio)alkyl radicals (c/d) absorb at shorter wavelength at which a small interference
coming from Cl-cyclohexadienyl radicals is expected. α-Aminoalkyl radicals (f) 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 6-aminopenicillanic acid with a slight red-shift (Figure 22A and Figure
23B). The reactions occurring at the aromatic side chain can therefore be firmly excluded.
The three-electron bonded >S.˙.S< species were not present.
It is noteworthy to mention that at pH 2 the molecules are present as free acids.
>S.˙.OOC< species may undergo a protonation process that has not been studied in our case
[250].
5.5.2.3. One-electron oxidation of penicillins induced by Br2−
The Br2− induced oxidation was investigated in N2O-saturated solutions with
0.1 mol dm-3 NaBr added containing 1 mmol dm-3 6-aminopenicillanic acid, amoxicillin and
ampicillin (Figure 24). When there is no organic compound present (Figure 24A) two
absorption bands dominate the spectra: at λmax = 360 assigned to Br2− (ε360 = 9900  600
mol-1 dm3 cm-1 [259]) and at λmax ≈ 265 nm assigned to Br3− (ε266 = 40900 mol-1 dm3 cm-1
[260]). Several equilibria are present similarly to Cl2− (see Lampre et al. [261]).
On account of the complex build-up and decay processes (vide infra) the corresponding
rate constants of the Br2− induced oxidation of penicillins could not be derived. While slow
decays are observed at 360 nm the build-ups at short wavelength are quite fast (Figure 24B,C
and D). The formations of the oxidized transients are done within ~ 8 μs, ~ 10 μs and ~ 36 μs
at 265 nm in case of 6-aminopenicillanic acid, amoxicillin and ampicillin, respectively
(Figure 24 insets). Br2− exhibits an even lower reactivity towards aromatics compared to
Cl2−, a reaction rate constant of k = 6 × 106 mol-1 dm3 s-1 has been reported for the Br2− +
phenol reaction [262]. Nevertheless, high reaction rate constants have been reported for the
(CH3)2S and (CH3CH2)2S + Br2− reactions with k = 3.2 × 109 mol-1 dm3 s-1 and 2 × 109
mol-1 dm3 s-1, respectively [218]. The fast reaction of Br2− with 6-aminopenicillanic acid is
also observed (Figure 24B inset). The mechanism is expected to follow that unraveled for
Cl2− (Scheme 11). In case of Br2− the three-electron bonded >S.˙.S< species are not present.
The broad absorption band at ~ 400 nm (Figure 24B) probably involves the >S.˙.Br species
[218]. At shorter wavelength probably α-(alkylthio)alkyl radicals contribute to the
absorbance. The same oxidation mechanism is anticipated for amoxicillin and ampicillin
(Figure 24C,D) involving the sulfur atom. Since the absorbance at shorter wavelength is
assigned to secondary intermediates, the reaction rate constant is much faster than these
processes indicate. The slow decay of the 360-nm band is in line with the proposed
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mechanism (Scheme 11) consisting of several equilibria through which additional formation
of Br2− can take place. The absorbance at shorter wavelength indicates that a much higher
sulfur radical cation concentration should be initially present compared to the OH reaction
due to a long-living stabilized OH adduct at the sulfur.
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Figure 24. Transient spectra obtained in solutions saturated with N2O with 0.1 mol dm-3 KBr
(A), 0.1 mol dm-3 KBr and 1 mmol dm-3 6-aminopenicillanic acid (B), 0.1 mol dm-3 KBr and
1 mmol dm-3 amoxicillin (C), 0.1 mol dm-3 KBr and 1 mmol dm-3 ampicillin (D) added. The
pH of the solutions was 5. Insets display kinetic traces recorded at 265 and 360 nm in a
solution as specified for the figure
5.5.3. Concluding remarks
The general OH induced oxidation mechanism of penicillins has been unraveled herein.
The oxidation follows the reaction pathways typical for organic sulfides. The kinetics as well
as the mechanism of the Cl2−/Br2− induced oxidation indicate that the sulfur is the
predominant site of oxidation. By using Cl2−/Br2− a much higher sulfur radical cation
concentration could be obtained compared to OH since in this case a long-living OH adduct
at the sulfur was generated. The reactivity of Cl2−/Br2− towards the thioether group of
penicillins makes the Advanced Oxidation Processes applicable 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 one-electron oxidation and reduction of these antibiotics brought
many interesting reactions to light adding a new chapter to the chemistry of free radicals.
The reported reactions can be anticipated to aid the understanding of more complex systems
like peptides and proteins with thioether groups in their structure.
Advanced Oxidation Processes are to be implemented as cutting edge technologies to treat
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 human health through its impact
on the microbiota of the environment. Advanced Oxidation Processes are based on free
radical reactions and rationalization of the ongoing processes under treatment cannot be
completed without unraveling the very early events of oxidation. 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 in this PhD thesis.
Amoxicillin possesses aromatic and thioether moieties both prone to OH induced
oxidation. The reaction rate constants of OH with aromatics and organic sulfides are in the
diffusion controlled range. Therefore, a competition is expected to occur between these
moieties for consuming the available OH. This competition governs the efficiency of the
antibacterial inactivation since the sulfur atom is close to the key β-lactam pharmacophore. In
other systems (peptides) it was shown that OH attack at these sites take place with nearly
same probabilities. 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, the one-electron oxidation occurs
predominantly at the sulfur atom.
Interestingly, the primary intermediate OH adduct to the sulfur can be stabilized for
several ms in penicillin derivatives. The reaction mechanism of OH induced oxidation of
penicillins indicates the existence of a short-living and a stabilized long-living OH adduct to
the sulfur. The long-living species (τ1/2 = 2.3 ms in case of amoxicillin) is proposed to be
stabilized via a hydrogen bond between the carboxylate group and the OH group attached to
the sulfur atom. Such an interaction yielding an OH adduct to the sulfur existing for
extremely long time period is unique phenomenon in the literature. This can presumably
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occur in methionine-containing proteins/peptides provided the steric requirements with the
corresponding entities are met. It is apparent that these long-living species open the gates for
other reaction pathways to take place during methionine oxidation that have not been taken
yet into account.
eaq is accommodated on the carbonyl groups of the penicillin skeleton yielding ketyl
radicals. It appears that penicillins react with the hydrated electron somewhat similarly to a
tripeptide. Ketyl radicals are reported to form in case of redox-cycling quinones lying behind
their toxicity. If the ketyl radicals of penicillins exhibit similar redox-cycling properties it
would give explanation for the oxidative stress phenomenon that is frequently concerned in
the literature.
It was shown that eaq and OH are able to demolish the β-lactam system of penicillins.
The sulfur radical cation, the α-aminoalkyl and α-(alkylthio)alkyl radicals are proposed to
play key role in the ring-opening reaction. Attack of eaq at the β-lactam carbonyl carbon
presumably initiates the opening of the strained four-membered system. Furthermore, it is
expected that electron migration occurs from the ketyl radical of the carboxylate moiety
towards the β-lactam nitrogen leading to opening of the β-lactam ring. The relatively high
efficiency that eaq and OH provide in elimination of the key β-lactam pharmacophore,
which determines the antibacterial activity, is promising in respect to implementation of an
advanced oxidation process to eliminate the residual antibacterial activity of wastewater
matrices originating from penicillins.
It appeared that excessive or insufficient radical exposure is deleterious in relation to
elimination of the selective pressure on bacterial strains. At 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 Gram-negative and Gram-positive species.
The adverse effect at high radical exposure presumably arises from the forming
polyhydroxylated phenolic compounds. A low radical exposure can occur under real
treatment conditions since most of the OH is scavenged by the complex matrix of the
wastewater (natural alkalinity, dissolved organic matter). It follows that careful optimization
of the advanced oxidation process is necessary.
A general one-electron oxidation mechanism applies to penicillins when OH and
Cl2−/Br2− are used as oxidants. The oxidation takes place mainly at the sulfur atom. The
high reactivity of Cl2−/Br2− towards penicillins makes the advanced oxidation treatment of
saline or brackish waters contaminated with these molecules highly feasible.
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7. NOVEL SCIENTIFIC FINDINGS
I. We proved that the hydrated electron attack occurs at the carbon atom of the β-lactam and
amide carbonyl group, and of the carboxylate group of the penicillin skeleton. The initial
intermediates of the one-electron reductions are ketyl radicals. (Paper 1, vide infra)
II. We found that OH partitioning between the aromatic and thioether moieties in
amoxicillin is shifted towards the latter entity. Therefore, the OH induced oxidation of
amoxicillin exhibits a reaction pathway typical for oxidation of sulfides. (Paper 2)
III. By unraveling the reaction mechanism of the OH induced oxidation of amoxicillin we
found that a short-living and a stabilized long-living OH adduct to the sulfur exist in the
system. The long-living species is suggested to be stabilized via a hydrogen bond between the
carboxylate group and the OH group attached to the sulfur atom conferring a long lifespan to
this intermediate. (Paper 2)
IV. We showed that eaq and OH are suitable candidates for demolishing the β-lactam system
of penicillins. To substantiate our results we conducted IR spectroscopic and kinetics
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 selective pressure on bacterial strains. (Paper 4)
VI. We found by using pulse radiolysis techniques that the one-electron oxidation of
penicillins takes place predominantly at the sulfur atom applying both Cl2−/Br2− and OH as
oxidants. Furthermore, we showed that penicillins exhibit enhanced reactivity towards
Cl2−/Br2−. A higher sulfur radical cation concentration was obtained by Cl2−/Br2−
compared to OH due to a unique stabilized intermediate that forms as a result of the OH
induced oxidation. (Paper 2 and 5)
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S1. Free radicals in biology
S1.1. Sources of free radicals
ROS include non-radical (H2O2) and radical species (OH, O2), too. O2 can form via
several pathways in the cell and serve as a common precursor of other ROS (Figure S1) [1].
Mitochondrion is an important source of the O2 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 potentials (E° ranging from -0.32 to +0.39 V [2]) to pass an
electron to molecular oxygen (E°(O2/O2) = -0.160 V [3]). Among the seven identified sites
of the mitochondrial superoxide formation, complex I (NADH dehydrogenase) and complex
III (ubiquinone-cytochrome c reductase) in the electron transport chain have the greatest
capacities [4]. The origin of the electron loss resides in a semiquinone radical (QH) or a
reduced flavine mononucleotide (FMN). In complex III, electrons are transferred by
reduction of ubiquinone (Q) to ubiquinol (QH2) and disturbance in the normal electron flow
of this Q-cycle (Figure S1) gives rise to the QH formation. In complex I, contribution of the
ubiquinone-binding and the flavine mononucleotide-binding site to the overall yield of O2 is
still under debate [5]. 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
proteins stimulating the unfolded protein response that implies the generation of ROS [6].
NADPH oxidases (NOX) are enzymes capable of transferring electrons through membranes
giving that to dissolved oxygen as acceptor. The forming O2 have several functions e.g. host
defense and regulation of cell growth [7].
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.g. controlling 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 enhanced O2 formation occurs. O2 can readily recombine with
NO (k = (4.3-6.7) × 109 mol-1 dm3 s-1) yielding the deleterious peroxynitrite (ONOO) [8].
Peroxynitrite can oxidize the cofactor of the endothelial NOS, making it an O2-generating
enzyme further contributing to the vascular oxidative stress. This phenomenon is referred to
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as NOS uncoupling [9]. There are still many other enzymes able to produce ROS/RNS
including cytochrome P450, lipoxygenase and cyclooxygenase associated to the arachidonic
acid metabolism, xanthine oxidase, and organelles like peroxisomes.

Figure S1. Cellular formation of reactive oxygen species. Antioxidant defense system is
about to maintain a neat homeostasis for normal physiological functions
If O2 once formed, it can take part in a series of reactions leading to other ROS.
By enzymatic (superoxide dismutase, SOD1-3 in cytoplasm, mitochondria and extracellular
space, respectively) or non-enzymatic dismutation it can convert to H2O2 (Figure S1). It can
also generate peroxynitrite as mentioned before. With this reactions O2 that cannot cross
cell membranes readily (i.e. mitochondria) is transformed to H2O2 and peroxynitrite, which
are able to diffuse through them. The fact that these species are ready to interconvert to other
ROS including O2 further underlines the importance of the mitochondrial ROS formation
affecting other cellular compartments [8]. Another source of H2O2 arises from the reaction of
O2 with [4Fe-4S] enzyme clusters liberating free Fe2+ [10]. This reaction not only damages
essential enzymes, explaining the cytotoxicity of O2, but the released iron can generate OH
in reaction with H2O2 via the Fenton chemistry. OH is the most powerful oxidant in vivo,
which damages proteins, lipids and DNA in the vicinity of its 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 O2 as byproducts [8]. Peroxidases are able to convert H2O2 to other harmful species
generating HOCl (myeloperoxidase), NO2 or phenoxyl radical from suitable partners [10].
At the same time, H2O2 plays crucial role in cell signaling e.g. via oxidation of cysteine
residues that are later recovered enzymatically [11]. Therefore, cells possess an effective
antioxidant system to control the H2O2 level with peroxidoredoxins (PRx), glutathione
peroxidases (GPx) and catalases (CAT). These enzymes convert H2O2 to water molecule.
Of RNS peroxynitrite 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 species, OH, NO2 and CO3, forming under in vivo circumstances [12].
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 of the coin: redox signaling and oxidative stress, maintaining
a neat homeostasis is essential for normal physiological functions. For this purpose, a
sophisticated antioxidant defense system protects the cell, which scavenges ROS or prevents
their formation, including superoxide dismutase (SOD1-3), catalase (CAT), glutathione
peroxidases (GPx), glutathione S-transferase, glutathione, peroxiredoxins and thioredoxins
[1]. Diet-derived antioxidants are e.g. Vitamin E and C [13].
Whereas OH reacts unselectively with biomolecules in the vicinity of its formation, O2
and H2O2 are less reactive and have specific targets. This specificity makes them able to act
as signaling agents. Specific target of O2 is the Fe3+ in [Fe-S] clusters owing to the
electrostatic attraction. Whereas this lies behind the in vivo toxicity of O2, in some cases
this is how the receptor senses the agonist [14]. Such an example is the redox-sensitive
transcription factor SoxR in Escherichia coli, which contains [Fe-S] clusters in its redox
center providing a unique tool for O2 sensing and triggering distinct responses.
H2O2 specifically attacks cysteine residues. However, cysteine is the constituent of many
proteins H2O2 does not target these residues randomly. The selectivity arises as different
cysteine residues possess different redox activity depending on the ionization state (pKa),
localization, so practically on the gross environment. This can be further influenced by metal
binding. Increase in nucleophilicity implies an increasing reaction rate, and therefore, the
thiolate (-S) is the most reactive. The reaction rate constant varies within a wide range,
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10-106 mol-1 dm3 s-1, and this is the basis that makes H2O2 a signaling molecule.
Particular attention is given to peroxidases, and among them especially to peroxiredoxins, in
which case the reaction rate constant reaches the maximum (~ 105-107 mol-1 dm3 s-1) [10].
Two-electron oxidation in these enzymes leads to sulfenic acid (-S-OH) and alteration in
enzyme function. Further attack of excess H2O2 (should be higher than the nanomolar range)
can result in overoxidation to sulfinic (-SO2H) or sulfonic acid (-SO3H), which oxidation is
actually irreversible. Only sulfenic acid can be recovered by thioredoxin or glutaredoxin, and
therefore, take part in redox signaling. Obviously, cells try to avoid the exposure to high level
of H2O2 due to the oxidative damage putting in force several antioxidant measures.
Peroxidases are also considered 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 intracellular signaling system modulating multiple pathways [14].
Much evidence has been brought to light indicating the involvement of redox signaling in
the regulation of important physiological processes [11,15] (Figure S2).

Figure S2. Redox signaling vs oxidative stress
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ROS play key role in controlling normal and cancer cell proliferation pathways. Activation
of growth factor (epidermal and platelet-derived growth factor) is followed by increase in
ROS generation of NADPH oxidases. The H2O2 thus produced inactivates phosphatases by
cysteine oxidation of the protein that leads to enhanced tyrosine phosphorylation (inhibiting
the dephosphorylating enzyme) of the epidermal growth factor receptor triggering
proliferative signaling pathways (e.g. nutrient uptake, cell 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 metabolic activity, and therefore, with 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 circumstances also promote the metabolic adaptation to hypoxia in
cancer cells. At the same time, tumor cells need to keep the antioxidant activity at a higher
level to avoid ROS-induced cell death (oxidative stress). These mechanisms add further
approaches to cancer 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 matter of future research. ROS take also 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 and ROS are also
implicated in normal macrophage activity. ROS production of 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, maintaining the redox balance is crucial. Probably the
most important contribution of ROS to human survival resides in the production of O2 by
phagocytic cells to kill pathogenic bacteria. Regulation of aging is another facet where ROS
have a central role. Healthy aging implies the necessity of the replacement of adult or
damaged tissues by undifferentiated stem cells. Stem cells need to differentiate and selfrenew. Low level of mitochondrial and NADPH oxidase derived ROS production is required
for cell proliferation, and ROS are also essential for cell differentiation. Nevertheless,
elevated levels of ROS have a detrimental effect impairing these functions. It has become
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 the cell [16]. Such 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 diseases associated with
abnormal

cell

differentiation,

targeting

redox/signaling

pathways

brings

a

new

pharmacological approach to several therapies. Yet there is only one clinically applied agent
for such a therapy that is ATRA, a metabolite of α-tocopherol (Vitamin E) used in treatment
of promyelocytic leukemia [1]. However, there is a bunch of drugs in preclinical and clinical
phase emphasizing the potency of this facet for drug development.
S1.3. Oxidative stress and human pathologies
In the light of the above consideration, it is not surprising that imbalance in ROShomeostasis has been linked to several pathological conditions (Figure S2). It is also
apparent that increased O2 consumption inevitable leads to a higher risk for oxidative stress to
occur. Indeed, in line with the fact that the O2 consumption and energy uptake are the highest
in the brain (displays 20% of the total O2 consumption), it is the most sensitive to ROS [17].
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 accumulate during the
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 common determinants of the
pathophysiology of Alzheimer’s disease, Parkinson’s disease, amyotrophic lateral sclerosis
and Huntington’s disease [18]. Alzheimer’s disease is characterized by the aggregation of
amyloid plaques mainly composed of β-amyloid peptide (βAP) that is originated from a
membrane-bound protein. βAP contains a methionine residue in the C-terminal domain that is
important for its neurotoxicity [19]. This methionine residue is able to reduce Cu(II) that can
be strongly bound to βAP (by its histidine residue) forming sulfur radical cation and
subsequently H2O2 from O2 in a catalytic manner [19,20]. H2O2 can convert to OH in Fenton
reaction initiating oxidative damage. Stabilization of the sulfur radical cation in three-electron
bonded complexes provides a driving force for the reduction of the Cu(II) [21]. This radical
cation further transforms to carbon centered radical in an intramolecular process, these
radicals are precursors of peroxides. βAP inhibits complex IV in mitochondria and
dehydrogenases leading to impaired energy metabolism [18]. Parkinson’s disease is
characterized by the loss of dopaminergic neurons from the substantia nigra. In this case
complex I activity is diminished that may induce electron leakage and enhanced formation of
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ROS. The disease is featured by deposition of α-synuclein [22]. Dopamine is essential for
neuronal signaling, however, when it is released to the cytoplasm it can coordinate with metal
ions leading to the generation of ROS and neuromelanin, which is also able to interact with
metals to produce ROS. Dopamine homeostasis is regulated by α-synuclein and mutation in
this protein leads to abundant presence of dopamine in the cytoplasm, and therefore, to
oxidative stress. Under these circumstances in the presence of iron, α-synuclein aggregates
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 course, an active agent needs to cross the blood-brain barrier to exert its effect
and several diet-derived antioxidants do not meet this requirement [13]. As it was mentioned
before, oxidative stress is unequivocal contributor to the development and progression of
cancer. Involvement of ROS in several diseases, connected to cell differentiation, is reported,
however, the contribution of these processes to the pathophysiology is less clear since
oxidative stress occurs during inflammation collaterally as a modulator [13,23,24].
Such notoriously referred diseases are atherosclerosis, obesity, type 2 diabetes and
rheumatoid arthritis [1].
According to the above considerations ROS production exhibits hormesis [25]
(Figure S2): small increase in ROS levels may induce several signaling pathways that are
pivotal for normal physiological functions, whereas 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 source of the ROS formation. Accumulation 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 close to the formation of the corresponding ROS). Excessive formation of ROS
out of the right site inevitable leads to oxidative stress [11].
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S2. Supporting information for the „Materials and methods” section
S2.1. Materials

Table S1. Physicochemical properties of the compounds under investigation. The prevailing
form of amoxicillin in solution is shown above as a function of the pH
pKa values
-COOH -NH2
Amoxicillin

2.63a

7.16a

b

b

Ampicillin

2.65

Cloxacillin

2.70b

6Aminopenicillanic 2.30b
acid

Molecular Solubility
mass
at 20 °C
(g mol-1) (mol dm-3)

-OH

365.40

0.007e

-

-

349.40

0.016

e

-

-

-

457.86
(Na-salt)

> 0.044b
(Na-salt)

-

4.90b

-

216.26

0.011e

-

7.25

9.55a

4-Hydorxy-Dphenylglycine

2.50c

9.20c

~ 9.5

167.16

0.115f

-

Ascorbic acid

-

-

pKa1 = 4.10d
pKa2 = 11.20d

176.12

1.910g

E°(AH/A)
= 0.300 Vi

257.16
(anhydrous)

2.720h

E°(MV2+/MV+)
= -0.448 Vj

Methyl viologen
dichloride hydrate

-

a

Tsuji et al. [26]; b Hou and Poole [27]; c Ulijn et al. [28];

f

Bezerra et al. [31];

j

Reduction
potentials

g

Apelblat and Manzurola [32];

h

d

Kumler and Daniels [29]; e Crea et al. [30];

Bonilla et al. [33];

i

Steenken and Neta [34];

Wardman [35].
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S2.2. γ-Irradiation facility
The facility is an SLL-01 type pilot scale γ-irradiator equipped with 60Co gamma sources.
These sources (CoS-43 HH type with dimensions of 11 × 451 mm) are filled in the so called
torpedoes (each containing 4 sources) (Figure S3). These torpedoes are placed along the
superficies of a cylindrical cage, which can receive 20 capsules. When the facility 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 shielding inside the chamber room.
To perform irradiation, the torpedoes are lifted up to the irradiation chamber, where the
samples to be treated are placed. The dimensions of the chamber room are 4 × 4 × 4 m, it is
surrounded by 1.7 m thick concrete walls. This room can be approached via a „maze” due to
safety purposes. Several measures ensure the safe work of the irradiator, which can be
operated from a separated room. The facility enables to apply quite wide range of dose rates
by changing the distance of the samples from the sources.

Figure S3. SLL-01 type pilot scale γ-irradiator operated by the Institute of Isotopes Co. Ltd.
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S2.3. Pulse radiolysis setup
S2.3.1. Electron accelerator
The main part of the Tesla Linac LPR-4 apparatus is an evacuated accelerator tube of
~ 1.5 m long (Figure S4). On the top of the tube the electrons are emitted by a heated
tungsten type electron gun. The operation of this device is based on the thermionic emission
of electrons from a cathode, which are pre-accelerated to 50 keV. The electrons entering the
evacuated space are focused by electromagnetic coils surrounding the accelerator tube and
are accelerated by means of electromagnetic waves, which are delivered by a magnetron
(2865 MHz pulsed magnetron with 3.2 MW peak power). This equipment is connected to the
upper part of the tube via a waveguide filled with Freon. The principle of the acceleration can
be easily outlined by a particle riding the crest of a wave, and therefore, feeling an
accelerating force [36]. Operating in continuous mode bunches of electrons reach the sample
to be irradiated with a repetition frequency of up to 50 Hz. The duration of one such a pulse
from the train is 800 ns determined by the period of the accelerating microwave.

Figure S4. Pulse radiolysis measurement system (Institute for Energy Security and
Environmental Safety, Centre for Energy Research, Hungary)
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Furthermore, one single pulse can be produced using the electromagnetic and electrostatic
deflection systems. The electromagnetic deflection system is situated close to the exit
window of the electron beam. By using this device the beam is deflected from the sample and
only a short pulse with duration of 800 ns can be utilized. The electrostatic deflection system
is located right after the electron gun and deflects the electrons, which can enter the
accelerator tube only for a certain period of time generating as short as 40 and 80 ns pulses.
The electron accelerator produces electron beam having velocity close to that of the light
(~ 99%) with an average energy of 3-5 MeV. The absorbed dose can be adjusted by a
potentiometer, which controls the heating voltage of the cathode, and therefore, the beam
current. In addition, the absorbed dose is also a function of the vacuum and the magnetron
current. The former is adjusted by a 150 L min-1 titanium diffusion pump (only for
maintenance) and two 25 L min-1 ionization pumps (in continuous mode). The electron beam
leaves the tube through the scanning chamber and a 0.03 mm thick titanium foil. The solution
to be irradiated continuously flows through a Suprasil quartz cell (2 cm flow length and 1-cm
optical pass length) placed beneath the accelerator tube at the focus of the electron beam and
the analyzing light. The changes initiated by the short pulse of ionizing radiation are observed
by means of kinetic spectrophotometry.
S2.3.2. Kinetic spectrophotometry
The kinetic spectrophotometric apparatus operates horizontally so that the optical path
crosses the quartz cell (containing the sample), and the electron beam at right angles.
The optical detection is based on the absorption of the analyzing light by the forming
transient species. An essential characteristic of such a system is the signal to noise ratio (S/N)
that determines the sensitivity of the detection (regulates the smallest signal to be analyzed)
[37]. Since S/N is proportional to i1/2 where i describes the number of electrons produced in
the detector, improvement can be achieved by increasing the light intensity and by using a
photodetector with high quantum efficiency. For this purpose, a high pressure xenon arc lamp
(OSRAM Xenon Short Arc Lamp XBO 150W/CR OFR) is used, which is able to be operated
in pulsed mode (by pulsing the arc current) with duration of several milliseconds achieving
high light intensity during the timescale of the measurement. In front of the light source a
shutter is placed to protect the sample from photolysis, which opens only during the short
time of the experiment. The light then passes a lens which gathers the light to the Suprasil
quartz cell having a radiation resistant material (lenses alike). This cell is to be irradiated by
the vertically travelling electron beam, inducing chemical changes in the sample. The light,
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carrying the information about the transients once passed through the cell, is focused to the
end of a light guide cable by another lens. This optical fiber conveys the light out from the
irradiation chamber, which is built in a Faraday cage and has a concrete wall for the
shielding. The detection system, controlling units and data acquisition system are situated in a
separate room away from the radiation. The optic fiber delivers the light to the
monochromator (Applied Photophysics f/3.4 Monochromator) that is used to select the
wavelength at which a kinetic trace is to be obtained. The end of the monochromator is
mounted by a photomultiplier (Applied Photophysics 5-Stage Photomultiplier), which
converts the light intensity to electrical current, this needs to be transformed into voltage
signal by means of a load resistor. The change of the signal in time can then be recorded on
the screen of an oscilloscope (RIGOL DS1302CA Digital Oscilloscope) and data can be
collected on a computer.
It is the peculiarity of the kinetic spectrophotometric technique that it does not use a
reference cell for the measurement [37]. The reference level (I0) is achieved, however, as the
light passes through the sample before the irradiation. Since the transient signal is
superimposed onto the reference level after irradiation, the signal to be obtained is very small
and cannot be analyzed conveniently. To overcome this limitation the reference level is
electronically separated from the signal, and therefore, the transient signal can be amplified
and analyzed on the oscilloscope. Additionally, the I0 level is also stored since it is needed for
the derivation of the absorbance (vide infra).
It is apparent from the above picture that a neat and fast synchronization is required for the
kinetic spectrophotometric experiment. Therefore, a separate unit is responsible for opening
the shutter, and triggering the oscilloscope and the accelerator to give a short pulse of
electrons. The initial trigger for this synchronization module comes from the computer as the
measurement is about to be performed.
S2.3.3. Derivation of optical properties
In kinetic spectrophotometric experiments kinetic traces are recorded at a given
wavelength. The raw trace on the oscilloscope needs to be transformed first to voltage-time
curve. The voltage value is derived by multiplying each point of the trace by the y increment
(voltage/bit) [38]. The time scale is stored on a computer. Furthermore, the I0 value is stored
as a voltage (V0), and therefore, the change in absorbance (∆A) can be easily derived by using
the Beer-Lambert law:
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)

(

( )

))

where I0 is the intensity of the incident light and I is that of the transmitted, V is the voltage of
the signal and ∆Dataraw denotes the difference between the average y value of the raw data
points before the pulse and after at a given time (x axis) on the oscilloscope, furthermore, ε𝜆 is
the molar absorption coefficient (mol-1 dm3 cm-1), c is the concentration of the absorbing
species (mol dm-3) and l is the optical path length (cm). In our case the vertical scale on the
oscilloscope has 8 divisions (mV/division) and the digitizer has 256 points. This calculation
assumes that oscilloscope deflection is proportional to the light intensity, which usually
holds. Furthermore, the Beer-Lambert law can be used to convert the digital points to
concentrations.
The time dependence of ∆A gives information about the kinetics of an ongoing process.
Since the concentration (c) is proportional to ∆A (Beer-Lambert law) the rate constant (k) of
the decay/build-up of a transient can be conveniently derived for a first-order process as
follows:
(

)

In case of a second-order process the rate constant can be calculated directly only if the molar
absorption coefficient of the transient is known:
(

)

To obtain the transient spectrum at a certain time after the pulse, the ∆A value of each kinetic
curve, belonging to a given wavelength, needs to be taken at the time of interest.

S2.4. Experimental details for measurements applying catalase
In a set of experiments the formation of S-oxide was followed under different
circumstances in the presence and absence of catalase. Catalase from bovine liver was
purchased from Sigma-Aldrich in lyophilized form with an activity of 2000-5000 unit mg-1 of
protein. The activity of catalase was probed by the ability to deplete H2O2 present at
0.5 mmol dm-3 concentration. The concentration of the remaining H2O2 was determined by
using a spectrophotometric method elaborated by Baga et al. [39].
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Catalase was put into the solution prior to irradiation. Previously, the amount of catalase
used in the experiment was carefully optimized, since the enzyme activity is expected to
decrease under irradiation owing to the inactivation by some of the primary intermediates of
radiolysis, OH and O2 [40]. For this purpose, different amounts of the enzyme (in the
10-20000 unit/10 mL range) were introduced in a pure water sample and irradiated with a
dose of 0.5 kGy at a moderate dose rate of 1 kGy h-1 and the remaining H2O2 was measured
with the spectrophotometric method. As a result of preliminary experiments, an enzyme
solution at 8000 unit mL-1 was prepared and 6.25 µL was introduced in 5 mL of an
amoxicillin solution at 0.5 mmol dm-3 concentration. The pH of the solutions was adjusted to
7 by addition of NaOH (the activity of catalase is constant from pH 4 to 8.5 [41]).
After irradiation, proteins were removed from the samples by ultrafiltration using Vivaspin
500 sample concentrator (GE Healthcare Life Sciences) having a polyethersulfone membrane
with 3 kD cutoff. The samples prepared in this way were analyzed by LC/MS using the
method described in Section 4.2.2.2. The extracted ion chromatogram of the parent moleculeion was monitored simultaneously with that of the S-oxide, which did not indicate significant
scavenging capacity of the enzyme.
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S3. Supporting information for the „Results and discussion” section
S3.1. Free radical induced oxidation mechanism of a penicillin derivative possessing sites on
its structure prone to the attack of OH (Objective I)
S3.1.1. Final product analysis
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Figure S5. Total ion chromatogram (positive ion mode) of amoxicillin (AMX) oxidation
products after the treatment
S3.1.1.1. Mass spectral analysis of amoxicillin (P9)
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Figure S6. Mass spectra of amoxicillin (P9) in positive (A) and negative ion mode (B) with
fragmentation pattern
The precursor ion in (+) mode gave m/z 366, the most intensive product ion was present at
m/z 349 (NH3 loss), m/z 160 fragment is due to the loss of thiazolidine ring (Figure S6).
Fragmentation also generated ions at m/z 208, coming from breakage of 3 bonds, and at m/z
114 from the subsequent loss of a phenol molecule [42]. CO2 loss in (-) mode
(m/z 364 [M-H]) resulted in m/z 320 product. Cleavage of three bonds leads to m/z 223.
In both modes dimers also appeared.
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S3.1.1.2. Mass spectral analysis of amoxicillin and related compounds
Protonated P1/P2 gave m/z 382 parent and m/z 365 fragment (NH3 loss) ions (fragments
are shown in Table S2). In (-) mode the precursor ions were present, but no fragments. Both
isomers possess short retention times (RtP1 = 1.538 and RtP2 = 1.989 min) confirming the
structural similarity and anticipating the role of the planar aromatic ring in determining the
polarity. Protonated P4 was found at m/z 382, a fragment suggested the loss of NH3. In (-)
mode m/z 336 (CO2 loss) and 318 (CO2 and H2O loss) fragments were present. P23 exhibits
parent ion at m/z 350, the product at m/z 349 indicates the existence of an acidic H. In (-)
mode the parent ion and a fragment appeared at m/z 318 on account of the loss of aldehyde.
Due to the loss of the carboxyl group Rt shifted to longer time compared to amoxicillin (from
6.279 to 8.099 min). Protonated P22/24 gave parent ion at m/z 367. P22 gave fragment at m/z
290 (loss of OH, CO, SO) and at m/z 328 (not assigned). Both isomers possess characteristic
H loss due to an aldehyde function. The close retention times imply the structural similarity.
The even molecular mass suggests the even number of nitrogens in the molecule that
indicates the absence of the α-amino group. P14 gave parent ion with m/z 334 and 336
(fragment at m/z 291 (CO2 release)) in (-) and (+) modes, respectively. Owing to the absence
of carboxyl group P28 (m/z 322) was present only in (+) mode, no fragmentation occurred
indicating its stability.
S3.1.1.3. Analysis for the S-oxide derivative of amoxicillin (P6)
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Figure S7. Mass spectra of amoxicillin S-oxide (P6) in positive (A) and negative (B) ion
mode with fragmentation pattern
In (+) mode the P6 parent ion was present with m/z 382, fragmentation mainly took place
via NH3 loss (m/z 365). In (-) mode the precursor yielded m/z 336, 319, 302 and 239 ions
(Figure S7). In both modes dimers were also present.
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P6 was also obtained by Gozlan et al. [43,44] exposing AMX to solar irradiation.
Andreozzi et al. [45] detected this product in ozonation experiments. On account of the slight
difference in UV spectra of AMX and the main product, the latter authors identified the
compound as ring hydroxylated molecule. On the contrary, Gozlan et al. [44] determined P6
as an AMX derivative with oxidized sulfur: S  S=O. They performed 1H NMR,
LC/DAD and ESI-MS analyses to prove the formation of S-oxide instead of the ring
hydroxylated derivative.
In Figure S8 we show the spectra, recorded in our experiments by DAD for amoxicillin,
amoxicillin S-oxide (P6) and amoxicillin penicilloic acid (see later P7/8). Regarding
amoxicillin the UV spectrum shows peaks at λ = 228 and 272 nm. The shorter-wavelength
band can mainly be attributed to the lactam chromophore in penicillin derivatives [46,47].
The longer-wavelength band is assigned to the characteristic aromatic * transition. In the
spectra of the two derivatives the latter transition exhibits slight red-shift, whereas the
shorter-wavelength band for the derivatives shows low intensity. Disturbance at the 6aminopenicillanic acid part leads to disappearance of this band in S-oxide and penicilloic acid
derivatives confirming their structural identification. The shift of the * transition to
longer wavelength is characteristic for aromatic ring hydroxylation reactions. However, this
shift may also be attributed to other reasons, e.g. to hydrogen bonding. Intramolecular
hydrogen bond is known to exist between the oxygen attached to the sulfur and the secondary
amino proton in the (S)-sulfoxide epimer [48]. This phenomenon also suggests the preference
of the (S) configuration. This was verified by Gozlan et al. [44], their 1H NMR experiment
indicated that the substituent is located on opposite side of the thiazolidine ring compared to
the carboxyl group ((S) configuration at the sulfur). This arrangement is owing to steric
hindrance. In penicilloic acid similar intramolecular hydrogen bonding can be assumed
between the newly formed carbonyl oxygen and the phenolic OH having a dissociable proton
with pKa = 9.55 (more acidic than in phenol with pKa = 9.9).
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Figure S8. UV-Vis spectra of amoxicillin (P9) and its transformation products amoxicillin
S-oxide (P6) and amoxicillin penicilloic acid (P7/8)
S3.1.1.4. Mass spectral analysis of penicilloic acid derivatives of amoxicillin (P7/P8)
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Figure S9. Mass spectrum of amoxicillin penicilloic acid (P7) in (+) ion mode with
fragmentation pattern
Fragments were present at m/z 367 (NH3 loss), 340 (CO2 loss) and 323 (CO2 and NH3
loss) (Figure S9). In (-) mode the parent ion was not found, but its Na adduct at m/z 404.
A dimer was detected at m/z 765 and a fragment with m/z 338 (CO2 loss).
On the chromatogram two peaks eluted close to each other (Rt = 5.772 and 6.070 min) in
~ 2:1 intensity ratio (Figure S10). The same fragmentation pattern suggests their
stereoisomeric coexistence. This fragmentation is in line with the work of Gozlan et al. [44]
and similar to that of Nägele and Moritz [49] and Ghauch et al. [50]. In general, penicillin
derivatives can hydrolyze leading to the corresponding penicilloic acid (P7/8).
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The similar UV spectra of P7/8 and the same absorbances at 276 nm normalized to the
integrated chromatographic areas indicate that they are stereoisomers (Figure S10).
The (3S,5S,6R) isomer is known to have shorter Rt and its proportion in equilibrium is
enhanced [51-53], which let us to assign P7 to the (3S,5S,6R) and P8 to the (3S,5R,6R) form.
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Figure S10. UV spectra of amoxicillin penicilloic acid epimers: (3S,5S,6R)- (P7) and
(3S,5R,6R)-amoxicillin penicilloic acid (P8), recorded by LC-DAD. The inset displays the
EIC (in (+) ion mode) of protonated amoxicillin penicilloic acid epimers (P7/8) at m/z 384
S3.1.1.5. Analysis for amoxicillin penicilloic acid and its derivatives
P11 gave m/z 400 precursor and m/z 217 fragment in (+) mode (Scheme S1), no
fragmentation occurred in (-) mode. S-oxide (P11) possesses longer Rt (6.663 min) compared
to AMX (P9). It may be due to modification of ionization state when an O is linked to the
sulfur. During separation 0.1% formic acid solution was applied adjusting a pH of ~ 2.8. If
the pKa of the close amino moiety drops below the pH used here, P11 in neutral form can stay
on the apolaric phase longer than amoxicillin penicilloic acid. For P5 with m/z 461 in (+)
mode NH3 loss was found (m/z 399) and the Na adduct. In (-) mode no fragmentation took
place. The protonated form of P3 with m/z 400 yielded fragments at m/z 383 (loss of NH3)
and at m/z 364 (loss of 2 H2O). The latter finding suggests that OH is located at a place where
it can abstract a proton and eliminate as neutral water (the other H2O may come from the
carboxyl group). In (-) mode no precursor ion but a fragment at m/z 354 was obtained (loss of
CO2). The Rt confirms the structure compared to the original analogue (P4).
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Scheme S1. Amoxicillin penicilloic acid (P7/8) and its derivatives. Structures are shown
assuming that the stereochemistry of the parent molecule is retained
S3.1.1.6. Analysis for penilloic acid and its derivatives

Scheme S2. Amoxicillin penilloic acid (P10/13) and its transformation product.
Epimerization is depicted on the bottom. Structures are shown assuming that the
stereochemistry of the parent molecule is retained
Epimerization involves several steps (Scheme S2). CO2 liberation leaves behind an
electron pair and gives rise first to the enamine and opening of the thiazolidine ring. Since the
C5 epimerization takes place through the imine, fast rearrangement is thought to occur
followed by nucleophilic attack of the thiolate on the C5 carbon leading to (5S) and (5R)
epimers. Decarboxylation followed by epimerization (and not directly coming from each
isomer) was confirmed [52] by the shift of the stereoisomer ratio (5S)/(5R) ≈ 2/3 in favor of
the (5R) compared to those in penicilloic acid epimers (Figure S11). Taking the intensities
and the Rts into account, the peaks can be assigned to the (5S) (P10) and (5R) (P13) isomers
(Figure S11) [52]. The protonated molecules (P10/13) exhibit slightly longer Rts (6.416 and
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6.754 min) than amoxicillin (P9) due to the higher apolarity caused by the loss of carboxyl
group.
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Figure S11. EIC belonging to protonated amoxicillin penilloic acid (P10/13) isomers
P10/13 (m/z 340) gave a fragment at m/z 323 (NH3 loss). Nägele and Moritz [49] and
Gozlan et al. [43] obtained only this fragment, too. P16 (m/z 354 in (-) mode) exhibited a
product at m/z 322 due to loss of sulfur (m/z 32), which was confirmed also by the isotopic
pattern.
S3.1.1.7. Mass spectral analysis of diketopiperazine derivatives
Protonated P27 exhibited a molecule ion at m/z 366, no fragments (Scheme S3).
Protonated P17 (m/z 382) gave fragments at m/z 354 (CO loss), 293, 261 and 160 (Scheme
S3). In (-) mode product ions at m/z 352 (CO loss) and m/z 204 were present. Protonated P26
yielded m/z 338 product and 404 adduct (Scheme S3). In (-) mode fragment with m/z 336
(CO2 loss) was found. P30 was not present in (-) mode (no carboxyl group). In (+) mode the
precursor at m/z 336 gave no product ions. Decarboxylation and oxidation of the
diketopiperazine derivative yielded P30. Carboxyl group loss (P30) brought about a shift in
Rt (8.976 min). The suggested structure is in line with the product structures mentioned
before, formation mechanism for similar compounds was discussed formerly. Rt does not
agree with the amoxicillin derivatives (compared to P28 in Scheme 3).
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Scheme S3. Diketopiperazine from amoxicillin (P27) and its derivatives. Some
fragmentation pathways are depicted on the structures. Structures are shown assuming that
the stereochemistry of the parent molecule is retained
S3.1.1.8. Mass spectral analysis of 4-hydroxyphenyl-D-glycyl amoxicillin derivatives
P15/18/19 represent isobaric compounds (m/z 515) (Scheme S4). Protonated P15 showed
a fragment at m/z 498 (NH3 loss). In (-) mode only the parent appeared. Protonated P21 was
found at m/z 547, fragmentation gave ions at m/z 474 (CO, CO2 and H), 419, 328 and 312
(328-NH2). m/z 290 and 273 were not designated. In (-) mode fragments at m/z 398 and 292
were obtained. P12 yielded parent ion with m/z 579 in (-) mode. No precursor was present in
(+) mode, but fragments at m/z 313 and 160. P18 was detected at m/z 531, gave m/z 498
(loss of NH3) and m/z 351 products, in (-) mode a fragment was present at m/z 366.
Protonated P20 (m/z 517) had m/z 372, 350, 348 (indicating loss of 2 H from m/z 350 (like a
secondary alcohol)), and 319 fragments. In (-) mode no parent appeared (absence of carboxyl
group), fragments at m/z 348 and 187. Protonated P29 (m/z 543) yielded m/z 474 and 435
products, the deprotonated one produced m/z 414 and 348. In (+) mode P31 disintegrated to
m/z 405, 389, 367, 349 and 160, in (-) mode (not shown) to 433 (loss of CO2 and 3 OH), 387,
365 and 321 (365-CO2). For P19 fragments at m/z 426 and 382 were detected in (+) mode; in
(-) mode m/z 354 and 176. P25 with m/z 543 in (+) mode gave fragments with m/z 357 and
247. The fragments in agreement with Rts suggest the proposed structure. It should be noted
that the dialdehyde moiety made the thiazolidine structure unstable since most fragments
originated from the cleavage of that part.
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Scheme S4. 4-Hydroxyphenyl-D-glycyl amoxicillin (P15/18/19) and its derivatives. The
proposed fragmentation profiles are given on the structures in case when it is not trivial.
Structures are shown assuming that the stereochemistry of the parent molecule is retained

S23

SUPPLEMENTARY MATERIAL

Table S2. Transformation products detected using LC/ESI-MS. The colors are the same as
used in figures
Positive mode
Negative mode
*

[M+H]+

Fragments (m/z)

Adducts

[M-H]

Fragments (m/z)

Chemical formula

P1
P2
P3
P4
P5

EIC retention
time (min)
1.538
1.989
3.880
4.645
5.144

382
382
400
382
416

365
365
383; 364
365
399

380
380
380
414

354
336; 318
-

C16H19N3O6S
C16H19N3O6S
C16H21N3O7S
C16H19N3O6S
C16H21N3O8S

P6

5.506

382

365; 160; 114

438 [M+Na]+
404 [M+Na]+ ;
402 [M+Na-2H]
763 [2M+H]+;
762 [2M]

380

336; 319;
302; 239

C16H19N3O6S

P7

5.772

384

367; 340; 323

-

338

C16H21N3O6S

P8

6.070

384

367; 340; 323

-

338

C16H21N3O6S

P9

6.279

366

349; 208; 160; 114

364

320; 223

C16H19N3O5S

P10
P11

6.416
6.663

340
400

323
217

338
398

C15H21N3O4S
C16H21N3O7S

P12

6.714

-

313; 160

P13

6.754

340

323

338

357; 289;
227; 148
-

P14

6.778

336

291

334

-

C14H13N3O5S

P15
P16

6.891
7.044

515
356

513
354

322

C24H26N4O7S
C15H21N3O5S

P17

7.261

382

-

380

352; 204

C16H19N3O6S

P18
P19

7.342
7.535

515
515

-

513
513

366
354; 176

C24H26N4O7S
C24H26N4O7S

P20

7.817

517

-

-

348; 187

C23H24N4O8S

P21

7.986

547

-

545

398; 292

C24H26N4O9S

P22
P23
P24
P25
P26
P27
P28
P29
P30

8.026
8.099
8.284
8.453
8.718
8.751
8.863
8.912
8.976

367
350
367
543
382
366
322
543
336

404 [M+Na]+
-

348
541
380
541
-

9.419

531

-

529

318
336
414; 348
433; 387;
365; 321

C15H14N2O7S
C15H15N3O5S
C15H14N2O7S
C24H22N4O9S
C16H19N3O6S
C16H19N3O5S
C15H19N3O3S
C24H22N4O9S
C15H17N3O4S

P31

498
354; 293;
261; 160
498; 351
426; 382
372; 350;
348; 319
474; 419;
328; 312; 290; 273
366; 328; 290
349
366
357; 247
338
474; 435
405; 389;
367; 349; 160

Compound

*

404 [M+Na-2H];
765 [2M-H]
404 [M+Na-2H];
765 [2M-H]
731 [2M+H]+;
729 [2M-H]
601 [M+Na-2H];
603 [M+Na]+
671 [2M+H]+;
669 [2M-H]
-

579

C24H28N4O11S
C15H21N3O4S

C24H26N4O8S

Retention times were obtained from the extracted ion chromatogram in positive ion mode unless no parent

molecule was found (see P12).
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S3.1.2. Nomenclature of the transformation products
The β-lactam thiazolidine ring system can be derived from L-cysteine and D-valine, which
form a cyclic dipeptide (Scheme S5). Amoxicillin can be obtained from 6-aminopenicillanic
acid by acylating with 4-hydroxy-D-phenylglycine.

Scheme S5. Derivation of the structure of amoxicillin
The IUPAC names of the products from Scheme 4 and 5 (Section 5.1.2) are shown in
Table S3. The configuration is assigned in case it was obvious otherwise it is not shown. In
the latter case the configuration is not included in the name either. The first row shows the
atomic numbering of the bicyclic system of amoxicillin, which is followed by the oxidation
products in a row.
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Table S3. Nomenclature of the transformation products. Structures are shown assuming that
the stereochemistry of the parent molecule is retained
Compound

IUPAC name

4-thia-1-azabicyclo[3.2.0]heptan-7-one

(2S,5R,6R)-6-{[(2R)-2-amino-2-(4hydroxyphenyl)acetyl]amino}-3,3-dimethyl7-oxo-4-thia-1-azabicyclo[3.2.0]heptane-2carboxylic acid

(2S,5R,6R)-6-{[(2R)-2-amino-2-(2,4- or 3,4dihydroxyphenyl)acetyl]amino}-3,3dimethyl-7-oxo-4-thia-1azabicyclo[3.2.0]heptane-2-carboxylic acid

(2S,5R,6R)-6-{[(2R)-2-amino-2-(4hydroxyphenyl)acetyl](hydroxy)amino}-3,3dimethyl-7-oxo-4-thia-1azabicyclo[3.2.0]heptane-2-carboxylic acid

(2S,5R,6R)-6-{[(2R)-2-amino-2-(4hydroxyphenyl)acetyl]amino}-3,3-dimethyl4,7-dioxo-4λ4-thia-1azabicyclo[3.2.0]heptane-2-carboxylic acid
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(5R,6R)-6-{[(2R)-2-amino-2-(4hydroxyphenyl)acetyl]amino}-7-oxo-4-thia1-azabicyclo[3.2.0]hept-2-ene-2-carboxylic
acid

N-[(5R,6R)-3-formyl-3-methyl-2,4,7-trioxo4λ4-thia-1-azabicyclo[3.2.0]heptan-6-yl]-2(2,4- or 3,4-dihydroxyphenyl)acetamide

(2R)-2-amino-N-[(5R,6R)-3-formyl-3methyl-2,7-dioxo-4-thia-1azabicyclo[3.2.0]heptan-6-yl]-2-(4hydroxyphenyl)acetamide

(2R)-2-amino-N-[(5R,6R)-3,3-dimethyl-7oxo-4-thia-1-azabicyclo[3.2.0]heptan-6-yl]2-(4-hydroxyphenyl)acetamide

(2S or 2R,4S)-2-[(R)-{[(2R)-2-amino-2-(4hydroxyphenyl)acetyl]amino}(carboxy)meth
yl]-5,5-dimethylthiazolidine-4-carboxylic
acid
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(4S)-2-[(R)-{[(2R)-2-amino-2-(2,4- or 3,4dihydroxyphenyl)acetyl]amino}(carboxy)met
hyl]-5,5-dimethyl-1-oxo-1λ4-thiazolidine-4carboxylic acid

(4S)-2-[(R)-{[(2R)-2-amino-2-(4hydroxyphenyl)acetyl]amino}(carboxy)meth
yl]-5,5-dimethyl-1-oxo-1λ4-thiazolidine-4carboxylic acid

(4S)-2-[(R)-{[(2R)-2-amino-2-(4hydroxyphenyl)acetyl](hydroxy)amino}(carb
oxy)methyl]-5,5-dimethyl-thiazolidine-4carboxylic acid

(2S or 2R,4S)-2-({[(2R)-2-amino-2-(4hydroxyphenyl)acetyl]amino}methyl)-5,5dimethylthiazolidine-4-carboxylic acid

(4S)-2-({[(2R)-2-amino-2-(4hydroxyphenyl)acetyl](hydroxy)amino}meth
yl)-5,5-dimethylthiazolidine-4-carboxylic
acid
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(2S,5R,6R)-6-{[(2R)-2-{[(2R)-2-amino-2-(4hydroxyphenyl)acetyl]amino}-2-(4hydroxyphenyl)acetyl]amino}-3,3-dimethyl7-oxo-4-thia-1-azabicyclo[3.2.0]heptane-2carboxylic acid

(2S,5R,6R)-6-{[(2R)-2-{[(2R)-2-amino-2(2,4- or 3,4-dihydroxyphenyl)acetyl]amino}2-(2,4- or 3,4dihydroxyphenyl)acetyl]amino}-3,3dimethyl-7-oxo-4-thia-1azabicyclo[3.2.0]heptane-2-carboxylic acid

(4S)-2-[(R)-{[(2R)-2-{[(2R)-2-amino-2-(2,4or 3,4-dihydroxyphenyl)acetyl]amino}-2(2,4- or 3,4dihydroxyphenyl)acetyl](hydroxy)amino}(ca
rboxy)methyl]-5,5-dimethylthiazolidine-4carboxylic acid

(4S)-2-{(2R,5R)-4-[(2R)-2-amino-2-(4hydroxyphenyl)acetyl]-5-(4-hydroxyphenyl)3,6-dioxopiperazin-2-yl}-5,5dimethylthiazolidine-4-carboxylic acid
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(3R,6R)-1-[(2R)-2-amino-2-(2,4- or 3,4dihydroxyphenyl)acetyl]-6-(2,4- or 3,4dihydroxyphenyl)-3-[5,5-dimethyl-4oxothiazolidine-2-yl]piperazine-2,5-dione

(4S)-2-{(2R,5R)-4-[(2R)-2-amino-2-(4hydroxyphenyl)acetyl]-5-(4-hydroxyphenyl)3,6-dioxopiperazin-2-yl}-5,5diformylthiazolidine-4-carboxylic acid

(4S)-2-{(2R,5R)-4-[(2R)-2-amino-2-(4hydroxyphenyl)acetyl]-5-(4-hydroxyphenyl)3,6-dioxopiperazin-2-yl}-3-hydroxy-5,5dimethylthiazolidine-4-carboxylic acid

(2S,5R,6R)-6-{bis[(2R)-2-amino-2-(4hydroxyphenyl)acetyl]amino}-3,3-dimethyl7-oxo-4-thia-1-azabicyclo[3.2.0]heptane-2carboxylic acid
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(2S,5R,6R)-6-{bis[(2R)-2-amino-2-(4hydroxyphenyl)acetyl]amino}-3,3-diformyl7-oxo-4-thia-1-azabicyclo[3.2.0]heptane-2carboxylic acid

(4S)-2-[(2R,5R)-5-(4-hydroxyphenyl)-3,6dioxopiperazin-2-yl]-5,5dimethylthiazolidine-4-carboxylic acid

(4S)-2-[(2R,5R)-5-(4-hydroxyphenyl)-3,6dioxopiperazin-2-yl]-5,5-dimethyl-1-oxo1λ4-thiazolidine-4-carboxylic acid

(4S)-2-[(2R,5R)-5-(2,4- or 3,4dihydroxyphenyl)-3,6-dioxopiperazin-2-yl]5,5-dimethylthiazolidine-4-carboxylic acid

(3R,6R)-3-[5,5-dimethyl-4-oxothiazolidine-2yl]-6-(4-hydroxyphenyl)piperazine-2,5-dione
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S3.2. FTIR band assignment
The carbonyl stretching of the carboxyl group and the amide N-H bending are assigned to
the absorption band peaking at 1685 cm-1. The bands at 1615 cm-1, 1578 cm-1, 1457 cm-1 and
1328 cm-1 come from the aromatic ring with C-C stretching and C-H bending [54].
Furthermore, the strong absorption band at 1398 cm-1 can be assigned to the symmetric -CH3
bending and the one at 1251 cm-1 to the C-H bending. The 1515 cm-1 band can represent the
C-N stretching of the amide bond.
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S3.3. The effect of oxidation products of penicillin derivatives on bacterial strains (Objective
IV)
S3.3.1. Final product analysis
For product analysis, 0.5 mmol dm-3 cloxacillin (CLX) solution was irradiated with a dose
of 0.8 kGy (0.224 mmol dm-3 OH), since the highest abundance of the products (see Table
S4; P1-P40) were found under this condition. Chromatograms in Figure S12 indicate that
some of the products appear only in positive/negative ion mode due to the absence of
protonatable/deprotonatable functional groups. MS/MS analysis was performed in both or
only in one ionization mode according to this feature.
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Figure S12. Total ion chromatogram of cloxacillin subjected to a dose of 0.8 kGy in negative
(A) and in positive (B) ion mode with UV spectrum (C) obtained at 235 nm; in (D) EIC of
the increasing impurity of the same irradiated solution shown at m/z 454
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Table S4. Summary of LC/ESI-MS/MS analysis of cloxacillin subjected to a dose of 0.8 kGy
Positive
Negative
ion
ion
mode
mode
Compound
P1
P2
P3
P4
P5
P6
P7
P8
P9
P10
P11
P12
P13
P14
P15
P16
P17
P18
P19
P20
P21
P22
P23
P24
P25
P26
P27
P28
P29
P30
P31
P32
P33
P34
P35
P36
P37
P38
P39
P40

EIC retention
time (min)
1.089
1.229
1.256
1.291
1.414
1.581
1.668
2.011
2.160
2.380
2.547
3.073
3.109
3.530
3.697
3.714
4.031
4.382
4.812
5.128
5.198
5.427
5.488
5.681
5.796
5.822
6.041
6.094
6.217
6.337
6.597
6.881
7.080
7.095
7.104
7.113
7.350
7.640
8.402
8.774

[M+H] +

MS/MS fragmentation mode

[M-H] 

Chemical formula

454
438
454
468
492
432
249
386
585
486
462
422
295
452
410
454
438
454
410
486
496
452
452
452
452
452
436
438
436
436
404
537

negative ion mode
positive ion mode
negative ion mode
positive/negative ion mode
negative ion mode
positive ion mode
positive ion mode
negative ion mode
positive ion mode
positive/negative ion mode
positive ion mode
negative ion mode
positive ion mode
negative ion mode
positive ion mode
positive/negative ion mode
positive/negative ion mode
positive/negative ion mode
negative ion mode
positive ion mode
positive ion mode
positive/negative ion mode
positive ion mode
negative ion mode
positive ion mode
negative ion mode
positive/negative ion mode
negative ion mode
positive/negative ion mode
positive/negative ion mode
positive/negative ion mode
positive/negative ion mode
positive/negative ion mode
negative ion mode
positive ion mode
negative ion mode
negative ion mode
positive/negative ion mode
negative ion mode
negative ion mode

327
452
331
436
386
452
436
430
247
384
583
484
420
293
450
498
408
436
516
408
484
494
468
450
450
450
450
450
434
436
392
434
434
402
535

C13H16N2O6S
C19H20ClN3O6S
C13H20N2O6S
C19H20ClN3O5S
C15H18ClN3O5S
C19H20ClN3O6S
C19H18ClN3O7S
C19H20ClN3O5S
C17H18ClN3O10S
C18H26ClN3O5S
C9H13ClN2O4
C16H20ClN3O4S
C25H33ClN4O6S2
C19H20ClN3O8S
C18H24ClN3O7S
C18H16ClN3O5S
C13H11ClN2O4
C19H18ClN3O6S
C19H18ClN3O9S
C18H20ClN3O4S
C19H20ClN3O6S
C19H21ClN3O6S
C19H20ClN3O6S
C19H20ClN3O10S
C18H20ClN3O4S
C19H20ClN3O8S
C19H14ClN3O9S
C19H20ClN3O7S
C19H18ClN3O6S
C19H18ClN3O6S
C19H18ClN3O6S
C19H18ClN3O6S
C19H18ClN3O6S
C18H14ClN3O6S
C18H16ClN3O6S
C18H20ClN3O3S
C18H14ClN3O6S
C19H18ClN3O5S
C17H10ClN3O5S
C21H17ClN4O7S2
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MS/MS interpretations for cloxacillin (P38) at 7.640 min
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Figure S13. EIC at m/z 436 and m/z 434 in positive (A) and negative (B) ion mode,
respectively
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Figure S14. ESI-MS/MS analysis of [CLX+H] (A) and [CLX-H] (B) at a collision energy
of 30 eV
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Table S5. ESI-MS/MS analysis of [CLX+H]+ and [CLX-H] at collision energies from
0 to 50 eV (a fragment with high intensity is highlighted with red color)
Negative ion mode;
Positive ion mode;
Precursor ion: [M+H]+ = 436
Precursor ion: [M-H] = 434
Collision
energy (eV)
0
5

Fragment ions

Fragment ions

408; 277; 249; 222; 220; 206; 178; 160;
114
408; 277; 249; 222; 220; 206; 178; 164;
160; 114

390; 354; 356; 293; 275; 257; 214; 156; 138;
114; 75
390; 356; 354; 293; 275; 257; 250; 242; 214;
156; 138; 114; 75
390; 354; 356; 293; 275; 259; 257; 250; 242;
234; 224; 223; 219; 214; 199; 156; 154; 138;
114; 75
293; 257; 242; 234; 229; 224; 223; 215; 214;
213; 211; 208; 199; 195; 192; 182; 181; 168;
156; 154; 138; 114; 100; 96; 94; 90; 83; 82; 75;
72
293; 257; 242; 229; 224; 223; 214; 211; 207;
199; 192; 186; 182; 171; 168; 156; 154; 141;
126; 118; 114; 111; 107; 100; 96; 94; 90; 83;
82; 75; 72; 71; 67
257; 242; 224; 214; 213; 199; 182; 171; 168;
156; 154; 145; 142; 126; 118; 114; 100; 98; 94;
90; 83; 82; 80; 75; 73; 72; 71; 67; 66

10

408; 277; 249; 222; 220; 206; 178; 164;
160; 114; 100

20

408; 277; 249; 233; 222; 220; 206; 191;
180; 178; 164; 162; 160; 142; 114; 100; 87;
72

30

40

50

277; 235; 233; 231; 222; 220; 206; 204;
191; 180; 178; 176; 164; 162; 160; 156;
152; 150; 142; 137; 128; 126; 114; 111;
100; 98; 87; 72; 70
235; 233; 231; 222; 206; 204; 191; 180;
178; 176; 164; 162; 160; 156; 152; 150;
142; 137; 114; 111; 87; 72; 70
222; 206; 204; 191; 189; 180; 178; 176;
169; 164; 162; 160; 156; 152; 150; 142;
137; 129; 128; 123; 114; 111; 102; 98; 87;
81; 75; 72; 70

241; 224; 213; 199; 182; 181; 171; 168; 141;
118; 114; 109; 100; 90; 87; 83; 82; 80; 75; 73;
72; 71; 66

Fragmentation pattern and interpretations

In negative ion mode, the fragment originating from CO2 release from the carboxyl group
(m/z 390), the fragment at m/z 293 and at m/z 257 exhibited strong intensity. HCl release
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took place from m/z 390 and m/z 293. The cleavage of the amide linkage leads to m/z 214
and m/z 219. m/z 242 is also a dominant fragment in negative ion mode. The fragmentation
of the aminopenicillanic acid moiety yields mainly m/z 156, m/z 114 and the small fragments
m/z 141, 100, 87, 83, 82, 72 and 71 at high energies. The isoxazole moiety is represented
with fragments at m/z 80 and m/z 66. The fragments at m/z 90 and m/z 75 are attributed to
the disintegration of the benzene ring after HCl loss.

In positive ion mode CO deliberation from the β-lactam carbonyl was observed. m/z 277,
220, 178 and 160 (the thiazolidine ring fragment) showed strong intensity at lower collision
energies. Fragmentation of the thiazolidine ring gives rise to m/z 129, 102, 100, 87, 75, 72.
m/z 111 belongs to the benzene ring. HCl release does not take place in positive mode.
Changes compared to the fragmentation of the parent compound, the presence or absence
of dominant fragments, in some cases even the isotopic pattern facilitates the product
identification.

The product analysis was performed for each of the products (P1-40) according to
Table S4. The fragmentation patterns and interpretations for each of these products are
not shown to keep the work concise.
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S3.4. One-electron oxidation mechanism of penicillins in relation to Advanced Oxidation
Processes (Objective V)
To generate Cl2− efficiently high Cl− concentration was applied relative to the penicillin
derivative (≤ 1% of the salt) and the pH of the solution was adjusted to 2 [55]. Several
reactions take place under the conditions used in the experiments as listed in Table S6
[56,57]. Cl2− has an absorption band with λmax = 340 nm (e.g. see Figure 22A) and
ε340 = 9600 mol-1 dm3 cm-1 [58], the contribution of the absorption from Cl (ε340 = 3800
mol-1 dm3 cm-1 [59]) is insignificant since its concentration is very low in equilibrium [56].
Table S6. Plethora of reactions that take place in the system with Cl2− [56]


−

OH + Cl ⇄ ClOH
−

−

(S1)


ClOH + H ⇄ (HOClH)
+



(S2)



(HOClH) ⇄ Cl + H2O

(S3)

k1 = 4.3 × 109 mol-1 dm3 s-1
k-1 = 6.1 × 109 s-1
k2 = 3 × 1010 mol-1 dm3 s-1
k-2 = 1 × 108 s-1
k3 = (5  2) × 104 s-1
k-3 = 2.5 × 105 s-1
k4 = 8.5 × 109 mol-1 dm3 s-1

Cl− + Cl ⇄ Cl2−

Cl2−

(S4)



+ H2O ⇄ (HOClH) + Cl

−

(S5)

k-4 = 6 × 104 s-1
K4 = 1.4 × 105 mol-1 dm3
k5 = 1300 s-1
k-5 = (8  2) × 109 mol-1 dm3 s-1

Cl2− + OH− → ClOH− + Cl−

(S6)

k6 = 4 × 106 mol-1 dm3 s-1

Cl2− + Cl2− → Cl2 + 2 Cl−

(S7)

logk7 = 8.8 + 1.6 × I1/2/(I1/2+1)

Cl2 + H2O → ClOH + Cl− + H+

(S8)

k8 = 11 s-1

Cl2 + Cl− ⇄ Cl3−

(S9)

K9 = 0.18 mol-1 dm3

Cl2− + penicillins → products

(S10)

k10 = ??

Cl + penicillins → products

(S11)

k11 = ??

In the absence of suitable reaction partner, the decay of Cl2− monitored at 340 nm follows
mixed first- and second-order kinetics owing to reactions (S3), (S4), (S5), (S6) and (S7). The
reactions of Cl/Cl2− with water generates a complex system with a series of equilibria
[60,61]:
Cl2−/Cl + H2O ⇄ HOClH ⇄ H+ + HOCl− ⇄ HO + Cl−

(S12)
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This system (S12) lies far to the right in acidic/neutral solution and [Cl−] < 0.1 mol dm-3.
When penicillins are added to the system, the decay of the 340-nm band obeys first-order
kinetics and OH are readily removed (high kOH values for the penicillins + OH reactions),
therefore, no equilibrium for (S12) is obtained. It follows that reactions (S5) and (-S3) are
simple first-order reactions. Under the conditions of our experiments (at the Cl− and
penicillins concentrations used here) it can be anticipated that equilibrium (S4) is attained
[56,60]. In this case the observed decay rate at 340 nm, k’, can be given as (SVI) indicates.
This equation applies when K24[Cl−] >> 1 and k24[Cl−] + k-24 >> (k26 + k27)[Penicillins] + k25 +
k-23 relations are true (derivation of equation SIV can be found in [60]).
k’ = k5 + k-3/(K4[Cl−]) + {k11/(K4[Cl−]) + k10}[Penicillins]

(SIV)
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