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Amoxicillin (Amx) and cephalexin (Cfx) are β-lactam antibiotics widely used in human and veterinary
medicine. Two points of interest surrounding these molecules are the photodegradation of the molecules
and their microbiological implications, as well as the persistence and bioaccumulation in the environment
which may cause resistance to bacterial strains. The kinetic and mechanistic aspects of the
photosensitized degradation of Amx and Cfx have been studied in water at pH 7.4 and 10 by stationary
and time-resolved methods. Kinetic evidence indicates that the Rose Bengal-sensitized photooxidation of
Amx at pH 7.4 proceeds via O2(1Δg) and O•−

2 mechanisms while at pH 10 the degradation path occurs,
principally, via O2(

1Δg). For Cfx, this process is attributed to O2(
1Δg) and O•−

2 . Photoproducts, which arise
from the addition of oxygen atoms and subsequent oxidation of the groups –CH3 to –COOH, were
detected. For both antibiotics the bacteriostatic activity decreases in parallel to their photodegradation.
The results of this study could potentially help scientists to better understand and predict the
photodegradability of these antibiotics on living organisms and in different environmental compartments.
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Introduction
Pharmaceutical drugs, such as antibiotics, belong to
the class of biologically active and commercially valu-
able substances. The degradation of these kinds of
compounds is relevant and has received particular
attention from two aspects:

1. Related to the evaluation of the kinetic aspects
involved in the photooxidative damage and micro-
biological implications of the process on the specific
therapeutic properties,1,2 and

2. Concerned to the degradation of this class of organic
pollutants due to the persistence and bioaccumula-
tion of these compounds in the environment.3,4

In this work we are specifically interested in the first
aspect.
In biological systems, under normal conditions and

particularly, in oxidative stress scenarios, different

reactive oxygen species (ROS) can be produced.
Owing to the fact that the already mentioned species
and the different pharmaceutical can be localized in
the same microenvironment, there is great relevance
to the study of the photodegradation of pharmaceuti-
cals mediated by ROS. In this context, it is interesting
to investigate the microbiological implications that
arise from the photodegradative process of antibiotics.
For this study, β-lactam antibiotics (Antb) have

been selected. These Antb belong to the most widely
used in human and veterinary medicine due to high
therapeutic efficiency.4–6 This class of antibiotics acts
at the last stage in the synthesis of bacterial cell wall
by inhibiting the enzymes that catalyze this
process.7,8 Specifically, in this paper, amoxicillin
(Amx) and cephalexin (Cfx) have been used. Amx is
a broad spectrum amino penicillin antibiotic whereas
Cfx is a very important alternative in the treatment
of infections caused by Staphylococcus aureus.9,10

This bacterium has been chosen for the microbiologi-
cal assay due to the relevance of this class of micro-
organisms. They can cause serious multiple
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infections either community-acquired or nosocomial,
including boils, abscesses, endocarditis, osteomyelitis,
sepsis and septic shock. They can also infect pace-
makers, artificial heart valves, and joint implants.11

The purpose of this work is to investigate, in vitro,
the kinetic and mechanistic aspects of the photosensi-
tized degradation process of Amx and Cfx and their
possible implications in the antimicrobial activity. To
this aim, several specific objectives have been pro-
posed: the study of Amx and Cfx ROS photodegrada-
tion-mediated under different pH conditions; a
structure-photooxidability comparative kinetic study,
a photoproducts analysis and the evaluation of the
antimicrobial activity of photodegraded antibiotics.

Materials and methods
Materials
Rose Bengal (RB), Perinaphtenone (PN), Amx, Cfx,
sodium azide (NaN3), superoxide dismutase (SOD)
were purchased from Sigma-Aldrich (Capital
Federal, Argentina) S.A. Deuterated water (99.9%),
KH2PO4, Na2 HPO4.12H2O, NaOH, and KOH were
obtained from Aldrich. Ammonium acetate, metha-
nol, and glycerol high-performance liquid chromato-
graphy (HPLC) quality were provided by Sintorgan
(Buenos Aires, Argentina). Phenol was purchased
from Carlo Erba (Sabadell, Spain).

Bacterial isolates
Two isolates belonging to the genus Staphylococcus,
Staphylococcus aureus ATCC 25923 and DM1 were
used in the experiments. The ATCC 25923 strain was
isolated from animal infection; and the DM1 strain
was isolated from human nosocomial infection in
Rio Cuarto, Córdoba, Argentina. Staphylococcus
aureusATCC 25923 was selected for these experiments
for its resistance to different antibiotics.
The isolates belong to the Microbiology

Department bacterial collection of the National
University of Rio Cuarto, Cordoba, Argentina. They
were maintained at −20°C in 30% glycerol.

Culture media
The culture media used were purchased from
Laboratorios Britania S.A. (Buenos Aires, Argentina).
These media were Mueller Hinton agar (MHA; meat
infusion 300 g; peptone casein acid 17.5 g; starch 15 g;
agar 15 g; distilled water 1000 ml) and nutrient broth
(NB: meat extract 3 g; soy peptone 5 g; NaCl 8 g; dis-
tilled water 1000 ml). Both media were autoclaved at
121°C for 20 minutes.

Methods
Steady-state photolysis
Stationary aerobic photolysis of water solution con-
taining Antb and RB (Abs549= 0.5, (RB)≈ 6 ×
10−6 M) or PN (Abs365= 0.5, (PN)≈ 5 × 10−6 M)

was carried out in a home-made photolyser. This is pro-
vided with a quartz-halogen lamp (OSRAM
XENOPHOT HPLX 64640, 150 w–24 V G35,
OSRAMAusgsburg,Germany) which generates a con-
tinuous light that ranges from the central ultraviolet
through the visible and into the infrared wavelength
regions (ca. 300–2000 nm). A cut-off filter of λ> 320
was used in order to ensure that the light was only
absorbed by the photosensitizer. The light was passed
through a water filter and focused on the reaction
vessel (either a hermetically sealed reaction cell with
an oxygen electrode, or a 1 × 1 cm spectrophotometric
cuvette) containing the continuously stirred solutions.

The experiments were performed in water at pH 7.4
for both Antb. Particularly, in the case of Amx, due to
the presence of a phenolic group, alkaline conditions
were also used in order to investigate the effect of
the pH.

A specific oxygen electrode Orion 97-08 was
employed for oxygen consumption.

From oxygen uptake vs. irradiation time plots, the
initial slopes were determined in order to evaluate
the relative rates of oxygen consumption. SOD was
used in order to investigate whether superoxide anion
radical (O•−

2 ) is involved in the photooxidation
process. In this sense, oxygen uptake experiments
were done in the absence and in the presence of
1 mg/100 ml SOD.

Reactive rate constants (kr) (process [12], Scheme 1)
for the reaction of the Antb with O2(

1Δg) was deter-
mined by a comparative method,12 for which a knowl-
edge of the reactive rate constants for the
photooxidation of a reference compound R is required.

SlopeAntb/SlopeR = krAntb/krR (1)

where slopeAntb and slopeR are the respective slopes of
their pseudo first order plots of Antb and reference con-
sumption respectively upon sensitized irradiation. The
reference compound and Antb were used at identical
concentration; oxygen uptake in water was monitored,
instead of substrate consumption. Assuming that the
reaction of O2(

1Δg) with the quencher is the only
means of oxygen consumption, the ratio of the first
order slopes of oxygen uptake by the reference com-
pound and the substrate, each at the same concen-
tration (slope reference/slope substrate), yields kr/
krR. Phenol was used as a reference compound (R),
with a krR value13 of 2.6 × 106 M−1 s−1 (at pH 7.4)
and 5.0 × 106 M−1 s−1 (at pH 10).

The absorption spectra were measured employing
Hewlett Packard 8452A diode array spectrophotometer
(Agilent Technologies, Wokingham, UK).

Time-resolved O2(
1Δg) phosphorescence detection

The laser-kinetic spectrophotometer for time-resolved
O2(

1Δg) phosphorescence detection has been
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previously described.14 In brief, it consisted of a
Nd:YAG laser (Brilliant, laser pulses 30 mJ per
pulse, ca. 4 ns FWHM) was the excitation source.
The irradiance at the surface of the solution was
1.1 × 1013 W/m2. The output at 355 nm was employed
to excite the photosensitizer PN.
The emitted radiation (mainly 1270 nm) was detected

at right angles using an amplified Judson J16/8Sp ger-
manium detector after passing through appropriate
filters. The output of the detector was coupled to a
digital oscilloscope and to a personal computer for
signal processing. Sixteen shots were used usually aver-
aged in order to get a good signal-to-noise ratio, from
which the decay times were determined. The absor-
bance of the photosensitizer, PN, was 0.2–0.3 at the
excitation wavelength. The kinetic decays of the phos-
phorescent signals were first order in all cases. The
experiments were done in D2O, due to the enlargement
of the O2(

1Δg) lifetime in this solvent.15

The rate constants kt (addition kq+ kr, processes
[11] and [12], respectively, in Scheme 1) were deter-
mined from a Stern–Volmer treatment (Eq. 2),

τ0/τ = 1+ ktτ0 Antb[ ] (2)

where τ0 and τ represent the O2(
1Δg) phosphorescence

lifetime in the absence and in the presence of Antb,
respectively.

Laser flash photolysis experiments
Triplet quenching was determined by laser flash pho-
tolysis. A Spectron SL400 Nd:YAG laser generating
532 nm laser pulses (20 mJ per pulse, ca. 18 ns
FWHM) was the excitation source. The irradiance at
the surface of the solution was 1.1 × 1010 W/m2. The
laser beam was defocused in order to cover all the
path length (10 mm) of the beam being analyzed
from a 150-WXe lamp. The experiments were per-
formed with rectangular quartz cells with right angle
geometry. The detection system comprises a PTI
monochromator coupled to a Hamamatsu R666 PM
tube. The signal was acquired by a digitizing scope

(Hewlett-Packard 54504, Agilent Technologies, Santa
Clara, CA, USA) where it was averaged and then
transferred to a computer. All the kinetic determi-
nations were performed at 25± 1°C. For the laser pho-
tolysis experiments the solutions were de-oxygenated
by bubbling during 30 minutes with high purity argon.
Solutions of RB with absorbance ca. 0.2–0.3 at the

excitation wavelength were used.
In order to avoid undesired effects such as self-

quenching and triplet–triplet annihilation, the disap-
pearance of electronically triplet excited state of RB
(3RB*) was measured at low dye concentration (typi-
cally 0.02 mM) and at low laser energy. The decays
of 3RB* were monitored from the first-order decay
of the absorbance at 650 nm, a zone where the interfer-
ence from other possible species is negligible.
A Stern–Volmer treatment was applied (Eq. 3) in

order to determine the rate constants values of
process [9], (3kq)

3τ0/
3τ = 1+ 3kq 3τ0 Antb[ ] (3)

where 3τ0 and
3τ are the respective lifetimes of 3RB* in

the absence and in the presence of Antb.

HPLC-mass analysis
HPLC-mass analysis has been done in order to eluci-
date the nature of the photoproducts. Steady-state
photolysis experiments with air-saturated RB sol-
utions were irradiated with the setup described
above. The samples were analyzed with a chromato-
graph Thermo Scientific Accela, equipped with a qua-
ternary pump, an autosampler and a system
spectrometric ion trap (Thermo Scientific LTQ XL)
with electrospray ionization interface. A RP-C18
column (150 mm × 2,1 mm × 5 μm) was used. The
analysis was carried out at room temperature, using
isocratic elution with methanol:water (9:1 v/v) plus
ammonium acetate (0.2 mM) as eluent at a flow rate
of 0.2 ml per minute, injecting 10 μl. Mass spectra
were recorded in both positive and negative ion modes.

Scheme 1 Main processes in the photosensitized degradation of the antibiotics (Antb). S, photosensitizer; P, products.
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Microbiological assay
Staphylococcus aureus ATCC 25923 was used as the
control treatment. Both bacterial strains were initially
grown in NB medium at 37°C to obtain a cell suspen-
sion of 1.5 × 108 cfu ml−1. After incubation, bacterial
suspensions were homogeneously spread onto the
MHA plates. The bacteriostatic activity of 0.7 mM
Amx and 1.0 mM Cfx in solution with RB (Abs549=
0.5) at pH 7.4 against S. aureus ATCC 25923 and
S. aureus DM1 was evaluated employing a modifi-
cation of Kirby–Bauer methodology,16 in which filter
paper disks of 6-mm diameter containing Antb sol-
utions at different irradiation times were placed onto
MHA plates surface with the bacterium. The plates
were incubated at 37°C for 24 hours and the inhibitory
activity was evaluated by measuring the diameter of
clear zone around the disks before (H0) and after (H)
photolysis. In all cases, the experiments were carried
out in triplicate per treatment.

Results and discussion
Reaction scheme
The processes involved in the generation of ROS by
visible light irradiation of the photosensitizer S sol-
utions in the presence of Antb are shown in
Scheme 1. Two photosensitizers were employed in
the present work: RB which is well established as an
important photosensitizer for oxidation reactions and
has been used widely in biology and chemistry17–19

and, PN, as an auxiliary photosensitizer in order to
evaluate the kinetic process mediated exclusively by
O2(

1Δg). Both are efficient O2(
1Δg) photogenerators

with quantum yields for the production of this oxi-
dative species of 0.70 and 1.0 for RB20 and PN,21

respectively, in water. By absorption of a photon,
S gives rise to its electronically excited singlet state
(process [1]) and, through intersystem crossing, to its
electronically excited triplet state (process [3]). The
last state can transfer energy and/or an electron to
ground state oxygen (O2(

3Σg
−)) in the aerated solution,

generating O2(
1Δg) (process [7]) and/or O•−

2 (process
[8]). Particularly, for RB a quantum yield in water of
0.2 has been informed17,22,23 for the process [8].
O2(

1Δg) and O•−
2 have been reported as reactive

species for oxidation of different substrates.17,18,24

The species O2(
1Δg) can decay by collision with

solvent molecules (process [10]), and can interact phys-
ically (rate constant kq) and/or chemically (rate con-
stant kr) with Antb (processes [11] and [12],
respectively), with overall rate constant kt= kq+ kr.

Stationary photolysis of Antb upon
photosensitization
The visible-light irradiation of air-equilibrated
aqueous solution of Amx and Cfx in the presence of
RB (Abs549= 0.5) or PN (Abs365= 0.5) modifies the

absorption spectra of Antb. In parallel, oxygen con-
sumption has been observed.

For Amx, the magnitude of the spectral modifi-
cations as well as oxygen uptake was different at the
two pHs assayed (7.4 and 10). As observed in Fig. 1,
the reactivity in alkaline solutions was much higher
than that observed at pH 7.4. This effect is due to
the presence of phenolate groups at pH 10, which is
more reactive than the non-ionized species, as it was
observed for other aromatic compounds with ionisable
groups such as –OH or –SH.14

From oxygen uptake vs. irradiation time plots, the
initial slopes were determined in order to evaluate
the rate of oxygen consumption (Table 1) upon RB
and PN-sensitized irradiation. A comparison of the
relative rate oxygen uptake (v−ΔO2) values employing
RB and PN as photosensitizers (Table 1) clearly indi-
cates that the respective reaction mechanisms, or the
photogenerated ROS involved are different from
each other.

Interactions photosensitizers-Antb
The quenching of electronically excited singlet state of
RB (1RB*) by Antb could not be detected in aqueous
solutions. This is most likely because in this solvent the
1RB* lifetime is very low, in the order of picose-
conds,17 and the excited singlet state cannot be inter-
cepted by Antb within the concentration range
employed in this solvent (Antb concentration up to
10 mM). Hence, the process [4] is not significant
under the typical experimental conditions employed
in this study (ca. Antb 0.5 mM).

The interaction of electronically excited triplet state
of RB (3RB*) with Antb (3kq, process [9]) was graphi-
cally quantified as shown in Fig. 2 (Table 1).

On the other hand, the interaction of Antb with
1PN* can be disregarded. This dye is an aromatic

Figure 1 Spectral changes 0.1 mM amoxicillin+Rose
Bengal (A549 = 0.5) vs. Rose Bengal (A549= 0.5) upon visible-
light photoirradiation, in aqueous solution at pH 10. Numbers
represent irradiation time in min. Inset: Oxygen uptake in the
visible-light irradiation by amoxicillin (0.5 mM) upon Rose
Bengal-sensitized photooxidation (A) pH 7.4; (B) 10.
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ketone with non-fluorescent character by virtue of a
very fast intersystem crossing. As a result, the state
3PN* is populated in the sub-nanosecond time-scale
with virtually 100% efficiency.21 Accordingly, only
triplet state processes need to be considered.
The amplitude of the signal of O2(

1Δg) generation,
employing PN as a dye photosensitizer, remained
invariant both in the absence and in the presence of
Antb in the concentration range employed (Antb con-
centration up to 0.5 mM). This experimental evidence
allows to discard an interaction Antb-3PN*, under this
work conditions. Thus, we could claim that an exclu-
sively O2(

1Δg)-mediated mechanism operates in the
PN-sensitized photodegradation of both Antb.
Results indicate that the sensitization with RB

seems to be somewhat different from that with PN,
especially on the basis of the interaction Antb-3RB*
observed, and due to the different values of v−ΔO2

found. Consequently, for RB the possibility of a
photodegradation mechanism based on the interaction
with different ROS was investigated.

Participation of reactive oxygen species in the
RB-sensitized photooxidation of Antb
As was previously described in the experimental
section, oxygen uptake experiments have been done

in the absence and in presence of 1 mg/100 ml SOD,
in order to evaluate25–27 the participation of O•−

2

(process [14]).

2O•−
2 + 2H+ + SOD � O2(3Σ−

g ) +H2O2 [14]

In the case of Amx at pH 7.4, the rate increase of
oxygen consumption due to the presence of SOD
(Fig. 2, inset I) supports the involvement of the
species O•−

2 in the proposed mechanism. It has been
reported that SOD can either inhibit or promote the
O•−

2 -mediated oxidation of different substrates.28

H2O2 appears as a product of O•−
2 dismutation

(process [14]), contributing in this way to oxygen
consumption.
For Amx at pH 10, the presence of SOD does not

produce any effect on the rate of oxygen consumption.
This result banishes a significant contribution to an
O•−

2 -mediated mechanism.
In the case of Cfx, the presence of SOD increased

the rate of oxygen consumption, as compared with
the run in the absence of SOD.
On the other hand, for both Antb at the assayed

pHs the rate oxygen uptake in the presence of NaN3

diminishes as compared with the one in the absence
of this scavenger. This fact shows the participation of
O2(

1Δg) in the RB-sensitized photodegradation of
Amx and Cfx.

Interaction of O2(
1Δg) with Antb

As it was already mentioned, the PN-sensitized photo-
degradation for both Antb proceeds exclusively via
O2(

1Δg). In this context, the contribution of O2(
1Δg)

to the photodegradation process of Antb was evalu-
ated using PN as photosensitizer.
The rate constants kt for the overall interaction

Antb-O2(
1Δg) were determined through a

Stern–Volmer treatment (Fig. 2, inset II; Table 1).
These experiments unambiguously demonstrate the
existence of this interaction, which may be physical
in nature (process [11], Scheme 1) and/or chemically
reactive (process [12]).
The reactive contribution of O2(

1Δg), kr (process
[12]) to the overall process was evaluated through
oxygen uptake measurements as it was mentioned in
the experimental section. The kr values were obtained
with phenol as a reference compound.

Table 1 Relative rates of oxygen consumption (v−ΔO2) upon RB or PN-sensitization, rate constants for reactive (kr) and overall
(kt) quenching of singlet oxygen, ratio (kr/kt) and rate constants for the quenching of 3RB* (3kq) by antibiotics

Antibiotic v−ΔO2 RB v−ΔO2 PN kr × 10−7 M−1 s−1PN kt × 10−7 M−1 s−1PN kr/kt M
−1 s−1PN 3kq × 10−7 M−1 s−1RB

Amx pH 7.4 0.03 0.02 0.15± 0.01 1.0± 0.1 0.15 2.1± 0.2
Amx pH 10 1.0 1.0 9.2± 0.9 22± 2 0.42 19± 2
Cfx pH 7.4 0.03 0.01 0.14± 0.01 14± 1 0.01 1.5± 0.1
Phenol – – 0.26± 0.02* 28± 3* 0.009 –

*pH 6, Ref13.

Figure 2 Stern–Volmer plots for the time-resolved
quenching of electronically triplet excited of Rose Bengal by
amoxicillin (A) pH 7.4; (B) pH 10. Inset I: Profiles of oxygen
consumption, upon Rose Bengal-sensitized photoirradiation
at pH 7.4 (A) Rose Bengal (A549= 0.5)+ 0.5 mM amoxicillin; (B)
Rose Bengal (A549= 0.5)+ 0.5 mM Amoxicillin+ 1 mg/100 ml
SOD. Inset II: Stern Volmer plot for the quenching of O2 (1Δg)-
phosphorescence emission by (A) amoxicillin at pH 7.4;
(B) cephalexin pH 7.4, and (C) amoxicillin at pH 10.
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Typical runs of oxygen consumption are shown in
the inset of Fig. 3. Moreover, Fig. 3 also shows the
relative rates of oxygen uptake by Amx and Cfx
compared with phenol, upon PN-photosensitized
irradiation.
The kr/kt ratio for Antb was included in Table 1.

This ratio represents the fraction of overall
substrate–O2(

1Δg) interaction that effectively leads to
chemical reaction, as it was previously described.13

In the case of Amx, which has a phenolic group in
its structure, the kr and kt values (see Table 1) are
highly dependent on the degree of ionization of –OH
group. The kr/kt ratio indicates that at pH 10 the
chemical degradation is more efficient as compared
with the results obtained at pH 7.4. On the basis of
acid–base equilibrium of Amx (pKa1= 2.4, pKa2=
7.4, and pKa3= 9.6), at pH 10 more than one half of

Amx molecules have the –OH group ionized.29,30 pH
dependence has been also observed in aromatic com-
pounds with ionisable groups such as –OH or –SH
as it was mentioned above in the text (for a review,
see reference13). In these cases, the accepted31–33 mech-
anism of said interaction is the initial formation of an
encounter complex substrate–O2(

1Δg) with partial
charge-transfer character, a formation that is favored
by the higher electron-donor ability of the ionized
species. The deactivation of this complex will merely
lead to physical quenching, whereas complete electron
transfer will produce chemical oxidation of the sub-
strate, as shown in Scheme 2. The balance between
physical and chemical quenching is a sensitive func-
tion of spin–orbit coupling properties and entropy
factors.31–33

In the case of Cfx, taking into account the pKa

values (pKa1= 2.5, pKa2= 7.3), at pH 7.4, about
50% of the Cfx molecules have the –NH2 group un-
protonated.34 Under these conditions a high predomi-
nance of the physical O2(

1Δg) quenching was observed.
For compounds with primary amino groups only phys-
ical quenching has been reported.35

Photooxidation products
Table 2 shows the data of the HPLC–MS analysis of a
RB-sensitized irradiated solution of both Antb, at pH
7.4. The samples were photolized between 1 and 5
hours in order to achieve a measurable amount of
product.

In the case of Amx (compound 1), the products arise
from the formal addition of oxygen atoms and sub-
sequent oxidation of both groups –CH3 to –COOH
(compound 2, which corresponds to assignment:
Amx+ (2COOH) – (2 CH3) in Table 2). Further-
more, Amx incorporates one –OH group to benzoic

Figure 3 Relative rates of oxygen uptake, upon
perinaphtenone-sensitized photoirradiation by (A) phenol; (B)
cephalexin and (C) amoxicillin; filled bars pH 7.4; empty bars
pH 10. The respective higher rate values of oxygen uptake
were arbitrarily normalized to one. Inset: First order plots for
the photooxidation perinaphtenone-sensitized at pH 10 (A)
phenol; (C) amoxicillin.

Scheme 2 Deactivation mechanism of O2(
1Δg) by the antibiotics (Antb).

Table 2 Analysis of the products from the RB-sensitized photooxidation of Amx and Cfx in methanol: water (9:1 v/v) plus
ammonium acetate (0.2 mM) by HPLC− isocratic elution by HPLC–MS

Compound tR (min) [M−H]− [M+H]+ Assignment

1 3.1–3.4 364 366 MAmx

2 3.1–3.4 424 426 MAmx+ 2(45)− 2(15) Amx+ (2COOH)− 2 CH3

3 3.1–3.4 – 442 MAmx+ 2(45)− 2(15)+ (17)
4 5.1–6.9 346 – MCfx

5 5.1–6.9 392 – MCfx+ (45)− (15)+ (17)
6 5.1–6.9 408 – MCfx+ (45)− (15)+ 2(17)
7 5.1–6.9 424 – MCfx+ (45)− (15)+ 3(17)

[Cfx]= [Amx]= 2 mM; tR= retention times; M, molecular mass of Amx: (MAmx)= 365; Cfx: (MCfx): 347.

Reynoso et al. Kinetic and mechanistic aspects of sensitized photodegradation of β-lactam antibiotics

Redox Report 2012 VOL. 17 NO. 6280



ring (compound 3, Amx+ (2COOH) – (2 CH3)+
(OH)). The analysis of photoproducts of Amx was
also done in alkaline conditions and similar results
were observed.
Similarly for Cfx (compound 4) the oxidation of

group –CH3 to –COOH and the addition of one
–OH group to the benzoic ring (Cfx+ (2COOH) –

(CH3)+ (OH)) (compound 5) where observed, while
the compound 6 (Cfx+ (COOH) – (CH3)+ (2OH))
arise from the incorporation of two more –OH
groups and compound 7 (Cfx+ (COOH) – (CH3)+
(3OH)) to the addition of three –OH groups to the
aromatic ring.
As shown in Table 2, in the mixture of the photopro-

ducts analyzed for both Antb separately, a fraction of
them without photooxidation remain present (com-
pound 1 and compound 4) (Scheme 3).

Microbiological analysis
The microbiological activity of 0.7 mM Amx
or 1.0 mM Cfx visible-light irradiated solutions, in
the presence of RB in sensitizing concentrations, was
determined at pH 7.4 by evaluation of the inhibition
halo before (H0) and after (H) photolysis (Fig. 4).
The reference strain S. aureus ATCC 25923 was

resistant to both Antb before and after photolysis,
which indicates the multiresistance of this strain as
was already observed against other Antb.36

Fig. 4 shows the relative rates of bactericidal activity
of Antb with increasing photolysis time and the inset,
the absorbance changes as a function of irradiation
time. The results clearly show a decrease of the bacteri-
cidal activity of Amx and Cfx for the strain S. aureus

DM1 as a consequence of the photosensibilized
process. The observed behavior suggests that the
photodegradation products have no inhibitory activity
on the strain S. aureus DM1, under the experimental
conditions studied.
Similar results were obtained in O2(

1Δg)-mediated
photooxidations with other antibiotics such as sulfa
drugs,37 thiazoles1 and tetracyclines2 against microor-
ganisms like S. aureus, Bacillus subtilis, and
Pseudomonas aeruginosa.
More recently, photocatalytic decomposition of ery-

thromicin in water38 has shown a similar behavior. In

Scheme 3 Chemical structures of antibiotics amoxicillin (Amx) and cephalexin (Cfx) and tentative structures of the detected
products in the RB-sensitized photodegradation of the Antb.

Figure 4 Relative rates of decrease of the bactericidal
activity of (A) amoxicillin and (B) cephalexin at pH= 7.4 upon
Rose Bengal-sensitized photoirradiation. H and H0 represent
the diameter of the inhibitory halo (the clear zone around the
disks for Staphylococcus aureus) in a culture medium of
Staphylococcus aureus. Inset: Spectral evolution of
cephalexin, upon Rose Bengal-sensitized, as a function of
photoirradiation time, in minutes.
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this case, the degradation intermediates do not have
antimicrobial activities against the tested Escherichia
coli bacteria.

Conclusions
The antibiotics Amx and Cfx are degraded in aqueous
solutions under visible-light irradiation in the presence
of photosensitizers such as RB or PN through different
mechanisms.
In the presence of PN, both Antb are photooxidized

by a O2(
1Δg)-mediated mechanism. In the case of

Amx, in similitude to other compounds with ionisable
–OH groups, this process is more efficient in alkaline
medium where the phenol group is ionized. The photo-
degradation of Cfx has an important contribution
from the physical O2(

1Δg) quenching.
With RB, the photoxidation of Amx at pH 7.4 pro-

ceeds via O2(
1Δg) and O•−

2 mechanisms while at pH 10
the degradation path occurs, mainly, via O2(

1Δg). For
Cfx, the photooxidation process is attributed to
O2(

1Δg) and O•−
2 . The bactericidal activity of both

Antb decreases in parallel with the photodegradation
of the pharmaceuticals.
HPLC/MS analysis of the reaction mixture

Antb–RB shows that the products result from the
addition of oxygen atoms to Antb and subsequent oxi-
dation of the groups –CH3 to –COOH. Furthermore,
–OH groups are added to benzoic ring. The presence
of Antb in the analyzedmixture indicates that these sub-
strates are not totally degraded under the conditions
used.
The microbiological experiments have shown that

the sensitized photo-oxidation produces a clear
decrease in the microbiological activity of the Antb.
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