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Vancomycin-sensitized photooxidation in the
presence of the natural pigment vitamin B2:
Interaction with excited states and
photogenerated ROS
D. Cacciari, E. Reynoso, M. B. Spesia, S. Criado, M. A. Biasutti

Departamento de Química, Universidad Nacional de Río Cuarto, Rio Cuarto, Argentina

Sensitized photooxidation processes in the presence of natural pigments may provide an alternative to
antibiotics degradation since these compounds are transparent to natural light irradiation, therefore, they
can be degraded by the action of photosensitizers which absorb light and produce highly reactive
species, especially those derived from molecular oxygen (ROS). Most antibiotics used currently belong to
a group of pharmaceutical substances that have been considered a new type of contaminants due to their
persistence and bioaccumulation in the environment.
Objective: In this context, we decided to investigate the kinetic and mechanistic aspects of Vancomycin
(Vanco) photosensitized degradation in the presence of the natural pigment Riboflavin (Vitamin B2, Rf)
and the artificial dye Rose Bengal (RB) for comparative purposes.
Methods: The study have been done by using Stationary photolysis, Laser flash photolysis, Time-resolved
phosphorence detection of O2(1Δg) experiments and Bactericidal activity evaluation. The experiments
were carried out in aqueous solution at different pH values in order to establish relationships between the
structure of the compound and its susceptibility to ROS-mediated photooxidation.
Results: Experimental evidence indicates that in the presence of Rf there is considerable contribution of the
radical-mediated mechanism, while in the presence of RB the photooxidation process occurs exclusively
through O2(1Δg) and the reactivity to this excited species increases with increasing pH of the environment.
Discussion: The results obtained, have been shown that Rf can raise the photodegradation of Vanco by both
the radical pathway and the O2(1Δg) mediated. Furthermore, the antibiotic is able to interact with the excited
electronic states of Rf as well as O2(

1Δg) generated by energy transfer between the excited triplet state of the
photosensitizer and the oxygen ground state. The predominant mechanism for photodegradation of Vanco in
the presence of the Rf is the radical via because of the considerable interaction with the excited triplet state of
the photosensitizer demonstrated by laser flash photolysis experiments.
Microbiological test on Staphylococcus aureus ATCC25923 showed that the bactericidal activity of the
antibiotic on the strain studied was affected by the sensitized photodegradation process, suggesting that
photoproducts generated eventually do not retain the bactericidal properties of the original antibiotic.

Keywords: Antibiotics, Vancomycin, Photooxidation, Riboflavin, Rose Bengal, Reactive oxygen species, Microbiological assay, pH effect

Introduction
The degradation of pharmaceutical compounds has
received particular attention during the last
decades.1–6 Particularly, in the case of antibiotics,
photosensitized processes can produce oxidative

damage altering the specific therapeutic properties of
the drugs.7–10

Different reactive oxygen species (ROS) can be pro-
duced in natural oxidative stress scenarios. These
species and the pharmaceutical drugs can be localized
in the same environment. Due to this fact, the study of
the photodegradation of pharmaceuticals, particularly
antibiotics mediated by ROS is of great relevance.
In vitro, and in the presence of oxygen, ROS can be

generated by using other compound able to absorb
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environmental light, the so-called photosensitizer. In
order to closely model biological or environmental
conditions, the naturally occurring pigment riboflavin
(Rf, vitamin B2) known to react through both Type I
(radical mediated) and Type II (via singlet oxygen,
O2(

1Δg)) mechanisms, present in practically all kind
of water courses, water mirrors11,12 and in all living
organisms,13 was employed as a photosensitizer. The
artificial photosensitizer Rose Bengal (RB), an exclu-
sively O2(

1Δg)-generator,
14 was used for comparative

purposes. Rf has been reported as a frequent photo-
sensitizer for the oxidative degradation of numerous
relevant natural substrates.15 The pigment produces
the highly reactive species O2(

1Δg). Besides, numerous
cases of other aggressive ROS, such as superoxide
radical anion (O2

•–) produced through Rf-photosensiti-
zation have been reported.16

Another important aspect related to antibiotics is
that most of them do not undergo metabolic inacti-
vation and they are inevitably discharged into
aquatic environments, persisting at trace levels even
after conventional wastewater treatment.17–23 The
presence of antibiotics in aquatic systems could con-
tribute to the proliferation of strains of bacteria that
are resistant to major classes of antibiotics.24,25 This
fact constitutes a serious potential risk for the
natural environment and could cause difficulties in
the treatment of infectious diseases. Thus, the

persistence/oxidability of these drugs under natural-
light- irradiation in the presence of a native dye-sensi-
tizer constitutes a topic of environmental relevance.

In the present contribution, vancomycin (Vanco), a
glycopeptide antibiotic has been selected for this study
(Scheme 1). Vanco is a powerful antibiotic often used
as a last resort in infections,26 particularly, in nosoco-
mial infections caused by Enterococcus and
Staphylococcus aureus resistant to methicillin.27 For
this reason, S. aureus was selected for this study.
Besides, this microorganism can cause serious multiple
infections including boils, abscesses, endocarditis,
osteomyelitis, sepsis, and septic shock. It can also
infect pacemakers, artificial heart valves, and joint
implants.28

Vanco and its glycopeptides derivatives interfere
with the late stages of peptidoglycan synthesis of the
bacterial cell wall. Vanco and its analogs are not
able to cross the inner membrane of the bacterial cell
wall. Due to this fact, Gram negative bacteria result
resistant to this kind of antibiotics.26 However, this
glycopeptide has bactericide effect and also alters the
citoplasmatic membrane permeability. For this
reason, it turns out to be efficient against protoplasts
and moreover, inhibits the ARN synthesis.29

The purpose for the selection of Vanco in the
present study is the fact that, although there are
many works7–10 on sensitized photooxidation of

Scheme 1 Chemical structure of vancomycin (Vanco).
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antibiotics in literature, to the best of our knowledge
there are no systematic studies (kinetic and mechanis-
tic aspects) with glycopeptides antibiotics.
In this context, the aim of the present contribution is

to investigate, in vitro, the kinetic and mechanistic
aspects of the photosensitized degradation process of
Vanco in the presence of the photosensitizers men-
tioned above. The study has been carried out in pure
water at different pH conditions to establish relation-
ships between the structure of the substrate and the
susceptibility to photooxidation mediated by ROS.
Also, the possible interactions between the antibiotic
and the photosensitizers have been evaluated. On the
other hand, since antibiotics degraded by photogener-
ated ROS can decrease its specific therapeutic
activity,7–10 microbiological tests which relate the
effects of the sensitized photodegradation of Vanco
and its antimicrobial activity were performed in this
study on S. aureus strains.
The knowledge achieved through this type of study

could help the prediction of the potential impact of
glycopeptides antibiotics in aquatic ecosystems. Also,
the understanding of the relations between the struc-
ture of these pollutants and their reactivity against
photogenerated ROS makes the development of com-
pounds with scheduled natural decay possible.

Experimental
Materials
Riboflavin (Rf), vancomycin hydrochloride hydrate,
superoxide dismutase from bovine erythrocytes
(SOD), catalase from bovine liver (CAT) and deuter-
ium oxide 99.9% (D2O) were purchased from Sigma
Chem. Co. Rose Bengal (RB), sodium azide (NaN3),
and D-mannitol, from Sigma Aldrich. Furfuryl
alcohol (FFA), from Riedel de Haën. All these com-
pounds were used as received.
The water used was triply distilled. The pH-pD

values 7.4 and 11 of the final aqueous solutions for
all photochemical experiments were adjusted using
buffer solutions of KH2PO4, Na2HPO4 and
NaOH,30 provided by Aldrich Chemical Company.

All measurements were carried out at room tempera-
ture with freshly prepared solutions.
Culture media: Tryptic Soy Broth (TSB), Tryptic

soy agar (TSA), Agar-agar (AA), and Mueller
Hinton Agar (MHA) were purchased from Britain.
The microorganism used in this study was the refer-
ence strain S. aureus ATCC 25923 provided by the
Department of Microbiology UNRC, Argentina.

Methods
Stationary photolysis experiment
The experiences of sensitized photooxidation under
stationary conditions were carried out by the
irradiation with visible light of an aqueous solution
containing the photosensitizer (Rf or RB) and the sub-
strate in a home-made photolyser.31,32 The equipment
has a 150 W quartz-halogen lamp (OSRAM
XENOPHOT HPLX 64640) focused according to
experience, in a reaction cell hermetically sealed with
an oxygen electrode (ORION 97–08 specific for dis-
solved oxygen, coupled to an Orion 720 pH meter),
or 1 × 1 cm spectrophotometric cuvette. In all cases
the solution was continuously stirred. Additionally,
the equipment has appropriate cut-off filters in order
to remove radiation below 350 nm and to ensure the
light to be only absorbed by the sensitizers.
The reactive rate constant for the chemical reaction

of O2(
1Δg) with Vanco (kr, see Scheme 2) was deter-

mined by using the method described by Foote and
Ching,33 for which the knowledge of the reactive rate
constant for the photooxidation of a reference com-
pound R is required (equation (1)).

slopeVanco/slopeR = kr[Vanco]/krR R[ ] (1)

slopeVanco and slopeR are the respective slope of the
first-order plots of oxygen consumption by Vanco
and by the reference compound. RB was used as
dye-sensitizer in the determination of kr. Assuming
that the reaction of O2(

1Δg) with the quencher is the
only possible pathway of oxygen consumption, the
ratio of the first-order slope of oxygen uptake by
the substrate and the reference compound, each at

Scheme 2 Possible reactions pathways for the visible-light mediated photosensitized degradation of Vanco (A) and reaction of
ROS with specific auxiliary quenchers. S: sensitizer (Rose Bengal or riboflavin).
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the same concentration (slopeVanco/slopeR) yields
kr/krR. The reference was FFA, with reported pH-
independent krR value34 of 1.2 × 108 M−1 s−1 (FFA
react with O2(

1Δg) and is currently used as a reference
for kinetic determination in photodynamic action).35

To establish the possible involvement of different
ROS in the sensitized photodegradation of Vanco,
several experiments of oxygen uptake vs. irradiation
time were carried out. The relative rates of oxygen con-
sumption (v−ΔO2

) were evaluated in the presence and
in the absence of specific ROS scavengers.
The aerobic and anaerobic photodegradation rates of

Rf were evaluated from the decrease in the 445 nm
absorption band as a function of the irradiation time.
Ground state absorption spectra were registered in a

Hewlett Packard 8453A diode array spectropho-
tometer. If a more accurate determination was
required, a Shimadzu UV-2401 double beam equip-
ment was used for blank correction.

Laser flash photolysis experiment
Argon-saturated 0.02 mM Rf aqueous solution was
photolysed using a flash photolysis apparatus with
the frequency-double output of a Nd-YAG, Lasser
System Spectron, SL400 where 355 nm was used as
excitation wavelength, employing a 150 W Xenon
lamp as a source for the analyzing light. The detection
system comprised a PTI monochromator and a PMT
red-extended photomultiplier (Hamamatsu R666).
The signal, acquired and averaged by a digital oscillo-
scope (Agilent Technologies DSO 6012 A), was trans-
ferred to a PC via HPIB parallel interface, where it was
analyzed and stored.36

3Rf* disappearance, a species generated by the
355 nm pulse, was monitored from the first-order
decay of the absorbance at 670 nm, a zone where the
interference from other possible species is negligible.
To avoid self-quenching and triplet–triplet annihil-
ation, the triplet decays were measured at low Rf con-
centrations and at rather low laser energy.
For the determination of the rate constant of the

interaction between 3RF* and Vanco (3kq, see
Scheme 2), the Stern–Volmer expression shown in
equation (2) was employed,

3τ0
3τ

= 1+3 k3qτ0[Vanco] (2)

where 3τ and 3τ0 are the experimentally determined
lifetimes of 3Rf* in the presence and in the absence
of Vanco, respectively.
Transient absorption spectra were determined in

Argon-saturated 0.02 mM Rf and 0.02 mM Rf+
0.05 mM vancomycin aqueous solution using the
flash photolysis apparatus described above.

Quantum yield of •RfH generation (Φ•RfH) by
electron transfer was determined in aqueous solution
relative to the triplet yield of 3Rf* in the same
solvent (ΦT= 0.5),37,38 employing equation (3):

Φ•RfH = ODT εR
ODRεT

( )
ΦT (3)

where ODT is the absorbance of 3Rf* at 670 nm
immediately after the laser pulse, ODR is the
absorbance of •RfH at 570 nm, εT is the molar absorp-
tion coefficient39 of 3Rf* (4.4 × 103 M−1 cm−1) and εR
corresponds to molar absorption coefficient40 of •RfH
(5.1 × 103 M−1 cm−1).

Time-resolved phosphorescence detection of O2(
1Δg)

The total quenching rate constant of deactivation of
O2(

1Δg) by Vanco (kt, see Scheme 2) was determined
using a system previously reported.41 Briefly, it con-
sisted of a Nd:YAG laser (Spectron Laser System,
SL400) as excitation source. The frequency-doubled
output at 532 nm was employed to excite the photo-
sensitizer RB. The emitted radiation O2(

1Δg) phos-
phorescence, 1270 nm was detected at right angles
using an amplified Judson J16/8Sp germanium detec-
tor, after passing through the appropriate filters. The
output of the detector was coupled to a digital oscillo-
scope Agilent Technologies DSO 6012 A and to a per-
sonal computer to carry out the signal processing.
Usually, in order to achieve a good signal to noise
ratio, 6–8 shots are needed for averaging from which
the decay time was determined.42 Air-equilibrated sol-
utions were employed in all cases.

The absorbance of the photosensitizer RB was 0.2 at
the laser excitation wavelength. The decay kinetics was
first order in all cases. D2O was employed in the time-
resolved determinations of O2(

1Δg) phosphorescence
in order to enlarge the lifetime of this species.33,43

The O2(
1Δg) lifetimes were evaluated in the presence

(τ) and in the absence (τ0) of Vanco and the data were
plotted as a function of substrate concentration, accord-
ing to a simple Stern–Volmer treatment, equation (4):

τ0
τ
= 1+ ktτ0 Vanco[ ] (4)

Bactericidal activity evaluation
The standard strain S. aureus ATCC 25923 was used in
the present study. Microbial cells were grown aerobically
in sterile conditions on a rotator shaker at 100 rpm over-
night at 37°C in 4 ml of tryptic soy broth (TSB).

The number of microorganisms was determined by
the spread plate technique as described below. An
aliquot (20 μl) of S. aureus strain overnight culture was
aseptically transferred to 50 ml of fresh medium (TSB).
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This microbial suspension was distributed in Pirex®

brand culture tubes (13 mm × 100 mm) and the Vanco-
sensitizer solution was added from a stock solution in
water, so that the final concentration in the tubes was
0.75 mg/l, before and after photolysis. Bacterial cultures
without Vanco were grown under the same conditions to
serve as controls. All tubes were incubatedwith stirring at
37°C for 2.5 h in order to observe the effect. After that,
cellular suspensions were serially diluted with PBS. Each
solution was spread on TSA and the number of colonies
formed after 18–24 h incubation at 37°C in the dark was
determined.
The experiment was performed in triplicate.

Result and discussion
Proposed kinetic scheme
The possible processes that take place when a solution
containing Vanco (A) and a dye photosensitizer S
(Rf or RB, in the present case) is irradiated with
visible light in the presence of oxygen are shown in
Scheme 2, as well as the respective rate constants.
The proposed mechanisms include photoinduced reac-
tions in the presence and in the absence of Vanco.
Upon absorption of a photon, S gives rise to its

excited singlet state (1S*) (process 1) and through
intersystem crossing, to its excited triplet state (3S*)

(process 4). 3S* can transfer an electron or energy to
the ground state oxygen (O2(

3Σg
−)), in the aerated sol-

ution, generating superoxide radical anion (O2
•−)

(process 7) and singlet oxygen (O2(
1Δg)) (process 8),

respectively. The species O2
•− can be also produced

through an indirect process via the reaction of an elec-
tron donor with 3S* (process 6 and 9).
On the other hand, O2(

1Δg) can decay by collision
with solvent molecules (process 10), and can interact
physically and/or chemically with the substrate A
(process 11 and 12, respectively).

Stationary irradiation of solution of
vancomycin/Rf
As a consequence of irradiation of air-equilibrate sol-
utions of Vanco (0.1 mM) with visible light in the pres-
ence of the Rf dye (0.02 mM) in a buffer at pH 7.4,
spectral changes are observed (Fig. 1). No modifi-
cations occur in the absence of light, indicating that
there is no association between Rf and Vanco in the
fundamental state.
The modification observed in the absorption spectra

can be mainly attributed to the chemical transform-
ation of Rf and/or in the antibiotic.
It is worth mentioning that, in Fig. 1, there is no

presence of the absorption spectra of Rf due to the
fact that the photosensitizer was used as a blank.
In parallel experiment, oxygen consumption was

detected upon irradiation of solution containing
0.02 mM Rf and 0.5 mM Vanco. In order to elucidate
the nature of ROS involved in Rf-photosensitized
process, experiments of oxygen uptake in the presence
and in the absence of additives with ROS-scavenging
capacity: NaN3, SOD, CAT, and D-mannitol were
made. As shown in inset I of Fig. 1, the rate of
oxygen consumption was clearly diminished in the
presence of 1 mMNaN3 as compared to the respective
oxygen consumption in the absence of the salt. This
salt is an exclusive physical quencher of O2 (1Δg)
with a rate constant of 3 × 108 M−1 s−1 in aqueous sol-
ution (process 13) and has been used previously,33 in
similar concentration, to ascertain whether O2(

1Δg)
participates in a given reaction mechanism. Then,
these results suggest the involvement of O2(

1Δg) as a
potential reaction pathway in Vanco photodegrada-
tion (Rf generates O2(

1Δg) in water with a quantum
yield of 0.48, process 8).44

O2(
1Δg)+N−

3 −−→(13)
N•

3 +O2
3
∑ −

g

( )
2O•−

2 + 2H+ + SOD−−→(14)
O2

3
∑ −

g

( )
+H2O2

Since Rf also can produce O2
•− (process 9, Scheme 2),

the same experiment was performed in the presence of
1 mg/100 ml SOD. SOD, which catalyses the specifi-
cally dismutation of O2

•− through the process 14, has

Figure 1 Spectral changes of 0.1 mM vancomycin+
0.02 mM riboflavin vs. 0.02 mM riboflavin upon visible light
photoirradiation in aqueous solution at pH 7.4. The numbers
on the spectra represent irradiation time in min. Inset I:
Relative rates of oxygen uptake (v−ΔO2) of: (a) 0.02 mM
riboflavin+ 0.5 mM vancomycin; (b) 0.02 mM riboflavin+
0.5 mM vancomycin+ 1 mM sodium azide; (c) 0.02 mM
riboflavin+ 0.5 mM vancomycin+ 1 mg/100 ml superoxide
dismutase; (d) 0.02 mM riboflavin+ 0.5 mM vancomycin+
10 mM D-mannitol; (e) 0.02 mM riboflavin+ 0.5 mM
vancomycin+ 1 mg/100 ml catalase. Inset II: Spectral
changes in Argon-saturated solution of 0.02 mM riboflavin
upon visible light photoirradaition (a) without vancomycin and
non-irradiated; (b) without vancomycin, 5 minutes irradiation;
(c) in the presence of 0.5 mM vancomycin, 5 minutes
irradiation. Solvent: aqueous solution at pH 7.4.
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been utilized as a quencher of O2
•−-mediated photoox-

idation, in similar concentration to those employed in
this work.40,45,46 However, no change was observed in
the relative rate of oxygen uptake in the presence of
this enzyme, demonstrating that O2

•− was not initially
involved in the Vanco photooxidative process.
Due to the fact that eventually other ROS such as

•OH and H2O2 can be generated from O2
•−,47,48 the

oxygen consumptions of Vanco in the presence of
specifically scavengers for •OH and H2O2 (10 mM D-
mannitol and 1 mg/100 ml CAT, respectively) have
been investigated. The species •OH reacts with D-man-
nitol by the process 15 and H2O2 is decomposed by
CAT according to process 16:

•OH+D-mannitol −−→(15)
products

2H2O2 + CAT−−→(16)
2H2O+O2

3
∑ −

g

( )

However, as shown in the inset I of Fig. 1, the relative
rate of the oxygen consumption of individual Vanco/
Rf system was practically the same in the presence of
D-mannitol and CAT. This fact could indicate that,
initially, the mentioned species (•OH and H2O2) are
not involved in the photooxidation mechanism.
On the other hand, we observed that both the

anaerobic and aerobic photodegradation rates of Rf,
processes that are well known to occur from electroni-
cally excited states of the vitamin (anaerobically)15

and/or from autosensitisation via O2(
1Δg) (aerobi-

cally),12 suffer a decrease in the presence of Vanco,
in a mM concentration. This fact, illustrated in
Fig. 1 (inset II), suggests that either Rf electronic
excited states or ROS produced through these states,
or even both processes operating simultaneously, are
responsible for the photodegradation of Vanco.
Based on the experimental evidences shown, we

decided to carry out a systematic kinetic study in
order to elucidate the possible processes involved
in the Rf-sensitized degradation of the antibiotic
studied.

Quenching of Rf electronically excited states
The participation of singlet excited Rf (1Rf*, process
3) in the photodegradative pathway of Vanco can be
disregarded. Since a lifetime of ca. 4.7 ns has been
reported39,49 for 1Rf*, a Vanco concentration in the
sub-mM range, similar to that employed in the
present work, is not enough to significantly intercept
the excited singlet species of the vitamin.
The specific interaction of 3Rf* with Vanco was

studied by the laser flash photolysis experiment in
the absence of oxygen. A reduction of 3Rf* lifetime
was observed in the presence of Vanco, supporting
the occurrence of process 6 between the antibiotic
and 3Rf*, for which a bimolecular rate constant
value 3kq= 7.19 × 109 M–1 s–1 was graphically

determined, as shown in the Stern–Volmer plot in
Fig. 2, inset I. The equation used was previously
described in the experimental section.

The 3Rf–Vanco interaction was also studied by
recording the transient absorption spectra in Argon-
saturated aqueous solution at pH 7.4. In the absence
of the antibiotic, a similar spectrum to the expected
one for 3Rf* was observed37,39,50 after the laser
pulse, while in the presence of 0.05 mM (ca. 90%
3Rf* quenched by Vanco) the spectrum, determined
at 30 μs after the laser pulse and in identical exper-
imental conditions, shows an important decay in the
region between 600 and 750 nm (Fig. 2). The occur-
rence of absorption between 500 and 600 nm in the
normalized spectrum at 670 nm (Fig. 2, inset II) is
attributed39,51 to the semiquinone radical of Rf
(•RfH). At pH 7, this species (pKa= 8.3) must be
formed after protonation of the species Rf•−. •RfH
has been formerly detected as a product of electron
transfer process to 3Rf* from several electron-donor
substrates of environmental and biological impor-
tance.15,49,52,53 A quantum yield for the semireduced
Rf generation (Φ•RfH) was determined from equation
(3) (explained in the experimental section), and the
value obtained was 0.59.

The results obtained from the laser flash photolysis
experiment indicate that the electron transfer process is
the main mechanism of Vanco besides reaction via
O2(

1Δg).
The predominance of Vanco photooxidation upon

reaction with O2(
1Δg) or the radical process will

depend on the competition between O2(
3∑g

−) and
the antibiotic for the quenching of 3Rf*. This compe-
tition can be evaluated in kinetic terms, as follows:

Figure 2 Transient absorption spectra of (a) 0.01 mM
riboflavin and (b) 0.01 mM riboflavin+ 0.05 mM vancomycin
taken at 1 and 30 μs after the laser pulse, respectively, in
Argon-saturated aqueous solutions. Inset I: Stern–Volmer
plot for the interaction of 3Rf* with vancomycin. Inset II:
transient absorption spectra of (a) 0.01 mM riboflavin (1 μs)
and (b) 0.01 mM riboflavin+ 0.05 mM vancomycin (30 μs)
normalized at 670 nm, in Argon-saturated aqueous solutions.
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3Rf* deactivation occurs with a rate constant for the
energy transfer, kET, in water of ca. 7 × 108 M−1 s−1,
i.e. ca. 1/9 of the value of a diffusional process.54,55

From this value and the 3kq (71.9 × 107 M−1 s−1) by
assuming a concentration of 0.2 mM for the dissolved
O2(

3∑g
−) in air-saturated aqueous solution,56 it

appears that, under our experimental conditions
([Vanco]= 0.5 mM), 3kq [Vanco]> kET [O2(

3Σg
−)], the

predominant process occurs via Rf•–.
Although experiments with ROS-scavengers

demonstrate pronounced effect of NaN3 and no
effect of SOD, the results obtained in this study
could indicate that the species O2

•− possibly generated
via electron transfer between 3Rf* and Vanco, as
observed from laser flash photolysis experiments, but
the antibiotic is not susceptible to oxidation by this
species, while it is sensitive to the action of O2(

1Δg)
generated by energy transfer between 3Rf* and
O2(

3∑g
−).

Quenching of O2 (
1Δg) by vancomycin – effect of

pH
In the O2(

1Δg)-mediated experiments at pH 7.4 and 11,
the xantenic dye RB was employed as a photosensiti-
zer instead of Rf. Rf was not used in this kinetic
study in order to avoid interferences by other oxidative
species generated in the medium, and because this
pigment suffers a rapid photodegradation in alkaline
conditions. RB is one of the most commonly employed
photosensitizer in O2(

1Δg) reactions.
14 It generates this

oxidative species in a predominant fashion, with a
quantum yield of ca. 0.7 in aqueous media.57,58

When an aerated solution of Vanco (0.1 mM) in the
presence of RB (A549 nm= 0.5) at pH 7.4 and 11 was

irradiated with visible light, changes in the absorption
spectra of the antibiotic were observed.
The magnitude of the spectral changes was different

at the two pH values studied. The reactivity under
alkaline medium (Fig. 3) was much higher than that
observed at pH 7.4 (Fig. 3, inset I). It needs to be clari-
fied that the spectra shown in Fig. 3 were taken using
RB as a blank. Moreover, the maximum absorption
wavelength of RB in water at pH 7.4 is 549 nm. For
this reason, the spectral modifications observed at
500 nm in Fig. 3 cannot be assigned to the photo-
bleaching of this sensitizer.
In parallel, the rate constant of the overall reaction

of Vanco with O2(
1Δg) (kt) was determined employing

time-resolved detection of O2(
1Δg) phosphorescence. kt

is defined as the sum of the rate constant of physical
deactivation to ground state molecular oxygen (kq,
process 11), and the chemical or reactive quenching
(kr, process 12). The latter was determined by com-
parative method already described in the experimental
section.
As well as in the absorption spectra, the same effect

with the pH was observed in the first-order plots
(Fig. 4) and in the Stern–Volmer plots (Fig. 4, inset
I) for the determination of kr and kt, respectively.

Figure 3 Spectral evolution of 0.1 mM vancomycin upon
sensitized photoirradiation with visible light in aqueous
solution in the presence of Rose Bengal (A549 nm= 0.5) of
vancomycin/Rose Bengal vs. Rose Bengal at pH 11. Inset:
Spectral evolution of 0.1 mM vancomycin upon sensitized
photoirradiation with visible light in aqueous solution in the
presence of Rose Bengal (A549 nm= 0.5) of vancomycin/Rose
Bengal vs. Rose Bengal at pH 7.4. The numbers on the
spectra represent irradiation time in minuite.

Figure 4 First-order plots for 0.5 mM vancomycin
consumption plus Rose Bengal (A549 nm= 0.5) in aqueous
solution at (a) pH 7.4 and (b) pH 11. Inset: Stern–Volmer plots
for the quenching of O2 (

1Δg)-phosphorescence emission by
vancomycin in Rose Bengal (A532 nm= 0.3)/D2O at (a) pD 7.4
and (b) pD 11.

Table 1 Overall (kt) and reactive (kr) rate constants for the
interaction of O2(

1Δg) with vancomycin at pH/pD 7.4 and 11 in
the presence of RB; kr/kt ratio

Solvent kr × 10−7 M−1 s−1 kt × 10−7 M−1 s−1 kr/kt

H2O, pH 7.4 1.80± 0.09 0.16
D2O, pD 7.4 10.9± 0.5
H2O, pH 11 11.90± 0.09 0.51
D2O, pD 11 23± 1
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The values obtained for the rates constant at each pH
are given in Table 1.
The combination of stationary and time-resolved

experiments unambiguously demonstrates the inter-
action of O2(

1Δg) with the antibiotic, especially in
alkaline conditions.
A useful approach is the evaluation of the kr/kt ratio

(included in Table 1), i.e. the effective fraction of
overall quenching that leads to chemical reaction.
Table 1 clearly shows that both kr and kt values and

the ratio kr/kt increase with increasing of pH of the
medium. This behavior can be explained on the basis
that the OH-ionization in OH-aromatic compounds
produces an enhancement in the electron-donor
ability of the compound and, hence, an increase in
its O2(

1Δg) quenching ability. The mechanism may
involve an intermediate complex possessing charge-
transfer character extensively studied.59,60 The deacti-
vation of the encounter complex will merely lead to
physical quenching, while complete electron transfer
will produce chemical oxidation of the substrate. The
balance between physical and chemical quenching is
a sensitive function of spin–orbit coupling properties
and entropy factors.
Vanco has multiple phenolic groups in its structure,

in alkaline condition a large number of molecules will
have the –OH group ionized (pKa4= 9.59, pKa5= 10.4,
pKa6= 12),61 therefore, the chemical reaction with
O2(

1Δg) in this condition, is predominant.
A similar effect was observed for the β lactam anti-

biotic amoxicillin, in the presence of OH-ionized
group at alkaline pH results in higher reactivity with
O2(

1Δg) compared with that obtained at physiological
pH and compared to another β- lactam antibiotic,
cephalexin, which has a similar chemical structure
but no OH ionizable group.9

Microbiological experiment
Since the photochemical experiments indicate that
Vanco is sensitive to oxidation by O2(

1Δg), the
impact of the sensitized irradiation of Vanco on their

bactericidal effect power was qualitatively tested in
the presence of the sensitizer. It has been demon-
strated62,63 that Rf, under UVA irradiation (365 nm),
has antimicrobial properties against common patho-
gens such as S. aureus, Pseudomona aeruginosa, and
Staphylococcus epidermidis. For this reason, the sensi-
tizer RB was used instead of Rf in these microbiologi-
cal assays. This dye, as it was mentioned before, is an
exclusively O2(

1Δg)-generator
14 and it has been

employed as photosensitizer in several microbiological
tests in order to evaluate the bactericidal activity in a
parallel fashion with the photodegradation of different
drugs.

The result obtained (Fig. 5) shows significant vari-
ation in the number of microorganisms treated with
0.75 mg/l of Vanco with respect to S. aureus culture
without treatment.

A diminution of 3.5 log in relation to culture control
was expected because of the bactericidal effect of this
antibiotic.

On the other hand, after the Vanco photolysis, anti-
microbial activity was deeply affected. A difference of
3.1 log is observed, compared to the intact Vanco. This
result proves the loss of bactericidal effect by Vanco as
a consequence of photosensitized-degradation on
studied S. aureus strains, under our experimental con-
ditions. This fact may be suggested that the photopro-
ducts, which may eventually arise as a result of the
oxidative process, lose the bactericidal properties of
the original Vanco.

Wammer et al.64 use a similar bacterial assay to
determine loss of activity of three fluoroquinolones
under direct photolysis. They found that norfloxacin
and ofloxacin photoproducts are inactive; however,
enrofloxacin photoproducts do retain significant anti-
bacterial activity on E. coli strain.

On the other hand, other families of antibiotics such
as tetracycline, sulfa drugs and some β-lactam such as
amoxicillin, cefalexin, ceftriaxone, and cefotaxime,
suffer sensitized photooxidation with concomitant
loss of antimicrobial effect against B. subtilis, P. aeru-
ginosa, and S. aureus.7–10 Besides, the loss of antimi-
crobial activity under other photodegradative
treatments such Fenton and Photo-Fenton,65 have
also been observed for ampicillin photoproducts on
S. aureus strains.

Conclusions
The results obtained and discussed in this work,
demonstrate that Rf can raise the photodegradation
of Vanco by both the radical pathway and the
O2(

1Δg) mediated. Furthermore, the antibiotic is able
to interact with the excited electronic states of Rf as
well as O2(

1Δg) generated by energy transfer between
the excited triplet state of the photosensitizer and the
oxygen ground state. The predominant mechanism

Figure 5 Effect of 0.75 mg/l vancomycin: (c) before and (d)
after 2.5 h Rose Bengal-sensitized photolysis on S. aureus
ATCC 25923; (a) cellular control without vancomycin; (b)
cellular control with vancomycin and without Rose Bengal.
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for photodegradation of Vanco in the presence of the
Rf is the radical via because of the considerable inter-
action with the excited triplet state of the photosensiti-
zer demonstrated by laser flash photolysis
experiments.
In the presence of RB, the process occurs via

O2(
1Δg) and it is favored under alkaline conditions

due to ionization of the phenolic groups present in
the chemical structure of the antibiotic.
Photooxidation reaction between O2(

1Δg) and Vanco
can be explained by a mechanism that involves the for-
mation of an encounter complex that possesses partial
charge-transfer character, acting O2(

1Δg) as an electron
acceptor, which stabilizes in the presence of electron
donating groups and can be deactivated by chemical
and/or physical reaction. Finally, the evidence found
on the microbiological test shows that the bactericidal
capacity of Vanco is affected by photodegradation sen-
sitized process on Staphylococcus aureusATCC 25923.
The results obtained in this work demonstrate that

the processes of sensitized photodegradation of anti-
biotics can contribute as a tool for the elimination of
these compounds of the environment.
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