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The involvement of oxidative stress in the mechanism of antibiotics-meditated cell death is unclear and
subject to debate. The kinetic profile and a quantitative relationship between the release of reactive
oxygen species (ROS), bacteria and antibiotic type remain elusive. Here we report direct measurements
and analytical quantification of the release of superoxide radicals (O2��), a major contributor to ROS, in
antibiotics-treated bacterial cultures using a cytochrome c electrochemical biosensor. The specificity of
electrochemical measurements was established by the addition of superoxide dismutase (SOD) which
decreased the O2�� signal. Measurements using a general ROS-specific fluorescence dye and colony
forming units (CFU) assays were performed side-by-side to determine the total ROS and establish the
relationship between ROS and the degree of lethality. Exposure of Escherichia coli and Listeria mono-
cytogenes cultures to antibiotics increased the release of O2�� radicals in a dose-dependent manner,
suggesting that the transmembrane generation of ROS may occur as part of the antibiotic action. The
study provides a quantitative methodology and fundamental knowledge to further explore the role of
oxidative stress in antibiotics-meditated bacterial death and to assess physiological changes associated
with the complex metabolic events related to oxidative stress and bacterial resistance.

& 2015 Elsevier Inc. All rights reserved.
1. Introduction

The continuous emergence of antibiotic resistant bacteria is of
great scientific and practical interest [1]. Exploring the mechan-
isms of antibiotics action against bacteria is essential to improve
the understanding of how antibiotics affect bacterial metabolism
and address the issue of multidrug resistance. Several potential
mechanisms of action have been proposed including inhibition of
cell wall assembly, suppression of protein synthesis and disruption
of DNA replication and repair. More recent studies have suggested
the involvement of oxidative stress, and the release of reactive
oxygen species (ROS) in the activity of antibiotics in bacteria, re-
gardless of their molecular targets [2–4]. However, whether oxi-
dative stress is involved in the mechanism of bactericidal anti-
biotics is still unclear and subject to debate [5].

The ROS hypothesis indicates that the action of bactericidal
antibiotics involves the bacterial tricarboxylic acid cycle, NADH
depletion, destabilization of iron–sulfur clusters, and stimulation
scu).
of the Fenton reaction with formation of hydroxyl radicals in both
gram-negative and gram-positive bacteria [6]. Recent work using a
panel of biochemical and biophysical assays has further supported
this hypothesis and provided additional evidence that antibiotics
induce significant redox alterations that contribute to cellular
damage and death [2]. Antibiotics were found to induce dynamic
changes in cellular respiration and lethal levels of intracellular
H2O2 that could be diminished by addition of antioxidants, such as
glutathione and ascorbic acid. Other works also identified the
presence of ROS in antibiotic-treated bacteria for several quino-
lone antibiotics, by using the nitroblue tetrazolium reduction
(NBT) assay [7]. Excessive release of ROS species, including H2O2,
hydroxyl (HO�) and superoxide (O2��) radicals is harmful to cells
and may cause severe damage, including necrosis and apoptosis
[8]. Excessive ROS has been considered a sign of oxidative stress.
The release of hydroxyl radicals in bacteria was evidenced with a
hydroxyl radical specific dye, hydroxyphenyl fluorescein (HPF)
[6,9]. The survival percentage of antibiotic-treated bacteria in-
creased after adding thiourea, a hydroxyl radical scavenger, pro-
viding further evidence that the observed effect is due to oxidative
stress [6,9,10]. Other studies reported a relation between antibiotic
susceptibility and ROS release, detected by chemiluminescence
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with lucigenin for O2�� and luminol for other ROS species [11,12].
An increase in ROS species, including O2�� was observed in
chloramphenicol treated Staphylococcus aureus and Escherichia coli
and in ciprofloxacin treated S. aureus, E. coli and Enterococcus
faecalis [12]. Antibiotic-resistant strains showed reduced levels of
O2�� production in ciprofloxacin treated S. aureus [11]. The in-
volvement of O2�� and H2O2 was also demonstrated in cipro-
floxacin treated E. coli [13]. These studies provide cumulative
evidence that ROS contribute to antibiotic lethality [6,13].

While a number of studies have indicated the possible con-
nection between cell death from antibiotics action and ROS pro-
duction, several recent reports have questioned this connection
[14–16]. These studies showed that ampicillin, norfloxacin and
kanamycin do not increase H2O2 formation in E. coli [14], and re-
ported that kill does not depend on the presence of oxygen, and is
not related to ROS production [14–16]. However, new work by
Collins and collaborators, using a more extensive battery of tests
have reconfirmed the ROS hypothesis, showing that antibiotic
lethality is accompanied by ROS generation, and that environ-
mental variables play a role when performing such measurements
[2]. Fang attributes the divergent results to differences in experi-
mental protocols and the limitations of measurement techniques
to assess oxidative stress and ROS species [5]. Such limitations
include lack of specificity of fluorescence dyes [17,18] and/or the
inhibitors for ROS species [14] and potential competitive redox
processes involving the dye (e.g. fluorescence based). These stu-
dies indicate that better methodologies are needed to study the
complex processes of antibiotic-induced responses and test the
hypothesis that ROS is indeed involved in the kill of bacteria by
antibiotics [14–16].

Methods commonly used to study ROS release in antibiotics-
treated bacteria include: growth inhibition assays, cell viability
tests (counts of colony forming units (CFU) on nutrient agars),
chemiluminescence, colorimetric and fluorescence spectroscopy
methods. Growth inhibition and viability tests are primarily used
to determine the bacteriostatic and/or lethal effect of the anti-
biotics, but limited mechanistic information of the drugs against
bacteria can be extracted from the results. Spectrophotometric,
spectrofluorometric and chemiluminescence methods can provide
evidence of the presence of oxidative stress but these methods
involve addition of exogenous reagents that might react with other
components in the bacteria culture and lack the specificity for
individual ROS species. More direct measurements of the markers
of oxidative stress would be a useful addition to the arsenal of
tests used to study physiological aspects related to redox me-
chanisms in bacteria.

In this paper, we report dynamic release of O2�� anion radicals
in antibiotic-exposed bacteria using an electrochemical biosensor
that allows continuous measurement of O2�� directly in the cul-
ture, without addition of exogenous reagents. We use a minia-
turized cytochrome c based biosensor developed previously [16].
The method consists of a gold wire electrode modified with cy-
tochrome c, immobilized via a mixed thiol layer [19]. The principle
of detection is based on the redox reaction of the immobilized
cytochrome c with the released O2�� at the electrode surface [19].
The immobilized cytochrome c is reduced by O2�� and subse-
quently oxidized at the electrode, generating a redox current. As
compared to other methods, the cytochrome c biosensor has
several advantages including: (1) direct measurement in the bac-
terial culture with minimum perturbation of the environment,
(2) reagentless operation, (3) high sensitivity and selectivity and
(4) measurements are quantitative (with appropriate calibration in
the bacterial growth medium). These sensors are inexpensive to
produce and relatively easy to use [20]. Electrochemical cyto-
chrome c based biosensors have been applied to quantify O2��
primarily in standards of enzymatically-produced O2�� [21]. To
our knowledge such studies have not been conducted in bacterial
cultures. Therefore, in this study, we first evaluated the sensitivity
and specificity of measurements in the bacteria culture medium.
The sensor was then used to detect O2�� radicals released from
antibiotics-treated Gram-negative and Gram-positive bacteria (E.
coli and L. monocytogenes, respectively). Ampicillin (a β-lactam
antibiotic), norfloxacin (a quinolone), and kanamycin (an ami-
noglycoside), were used as model antibiotics possessing different
molecular targets. Specificity of the biosensor measurements was
established using SOD. The method allowed us to measure the
continuous release of O2�� in bacterial cells and estimate the rate
of O2�� production.

CFU assays were used to screen the killing effect of the anti-
biotics through a wide range of concentrations. Furthermore,
5-(and-6)-chloromethyl-2′,7′-dichlorodihydrofluorescein diace-
tate (CM-H2DCFDA), a general fluorescent indicator for ROS, was
also used alongside electrochemical measurements to determine
the presence of ROS in the antibiotic-treated bacteria. Results from
this work indicate that antibiotics trigger the release of O2�� in
E. coli and L. monocytogenes in a dose-dependent manner. This
study also provides a methodology for assessing the dynamics of
O2�� release in bacteria cultures and demonstrates the potential of
this approach for studying oxidative stress mechanisms in
bacteria.
2. Experimental

2.1. Materials and reagents

XOD from bovine milk (EC1.17.3.2), cytochrome c from horse
heart, superoxide dismutase (SOD), hypoxanthine (HX), 11-mer-
capto-1-undecanol (MU), 3-mercapto-1-propionic acid (MPA),1-
ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and N-hy-
droxysuccinimide (NHS) were purchased from Sigma (St Louis,
MO) and used as received. 5-(and-6)-chloromethyl-2′,7′-di-
chlorodihydrofluorescein diacetate (CM-H2DCFDA) was obtained
from Invitrogen, Life Technology (Carlsbad, CA). Ampicillin sodium
salt and kanamycin sulfate were purchased from Amresco (Fra-
mingham, MA). Norfloxacin nicotinate was purchased from Enzo
Life Science (Farmingdale, NY). Difco™ LB broth and agar, Miller
(Luria–Bertani) and BBL™ Brain Heart Infusion broth and agar
were purchased from Becton, Dickinson and Company (Franklin
Lakes, NJ). Deionized water from Direct-Qsystem (Millipore, Bill-
erica, MA) with a resistivity of 18.2 MΩ cm was used to prepare all
solutions.

2.2. Instrumentation

Gold wires with the diameter of 0.5 mm purchased from
Goodfellow Corporation (Coraopolis, PA) were used to prepare the
working electrodes. A Mini Shaker Incubator from VWR (Radnor,
PA) was used for the bacterial growth. All electrochemical mea-
surements were run on a CHI 1232b electrochemical analyzer (CH
Instruments, Inc., Austin, TX). A Cary Eclipse Fluorescence Spec-
trometer (Agilent Technologies, Santa Clara, CA) was used for the
fluorescence measurements.

2.3. Preparation and electrochemical characterization of antibiotic
stock solutions

Ampicillin, norfloxacin and kanamycin were obtained in their
salt form to facilitate the dissolution in aqueous medium. The
concentration of antibiotics stock solution, preparation procedures
and storage conditions followed the protocols described by Cock-
erill [22]. Since electrochemical measurements are used to assess
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the oxidative stress in antibiotic treated samples, it was important
to investigate whether these antibiotics have characteristic oxi-
dation or reduction peaks that may interfere with measurements.
Control experiments were run with the cytochrome c biosensor
placed in an electrochemical cell containing ampicillin, norfloxacin
or kanamycin at a final concentration of 512 mg/mL. The solutions
were analyzed by cyclic voltammetry at a potential cycled from
�0.4 V to 0.4 V, in the same range as that used for O2��
measurements.

2.4. Bacterial strains and growth conditions

E. coli HS(pFamp)R (ATCC 700891) and L. monocytogenes NCTC
7973 (ATCC 35152) were purchased from ATCC (Manassas, VA).
E. coli HS(pFamp)R was chosen as a representative gram-negative
bacterium and as one of the most studied in research of oxidative
stress responses [23]. E. Coli exhibit SOD activity involved in the
protection against oxygen radicals [24]. E. coli HS(pFamp)R is
resistant to ampicillin, streptomycin and nalidixic acid [25].
L. monocytogenes NCTC 7973 was chosen as a representative gram-
positive bacterium. E. coli was cultivated at 37 °C in LB Broth,
Miller to late log phase. L. monocytogenes was cultivated at 37 °C in
BHI broth overnight.

2.5. Antibiotics exposure

The bacterial density of the initial culture used for antibiotics
exposure studies and electrochemical measurements was de-
termined by plate counting method before each experiment. Ap-
propriate concentrations of antibiotics solutions were inoculated
into log-phase bacterial culture (E. coli or L. monocytogenes) with
final concentrations of 0.5, 1, 4 and 8 mg/mL, respectively. The
control culture (in the absence of antibiotics) and the antibiotics-
treated cultures were then incubated at 37 °C for 1 h. After the
incubation, a decimal dilution series of the control culture and
antibiotics-treated cultures were inoculated onto LB and BHI agar
Petri dish plates without antibiotics, respectively. Colony forming
units were counted after 24 h incubation at 37 °C.

2.6. Fabrication and calibration of the superoxide biosensor

The cytochrome c biosensor used in this study was fabricated
and calibrated using the procedure established by Ganesana et al.
[26] with some optimizations (Supplementary information (SI)
section, Fig. S1). Briefly, a mixture of 3-mercaptopropionic acid
and 11-mercaptoundecanol was used to create an oriented self-
assembled monolayer (SAM) on an electrochemically cleaned gold
wire microelectrode. Cytochrome c was immobilized on the sur-
face thiols by first incubating the SAM gold wire in an aqueous
solution of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
(EDC, 200 mM) and N-hydroxysuccinimide (NHS, 50 mM) for
30 min to activate the carboxyl groups of the surface thiols, and
then in a cytochrome c solution (5 mM) for 2 h. The amperometric
response of the biosensor was recorded with the electrode polar-
ized at the potential of 0.15 V vs. Ag/AgCl, which corresponds to
the oxidation potential of cytochrome c. To calibrate the sensor,
the amperometric responses generated upon addition of different
concentrations of xanthine oxidase (XOD) to the electrochemical
cell containing 100 μM hypoxanthine (HX) was measured and
correlated with the theoretical O2�� concentration. XOD catalyzes
the oxidation of HX in the presence of oxygen, with the production
of O2�� and uric acid (Eqs. 1 and 2). When the HX/XOD enzymatic
system is used to generate O2�� and calibrate the biosensor,
a steady-state signal is obtained corresponding to the O2�� gen-
eration and dismutation (Eqs. 1 and 2). This steady-state signal is
proportional to the square root of XOD activity [27]. The
theoretical O2�� concentration is calculated from Eq. (3) [19] in
which k1 and k2 are the reaction rate constants of Eqs. (1) and (2).
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where k1 was 1 s�1 for the enzymatic reaction used in this study
[19]. k2 is the pH-dependent reaction rate constant for the spon-
taneous dismutation of O2�� [28]. k2 is 2.3�105 M�1s�1 at
pH¼7.5 [29]. Superoxide measurements using the cytochrome c
biosensor is based on the redox reaction between the en-
zymatically generated O2�� and the immobilized cytochrome c
with electrochemical recording of the electron transfer from the
reduced cytochrome c to the electrode [30]. The calibration of the
biosensor was conducted in an electrochemical cell placed in a
water bath with continuous water supply maintained at 37 °C
from an Isotemp™ 2150 heated bath circulator (Fisher Scientific,
Waltham, MA). To perform the measurement in growth medium,
the biosensor was first calibrated in the LB and BHI media. A
scheme of the cytochrome c O2�� biosensor and the redox reaction
of cytochrome c with O2�� released by antibiotic-stressed bacteria
is shown in Fig. 1.
2.7. Electrochemical measurement of superoxide release in bacteria

Bacterial cultures, grown as described above, were transferred
to a conventional electrochemical cell containing an Ag/AgCl re-
ference electrode, a platinum counter electrode and the cyto-
chrome c biosensor, in an incubator set at 37 °C. Constant potential
amperometry with the electrode polarized at 0.15 V vs. Ag/AgCl
was used to quantify O2�� production overtime. The current was
measured until the signal stabilized (after ca. 600 s). Antibiotics
were then added to the bacterial culture to achieve desired con-
centrations and the electrochemical signal corresponding to O2��
released in response to addition of antibiotics was recorded under
continuous measurement. Finally, SOD was added to the bacterial
culture to establish the specificity of the signal against O2��
radicals.
2.8. Fluorescent dye based measurement of ROS

A general ROS indicator, CM-H2DCFDA, was used to determine
ROS production in antibiotic-treated bacteria and control samples
without antibiotics, in identical conditions as those used in the
electrochemical experiments. Bacteria cultures with and without
antibiotics were incubated at 37 °C for 1 h in a shaking incubator.
Ten micromolar CM-H2DCFDA was added to each sample and in-
cubated for 1 hour in dark. Subsequently, the bacteria were wa-
shed and re-suspended in 0.1 M PBS (pH 7.5) for fluorescence
measurement at a 495 nm excitation wavelength [31]. The emis-
sion spectrum was recorded from 500 to 600 nm with a 5 nm slit
and slow speed scan. All values are reported as the mean7-
standard deviation of three replicate measurements.



Fig. 1. Schematic of the electrochemical cytochrome c biosensor showing the redox reaction of cytochrome c with O2�� radicals at the surface of a gold electrode released by
antibiotic-stressed bacteria.
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3. Results

3.1. Effect of antibiotics exposure on bacteria

Initial experiments were performed to examine the effect of
antibiotics on bacteria. The bacterial density of the initial culture
was 4.9�108 CFU/mL for E. coli HS(pFamp)R and 2.2�109 CFU/mL
for L. monocytogenes NCTC 7973, as determined by the CFU
method. Fig. 2 shows the survival rate of E. coli and L. mono-
cytogenes treated with various concentrations of ampicillin, nor-
floxacin and kanamycin. E. coli HS(pFamp)R is resistant to ampi-
cillin. Norfloxacin decreased the survival percentage at 4 mg/mL
and greater. Kanamycin showed a stronger killing effect as com-
pared to norfloxacin. Exposure of L. monocytogenes to low con-
centrations of the three antibiotics showed no significant bacter-
icidal effect. A decrease of survival percentages was observed with
ampicillin and kanamycin at concentrations of 4 and 8 mg/mL.
These four antibiotic concentrations, 0.5, 1, 4 and 8 mg/mL, were
selected in exposure experiments to examine the O2�� release.

3.2. Biosensor functionality in antibiotic-treated bacteria: calibra-
tion and selectivity measurements

To quantify O2�� radical release from bacterial cultures, we first
established the functionality of the biosensor in the growth media.
Fig. 2. Survival percentages of (a) E. coli and (b) L. monocytogenes treated with select
indicates po0.05.
The cytochrome c biosensor shows amperometric responses to
enzymatically produced O2�� in a concentration dependent
manner. Prior to each exposure experiment, the biosensor was
calibrated in the LB and BHI broth using enzymatically generated
O2�� by HX (100 μM) and XOD at variable concentrations, as
shown in Fig. 1. Fig. 3 shows the amperometric current–time re-
sponse and the corresponding calibration curves of the cyto-
chrome c biosensor in LB and BHI media in comparison with PBS.
Within 1 s after addition of XOD to the medium containing HX, an
increase of the current resulting from the redox reaction of O2��
and the immobilized cytochrome c was observed. Approximately
3 s after the injection of XOD, the amperometric signal reached a
plateau. The current difference between the baseline and the
maximum recorded value at the plateau was used to build the
calibration curve. The sensor signal was linearly dependent on the
XOD activity and the theoretically estimated steady-state O2��
concentration. The linear ranges of the detection of O2�� from the
calibration curves were 0.14–0.59 mM in 0.1 M PBS. In the LB broth,
the linear range was 0.57–0.93 mM, and in the BHI, 0.14–0.59 mM.
The limit of detection (LOD) of the biosensor was calculated ac-
cording to the 3s/R criteria, where R is the slope of the linear ca-
libration curve in terms of square root of XOD concentration and s
is the standard deviation of the amperometric signal from the
blank buffer [32]. The LOD of the biosensor were: 6.5 nM in 0.1 M
PBS pH¼7.5, 22.98 nM in BHI broth and 32.14 nM in LB broth. We
ed concentrations of ampicillin ( ), norfloxacin ( ) and kanamycin ( ). Asterisk



Fig. 3. Top line: Typical amperometric current–time response of the O2�� biosensor upon addition of 0 (Blue line), 6 (Red line) and 16 mU/mL (Green line) XOD in the
presence of 100 mM HX after normalization in (a) 0.1 M PBS, pH¼7.5, (b) LB broth and (c) BHI broth. Calibration curves of the biosensor in (d) 0.1 M PBS, pH¼7.5 (♦), (e) LB
broth (■) and (f) BHI broth (▲) as a function of square root of XOD concentration, and calibration curves of the biosensor in (g) 0.1 M PBS, pH¼7.5 (♦), (h) LB broth (■) and
(i) BHI broth (▲) as a function of the theoretical O2�� concentration.
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note that the biosensor response in the two broth media showed
higher noise and decreased sensitivity as compared to the re-
sponse in 0.1 M PBS (Fig. 3); this may be due to surface passivation
effects by proteins and other charged molecules (e.g. amino acids)
present in the growth media that increase the background noise,
and/or to a decreased conductivity of the growth media. The
biosensor can quantitatively measure O2�� in the two media with
good reproducibility, but requires appropriate calibration in the
specific growth medium. For example, in LB broth, the response of
the sensor to the addition of 40 mU/mL XOD was 9.0170.61 nA
(n¼5 replicate experiments). In BHI broth, the response of the
sensor to the addition of 16 mU/mL XOD was 2.2870.24 nA
(n¼5).
Fig. 4 shows an example of amperometric current–time re-
sponse of the O2�� biosensor in L. monocytogenes NCTC 7973
culture upon addition of norflaxicin (4 μg/mL). The antibiotic was
added to the reaction cell after the sensor reached a steady state
current in the bacteria culture (about 10 min). Immediately fol-
lowing addition of the antibiotic (� 1 s), a gradual increase in
current was observed, which we attribute to a steady release of
O2�� . By comparison, a control experiment without norfloxacin
showed no increase. To further confirm that the signal was asso-
ciated with the release of O2�� , we used SOD, which is known to
catalyze the dismutation of O2�� radicals. A decrease of the cur-
rent was observed immediately after addition of SOD (10 U/ml),
until it reached the baseline value, indicating that the released



Fig. 4. Amperometric–time response of the O2�� biosensor upon the addition of norfloxacin (4 mg/mL final concentration) in L. monocytogenes NCTC 7973 culture, and
control in the absence of antibiotic. Arrows indicate addition of norfloxacin and SOD to confirm specificity of the signal.
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O2�� was inactivated entirely. The low applied potential and the
densely packed thiols in the biosensor design provided selectivity
against H2O2 and uric acid in concentrations up to 50 μM [26]. CV
experiments of the three antibiotics showed no oxidation/reduc-
tion waves overlapping to that of the immobilized cytochrome c
(Fig. S2). These results demonstrate the ability of the cytochrome c
biosensor to measure the continuous release of O2�� in bacteria
cultures selectively. The sensor was further used to quantitatively
measure the amount of O2�� released by bacteria in response to
various concentrations of antibiotics.

3.3. Quantitative measurements of O2
�� in antibiotic-treated bac-

teria: effect of incubation time, type and dose of antibiotics

To examine whether the steady increase in O2�� release was a
common feature among the three antibiotics, we exposed bacteria
to two different concentrations of antibiotics and calculated the
O2�� concentration (using the calibration curve in their appro-
priate medium) at different incubation times. Fig. 5 shows the
O2�� concentrations measured by the sensor for the three anti-
biotics. All three antibiotics induced the release of O2�� in a time-
and concentration-dependent manner. In all cases, the levels of
O2�� per well started at �0.2 to 0.5 μΜ and reached maximum
values between 1 and 2 μΜ following 40 min exposure. O2��
levels for L. monocytogenes NCTC 7973 were higher than those
recorded for E. coli HS(pFamp)R. We also note that E. coli exposed
to ampicillin showed O2�� release in spite of its resistance to this
antibiotic.
Fig. 5. Theoretically calculated O2�� concentrations following 15, 30, and 40 min
(b) 2.0�109 CFU/mL L. monocytogenes NCTC 7973 in BHI broth to ampicillin, norfloxaci
3.4. Correlation of biosensor responses with a fluorescent indicator
dye for ROS

To further confirm the occurrence of an oxidative stress re-
sponse, we performed side-by-side experiments to determine the
general ROS release using a ROS-specific fluorescent dye. Fig. 6a–c
shows the correlation between the O2�� concentrations and the
fluorescence intensities measured in E. coli HS(pFamp)R exposed
to various concentrations of antibiotics for 30 min. Both the bio-
sensor and the fluorescence assay indicated an increase in the
oxidative stress level for antibiotic exposure levels between
0.5 and 8 μg/mL. In general, the O2�� level recorded by the sensor
matched the trend recorded by the fluorescence dye method. Al-
though the E. coli strain used in this study is resistant to ampicillin,
ROS and O2�� release is still observed by both methods. This in-
crease is most notable for ampicillin concentrations up to 1 mg/mL,
after which no further increase was observed. There was, however,
no significant difference in terms of O2�� release by the three
types of antibiotics tested. Kanamycin triggered the highest ROS
level as compared to ampicillin and norfloxacin. A similar trend
was observed for L. monocytogenes NCTC 7973 exposed to the
three antibiotics, with a slightly higher increase in the electro-
chemically measured O2�� in the ampicillin-treated bacteria at
exposure concentrations greater than 1 mg/mL (Fig. 6d–f). Under
similar antibiotics stress, L. monocytogenes showed greater O2��
and ROS release than E. coli. For instance, the theoretical O2��
concentration from E. coli HS(pFamp)R treated with 8 mg/mL am-
picillin is smaller than the theoretical O2�� concentration from
exposure of (a) 4.8�108 CFU/mL E. coli HS(pFamp)R in LB broth, Miller and
n, or kanamycin at 0.5 and 4 μg/mL final concentration.



Fig. 6. Theoretically calculated O2
�� concentrations (♦) and fluorescence intensities (■) of E. coli HS(pFamp)R (a, b, and c; starting concentration¼4.9�108 CFU/mL in LB

broth, Miller) and L. monocytogenes NCTC 7973 (d, e, and f; starting concentration¼2.2�109 CFU/mLin BHI broth) 30 min following exposure to antibiotics at concentrations
ranging from 0 mg/mL to 8 mg/mL.
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8 mg/mL ampicillin-treated L. monocytogenes NCTC 7973 (po0.05).
Under the same ampicillin concentration, the fluorescence in-
tensities from ampicillin-treated E. coli are smaller than ampicillin-
treated L. monocytogenes (po0.001).
4. Discussion

The goals of this study were to monitor quantitatively the real
time release of O2�� by bacteria using electrochemical biosensors
and to evaluate the relationship between antibiotic exposure (e.g.
type, amount and exposure time of antibiotics) and ROS release.
Previous studies that addressed this issue have reported contra-
dictory views [2,5,14]. Methods used in previous works included
fluorescence spectroscopy and conventional bacterial culture as-
says, which are time consuming and lack selectivity and sensitivity
for ROS measurements [5]. This study demonstrated a new
methodology that has the ability to provide real time quantitative
analysis of ROS directly in bacterial culture without addition of
exogenous reagents, and without sample preparation. Electro-
chemical biosensors have been previously reported to measure
O2�� but few have been used for direct measurements in
biological systems. The results of this study show that cytochrome
c biosensors are robust and sensitive tools that can be used to
assess oxidative stress in bacterial cultures. However, we observed
that the biosensor is less sensitive in the culture media than in a
standard phosphate buffer solution. Under identical experimental
conditions, different bacterial growth broth showed variable cur-
rent intensities to enzymatically generated O2�� indicating that
biosensor sensitivity also varies with the media composition. For
accuracy, the sensors were calibrated in the appropriate growth
media prior to measurements. Our results showed that the bio-
sensor can be used in LB and BHI media, and can detect O2�� levels
with LOD in the nM range. The sensor was more sensitive in the LB
broth as compared to the BHI broth. The selectivity of the bio-
sensor against O2�� was established by addition of exogenous SOD
to the bacterial culture, which reduced the O2�� signal demon-
strating selectivity of measurements.

The results from the real time electrochemical recordings de-
monstrated the release of O2�� from antibiotic-treated bacterial
culture in both gram-positive and gram-negative bacteria. A similar
trend was observed for three antibiotics, representative of three
major classes (β-lactams, quinolones, and aminoglycosides), sug-
gesting that oxidative stress might be a common feature of
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antibiotic stress in bacteria. Fluorescence measurements with a
general ROS dye, carried out in parallel with the biosensing ex-
periments, also showed a similar ROS profile. ROS release was time
and concentration dependent. The electrochemical method allowed
quantitative estimation of the O2�� concentration released by
bacteria using the calibration curve in the culture medium. Theo-
retically estimated O2�� levels were in the μM range, varying with
the antibiotic and the bacterial strain. An interesting observation
was that the ampicillin-treated E. coli containing the Famp plasmid
also showed O2�� release at levels up to 0.6 μM/well, in spite of its
resistance to ampicillin. It is possible that ROS at such concentration
may not lead to cell death. According to the dual-function stress
responses model, low-level oxidative stress might provide bene-
ficial mutations for bacteria, and induce lethality only when the
stress is high [33,34]. It should be noted that although the theore-
tical O2�� concentration from ampicillin-treated E. coli is lower than
that obtained with norfloxacin and kanamycin, the difference be-
tween the three antibiotics is relatively small. A higher level of O2��
was observed in L. monocytogenes as compared to E. coli. The dif-
ferent membrane structure of the two bacteria and the intracellular
SOD in E. coli may provide some antioxidant defense effects [35],
which might explain the differential levels observed. Fig. S3 shows
the correlation between the extent of killing by antibiotics and the
O2�� release for the two bacteria and the three antibiotics tested. In
general, with the exception of ampicillin treated E. coli, the level of
O2�� released increases with the decrease in the survival rate (e.g.
killing efficiency). O2�� increases more rapidly at low antibiotic
concentrations (r4 μg/ml) and seems to reach a plateau at higher
exposure levels. The results indicate that antibiotics might induce a
redox disequilibrium state in bacteria. The activation of soxR in
bacteria, a genetic locus that operates as an inducible defense to the
superoxide stress, might lead to this phenomenon [36,37]. In sum,
our measurements confirm the release of O2�� in antibiotics-trea-
ted E. coli and L. monocytogenes. However, higher antibiotic levels do
not generate significantly greater O2�� indicating that oxidative
stress may not be solely responsible for the antibiotic-induced
bacterial killing.

Although the understanding of the antibiotics-induced oxida-
tive stress remains limited, researchers have begun to utilize this
knowledge to increase the efficiency of antibiotics therapy [4]. One
proposed pathway is to suppress the oxidative defensive system of
the bacteria, and subsequently increase the sensitivity of bacteria
to ROS [38]. Another method is to amplify the ROS generation to
enhance bacterial death [39]. Understanding the contribution of
ROS to cell death in antibiotic exposure scenarios is important for
advancing antibiotics therapy. The natural antioxidants for mam-
malian systems, such as glutathione, ascorbate and vitamin E, are
not able to scavenge free radicals, such as O2�� and H2O2 at an
efficient rate, or suppress lipid peroxidation in bacteria [40–43].
Therefore, several new antioxidant systems that have demon-
strated potent ROS scavenging activity could be used in future
therapies. Recent examples include the newly designed class of
SOD-mimetic nanoparticles such as cerium oxide [44]. Future
studies are needed to relate ROS release with antioxidant treat-
ment and correlate these findings with genomic and proteomic
analysis to understand the origin of ROS release in both antibiotic
resistant and sensitive bacterial strains.
5. Conclusion

In summary, this study demonstrated that electrochemical
biosensors provide a convenient way to measure real-time O2��
release in bacteria cultures, as an alternative method for assessing
oxidative stress release. This biosensor can be a useful tool in in-
vestigations requiring real time monitoring and quantitative
assessment of O2�� in bacterial cultures, and potentially in other
biological environments. Fundamentally, the results demonstrate
the presence of ROS induced by the presence of different types of
antibiotics, indicating a general antibiotic-induced oxidative stress.
ROS release was dependent on incubation time, antibiotic type and
concentration, and bacterial species. O2�� increase was observed
for bacteria treated with low antibiotic concentrations, but no
further increase was observed for higher antibiotic exposure le-
vels. Oxidative stress was also observed with antibiotic resistant
bacteria, even though lethality by this antibiotic was not present.
This shows that a low level of oxidative stress is present in all
antibiotic-treated bacteria, and that this mechanism may not be
uniquely responsible for the lethal effects of antibiotics on bac-
teria. Electrochemical testing can be useful in future work to study
the complex redox related mechanisms and metabolic events in-
volved in bacterial pathogenicity and antibiotic resistance, and to
advance our knowledge of the relationship between oxidative
stress and antibiotics action.
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