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Oxygen electrode-based single antibody amperometric
biosensor for qualitative detection of E. coli and bacteria
in water

CHANDRA S. THEEGALA, DANYELLE D. SMALL and W. TODD MONROE

Department of Biological and Agricultural Engineering, Louisiana State University and LSU Agricultural Center, Baton Rouge,
Louisiana, USA

Design and performance of an amperometric biosensor for E. coli O157:H7 that is based on a common dissolved oxygen probe is
discussed. Anti-E. coli O157:H7 antibody was conjugated to horseradish peroxidase and immobilized on a nitrocellulose membrane
that was placed over the oxygen probe membrane using a custom-fabricated polyvinyl chloride (PVC) insert. Upon bacterial cell
binding, a decrease in enzyme activity resulted in a change in oxygen concentration that was detected with a Clark-type oxygen
electrode probe. Validation experiments determined the effect of the outer membrane and insert on the Clarke electrode performance
and linearity, and the effects of stirring on sensor response. The mechanism of enzymatic disruption is presumably steric hindrance
due to binding of the bacterial cell and conformational change in antibody structure. Sampling various dilutions of heat-sterilized
E. coli O157:H7 cells in water, as little as 50 bacterial cells/mL could be detected in approximately 20 minutes of sampling and processing
procedures. Bacterial concentrations from 0 to 5000 cells/mL were tested, with 2.52 mg/L ± 0.37 mg/L equivalents of oxygen produced
from as few as 50 cells/mL, versus 6.26 ± 0.64 mg/L when no cells were present in solution. Overall, the developed amperometric
biosensor technology offered an efficient means of detection primarily due to its ease of use, cost-effectiveness, portability, and
amenability to incorporation at existing water quality gaging stations.

Keywords: Biosensor, E. coli, amperometric, enzyme-antibody conjugate, O157:H7.

Introduction

Urban storm water and concentrated animal feeding oper-
ations have contributed to increased incidences of bacterial
contamination of waterbodies. Numerous recreational ad-
visories are being issued to protect humans and the en-
vironment from causative bacterial pollutants. Monitor-
ing the levels of fecal coliform bacteria as an indicator
of fecal contamination has been well accepted for several
decades. There are currently several established methods to
detect and enumerate fecal coliforms. Because these meth-
ods vary in speed, accuracy, and complexity, some are more
suitable for laboratory use than for detection in the field.
Detection schemes involving immunological recognition,[1]

polymerase chain reaction (PCR),[2] microscopy or sam-
ple culturing are often quite sensitive but require multi-
ple lengthy processing steps. These enrichment processes
that serve to amplify the signal for detection can take
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hours to days and can include separation and extraction
techniques, and bacterial growth in selective media. More
rapid biosensing methods include optical[3] mass-based[4]

or surface plasmon resonance (SPR) based-detectors.[5]

Some biosensors employing these schemes offer real-time
detection capabilities and integrated sample acquisition,
preparation and detection. However, disadvantages of the
systems include complex and expensive instrumentation
which may require some degree of specialization for use
and susceptibility to damage in field deployment. Despite
the varied successes in the detection area achieved by sev-
eral designs, there is still a need for a reliable, rapid, and
real-time detection method for pathogens and coliforms in
water.[6]

The use of biosensors for the detection of biochemical or
microbial targets has grown rapidly in both research and
industrial settings.[7] While the common theme amongst
all biosensors is the transduction of the biological recog-
nition event into a signal that is easily read, such as an
electrical or optical one, there are myriad variations on this
theme. The majority of electrical signals are measured af-
ter applying a constant or alternating excitation, and fall
into three categories: potentiometric, whereby voltage is
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Amperometric biosensor for bacteria in water 479

measured, amperometric, whereby current is measured, or
impedance spectroscopy whereby resistance, capacitance
and/or inductance are measured.[8] There has been much
success with amperometric biosensors for the detection of
metabolites, much of which has been driven by blood glu-
cose detection.[9] Generally, glucose amperometric biosen-
sors are composed of a base transducer which is normally
a hydrogen peroxide or oxygen sensor, an inner membrane
selective for hydrogen peroxide or oxygen, and an outer
membrane functionalized with specific antibody or enzyme
elements. Amperometric biosensors functionalized to de-
tect fecal pathogens such as E. coli O157:H7 may offer
a fast, reliable, and cost efficient way to quantify the or-
ganisms. O157:H7 is a very pathogenic strain of E. coli
that can grow in the intestines of cattle and is commonly
detected in runoff from beef and dairy farms.[10] Technol-
ogy is needed for point-source tracking of enteric microbes
in waterways.[11] Amperometric immunosensor technology,
known for its ease of use, sensitivity, and quick response
time[12] could fulfill this need.

The majority of immunohistochemical detection meth-
ods utilize combinations of multiple antibodies to confirm
the presence and/or quantify the analyte or microbial or-
ganism. The traditional sandwich technique requires im-
mobilization of an antibody to capture the target, followed
by addition of a secondary recognition antibody function-
alized with a fluorophore or enzyme to produce a mea-
surable signal. An example of an amperometric biosensor
for E. coli O157:H7 is a sandwich ELISA-based design
by Abdel-Hamid et al.,[13] where antibodies were immo-
bilized on carbon rods followed by bacterial sample in-
cubation, then incubation with an antibody-enzyme con-
jugate. While this design improved the response time by
lifting the electrode from the solution to concentrate an-
alytes in the wetted layer of the protein-coated electrode,
the sandwich-type assay was still required, which can com-
plicate and lengthen processing steps. Other enzymatic
amperometric biosensor approaches avoid the sandwich
scheme by co-immobilizing redox enzymes with antibod-
ies to a surface, such that binding alters enzymatic activ-
ity. For example, Xu and Suleiman correlated cocaine[14]

or cortisol[15] concentrations in the sub-micromolar lev-
els to reduced enzymatic turnover. More recent biosensor
systems detect subtle changes in antibody conformation
that result upon antigen binding.[16] While FRET-[17] or
electrochemical-based methods[18] have been shown to de-
tectt antigen binding, decreased amperometric signal from
a standard ELISA antibody-enzyme conjugate has not been
utilized for biosensing.

In this project, we show an amperometric biosensor de-
sign for the detection of E. coli O157:H7 that combines
a single antibody recognition and redox signaling scheme
with a proven amperometric method. This biosensor could
be used at stream gaging stations that have existing in-
frastructure for amperometric measurement to detect fecal-
borne pathogens such as O157:H7.

Methodology

Reagents and reagent preparation

Bacterial stock preparation. Heat-sterilized E. coli
O157:H7 bacteria (Fitzgerald Industries International,
Concord, MA) were rehydrated with 1 mL of a 50%
glycerol solution to a final concentration of 3.5 × 109

cells/mL. Working standards were made by serial di-
lutions of this stock E. coli 0157:H7 with 0.1M Tris
solution (pH 7.0). Heat sterilized bacteria were used in
this laboratory study for safety reasons and to ensure
a non-proliferating sample population during testing
procedures.

Antibody preparation. Lyophilized conjugated goat anti
E. coliO157:H7- horseradish peroxidase (HRP) antibody
(#60-E07, Fitzgerald) was reconstituted with a 1mL of
a 50% glycerol solution according to manufacturer’s sug-
gestions to a final concentration of 100 µg/mL goat anti
E. coli 0157:H7-HRP solution. Following gentle agitation
for 20 seconds, the conjugated antibody was stored at
4◦C for later use (up to 3 months). Unconjugated HRP
(#HRP4B, Biozyme Laboratories, San Diego, CA) was
also used for concept testing experiments and for custom
conjugation with E.coli antibody. The listed activity of
the enzyme was 254 U/mg material. Unconjugated E. coli
O157:H7 antibody (#60-E07, Kirkegaard & Perry Labora-
tories, Gaithersburg, MD) was reconstituted to 1.0 mg/mL
using the HRP conjugation buffer supplied.

Nitrocellulose membrane and general reagents. The outer
membrane of the sensor was selected based on its abil-
ity to provide good hydrophobic-based adsorption of
the captured antibody and an optimum pore size for
the passage of a small molecule. Nitrocellulose has been
used for such biosensing applications, where a 0.45 µm
pore size is most commonly used for proteins greater
than 10 kDa, but for smaller proteins 0.2 µm is recom-
mended to more efficiently trap the proteins.[19] The GE
nitrocellulose membranes used for this study had 0.45
µm pore size (GE Osmonics, Minnetonka, MN, Part#
1212597, Model# WP4HY320F5). Other chemicals such as
2,2’-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) di-
ammonium salt (ABTS), hydrogen peroxide (3% v/v aque-
ous solution), and buffers such as Tris (pH 7), sodium cit-
rate (pH 3,4, or 5) and sodium phosphate pH (6.5 or 8.5)
were ordered from Sigma-Aldrich and used without further
preparation.

Instrumentation

Dissolved oxygen meter

With the exception of “Twin membrane concept testing”
and “Colorimetric verification of enzyme activity after
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480 Theegala et al.

conjugation and immobilization” experiments, all other ex-
periments were conducted using a modified oxygen elec-
trode and an oxygen meter (Model 5739, YSI, Yellow
Springs, OH). This meter has a Clark-type electrode con-
sisting of a gold cathode and silver anode composing its
electrolytic cell. The electrolytic cell is separated from the
probing solution by an oxygen permeable Teflon mem-
brane, which helps to both contain the electrolytic fluid and
to allow the oxygen to diffuse through it. The oxygen pass-
ing the membrane is then reduced once a potential of 0.7V
is applied in reference to the silver electrode. The reduction
of the oxygen is proportional to the concentration of dis-
solved oxygen (in mg/L). The following equation describes
this reaction.[20]

Cathode reaction :O2 + 2H2O + 4e− → 4OH−

Anode reaction :Ag + Cl− → AgCl (1)

Outer insert

Because the inner Teflon membrane has a low affinity for
protein binding, which makes it unsuitable for functional-
ization with antibodies, an additional outer nitrocellulose
membrane was used to immobilize antibodies. Several outer
inserts (Fig. 1) were made with polyvinyl chloride (PVC), to
secure the second nitrocellulose membrane securely over the
Teflon membrane on the DO probe. All of the inserts were
fabricated with tight tolerances so as to provide a consistent
spacing between the two membrane layers, as this could po-
tentially change sensor response characteristics. The outer
insert was designed to fit securely over the rubber O-ring
securing the Teflon membrane on the YSI 5739 DO probe.
The inserts were designed such that they can be attached or
detached without replacing the Teflon membrane or refill-
ing the electrolytic cell. The outer insert was incorporated
with a groove for holding the outer O-ring, which secured
the nitrocellulose membrane to the insert.

Fig. 1. Schematic (left) and picture (right) of the outer insert over
an YSI oxygen electrode. The inner Teflon membrane is held by
the DO probe O-ring, while the outer nitrocellulose membrane
over the PVC insert is held by the outer O-ring.

Picoammeter and power supply

The Keithley 485 Autoranging Picoammeter was used for
the concept testing experiments. These experiments needed
an alternative transducer response to confirm the dissolved
oxygen readings from the oxygen meter (YSI 5739). The
Keithley 485 can accurately detect current in the picoamp
range and has a sensitivity of 0.1 pA. The Keithley 485
contains a 4.5” LCD display with front BNC connector
input which was necessary for easy readout and probe con-
nection, respectively. A variable voltage, regulated power
supply (Mastech Metered Bench Power Supply, Model HY
1803D, with < 0.01% line/Load regulation) was utilized to
apply a potential of 0.7V DC to the DO Probe.

Experimental procedures

Enzyme-antibody custom conjugation

The SureFIRE conjugation kit (#84-01-01, Kirkegaard &
Perry Labs) was used to conjugate the HRP to the E.coli
antibody using a periodate method. Unconjugated anti-
body solution (100 µl) and 0.3 mg HRP were incubated at
room temperature (20–25 C) for 1 hour, followed by ad-
dition of 10 µl of sodium cyanoborohydride (NaBH3CN).
After 15 minutes, HRP storage buffer (110 µL, #84-04-01,
Kirkegaard) was added to the vial and incubated for 15
minutes. The vial was capped tight and stored in a refriger-
ator until further use. Conjugated antibody was not purified
further for use in this application.

Outer membrane antibody immobilization

Using sterile scissors, a 1.75′′ × 1.75′′ piece of nitrocellulose
membrane was cut and placed securely over an inverted
PVC insert. Conjugated antibody (16 µL) was gently de-
posited over the membrane surface and incubated for 1
hour at 37 ◦C. The insert/membrane was later placed in an
air-tight plastic enclosure and stored at 4◦C until later use.

Twin membrane concept testing

Because envisioned design relies on a second nitrocellulose
membrane over the Teflon membrane of the DO probe,
concept testing was necessary to: (i) assess the accuracy of
oxygen detection with the additional outer membrane, and
(ii) asses the variability in sensor response between mul-
tiple inserts. These experiments were conducted using the
DO meter with an unmodified probe (Model YSI 5739)
and a modified DO probe (Probe for YSI 55) connected
to a picoammeter. For these initial comparisons, oxygen
concentrations were measured by two different meters (DO
meter and picoammmeter) without membrane functional-
ization (Fig. 2). The unmodified probe was connected to the
DO meter and yielded direct DO reading. For the modified
probe, the outer insert with the nitrocellulose membrane
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Amperometric biosensor for bacteria in water 481

Fig. 2. Electronics schematic of the modified DO probe. A tightly
regulated power supply provides the 0.7 V DC voltage potential
between the electrodes. The current passing between the probe
electrodes, which is proportional to the DO passing the two mem-
branes, is read by a picoamp meter.

was attached. Prior to this attachment, a drop of DI water
was added to the inside surface of the nitrocellulose mem-
brane. This drop prevented the inclusion of any air pockets
between the two membrane layers during probe assembly.
The modified probe was connected to the regulated power
supply and the current passing through the electrodes was
monitored by a picoammeter.

Water samples with various dissolved oxygen concentra-
tions were prepared either by aerating the samples using
an aquarium air pump and an airstone, purging the oxy-
gen by sparging with nitrogen, or depleting with sodium
sulfite (1g in 500 mL).[21] For each of these water samples,
the DO meter readings from the unmodified DO electrode
and the current passing through the modified electrode was
read with the picoammeter. A calibration curve was devel-
oped to depict the correlation between these two signals.
A high correction coefficient would indicate that the re-
sponse from the two-membrane probe is identical to the
single-membrane probe (Teflon). For assessing the effect of
using multiple inserts, the same calibration experiment was
conducted with multiple inserts.

Colorimetric verification of enzyme activity after
conjugation and immobilization

Colorimetric testing of HRP activity was used to de-
termine effectiveness of the conjugated enzyme before

and after immobilization to the nitrocellulose membrane.
If the active sites of the enzyme were blocked totally
during the immobilization process, the proposed single-
antibody sensor concept would not be valid. The conju-
gated E.coli antibody was immobilized onto three outer
membranes using the aforementioned procedure. The mem-
brane inserts were gently placed into a 20 mL beaker with
3,3′,5,5′-Tetramethylbenzidine (TMB) substrate, a chro-
mogenic substrate for HRP.[22] Production of the chro-
mophore was compared between membrane-immobilized
conjugated HRP-E. coli antibody complex and the free
complex in solution. Two different HRP concentrations (1
mg/L and 2 mg/L) and TMB substrate were evaluated in
triplicate.

Effects of solution stirring on sensor response

After successful concept testing and enzyme effectiveness
verification experiment, the DO response-based experi-
ments were conducted. The first set of experiments was fo-
cused on quantifying the oxygen uptake by the probe and
the effect of stirring to prevent localized oxygen depletion
at the membrane-liquid boundary. These experiments were
conducted with the modified oxygen electrode connected
to an oxygen meter and commercially conjugated antibody
immobilized onto the membrane. A substrate consisting of
distilled water, 0.001 M ABTS, and 0.005 M hydrogen per-
oxide, and tris buffer (pH 7) was prepared to a final volume
of 6 mL. The two-membrane DO probe with the antibody
immobilized on the outer membrane was gently introduced
into the beaker and the DO was monitored. For experiments
that needed stirring, a 6 mm magnetic stirrer was used to
gently stir (100 rpm) the solution in the beaker. The change
in DO was recorded over 10 minutes.

Oxygen response amplification

The next set of experiments was conducted to compare
the oxygen response from: 1) unconjugated, custom-
conjugated, and commercially-conjugated HRP, and 2)
effect of ABTS addition. The conjugation protocol that
yields the closest oxygen response to unconjugated HRP
is the preferred option. Metered quantities of HRP stock
solution (in 0.1 M tris, pH 7) were added to the substrate
solution consisting of distilled water, 0.001 M ABTS, and
0.005 M hydrogen peroxide. The total solution volume
with the addition of HRP for all experiments was 6 mL.
Using the YSI 55 DO probe and meter, the dissolved
oxygen concentration was monitored at steady state for the
substrate addition (t = 0) for 10 minutes beginning with the
point of enzyme addition. All experiments were performed
in triplicate. The same procedure was followed for both
the commercial and custom conjugated antibody-HRP.
Because the HRP is already conjugated with the antibody,
no free HRP was added to the beaker initially. The amount
of antibody-HRP in the testing solution (as free solution
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482 Theegala et al.

or conjugated with antibody) was kept constant between
tests at 10−8 M. All the above experiments were repeated
with a substrate system that contained ABTS.

Escherichia coli O157:H7 testing

Diluted solutions of bacteria ranging in concentration from
1-5000 cells/mL were prepared in tris-buffered distilled wa-
ter (pH 7). The outer insert was attached to the YSI 55 probe
and submerged into a stirred solution of a given bacterial
concentration for 5 minutes. The probe and insert were then
removed and placed into a wash solution containing 0.1
M tris buffer at a final volume of 20 mL for 2 minutes.
The probe was then submerged into a 6mL solution with
0.001M ABTS. After reaching steady state, the DO concen-
tration was recorded (t = 0). Hydrogen peroxide was added
to obtain a 0.005M final concentration and dissolved oxy-
gen (mg/L) readings were recorded every 30 seconds for
10 minutes. This procedure was repeated for every bacterial
concentration tested in triplicate.

Results and discussion

Twin membrane concept testing

The transducer response of the modified probe for various
DO concentrations was read using the picoammeter and
compared to DO measured with the YSI meter (Fig. 3).
Several data points were collected within the 0–8 mg/L
DO range using three different outer inserts. The responses
from both probes were very similar, with a linear fit of data
points from all three inserts of:

y = 0.8773x + 0.2178 (2)

Fig. 3. Dissolved oxygen response between a standard DO meter
and the modified electrode using three different custom PVC and
nitrocellulose membrane inserts.

and a high degree of correlation (R2 = 0.976). These re-
sults reaffirmed the notion that: (i) the addition of a second
nitrocellulose membrane does not interfere with the oxy-
gen permeability, and (ii) use of multiple inserts during the
actual bacterial testing does not introduce additional vari-
ability to the transducer responses.

Colorimetric verification of enzyme activity after
conjugation and immobilization

Colorimetric tests of antibody-enzyme conjugate activity in
the immobilized and free form were compared across two
concentrations of conjugate (Fig. 4). When 1 µg/mL of
conjugated HRP-E. coli antibody was used, an absorbance
of 0.491 ± 0.012 AU (mean ± standard error) was observed
from conjugate in solution, while 0.543 ± 0.002 AU was ob-
served from the membrane-bound form. When 2 µg/mL
conjugated antibody was used in solution versus attached
to the membrane, average absorbance readings were 0.785±
0.027 and 0.721 ± 0.008 AU, respectively. These results in-
dicate that the conjugation process does not significantly af-
fect the activity of the HRP enzyme at the 2 µg/mL loading
concentration (P > 0.05, Student’s t-test).

Effect of solution stirring on sensor response

The effect of stirring the sampling solution was measured
on the modified probe output. In Figure 5, the average DO
concentrations are shown for the ten minute testing period.
There is a reduction in oxygen in both cases, although the ef-
fect is greater in the unstirred case. This may be contributed
to oxygen consumption by the electrode. The larger de-
crease in DO from samples without stirring is possibly due
to localized DO depletion at the membrane. In samples that
were stirred, the DO drop was distributed throughout the
entire sample volume. This study clearly demonstrated the
need for moderate stirring, without which the localized DO
drop (due to consumption at the electrode) could distort the
true oxygen production from HRP-peroxide reaction.

Oxygen response amplification

Based on the combination of DO probe size, beaker size,
immersion depth, and other practical issues, the minimum
volume of solution needed for accurate testing of the new
amperometric biosensor system was determined to be ap-
proximately 6 mL. Experiments conducted with free HRP
enzyme in solution indicated that a 0.6 × 10−6 M HRP was
needed for a discernable change (>5 mg/L) in the DO read-
ing (Fig. 6a). Thus at the scale of this sensor with a 6 mL
minimum liquid volume, using the commercially available
HRP would be cost-prohibitive. From a reagent conserva-
tion point of view, there is a need to reduce the amount of
antibody used in a single sensor application. Ideally, 1 mL
of antibody applied at 6 × 10−8M HRP would last for at
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Amperometric biosensor for bacteria in water 483

Fig. 4. Comparison of enzyme activity before and after conjugation with E. coli antibody. The “S” and “M” in the figure indicate the
location of the enzyme, namely “solution” and “membrane, respectively.

least 10 applications (to functionalize outer sensor mem-
branes). In order to do so, a lower concentration than 0.1
µM HRP (as conjugated HRP) would be necessary. How-
ever, lowering the final HRP concentration under 0.1 µM
did not allow a distinguishable change in dissolved oxy-
gen concentration. Hence, a reagent that would increase
the rate of oxygen production was necessary. ABTS was
chosen to enhance oxygen production based on Barr and
Rust’s findings[23] that ABTS dramatically increased the rate
of oxygen evolution with the use of horseradish peroxidase
and hydrogen peroxide.

The dissolved oxygen production experiment was then
repeated with ABTS and lower concentrations of conju-
gated HRP-E. coli antibody and the substrate (Fig. 6b). To
further lower the quantities of antibody needed for each in-
sert, a custom conjugation was done in order to increase the
HRP:antibody molar ratio. The combined effect from the

Fig. 5. Observed DO decrease with and without stirring. The stir-
ring distributed the localized DO drop due to oxygen consump-
tion at the electrode.

presence of an oxygen enhancer (ABTS) and custom conju-
gation lowered the amount of HRP needed for a detectable
signal (of 5 mg/L DO change) to 4 × 10−8 M. One explana-
tion for the larger response seen from the custom conjugate
is that the commercial conjugated antibody (Fitzgerald In-
dustrial International) had a HRP:antibody molar ratio of
4:1, whereas the custom conjugated antibody presumably
had a larger ratio of enzyme:antibody (up to 25:1 with sug-
gested ratio of 10:1; based on personal communication with
KPL). These larger signals favored the use of custom con-
jugated antibody for the final E. coli O157:H7 detection
tests.

E. coli testing

Figure 7a depicts the results obtained when using the am-
perometric biosensor to detect 0-5000 cells/mL concen-
trations of E. coli O157:H7. The curves are hyperbolic in
nature, reaching steady state in this configuration after ap-
proximately 6 minutes after HRP begins reacting with hy-
drogen peroxide. The results from this test indicated that
the oxygen generation was not linearly correlated to the
bacterial concentration. However, the results clearly and
repeatedly reflected the ability to qualitatively indicate the
presence of 50 cells/mL or higher concentrations.

The initial reaction rate of DO production calculated at
1 minute (Table 1) also failed to clearly demonstrate a lin-
ear response, although also suggested a significantly lower
oxygen production rate at 50 cells/mL or higher concen-
trations. In order to more quantitatively assess the results,
the change in dissolved oxygen concentration at the 10
minute time period was compared over bacterial concen-
tration (Fig. 7b). For 50 cells/mL and 100 cells/mL, the
average change in dissolved oxygen (±standard error) at

D
ow

nl
oa

de
d 

by
 [

E
C

U
 L

ib
ra

ri
es

] 
at

 0
7:

23
 2

6 
A

pr
il 

20
15

 



484 Theegala et al.

Fig. 6. Average change in DO from free (a) commercially conjugated HRP in solution, and (b) custom-conjugated HRP in solution
with ATBS.

steady state was 2.52 ± 0.37 mg/L and 3.53 ± 0.26 mg/L,
respectively. In general, the 0 cells/mL and 1 cell/mL had
the highest DO increases, followed by 50 cells/mL and 100
cells/mL. As anticipated, the highest cell concentrations
(500 and 2500 cells/mL) had the smallest increase in DO.

Figure 7b has a certain degree of linearity when the cell
concentrations are categorized as ranges (0–1 cells/mL, 10-
100 cells/mL, and 500–2500 cells/mL). A clear explana-
tion as to why 100 cells/mL concentrations had a higher
DO change than 50 cells/mL (or 2,500 over 500 cells/mL)
could not be inferred from this study. An additional study
was conducted to explore this inconsistency. The E. coli
detection test was repeated with addition of TMB (rather
than H2O2 and ABTS) to verify DO output with the more
widely-accepted colorimetric response. If the blocking of
the enzyme activity due to bacterial attachment was truly
occurring, the colorimetric response should agree with the
previous DO responses. A plot between both the colori-
metric response and DO response at the 10-minute point

versus the cell concentration is depicted in Figure 8. This
figure reflected a slightly improved degree of correlation
(R2 of 0.93) between the absorbance and cell concentration
than was observed with DO measurement (R2 of 0.88). This
result indicated that the steric hindrance concept is plausi-
ble, although improvements are needed in the DO-based
detection in order to achieve a more linear sensor response.
Thus a possible alternative to the amperometric DO de-
tection is to use an optical sensor capable of colorimetric
quantification. However, our hopes were to rely solely on
amperometric electronics for simplicity and practicality of
reading a DO probe at existing waterway gaging stations.

Additional experiments are necessary to improve the ro-
bustness of the DO response. Controlling the initial DO
concentration in the sample would allow for a larger dy-
namic signal to be achieved. For example, if the ambient
DO in the sensor solution is 5 mg/L, a production of 5
mg/L DO is likely to push the DO concentrations to well
above the DO saturation point at room temperature (22◦C).
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Amperometric biosensor for bacteria in water 485

Fig. 7. Average DO production from biosensor at varying concentrations of E. coli O157:H7 (a) during the first 10 minutes, (b) at the
10th minute (steady-state). The error bars reflect standard error.

As supersaturated oxygen will be lost to the atmosphere,
the DO reading will not reflect the true response from the
enzyme-substrate (HRP vs. H2O2) reaction. Future exper-
iments will also assess the effect of stirring speed, room
temperature, and activity of ABTS in solution. Although
the ABTS solution (a known photosensitive reagent) was
protected from light, its effectiveness appeared to drop sig-
nificantly within a few days.

Conclusions

Here we report the use of an amperometric sensor for de-
tecting the presence of E. coli O157:H7 based on an im-
mobilized antibody-enzyme conjugate. Initial evaluation
of the design indicated that the response from the twin-
membrane probe had a high degree of correlation with the
unmodified DO probe response, thereby endorsing the use
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486 Theegala et al.

Table 1. Initial velocity for hydrogen peroxide and ABTS with
HRP after 1 minute.

E. coli O157:H7 (cells/mL) Vo (µM/minute)

0 93.13
50 52.19
100 55.94
500 19.69
2500 34.38
5000 31.56

of a second membrane for protein immobilization. Results
also indicated that the conjugation process does not sig-
nificantly (P > 0.05) affect the effectiveness of the HRP
enzyme. There is a clear need for stirring the sampling so-
lution with this sensor configuration, without which the
localized DO drop (due to consumption at the electrode)
could distort the true oxygen response from HRP-peroxide
reaction. The use of a custom conjugated antibody offered
many benefits to the amperometric biosensor, such as ability

Fig. 8. Average increase in (a) DO as a function of log E.coli con-
centration, and (b) absorbance (from TMB reaction) as a function
of log E.coli concentration. The oxygen concentration is read by
the DO meter.

to control the molar ratio of HRP:antibody and minimize
the volume of antibody used. A concentration of 4 × 10−8
M HRP generated a distinguishable change (∼6 mg/L) in
dissolved oxygen when attached to a nitrocellulose mem-
brane and conjugated to E. coli antibody.

The bacterial testing process consisted of a three step
process: exposing of sensor into water sample, wash, and
exposing to a substrate. This process lasted a total of 17 min-
utes, with 10 minutes for signal (dissolved oxygen change)
generation. The detection limit for the biosensor system was
50 cells/mL. Although a high degree of linearity between
DO production and E. coli concentration was not noticed,
results supported the generalized notion that the bacterial
attachment lowered the enzyme activity. The blocking no-
tion was further validated by results from the colorimetric
(TMB) experiments. The exact mechanism of blocking is
not evident from this research and remains to be ascer-
tained.

Although this research focused on detection of heat-
sterilized E.coli, there is no reason to believe that this
concept is limited to E.coli O157:H7, since a plethora of
antibodies to various analytes are becoming available. An
improved and automated version of this biosensor can be
incorporated at various USGS gaging stations to generate
real-time data on bacterial concentrations. Such data will
allow the regulatory agencies to take remedial actions or
pinpoint the stream(s) with high bacterial concentrations.
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