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Abstract

Monitoring waters for indicator bacteria is required to protect the public from exposure to fecal pollution. Our proof-of-concept

study describes a method for detecting fecal coliforms. The coliform Escherichia coli was used as a model fecal indicator. DNA

probe-coated magnetic beads in combination with the electrochemical monitoring of the oxidation state of guanine nucleotides

should allow for direct detection of bacterial RNA. To demonstrate this concept, we used voltammetry in connection with pencil

electrodes to detect isolated E. coli 16S rRNA. Using this approach, 107 cells of E. coli were detected in a quantitative, reproducible

fashion in 4 h. Detection was achieved without a nucleic acid amplification step. The specificity of the assay for coliforms was dem-

onstrated by testing against a panel of bacterial RNA. We also show that E. coli RNA can be detected directly from cell extracts.

The method could be used for on-site detection and shows promise for adaptation into automated biosensors for water-quality

monitoring.

� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Waters polluted by human feces can have deleterious

consequences to human health and the economy because

of water-borne illness and closing of recreational and
seafood harvesting waters (Cabelli et al., 1979, 1982;

Dufour, 1984; Kay et al., 1994; Leclerc et al., 2002).

Members of the bacterial family Enterobacteriaceae
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are defined as facultatively anaerobic, gram-negative,

non-endospore forming, rod-shaped bacteria that fer-

ment lactose to form gas within 48 h of being placed

in lactose broth at 35 �C (Tortora et al., 2001). This

group of bacteria is often called enterics or coliforms,
and includes Escherichia coli, Enterobacter and Klebsi-

ella species (Tortora et al., 2001). The term coliform

(or enteric) reflects the association of this group with

the intestinal tracts of humans and other animals, and

the presence of coliform bacteria (total, fecal, or a spe-

cific species) are used to indicate that water has been

polluted with feces (EPA, 2000).

Standard culture-based methods used for testing
microbiological water quality (EPA, 2000; Leclerc

et al., 2002) are labor-intensive, costly, samples must
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be processed quickly (within 4 h), and there is at least

a 24-h time delay between sample collection and avail-

ability of test results. Unfortunately, estimating levels

of fecal pollution within dynamic, marine ecosystems

based upon the test results of >1 day previously is not

adequate to protect fully the public from potential
health risks; especially given recent data indicating that

concentrations of fecal indicators show extreme daily

variability (Leecaster and Weisberg, 2001; Boehm

et al., 2002). In addition, the required short processing

time is a major burden to water quality sampling pro-

grams. Therefore, a need exists for the development of

methods capable of rapidly, cheaply and accurately

monitoring waters for the presence of fecal indicator
microbes (Straub and Chandler, 2003; EST, 2004).

Methods that can be used on-site or as part of an in situ

biosensor, and thereby circumventing the need to return

samples to the laboratory, are especially needed. In

addition, quicker methods will provide microbial ecolo-

gists a needed tool to better describe the survival, distri-

bution and metabolic state of fecal indicators in rapidly

changing coastal ecosystems. Moreover, the rapid iden-
tification of aquatic microbes via in situ biosensors,

combined with physical and chemical measurements of

the environment, is critical to expanding our knowledge

of coastal dynamics and the microbial processes that

impact marine ecosystems such as the introduction

and spread of microbial pollutants and the initiation

of harmful algal blooms (Kroger et al., 2002).

Molecular biological techniques may have promise
for improving fecal indicator monitoring (Kroger

et al., 2002; Straub and Chandler, 2003). Nucleic acid

detection methods are especially attractive due to their

speed, sensitivity, selectivity and potential to be used

on-site or integrated into automated, in situ biosensors

capable of monitoring aquatic environments in real time

(Kroger et al., 2002; Straub and Chandler, 2003; Glas-

gow et al., 2004). The most widely used nucleic acid
detection schemes make use of the polymerase chain

reaction (PCR) to amplify DNA signatures of microbial

species; but nucleic acid amplification methods, includ-

ing PCR, may not be ideal for microbial sampling of

aquatic environments (e.g. fecal indicator monitoring)

as they typically require expensive and complex instru-

mentation, are not always quantitative, and are prone

to error due to inhibition of the amplification reaction
by substances in water, i.e. humic compounds and col-

loidal matter (Reischl and Kochanowski, 1995; Orlando

et al., 1998; Lantz et al., 2000; Loge et al., 2002). Addi-

tionally, PCR methods may amplify DNA extracted

from non-viable cells, so contamination levels could be

overestimated and inconsistent with actual public health

threats (Keer and Birch, 2003).

Non-traditional nucleic acid detection methods,
including those using analytical electrochemistry, have

the potential to overcome the limitations of detection
assays requiring a nucleic acid amplification step (e.g.

PCR). Direct, electrochemical detection of nucleic acids

from environmental samples not only could match the

sensitivity, selectivity and speed of methods requiring

an amplification step, but may also offer advantages over

such assays as electrical methods use compact, low-
cost devices that can be more easily integrated into auto-

mated biosensors (Wang, 2002; Drummond et al., 2003;

Ng and Ilag, 2003; Kerman et al., 2004). Moreover, the

inherent miniaturization of electrochemical detection

systems makes them ever more attractive for meeting

the requirements of on-site water quality testing.

Electrochemical detection of DNA/RNA often

involves monitoring an electrical current response
resulting from the hybridization of DNA probes to com-

plementary target sequences under controlled potential

conditions (Wang, 2000). Numerous approaches to

electrochemical DNA detection have been formulated,

including detection based upon intrinsic redox proper-

ties of nucleic acids, monitoring of DNA-specific redox

reporters, use of enzyme or nanoparticle tags and track-

ing DNA-mediated charge transport (Drummond et al.,
2003; Kerman et al., 2004). The majority of these

approaches have been evaluated using synthetic oligo-

nucleotides or PCR-amplified nucleic acids as hybri-

dization targets. The use of these methods for the

detection of nucleic acids from cells has proven to be

challenging due to the complexity of native DNA and

RNA molecules (Ng and Ilag, 2003).

Wang reported a novel strategy for label-free, electri-
cal sensing of synthetic oligonucleotides based upon

tracking the oxidation of target guanine nucleotides

(Wang et al., 2000; Wang and Kawde, 2002). The use

of DNA probe-coated magnetic beads that capture tar-

get sequences from complex samples, and thus provide a

means for their selective purification, in combination

with the electrochemical monitoring of the oxidation

state of guanine nucleotides may allow for detection of
native nucleic acids lysed from bacterial cells. To test

this idea, and to show the applicability of electrochemi-

cal detection of nucleic acids to water quality monitor-

ing, we used pulse voltammetry to detect RNA from a

representative indicator bacteria, E. coli. The method

outlined does not require a pre-amplification of target

nucleic acids, can detect RNA directly from lysed cells,

and has the potential to be used on-site or integrated
into in situ biosensors.
2. Materials and methods

2.1. The concept

A schematic representation of the electrochemi-
cal RNA detection assay is shown in Fig. 1. First,

streptavidin-coated magnetic beads, conjugated to
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Fig. 1. Outline of the electrochemical RNA hybridization assay. First, DNA probe-labeled (ENTI-2a-R oligonucleotide) magnetic beads (A) are

hybridized to bacterial 16S ribosomal RNA (B). After a series of washings and magnetic separation steps to remove non-specifically bound nucleic

acids, guanine bases are released into solution from DNA probe-RNA assemblies by treatment with sulfuric acid (C). Lastly, released guanine bases

are detected by pulse voltammetry at a pencil graphite electrode (D). The resultant voltammograms display current peaks, resulting from the

oxidation of guanine, whose height is proportional to the amount of RNA hybridized to DNA probes (D).

M.J. LaGier et al. / Marine Pollution Bulletin 50 (2005) 1251–1261 1253
biotin-labeled oligonucleotide probes (Fig. 1A, ENTI-

2a-R), are hybridized to a sample containing 16S ribo-

somal RNA (Fig. 1B). Following a series of washes,

RNA molecules hybridized to DNA probes are released
from magnetic beads by treatment with base (NaOH).

Next, a strong acid (H2SO4) is added to the reaction

to release individual guanine nucleotides into solution

(Fig. 1C). The guanine nucleotides are then detected

at pencil graphite electrodes by monitoring their oxida-

tion via electrochemistry (Fig. 1D, differential pulse

voltammetry).

2.2. Apparatus

Differential pulse voltammetric measurements were

performed with a CH 1232 portable biopotentiostat

(CH Instruments, Austin, Texas). The microsphere

preparation and hybridization reactions were carried

out with a MCB 1200 Biomagnetic Processing Platform

(Dexter Magentic Technologies, Fremont, California).
The three-electrode system included a graphite working

electrode, a Ag/AgCl reference electrode, and a plati-

num wire counter electrode.

2.3. Electrode preparation

The preparation of pencil graphite electrodes was car-

ried out as described earlier (Wang et al., 2000). In brief,
Fig. 2. Preparation of pencil electrodes. A picture of a pencil electrod
a mechanical pencil Model P250 (Pentel Ltd., Japan)

was used as a holder for the graphite lead. The pencil

graphite leads (HI-POLYMER C505) were obtained

from the same source. Electrical contact to the lead
was achieved by wrapping a copper wire around the

metallic part of the pencil that holds the graphite rod

in place (Fig. 2). A total of 10 mm of fresh graphite

(16.36 mm2 of active electrode area) was immersed in

solution per measurement.

2.4. Materials and reagents

All stock reagents were prepared using deionized and

autoclaved water. Stock reagents were of molecular-

biology grade and purchased from Sigma-Aldrich.

ProactiveTM (paramagnetic) streptavidin-coated micro-

spheres (CMO1N, lot 5776) were from Bang�s Laborato-
ries Inc. (Fischers, Indiana).

2.5. Oligonucleotide probes

Biotin-modified oligonucleotides were purchased

from Sigma-Genosys Ltd. (The Woodlands, Texas).

To evaluate the electrochemical assay, an oligonucleo-

tide probe, ENTI (16S rRNA gene), was used for selec-

tive identification of bacteria belonging to the family

Enterobacteriacae (Loge et al., 1999). The oligonuc-

leotide sequence of ENTI was modified to remove
e that is ready for the electrochemical detection of nucleic acids.
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Fig. 3. Oligonucleotide probe used in this study. Part (A) is a nucleotide sequence alignment of representative bacterial 16S ribosomal RNA genes,

assembled according to Section 2.5. The position of probe ENTI-2a-R is underlined. The probe was designed to selectively hybridize to 16S rRNA

from species belonging to the family Enterobacteriaceae (coliforms or enterics). Individual bases not identical to corresponding probe bases are

highlighted in grey. Numbers denoted by an asterisk (*) refer to GenBankTM sequence accession numbers, which can be retrieved at http://

www3.ncbi.nlm.nih.gov. The table marked (B) provides a summary of ENTI-2a-R including the nucleotide sequence, calculated melting temperature

(Tm) and location within the E. coli 16S rRNA gene.
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predicted secondary structures, and thus enhance its use-

fulness as a probe in nucleic acid hybridization assays

(Sohail et al., 1999). The specificity of the modified

oligonuclotide, ENTI-2a-R, for Enterobacteriacae was

verified by in silico analysis (Fig. 3). In brief, the 16S

rRNA gene of the Enterobacteria E. coli (GenBankTM

accession #X80724; ATCC 25922) was used as a

BLAST 2.0 query sequence to retrieve representative

nucleotide sequences from the GenBankTM database

(http://www3.ncbi.nlm.nih.gov). The retrieved 16S

rRNA sequences were aligned using default parameters

of the Align X command of the Vector NTI� Software

Suite (Version 7, Bethesda, Maryland). OLIGO Primer

Analysis Software (Molecular Biology Insights Inc.,
Cascade, Colorado) was used to estimate the melting

temperature and potential secondary structures within

ENTI-2a-R.
2.6. Bacterial strains and culture conditions

Bacterial strains of E. coli (ATCC 25922), Enterobac-

ter aerogenes (ATCC 13048), Enterococcus faecalis

(ATCC 29212), Klebsiella pneumoniae (ATCC 35657)

and Pseudomonas aeroginosa (ATCC 27853) were

obtained from the American Type Tissue Culture Col-

lection (ATCC, Manassas, Virginia). The bacterial iso-

lates were recovered from �70 �C storage and grown

aerobically, with shaking (120 RPM), at 37 �C for 15 h

in autoclaved Nutrient Broth (DifcoTM 233000). Bacteria

were enumerated by spreading serial dilutions of the
overnight cultures on sterile Nutrient Agar (DifcoTM

212000). Plates were grown for 15 h at 37 �C and resul-

tant bacterial colonies counted to express bacteria con-

centrations as colony-forming units (CFU) per mL of

culture (Ausubel et al., 1999). The Enterococcus faecalis
species was cultured and enumerated identically, except

Luria-Bertani broth and agar were used as growth

media.

2.7. Bacterial RNA isolation

For all species, total RNA from 109 CFU was

extracted using the RNeasy Mini Kit (QIAGEN Inc.,

Valencia, California) according to the manufacturer�s
instructions. The total RNA isolated from 109

CFU was suspended in a final volume of 100 lL of

nuclease-free water. Total RNA concentrations were

determined by optical density readings at 260 nm using

an Eppendorf� BioPhotometer (Hamburg, Germany).
The purity and integrity of isolated RNA was assessed

by spectroscopy and agarose gel electrophoresis, respec-

tively (Ausubel et al., 1999).
2.8. RNA hybridization procedure and voltammetric

detection

Hybridization assays were carried out on an MCB
1200 Biomagnetic processing platform using a modified

procedure recommended by Bangs Laboratories (Wang

et al., 2000). For each hybridization reaction, 100 lg of
streptavidin-coated magnetic beads were transferred to a

1.5 mL microcentrifuge tube. The beads were washed

twice with 100 lL TTL buffer (100 mM Tris–HCl, pH

8.0, 0.1% Tween 20, 1 M LiCl) and suspended in

21 lL TTL buffer. Subsequently, 4 lL (1000 pM stock)
of biotinylated capture probe, ENTI-2a-R, were added

to the mixture and incubated for 20 min with gentle mix-

ing. The probe-coated magnetic beads were then washed

twice with 100 lL TT buffer and suspended in 50 lL of

RNA hybridization buffer (3 M Guanidine Thiocyanate,

http://www3.ncbi.nlm.nih.gov
http://www3.ncbi.nlm.nih.gov
http://www3.ncbi.nlm.nih.gov


M.J. LaGier et al. / Marine Pollution Bulletin 50 (2005) 1251–1261 1255
50 mM Tris, 15 mM EDTA, 2% Sarkosyl, 0.2% SDS,

pH 8.9). Ten microliter of isolated bacterial RNA were

added per reaction, and allowed to hybridize to probe-

coated magnetic beads for 1 h at room temperature.

Following a 1-h incubation, the resulting bead-RNA

assemblies were washed twice for 1 min with 100 lL of
sodium acetate buffer (0.2 M, pH 5.9). Next, the DNA

probe-RNA hybrids were released from magnetic beads

by treatment with 0.05 M NaOH (50 lL per reaction)

for 5 min with gentle mixing. After a subsequent mag-

netic separation, the 50 lL NaOH solution (containing

the DNA probes and bacterial RNA) was transferred

to a 1.0 mL glass cell and 3 lL of 3 M H2SO4 was added

to release individual guanine nucleotides into solution.
In preparation for electroanalysis, the resultant solu-

tion was heated to dryness and nucleotides were

re-suspended in 1.0 mL of 0.5 M Sodium Acetate (pH

5.9) buffer spiked with 2 lg (1 lg/lL stock in 1%

HNO3) of Copper (II) in order to increase the electro-

chemical signal.

The detection of acid-released guanine bases was car-

ried out at pencil graphite electrodes and in connection
to a CH 1232 biopotentiostat. First, each pencil graphite

electrode surface was pre-conditioned for 60 s at 1.4 V.

Next, guanine nucleotides were accumulated at the

graphite electrode for 120 s at �0.05 V. The accumu-

lated guanine bases were then detected using a differen-

tial pulse voltammetric scan from 0.0 to +0.5 V with

a rate of 15 mV s�1 and amplitude of 25 mV. The

redox current peak data were filtered and baseline cor-
rected using default parameters of the CH instrument

software.

2.9. Detection of RNA directly from E. coli cell lysates

Approximately 109 CFU of E. coli were collected

from a freshly grown culture (Section 2.6) by centrifu-

gation for 1 min at 10000 RPM in a 1.5 mL microcen-
trifuge tube. After removing the supernatant, the cell

pellets were re-suspended in 1.0 mL of hybridization

buffer to lyse cells (same as hybridization buffer in

Section 2.8; 3 M Guanidine Thiocyanate, 50 mM

Tris, 15 mM EDTA, 2% Sarkosyl, 0.2% SDS, pH

8.9) and heated at 85 �C for 10 min. Next, the resul-

tant lysate was vortexed briefly (5–10 s) and passed

through a 0.2 lM syringe filter (VWR Interna-
tional #28146-006, Rochester, New York) to remove

cellular debris. The crude homogenate, containing

ribosomal RNA, was used directly in the electrochem-

ical detection scheme (Section 2.8). In brief, newly pre-

pared probe-coated magnetic beads were suspended in

filtered E. coli cell lysate and allowed to hybridize to

target RNA for 1 h at room temperature. All other

steps in the electrochemical scheme (Section 2.8) were
identical to those used in the detection of isolated

RNA.
3. Results

3.1. Assay design and rationale

We designed this study to explore the feasibility of

using electrochemical, nucleic acid hybridization assays
to detect aquatic microbes as a first step toward field-

deployable (i.e. on-site) instruments, including auto-

mated, in situ biosensors. As a result of three significant

findings, ribosomal RNA (rRNA) was selected as the

hybridization target rather than genomic DNA. First,

molecular methods able to simultaneously detect and

determine the viability of target microbes from environ-

mental reservoirs should give a more accurate measure-
ment of the threat these agents pose to public health

(Keer and Birch, 2003). Second, current data shows

rRNA to be a better indicator of microbial viability in

comparison to DNA (McKillip et al., 1998, 1999; Meijer

et al., 2000; Villarino et al., 2000; Keer and Birch, 2003).

Third, the greater abundance or rRNA per cell versus

genomic DNA may by-pass the need for nucleic acid

amplification, simplifying design of field sensors.
The assay developed uses DNA probe-coated

magnetic beads in combination with the electrochemi-

cal monitoring of changes in the oxidation state of

guanine nucleotides to selectively and directly detect

microbial RNA (Fig. 1). As a proof-of-concept, a

DNA probe was designed for specific capture and detec-

tion of bacterial 16S rRNA belonging to the family

Enterobacteriacae (Loge et al., 1999). Several species
of enterobacteria (coliforms), including E. coli, Entero-

bacter and Klebsiella species are used as indicators of

fecal pollution (Simpson et al., 2002). The electrochem-

ical RNA assay was evaluated using E. coli, which is

used routinely to indicate fecal contamination of waters

(EPA, 1998, 2000). The specificity of the probe for the

family Enterobacteriacae was predicted by in silico anal-

ysis (Fig. 3); based upon conserved nucleotide sequences
within 16S rRNA genes.

3.2. The electrochemical response is due to RNA

specifically binding to DNA probes

DNA probes hybridized to synthetic oligonucleotides

can be detected electrochemically based upon the oxida-

tion of guanine bases (Wang et al., 2000; Wang and
Kawde, 2002). The data in Fig. 4 showed for the first

time that electrochemical oxidation of guanine bases

can be used to detect bacterial rRNA molecules (E. coli)

hybridized to DNA probes. Electroanalysis of samples

containing DNA probe-coated beads in the absence

of RNA resulted in a low, but measurable current

(<1 lA) since the nucleotide sequence of ENTI-2a-R

contains guanine nucleotides (Fig. 4). The absence of
current peaks for samples containing E. coli RNA plus

beads lacking DNA probes indicated that bacterial



Fig. 4. The voltammetric response is due to binding of RNA to DNA probe-coated beads and subsequent oxidation of guanine bases. (A) The

current response resulting from the oxidation of guanine bases is observed only upon exposing DNA probe-coated magnetic beads to isolated RNA

(probe-coated beads and 108 E. coli). Due to the presence of guanine bases within the nucleotide sequence of ENTI-2a-R (bar labeled probe-coated

beads alone), samples containing DNA probe-coated beads in the absence of RNA results in a measurable current (<1 lA). Isolated E. coli RNA

does not non-specifically bind magnetic beads not conjugated to DNA probes (beads and 108 E. coli). (B) Voltammograms of data in panel (A)

showing the selective oxidation of guanine bases, as defined by the observation of voltammetric peaks at about +0.75 V. The mean current peak

heights of samples from two independent experiments are shown in panel (A).
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RNA is forming specific base pairings with complemen-

tary DNA probe sequences (Fig. 4) rather than non-

specifically binding to magnetic beads. The observation

of symmetrical current peaks with a peak potential of

+0.75 V (Fig. 4B) is consistent with the oxidation of

guanine bases (Wang et al., 2000; Wang and Kawde,
2002).

3.3. Assay specificity

Selective hybridization of target nucleic acids is a

requisite for biologically-relevant assays (Ross, 1999).
Fig. 5. Specificity of the electrochemical RNA detection assay. (A) A 1.0% ag

2), Enterococcus faecalis (lane 3), Klebsiella pneumoniae (lane 4), Enterobac

contains a molecular weight standard. The arrows ( ) show the positions

selectively hybridizes RNA isolated from bacterial species belonging to the fa

was included per hybridization reaction. The current peak height values plo

error bars indicating the standard deviation. The control reactions consisted o
Hence, the ENTI-2a-R probe, was tested for its ability

to selectively bind RNA isolated from other members

of the family Enterobacteracae in addition to E. coli.

Selective hybridization of enterobacteria RNA (E. coli,

Enterobacter aerogenes, and Klebsiella pneumoniae)

was observed upon using RNA isolated from 108 CFU
per hybridization reaction as the DNA probe target

(Fig. 5A). In all cases, inclusion of enterobacterial

RNA in the reaction mixture resulted in current peak

heights about six times greater than corresponding

negative controls. The non-enterobacteria tested,

Enterococcus faecalis and P. aeroginosa, were negative
arose gel loaded with total RNA isolated from 108 CFU of E. coli (lane

ter aerogenes (lane 5), and Pseudomonas aeruginosa (lane 6). Lane 1

of 16S and 23S rRNA transcripts. (B) The ENTI-2a-R DNA probe

mily Enterobacteriacae. For each species, RNA isolated from 108 CFU

tted are the mean of samples from two independent experiments, with

f DNA probe-coated magnetic beads in the absence of bacterial RNA.
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in identical and parallel reactions. In these cases, using

RNA from 108 CFU per reaction as the hybridization

target produced current peak heights (<1.0 lA) similar
to those observed for the negative controls (Fig. 5A).

The observed specificity of ENTI-2a-R was consistent

with our in silico predictions
(Fig. 3). The isolation of total RNA from 108 CFU of

each bacterial species yielded similar amounts of 16S

rRNA molecules available for DNA probe binding

(Fig. 5A).

3.4. Current peak height is reproducible and is

proportional to RNA target concentration

The consistency of molecular-based detection schemes

is an important factor in evaluating novel assays. The

reproducibility of the electrochemical RNA assay in

detecting RNA isolated from 108 CFU of E. coli was

examined. Electroanalysis of 8 identical samples yielded

reproducible current peak heights with a relative stan-

dard deviation of less than 10.0% (Fig. 6B). Such

precision compares favorably with values reported for
similar electrochemical methods (Wang et al., 2000;

Wang and Kawde, 2002). The resulting relative standard

deviation of the assay reflects the reproducibility of the

hybridization and electrical detection steps.

The electrochemical RNA assay was further charac-

terized by examining the sensitivity of the procedure.

Current peak heights were proportional to the amount

of RNA provided per 50 lL hybridization reaction.
Fig. 6A shows a logarithmic plot of current peak height

versus E. coli RNA concentration (labeled as the equi-

valent number of E. coli CFU), which displayed a linear

range of quantification (correlation coefficient, r2 =

0.97). Electroanalysis of total RNA isolated from 107

CFU of E. coli resulted in current peak heights 2 times

greater than corresponding negative control reactions

(average peak height of �0.5 lA), and thus was consid-
ered the limit of detection for the assay (Fig. 6B).
Fig. 6. Current signal peak height is proportional to the concentration of E.

target RNA provided per 50 lL hybridization reaction. A series of dilutions o

were used as targets in the standard assay (Section 2.8). For clarity, total RN

2.7. The mean current peak heights of samples from two independent experi

electrochemical assay. The current peak heights of 8 independent reactions,
3.5. E. coli RNA can be detected directly from

lysed cells via electrochemistry

The integration of nucleic acid hybridization assays

into remote biosensors requires automated methods

for the isolation of nucleic acids (Straub and Chandler,
2003). To simplify the challenge of remote isolation of

nucleic acids, we explored the use of reagents that pro-

vide all the chemicals needed for cell lysis and selective

nucleic acid hybridizations in one reaction. Reagents

that meet these criteria often contain chaotropic-salts,

which are particularly useful in DNA/RNA hybridiza-

tion assays as they simultaneously lyse cells, inhibit nuc-

leases, and provide adequate hybridization stringency
(Van Ness and Chen, 1991). Hence, cell lysates prepared

in chaotropic-salt containing buffers can be used directly

in DNA probe assays (Van Ness and Chen, 1991; Scho-

lin et al., 1996). The chaotroic-salt based lysis/hybridiza-

tion buffer used in this study (Sections 2.8 and 2.9) was

slightly modified from a reagent previously integrated

into an automated, marine biosensing platform for the

detection of rRNA from harmful algae (Scholin et al.,
1996, 1999, in press). The data presented in Fig. 7 show

that our electrochemical method can be used to selec-

tively detect nucleic acid hybridizations directly from

microbial (E. coli) cell extracts. The mean current peak

height for detection of 16S rRNA from 108 lysed cells

is less (3 lA, Fig. 7) than the mean current peak height

for detection of 16S rRNA from total RNA isolated

from 108 E. coli (5 lA, Fig. 4). The reason for the
discrepancy is unclear, but may be due to differences

in the methods used to obtain RNA.

4. Discussion

4.1. Assay performance

This study was designed to explore the potential of

using electrochemical, nucleic acid hybridization assays
coli. (A) The voltammetric response is proportional to the amount of

f E. coli RNA, varying from the amount isolated from 107 to 108 CFU

A was isolated from enumerated E. coli cultures as described in Section

ments are shown. (B) Reproducibility of detecting E. coli RNA via the

each containing total RNA isolated from 108 CFU, are depicted.



Fig. 7. Electrochemical detection of E. coli RNA directly from cell lysates. Approximately 108 CFU of lysed E. coli were used in each 50 lL
hybridization reaction. The mean current peak heights and standard deviation of samples from two independent experiments are shown. The current

response resulting from the oxidation of guanine bases is observed only upon exposing DNA probe-coated magnetic beads to cell lysates containing

RNA (probe-coated beads and 108 E. coli). Due to the presence of guanine bases within the nucleotide sequence of ENTI-2a-R (bar labeled probe-

coated beads alone), samples containing DNA probe-coated beads in the absence of RNA results in a low, but measurable current (<1 lA). RNA-
containing E. coli lysates do not non-specifically bind magnetic beads not conjugated to DNA probes (beads and 108 E. coli).
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for detecting aquatic microbes as a first step toward

providing field-deployable instruments, including auto-

mated, in situ biosensors. Wang (Wang et al., 2000;

Wang and Kawde, 2002) previously reported a novel

strategy for sensitive electrical DNA sensing based upon

tracking the oxidation of guanine nucleotides. There-

fore, we hypothesized that the use of DNA probe-coated
magnetic beads in combination with electrochemical

monitoring of changes in the oxidation state of guanine

nucleotides would allow for selective and direct detec-

tion of microbial nucleic acids. The results here demon-

strate the feasibility of this concept by the detection of

RNA from the fecal indicator E. coli. Ribosomal

RNA was selected as the hybridization target due to

its high cellular abundance and use as a cell viability
marker (Keer and Birch, 2003).

Molecular techniques are a promising means for

improving fecal indicator monitoring (Kroger et al.,

2002; Straub and Chandler, 2003). Unfortunately,

molecular detection techniques often (e.g. PCR) require

a enzymatic amplification of nucleic acids, which may

not be ideally suited for environmental monitoring since

they require complex and expensive instruments, are not
always quantitative, and are prone to errors by inhibi-

tion of the amplification reaction (Reischl and Kocha-

nowski, 1995; Orlando et al., 1998; Lantz et al., 2000;

Loge et al., 2002). The development of molecular assays

capable of detecting microbial DNA and RNA directly,

without any amplification steps, is challenging. Recent

studies have made progress in this area by using the

principles of analytical electrochemistry. For instance,
a method published by Gabig-Ciminska in 2004

detected 1010 molecules of isolated E. coli RNA per

reaction by electrochemical monitoring of alkaline phos-

phatase substrates at gold electrodes (Gabig-Ciminska
et al., 2004b). Since actively growing E. coli contain

�104 16S rRNA molecules per cell, 1010 molecules is

equivalent to the amount of 16S rRNA isolated from

106 cells (Neidhart et al., 1990). Although the sensitivity

of our assay is similar (107 E. coli cells, Fig. 6A), it has

a practical advantage over the alkaline phosphatase

method. In contrast to the alkaline phosphatase tech-
nique, which uses gold electrodes that are expensive

and require electrochemical expertise for fabrication,

the assay presented here is readily accessible to non-elec-

trochemists as it uses inexpensive pencil electrodes that

are easy to make (Section 2.3 and Fig. 2).

As mentioned, electroanalysis of DNA probe-coated

beads alone resulted in measurable currents, due to the

presence of guanine nucleotides within ENTI-2a-R
probe (Fig. 4). Further lowering of the detection limit

is anticipated by longer hybridization times and substi-

tuting the guanines of ENTI-2a-R with inosine nucleo-

tides, thereby eliminating current peaks contributed by

DNA probes alone (Wang et al., 2000; Wang and

Kawde, 2002).

The method presented has potential for the monitor-

ing of dynamic marine environments for the presence of
fecal pollution since it is rapid (4 h using isolated RNA),

reproducible (Fig. 6B) and displays specificity (Fig. 5)

for bacteria belonging to the family Enterobacteriacae,

which includes fecal indicators routinely used in water

quality monitoring programs and management stan-

dards (Simpson et al., 2002). In addition, because the

US EPA methods for determining fecal pollution in a

given body of water call for enumeration of bacterial
indicators (EPA, 1998, 2000), the quantitative character

(Fig. 6A) of this method further highlights the potential

of this and other electrochemical assays as water quality

monitoring tools. Moreover, the assay uses RNA as the
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hybridization target, which can be a better indicator of

microbial viability relative to DNA (Keer and Birch,

2003). An added, practical feature of this method is that

it can be rapidly modified to detect other relevant aqua-

tic microbes, e.g. human pathogens and invasion spe-

cies, since it requires only a single DNA probe for
detection. Although the assay is being developed for

field applications, the cost of running the assay in a lab-

oratory is similar to standard microbial techniques due

to the benefits of saving time and use of inexpensive

materials. More specifically, the assay takes only hours

(as opposed to days for culture-based techniques) to

complete and uses inexpensive reagents, e.g. a standard

mechanical pencil (Fig. 2) for analysis.

4.2. The electrochemical assay: applications to on-site

and in situ, aquatic biosensing

Electrochemical biosensors have recently received

much attention for the detection of microbial nucleic

acids. Electrochemical DNA/RNA biosensors translate

nucleic acid recognition events, specifically the forma-
tion of nucleotide-to-nucleotide base pairings, into use-

ful electrical signals (Wang, 2000, 2002). The high

sensitivity of these biosensors, together with their com-

patibility with automation technology, low cost, and

independence of sample turbidity or optical pathway

make them promising avenues for the development of

portable, automated microbial detection instruments.

In keeping consistent with our long-term goals, the
current assay was designed to have the potential to be

integrated into automated biosensing platforms. As sug-

gested below, we took advantage of several methods and

strategies that should simplify the transfer of electro-

chemical assays from the laboratory bench to field-

deployable instruments, including automated, in situ

biosensors. First, the detection of RNA was achieved

by a rapid and sensitive electrochemical method, differ-
ential pulse voltammetry (Wang, 2000). Second, mag-

netic microspheres were used as a solid support for

DNA probes. DNA-coated magnetic beads have poten-

tial to be of use in the biosensing field. Magnetic beads

provide a large surface area for oligonucleotide attach-

ment and allows for effective removal of non-target

nucleic acids; as non-specific binding of such molecules

often hampers biosensing of nucleic acids (Wang,
2000, 2002). Second, we made use of biomagnetic pro-

cessing technology (MCB 1200 Biomagnetic Processing

Platform, Section 2.3), which effectively combines effi-

cient magnetic mixing and separation into a single, auto-

matable procedure. Third, the RNA assay takes

advantage of an electrochemical device that is small,

inexpensive, and has proven itself useful in automated

sensing applications, e.g., remote detection of explosives
(TNT) in marine environments (Wang and Thongngam-

dee, 2003). Fourth, the method makes use of pencil
graphite electrodes, which have been shown to possess

features conducive to the development of electrical bio-

sensors including low cost, favorable signal-to-back-

ground characteristics, and readily renewable surfaces

(Wang and Kawde, 2002). Lastly, the assay described

here uses a buffer that lyses cells, provides adequate
nucleic hybridization stringency, and appears to be

compatible with downstream electrochemical detection

methods (Fig. 7). This finding is consistent with a recent

study that showed direct electrochemical detection of

107 lysed Bacillus cereus cells (Gabig-Ciminska et al.,

2004a). The use of this, and related reagents that allow

the selective detection of nucleic acids directly from cell

extracts, may eliminate a need to isolate nucleic acids
prior to electrochemical detection, thereby streamlining

the design of automated biosensors.

4.3. Future work

A new label-free method for the detection of RNA

from coliform bacteria, including the fecal pollution

indicator, E. coli, was developed to demonstrate the con-
cept that electrochemical, nucleic acid hybridization

assays can be used to detect and quantify aquatic

microbes. The assay development process described in

our study is the first step toward a long-term goal of

capitalizing on biotechnology advances to develop

field-deployable instruments, including automated, in

situ biosensors for remote monitoring of aquatic

environments.
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