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Abstract

Clostridium difficile is the primary cause of antibiotic associated diarrhea in humans and is a significant cause of morbidity
and mortality. Thus the rapid and accurate identification of this pathogen in clinical samples, such as feces, is a key step in
reducing the devastating impact of this disease. The bacterium produces two toxins, A and B, which are thought to be
responsible for the majority of the pathology associated with the disease, although the relative contribution of each is
currently a subject of debate. For this reason we have developed a rapid detection assay based on microwave-accelerated
metal-enhanced fluorescence which is capable of detecting the presence of 10 bacteria in unprocessed human feces within
40 seconds. These promising results suggest that this prototype biosensor has the potential to be developed into a rapid,
point of care, real time diagnostic assay for C. difficile.
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Introduction

Clostridium difficile is a spore forming, toxin-producing

bacterium which is currently the principal cause of healthcare

associated diarrhea in the western world. In the USA in 2007 there

were 284 875 infections while in the UK during the same period

the pathogen was linked to the death of 8 324 individuals [1,2].

The bacterium currently presents a considerable challenge to

healthcare professionals and has stimulated researchers to develop

improved diagnostics and medical countermeasures.

In healthy individuals the spore form of the bacterium is carried

in the gut with no ill effects. Subsequent disruption of the gut flora,

usually by broad spectrum antibiotics, enables the bacterium to

proliferate and release two toxins, a 308 kDa enterotoxin (toxin A)

and a 270 kDa cytotoxin (toxin B) which are responsible for

symptoms ranging from mild diarrhea to fatal colitis [3].

The genes encoding the production of these toxins, tcdA and

tcdB, are located within a 19.6 kb pathogenicity locus (PaLoc)

which is present in all toxin producing strains [4–6]. The relative

contribution of each toxin to pathogenicity is currently a subject of

debate and thus the ability to detect the presence of both would

greatly enhance diagnostic capability [7,8].

The current gold standard for C. difficile diagnosis is the cell

cytotoxin neutralization assay (CCTA) which can only detect toxin

B, has 99–100% specificity and 85–100% sensitivity, and takes

between 48–72 hours to generate a result [3,9]. To reduce the

time for detection, other methods have been developed such as

enzyme immunoassays (EIAs) which detect toxins A and B, and

glutamate dehydrogenase [9,10]. These assays are easy to perform

and give rapid results (15–20 minutes); however, they currently

suffer from low sensitivity [11–14].

DNA methods based on the Real Time Polymerase Chain

Reaction (RT PCR) have been developed to detect the genes

associated with toxin production and the current commercially

available systems, the ProGastro assay (Cepheid Smart Cycler),

GeneXpert (Cepheid), and the BD Gene Ohm assay, all target

toxin B [15,16]. Although these assays are highly sensitive they are

labor intensive and costly due to the need to include a purification

step to remove inhibitory biological materials [11,16–18].
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A new platform technology called microwave-accelerated metal-

enhanced fluorescence (MAMEF) has recently been developed

which eliminates the need for extensive sample purification. The

approach has been successfully employed to detect a range of

human pathogens including Bacillus anthracis, Salmonella
typhimurium and Chlamydia trachomatis [19–22]. The approach

combines two technologies, metal enhanced fluorescence (MEF) to

optically amplify fluorescence signatures and low power micro-

wave heating to accelerate the reaction kinetics of the assay.

Combined together they yield a system with a level of sensitivity

comparable to RT PCR, but with a much shorter turnaround time

of ,60 seconds, and at a significantly lower cost.

The underlying principal of the technology is based on the

selective heating of water, whereby the aqueous medium is heated

via microwave power. As the metal is not heated, a temperature

gradient between the cold metal surface and the warm aqueous

solution is formed, which facilitates mass transport to the surface

and allows DNA, or other biomarkers, to be recognized when the

assay is complete and the fluorophore is in close proximity to the

metal [22]. Non-radiative energy transfer occurs between fluor-

ophores and plasmon electrons in a non-continuous film. The

metal surface itself radiates the coupled fluorescence quanta [23].

As a consequence the assay does not require the prior removal of

organic material such as blood and feces and is thus able to

directly detect the presence of a bacterial target in clinical samples.

A system capable of detecting the presence of C. difficile spores

in patient feces within 5 minutes would represent a considerable

improvement over current capabilities. Such a system could

potentially impact on the quality of clinical care as early treatment

would limit disease progression and reduce cross transmission to

other patients.

In this paper we describe our efforts to develop a MAMEF

based system capable of detecting C. difficile spores in human

feces. Using DNA probes specific to toxin A and B we were able to

detect a few as 10 spores in 500 ml of unprocessed human feces

within 40 seconds, suggesting that this approach has the potential

to be developed into a rapid point of care, real time diagnostic

assay.

Materials and Methods

Bacterial Strains, growth conditions and genomic DNA
C. difficile strain CD630 was obtained for culture from the

NCTC, Public Health England, UK. BHI agar and broth (Oxoid;

Remel Inc, KS, USA) supplemented with 0.1% of the bile salt

sodium taurocholate (Sigma Aldrich, USA) was used for routine

culture of C. difficile at 37uC in a 3.4 L anaerobic jar (Oxoid, UK)

with an anaerobic gas generating kit (Oxoid, UK). Phosphate

buffered saline (PBS; Sigma Aldrich, USA) constituting 0.01 M

phosphate buffer, 0.0027 M potassium chloride and 0.137 M

sodium chloride was made by dissolving 1 tablet in 200 ml diH2O.

Human feces was provided by a healthy volunteer. Genomic DNA

(gDNA) from C. difficile strain CD630 (5 mg) was obtained from

ATCC, USA as a control.

Genomic DNA Extraction from C. difficile using Chelex
100

Genomic DNA was extracted from C. difficile and other species

(Table S1; Table S2) as described previously [24].

C. difficile toxin A and B Probe Design
Probes were designed to recognize nucleotide sequences within

conserved regions of toxins A and B. As part of the design process

we incorporated features which would enable us to utilize the

probes in a future MAMEF assay. The anchor probe for the C.
difficile assay was designed to be 17 nucleotides in length and to be

separated from the 22 nucleotide fluorescent detector probe by a

stretch of 5 nucleotides. The anchor probe binds target DNA while

the detector probe subsequently binds at a distance which

positions the fluorophore optimally for biomolecular recognition

to occur [22]. The use of anchor and detector probes also allows

for two levels of sensitivity within the assay for each toxin

(Table 1).

Designed probes were tested against a representative collection

of 58 C. difficile isolates; including blood culture and variant

strains (only produced toxin B; ribotypes 017, 047, 110), obtained

from the National Anaerobic Reference Unit, Cardiff, Wales,

courtesy of Dr. Val Hall.

Preparation of DIG-labeled DNA Hybridization Probes
PCR was performed using Taq DNA polymerase core kit

(Qiagen, Crawley, United Kingdom). Hybridization probes were

labeled with the DIG (Digoxigenin) PCR dNTP labeling mix

(Roche Diagnostics, UK) in 20 ml reactions as described previously

[25]. PCR conditions are as described previously (Figure S3; Table

S2) [25]. PCR products were analyzed via gel electrophoresis on a

1% agarose gel at 85 V (Biorad Mini sub cell GT, UK).

Dot blot hybridization and macro-arraying gDNA onto a
positively charged nylon membrane

For dot blot hybridization, gDNA was macroarrayed onto a

positively charged nylon membrane using dot blot apparatus

(Figure S3; Flexys robotic workstation, Genomic Solutions Ltd,

UK). Dot blot hybridization was performed as described

previously [26,27].

Dot blots of Human Metagenomic gut DNA & Ethics
Statements

The human gut environment contains approximately 1012/g

bacteria [28]. Therefore the probes designed to detect C. difficile
must be able to specifically detect the toxin genes amongst the

numerous bacteria present. To further confirm the specificity of

the designed probes, metagenomic DNA samples from ten human

volunteers were obtained from Cardiff School of Biosciences,

Wales, Cardiff, UK, courtesy of Dr. Julian Marchesi. The

metagenome was extracted from feces from humans in Zanzibar,

Cote d’Ivoire and the UK [29,30]. Original sample collection in

the UK was approved by Cardiff University Biosciences Local

Ethics Committee as healthy samples with informed consent.

Original sample collection from Cote d’Ivoire was approved by

the ethical review boards of the ETH Zurich, Switzerland (2006–

23), the University of Basel (EKBB), Switzerland (224/06), and the

Ministry of Health in Côte d’Ivoire (5782/MSHP/CAB/

CNESVS/06) [29]. The original sample collection from Zanzibar

was approved by the institutional research commission of the Swiss

Tropical and Public Health Institute (Basel, Switzerland). Ethical

clearance was obtained from the Ethics Committee of the Ministry

of Health and Social Welfare (MoHSW) in Zanzibar (application

number 16) [30].

Deposition of gold triangles onto glass substrates to
microwave and lyse C. difficile

To focus the microwave power in the microwave, gold lysing

triangles were used, provided by the Institute of Fluorescence

(Figure 1). Deposition and preparation as described previously

[22].

Rapid Detection of Clostridium difficile Toxins A and B
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The release of C. difficile DNA from spores using
microwave irradiation

C. difficile (16105 cfu/ml) was suspended into PBS buffer and

500 ml added into the gold tie lysing chamber and exposed to a

15 s microwave pulse at 80% power in a GE microwave Model

No. JE2160BF01, kW 1.65 (M/W). The microwaved solution was

examined for the presence of viable organisms. Further experi-

ments involved spiking human feces diluted with PBS buffer with

varying concentrations of C. difficile and then irradiating. Each

experiment was conducted in triplicate.

Bacterial quantification after focused microwave
irradiation

Control samples (1.336107 cfu/ml) were drop counted as

described previously [31,32]. Before DNA release, samples were

heated at 80uC for 10 min to ensure removal of any vegetative

cells. After lysis the numbers of remaining viable spores (cfu/ml)

were enumerated.

Gel electrophoresis of samples
Post microwave irradiation the sample was centrifuged at

3000 g for 15 min (Heraeus Primo R; Fisher Scientific, USA) and

the supernatant resuspended in 1:2 ethanol. This supernatant was

resuspended in 100 ml sterile deionized water. Samples were

analyzed via gel electrophoresis on a 2% agarose gel at 70 V

(Biorad Mini sub cell GT, UK).

Formation of Silver Island Films (SiFs) on glass substrates
Silver island Films (SiFs) were prepared at an OD450 of 0.4–0.5

on Silane-prep glass slides (Sigma Aldrich, USA; Figure 1;

Figure 2) to enable silver adhesion, as described previously

[33,34].

Anchor and fluorescent probes and target DNA
Probes specific for conserved regions of toxin A and toxin B of

C. difficile were designed and validated (Table 1; Figures 3, 4).

Probes were modified to enable incorporation into the MAMEF

Table 1. Table of Oligonucleotides.

Toxin A Toxin B

Anchor Probe Thiol-TTTTT-TTTAATACTAACACTGC Thiol-TTTTTT-CAAGACTCTATTATAG

Capture Probe Alexa-488-TGTTGCAGTTACTGGATGGCAA Alexa-594-TAAGTGCAAATCAATATGAAG

Synthetic
oligonucleotides

AAATTATGATTGTGACGTAATCCCAATACAACGTCAATGACCTACCGTT AGTTCTGAGATAATATCTAATCCCAATATTCACGTTTAGTTATACTTG

Anchor and capture probes, and synthetic oligonucleotides target regions used in the MAMEF assay for toxins A and B are shown, along with the corresponding
fluorophore used.
doi:10.1371/journal.pone.0104334.t001

Figure 1. Gold lysing triangle on Starfrost slide and a typical Silver Island Film (SiFs). (A) Gold triangle with silicone isolators added to
create lysing chamber. (B) The SiF here is at an OD450 of 0.43 and has multi-well silicone isolators added. Each well can hold an individual DNA assay
reaction; hence multiple repeats can be conducted.
doi:10.1371/journal.pone.0104334.g001
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detection platform (Figure 2); a thiol group was added to the 59

region of the anchor probe to enable binding of the DNA to the

surface of the SiF while the capture probe was labelled with an

Alexa (Invitrogen, USA) fluorophore [20,21]. The Alexa fluor-

ophore 488 (green) was used to label toxin A and the Alexa

fluorophore 594 (red) was used to label toxin B. These

fluorophores were chosen due to their wavelength separation

and thus yield two different fluorescence emissions upon excita-

tion. The common regions in the anchor probes were preceded by

5 consecutive thymine bases, included to increase the flexibility of

the probe once bound to the silver surface, and enhanced by the

inclusion of a C at the 39 terminal to which a thiol group was

subsequently added [20]. The negative strand of the target region

was also synthesised to bind to the capture and anchor probes as a

synthetic control sample (Figure S1; Figure S2; Invitrogen, USA).

Preparation of MAMEF assay platform for detection of C.
difficile DNA

Glass slides with SiFs deposited were coated with self-adhesive

silicone isolators as described previously [21]. The thiolated

anchor probe was then covalently bound to the SiF in a self

assembled monolayer chemistry [35]. This was achieved by

diluting 40 mM anchor probe into 100 ml of 1 M Tris- EDTA

buffer and adding 9 ml to 250 mM of 20 ml dithiothreitol. The

mixture was incubated at room temperature for 60 min. The

anchor probe (1 mM) was diluted into 4 ml Tris- EDTA buffer and

100 ml of the anchor probe was added to and incubated in each

well of the SiF for 75 min. After incubation the anchor was

removed and 50 ml of 1 mM Alexa-Fluor probe was added to 50 ml

of DNA from the target organism. The SiFs containing the bound

probes and DNA were then incubated by heating for 25 s in a

microwave cavity at 20% power, GE microwave Model

No. JE2160BF01, 1.65 kiloWatts. Only in the presence of target

DNA the three piece assay is complete and enhanced-fluorescence

can be observed (Figure 2). The sample was removed from the

well after MAMEF and the well washed with 100 ml TE buffer 3

times. Each experiment was conducted in triplicate.

Detection and fluorescence spectroscopy
The presence of target DNA was confirmed by the generation of

a fluorescent signal following excitation with laser light. Fluores-

cence was emitted by the DNA MAMEF capture assay and

measured using a Fiber Optic Spectrometer (HD2000) (Ocean

Optics, Inc) by collecting the emission intensity (I).

Statistical Analysis
Statistical analysis was performed using GraphPad Prism

version 5.04 for Windows, (GraphPad Software, La Jolla

California USA, www.graphpad.com). Three replicates were

performed for each detection experiment. Statistical significant

Figure 2. Schematic configuration of 3 piece DNA detection assay. This configuration was used for detection of both toxin A and toxin B
probes. The anchor probe (17 oligonucleotides) was anchored to the SiFs by addition of the thiol group. The fluorescent probe (22 oligonucleotides)
was attached to an Alexa at the 39 end. Upon hybridization with target DNA, the 3 piece assay is formed, and the fluorophore labeled probe is
plasmon enhanced.
doi:10.1371/journal.pone.0104334.g002
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differences were tested for using one way analysis of variance

(ANOVA) at the 95% confidence interval in conjunction with a

Kruskall-Wallis test. Dunnett’s post test was employed to compare

sample data to control data. A P value of,0.05 was considered

significant [36].

Results

Specificity of DNA probes for Toxin A and Toxin B
detection as determined via dot blot

DNA probes were designed to recognize sequences within

conserved regions of the gene sequences of toxin A and B and were

configured to take account of the requirements of the MAMEF

Figure 3. Detection of target DNA within various concentrations of gDNA by MAMEF. Various concentrations of C. difficile gDNA (strain
CD630; ATCC, USA) were tested in the MAMEF platform. Concentrations of 10 ng and 5 ng were microwave irradiated for 8 seconds at 70% power.
gDNA was subjected to disruption to increase the chances of the detection probes accessing the toxin specific sequences. The data presented is the
result from a single reproduced assay. (A) The fluorescent signal intensities generated from toxin A detection within microwaved gDNA (excitation at
495 nm, emission at 519 nm). (B) The fluorescent signal intensities generated from toxin B detection within gDNA (excitation at 590 nm, emission at
617 nm). The control was PBS buffer.
doi:10.1371/journal.pone.0104334.g003

Figure 4. Electrophoresis gel of DNA released from C. difficile spores and vegetative cells following different periods of microwave
treatment. C. difficile spores at a concentration of 16105 cfu/ml, in combination with gold triangles, were exposed to 80% microwave power for
periods ranging from 8 to 16 seconds (Lanes 2–10). Lane M shows the 1 kilobase molecular weight DNA marker ladder. Lane 1 shows control non-
microwaved bacteria.
doi:10.1371/journal.pone.0104334.g004

Rapid Detection of Clostridium difficile Toxins A and B

PLOS ONE | www.plosone.org 5 August 2014 | Volume 9 | Issue 8 | e104334



assay. Genomic DNA from 58 clinical isolates of C. difficile,

representing a diverse range of ribotypes, was macroarrayed as

shown in Figure S3. As expected each strain which contained a

copy of the toxin A and B gene sequences gave a positive signal,

the strength of which varied between isolates, likely due to an

artifact of the experimental procedure. To confirm the specificity

of the probes, variant isolates of C. difficile lacking toxin A

(ribotypes 017; 047: tcdA2tcdB+) or toxin B (Toxinotype XIa; XIb;

DS1684: tcdA2tcdB2) gene sequences were included in the panel.

The DNA from each of these isolates was not recognized by the

relevant probe.

To further confirm the specificity of the probes genomic DNA

from other bacterial species, both close and distant relatives were

subject to hybridization analysis (Figure S4; Table S2). The probes

did not bind to bacterial species unrelated to C. difficile, further

indicating that the probes were highly specific to toxins A and B of

C. difficile. Species of the Clostridium genus, including species

closely related to C. difficile (which possess toxins closely related to

tcdB) did not show any probe hybridization which further validates

probe specificity. We further confirm the specificity of these probes

by demonstrating that they were unable to recognise metagenomic

DNA from the human gut flora of ten healthy human volunteers

(July 2011). Based on these results we concluded that the probes

were highly specific and thus were suitable for inclusion in a

MAMEF- based detection assay.

Detection of toxin A and B sequences in genomic DNA
isolated from C. difficile using the MAMEF assay

After confirming the specificity of the toxin A and B probes,

their ability to bind to toxin gene sequences in the context of the

MAMEF assay was assessed. gDNA isolated from a known toxin

producing strain of C. difficile (CD630) was suspended in PBS

buffer and subjected to microwave fragmentation for 8 seconds at

70% total microwave power [GE microwave Model No. -

JE2160BF01, kW 1.65 (M/W)]. DNA was subjected to disruption

to increase the chances of the detection probes accessing the toxin

specific sequences. Untreated gDNA in PBS was included as a

control. Both sets of toxin specific probes were able to detect 10 ng

of intact and disrupted gDNA (Figure 3A & B). The intensity of

the signals generated against gDNA at emissions wavelengths of

519 nm (toxin A) and 617 nm (toxin B) were similar to those seen

for synthetic oligonucleotide targets (Figures S1; S2) suggesting

that microwave treatment is an efficient means of generating

probe target DNA.

Release of DNA from C. difficile spore preparations using
focused microwave irradiation

Bacterial gDNA is normally sequestered within the body of the

host organism, making it difficult for detection probes to gain

access. The process is more complicated with bacteria such as B.
anthracis and C. difficile which have the ability to form spores.

Thus we employed a microwave based approach, previously

developed to release DNA from B. anthracis spores, to break open

the spore and vegetative form of C. difficile to release target DNA

[20]. This approach employs gold triangles with a 1 mm gap to

focus microwaves which rapidly heat the spores leading to their

physical disruption. Thus 500 ml aliquots comprising 16105 cfu/

ml of C. difficile spores suspended in PBS were subjected to

microwave radiation for periods between 2 and 16 seconds, and

then analyzed for DNA release via gel electrophoresis. Exposure to

microwaves for 15 seconds at 80% total microwave power resulted

in optimal release of DNA, with the majority of DNA disrupted to

produce fragments between 50–200 bp in size (Figure 4). In

contrast, irradiation for 16 seconds resulted in further fragmenta-

tion of DNA and yielding fragments too small to be detected by

the toxin probes.

Bacterial quantification following focused microwave
irradiation

To confirm that microwave irradiation had resulted in

disruption of bacterial structure and that the DNA detected did

not simply represent free-floating extracellular DNA, the effect of

microwave treatment on bacterial viability was determined.

Exposure to microwaves for 15 seconds resulted in a 99%

reduction in viable spore numbers from 1.336107 cfu/ml to

3.676103 cfu/ml.

Detection of target DNA in spores of C. difficile
suspended in PBS

Spores of C. difficile CD630 were suspended in PBS and

microwaved for 15 seconds at 80% power. Following treatment,

the cell suspension was diluted to give a range of bacterial

concentrations (Figure 5A & B). At the highest spore concentra-

Figure 5. Detection of DNA from microwaved C. difficile spore preparation in PBS using MAMEF. Spores of C. difficile from strain CD630 at
a range of concentrations 10, 100, 1000 and 10 000 cfu were suspended in PBS and subjected to microwave irradiation and screened for the presence
of toxin A and toxin B using MAMEF. (A) Various fluorescent signal intensities generated from detection of toxin A within gDNA from irradiated spores
(excitation at 495 nm, emission at 519 nm). (B) The various fluorescent signal intensities generated from detection of toxin B within gDNA from
irradiated spores (excitation at 590 nm, emission at 617 nm).
doi:10.1371/journal.pone.0104334.g005
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tion tested, 10000 cfu, the toxin A and B probes gave signals of 15

AU (519 nm) and 15 AU (617 nm) respectively. The lowest

concentration of spores tested, 10 cfu, also gave detectable signals

with both probes- (toxin A 12 AU, toxin B 10 AU).

Detection of spores of C. difficile in human feces
Spores of C. difficile CD630 were suspended in human feces

and microwaved for 15 seconds at 80% power. Prior to treatment,

the spore suspension was diluted to give a range of bacterial

concentrations (Figure 6A & B). At 1000 cfu, the toxin A and B

probes gave signals of 23 AU (519 nm) and 19 AU (617 nm)

respectively. The lowest concentration of spores tested, 10 cfu, also

gave detectable signals with both probes- 15 AU (519 nm) and 13

AU (617 nm).

Discussion

In this communication we describe the development of a bench

top assay based on MAMEF which is capable of detecting as few

as 10 bacteria of C. difficile in a fecal sample within 40 seconds.

To put this into context, during infection patients excrete between

10 000 to 10 000 000 spores per gram of feces [37].

Thus, in addition to detecting active infection, the assay could

also be used to identify patients who carry small numbers of C.
difficile in their gut but are asymptomatic. The C. difficile
asymptomatic carriage rate in humans varies between 4–20% and

treatment of these individuals with broad spectrum antibiotics

could precipitate an active infection [38]. Therefore information

concerning the presence or absence of the bacterium in a patient’s

gut would assist the clinician in determining the most appropriate

treatment option for that individual.

The level of sensitivity and speed of this prototype assay

compares favorably with all of the currently available C. difficile
detection methods [39]. The sensitivity of assays within the C.
difficile detection market range from 90–100% for the cell

cytotoxin, EIAs and PCR assays; however, to increase the

sensitivity and accuracy of diagnosis these assays are employed

in algorithms [40].

The ability of the assay to directly detect the pathogen in the

presence of fecal material is a major advantage over other DNA

based methods. Current PCR based assays can take between 2–

8 hrs to generate a result; due in part to the need to remove

enzyme inhibitors in feces which can prevent the amplification of

target DNA [9]. In contrast, the MAMEF assay does not employ

an enzymic amplification step and thus can operate in the

presence of organic material such as blood and feces [22,41]. This

is due to the low power microwave acceleration which increases

the rate of DNA hybridization within the biological sample via

metal enhanced fluorescence; whereby the SiF amplifies the

fluorescence of the labeled reporter DNA [42].

A further advantage of this prototype assay is its ability to detect

the genes encoding both toxins A and B. The contribution of both

toxins to the pathology of the infection is currently a subject of

debate [8,43]. Until relatively recently it was thought that only

toxin B was essential for virulence. As a consequence commercial

PCR based methods such as BD Gene Ohm and Xpert Cepheid

are configured to detect only toxin B [44]. Given this uncertainty,

the ability to detect both toxins would provide an obvious

advantage until the relative importance of each toxin has been

clarified.

To realize the potential of our promising technology, future

studies will focus on optimizing the MAMEF platform. This will

involve the development of an integrated microwave and laser

platform miniaturization, reduced power signature and a simple

readout would need to be incorporated into a hand held device

capable of being used at the bedside. Studies are already in

progress to multiplex the assay and thus detect the presence of

both toxins A and B in a single sample well.

We believe our prototype C. difficile detection assay has the

potential to be developed into a real-time assay capable of

identifying infected and colonized individuals within 40 seconds.

Such an assay would fulfill the pressing need for a rapid and

sensitive detection system capable of detecting both toxin A and B.

In the future we believe this assay could be used as a means of

screening patients upon admission to hospital to enable appropri-

ate treatment regimens and clinical management decisions to be

made.

Supporting Information

Figure S1 Detection of various concentrations of syn-
thetic oligonucleotide in TE buffer by MAMEF. The

Figure 6. Detection of DNA from lysed C. difficile in feces using MAMEF. Spores of C. difficile from strain CD630 at a range of concentrations
10, 100, and 1000 cfu were suspended in human feces and subjected to microwave irradiation, then screened for the presence of toxin A and toxin B
using MAMEF. (A) The various fluorescent signal intensities generated from detection of toxin A within gDNA from irradiated spores of C. difficile in
human feces (excitation at 495 nm, emission at 519 nm). (B) Graph demonstrating the fluorescent signal intensities generated from detection of toxin
B within gDNA from irradiated spores of C. difficile in human feces (excitation at 590 nm, emission at 617 nm).
doi:10.1371/journal.pone.0104334.g006
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concentration of anchor probe attached to the silver island film

surface for toxin A was 10 nM, whereas for toxin B the anchor

concentration was 100 nM. Thus there is variation in the signal

intensity generated from the toxin A and toxin B probes. A range

of synthetic oligonucleotide concentrations from 1 nM to

100 000 nM were used to determine the ability of the probes to

fluoresce in response to excitation via laser light. The fluorescent

intensity data presented in the above graphs is the result from a

single reproduced assay (A) Graph demonstrating the various

fluorescent signal intensities of a range of toxin A synthetic

oligonucleotides bound to the toxin A anchor and detector probes.

(B) Real color photographs of the fluorescent signal produced at

each concentration from the sample wells. The laser light used to

excite the fluorescent toxin A probe was at a wavelength of

495 nm excitation which produced an emission at 519 nm. (C)

Graph demonstrating the various fluorescent signal intensities of a

range of toxin B synthetic oligonucleotides bound to the toxin B

anchor and detector probes. (D) Real color photographs of the

fluorescent signal produced at each concentration from the sample

wells. The laser light used to excite the fluorescent toxin B probe

was at a wavelength of 590 nm excitation which produced an

emission at 617 nm.

(TIF)

Figure S2 Detection of various concentrations of syn-
thetic oligonucleotides in feces by MAMEF. Human feces

was diluted by 50% in PBS and mixed with the synthetic target

concentrations and tested in the MAMEF platform. The

concentration of anchor probe attached to the silver island film

surface for toxin A and toxin B was 10 nM. A range of synthetic

oligonucleotide concentrations from 1 nM to 1000 nM were used

to determine the ability of the probes to fluoresce in response to

excitation via laser light. The fluorescent intensity data presented

in the above graphs is the result from a single assay which was

repeated three times. (A) Graph demonstrating the various

fluorescent signal intensities of a range of toxin A synthetic

oligonucleotides bound to the toxin A anchor and detector probes

in the presence of human feces. (B) Graph demonstrating the

various fluorescent signal intensities of a range of toxin B synthetic

oligonucleotides bound to the toxin B anchor and detector probes

in the presence of human feces.

(TIF)

Figure S3 Dot blot of hybridization of C. difficile gDNA.
Genomic DNA from the panel of 58 C. difficile isolates tested were

macroarrayed as shown (3A+B) and tested against our DIG-

labeled probes. To confirm probe specificity, variant isolates of C.
difficile (tcdA2tcdB+) lacking either the toxin A (ribotypes 017;

047: tcdA2tcdB+) or toxin B (Toxinotype XIa; XIb; DS1684:

tcdA2tcdB2) gene sequences were included. DNA from these

isolates did not bind to the probes. (C) tcdA76 anchor probe (D)

tcdA76 detector probe, (E) tcdB anchor probe (F) tcdB detector

probe vs. C. difficile isolates. Bromophenol blue+ lambda phage

DNA was added to the first well orientate the membrane.

(TIF)

Figure S4 Dot blot of related and unrelated bacterial
species by DNA hybridization. Species related and unrelated

to C. difficile were tested against the probes for specificity. There

was no hybridization of the probes to the gDNA on the

membrane. Positive control for each probe was CD630 and a

variant strain control R22680 (tcdA2tcdB+) was also included. (A)

tcdA50 anchor probe, (B) tcdA50 detector probe, (C) tcdA76

anchor probe, (D) tcdA76 detector probe, (E) tcdB anchor probe,

(F) tcdB detector probe.

(TIF)

Table S1 Table of isolates used in this study. The isolates

of C. difficile are listed. Panel also includes 21 isolates as described

previously [30]. Isolates from blood culture are listed as (B/C).

Toxin production for each strain and its PCR ribotype are shown,

with additional information including the source. The isolates and

information above was provided courtesy of Dr. Jon Brazier and

Dr. Val Hall at the Anaerobic Reference Unit, University Hospital

Wales, Cardiff, UK, 2008.

(TIF)

Table S2 Additional bacterial species used in this study.
The additional species and their strain designations used in this

study are listed above. The species related to, and those not related

to, C. difficile are shown. The species were obtained from the

NTCC (National Type Culture Collection, HPA, London, UK),

unless otherwise stated. Other isolates obtained from the anaerobic

reference unit (ARU) at the University Hospital Wales (UHW) are

listed as ARU, UHW. Those isolates and information was

provided courtesy of Dr. Jon Brazier and Dr. Val Hall at the

Anaerobic Reference Unit, University Hospital Wales, Cardiff,

UK.

(JPG)

Table S3 PCR Thermocycle annealing temperatures
per probe. The probes for each toxin were found to have the

above optimal temperatures for PCR to occur. These are the

temperature at which all further PCR reactions and dot blot

reactions were conducted.

(TIF)

Acknowledgments

Authors would like to thank Dr. J. Marchesi, Cardiff University School of

Biosciences, for supplying the metagenomic human gut DNA samples.

Author Contributions

Conceived and designed the experiments: LTJ CDG LB. Performed the

experiments: LTJ. Analyzed the data: LTJ LB. Contributed reagents/

materials/analysis tools: LTJ BLM CDG LB. Contributed to the writing of

the manuscript: LTJ CDG LB.

References

1. Office of National Statistics Website. Available: http://www.statistics.gov.uk/

hub/index.html. Accessed 2011 Aug 3.

2. Kuntz JL, Johnson ES, Raebel MA, Petrik AF, Yang X, et al. (2012) Clostridium
difficile Infection, Colorado and the Northwestern United States, 2007.

Emerging Infect Dis 18(6): 960.

3. Poutanen SM, Simor AE (2004) Clostridium difficile-associated diarrhea in

adults. Can Med Assoc J 171: 51–58.

4. Cohen SH, Tang YJ, Silva JR (2000) Analysis of the pathogenicity locus in

Clostridium difficile strains. J Infect Dis 181: 659–663.

5. Spigaglia P, Mastrantonio P (2002) Molecular analysis of the pathogenicity locus

and polymorphism in the putative negative regulator of toxin production (TcdC)

among Clostridium difficile clinical isolates. J Clin Microbiol 40(9): 3470–3475.

6. Rupnik M, Wilcox MH, Gerding DN (2009) Clostridium difficile infection: new

developments in epidemiology and pathogenesis. Nat Rev Microbiol 7: 526–536.

7. Bongaerts GPA, Lyerly DM (1994) Role of toxins A and B in the pathogenesis of

Clostridium difficile disease. Microb Pathog 17: 1–12.

8. Kuehne SA, Cartman ST, Heap JT, Kelly ML, Cockayne A, et al. (2010) The

role of toxin A and toxin B in Clostridium difficile infection. Nature 467: 711–

713.

9. Goldenberg SD, Cliff PR, Smith S, Milner M, French GL (2009) Two-step

glutamate dehydrogenase antigen real-time polymerase chain reaction assay for

detection of toxigenic Clostridium difficile. Journal of Hospital Infection 74(1):

48–5.

Rapid Detection of Clostridium difficile Toxins A and B

PLOS ONE | www.plosone.org 8 August 2014 | Volume 9 | Issue 8 | e104334

http://www.statistics.gov.uk/hub/index.html
http://www.statistics.gov.uk/hub/index.html


10. Arnold A, Pope C, Bray S, Riley P, Breathnach A, et al. (2010) Prospective

assessment of two-stage testing for Clostridium difficile. Journal of Hospital

Infection 76: 18–22.

11. Belanger SD, Boissinot M, Clairoux N, Picard FJ, Bergeron MG (2003) Rapid

detection of Clostridium difficile in feces by Real-Time PCR. J Clin Microbiol

41: 730–734.

12. Planche T, Achaizu A, Holliman R, Riley P, Poloniecki J, et al. (2008) Diagnosis

of Clostridium difficile infection by toxin detection kits: a systematic review.

Lancet Infect Dis 8: 777–784.

13. Tenover FC, Novak-Weekley S, Woods CW, Peterson LR, Davis T, et al. (2010)

Impact of strain type on detection of toxigenic Clostridium difficile: comparison

of molecular diagnostic and enzyme immunoassay approaches. J Clin Microbiol

48: 3719–3724.

14. Carman RJ, Wickham KN, Chen L, Lawrence AM, Boone JH, et al. (2012)

Glutamate dehydrogenase (GDH) is highly conserved among Clostridium
difficile ribotypes. J Clin Microbiol 50(4): 1425–1426.

15. Doing KM, Hintz MS, Keefe C, Horne S, Levasseur S, et al. (2010)

Reevaluation of the Premier Clostridium difficile toxin A and B immunoassay

with comparison to glutamate dehydrogenase common antigen testing

evaluating Bartels cytotoxin and Prodesse ProGastro Cd polymerase chain

reaction as confirmatory procedures. Diagn Microbiol Infect Dis 66: 129–134.

16. Knetsch CW, Bakker D, De Boer RF, Sanders I, Hofs S, et al. (2011)

Comparison of real-time PCR techniques to cytotoxigenic culture methods for

diagnosing Clostridium difficile infection. J Clin Microbiol 49: 227

17. Rinttila T, Kassinen A, Malinen E, Krogius L, Palva A (2004) Development of

an extensive set of 16S rDNA-targeted primers for quantification of pathogenic

and indigenous bacteria in faecal samples by real-time PCR. J Appl Microbiol

97: 1166–1177.

18. Eastwood K, Else P, Charlett A, Wilcox M (2009) Comparison of nine

commercially available Clostridium difficile toxin detection assays, a real-time

PCR assay for C. difficile tcdB, and glutamate dehydrogenase detection assay to

cytotoxin testing and cytotoxigenic culture methods. J Clin Microbiol 47: 3211.

19. Aslan K, Zhang Y, Hibbs S, Baillie L, Previte MJR, et al. (2007) Microwave-

accelerated metal-enhanced fluorescence: application to detection of genomic

and exosporium anthrax DNA in ,30 seconds. The Analyst 132: 1130–1138.

20. Aslan K, Previte MJ, Zhang Y, Gallagher T, Baillie L, et al. (2008) Extraction

and detection of DNA from Bacillus anthracis spores and the vegetative cells

within 1 min. Anal Chem 80(11): 4125–4132.

21. Zhang Y, Agreda P, Kelley S, Gaydos C, Geddes CD (2011) Development of a

microwave-accelerated metal-enhanced fluorescence 40 second, ,100 cfu/mL

point of care assay for the detection of Chlamydia trachomatis. Biomedical
Engineering, IEEE Transactions 1-1.

22. Tennant SM, Zhang Y, Galen JE, Geddes CD, Levine MM (2011) Ultra-Fast

and sensitive detection of non-typhoidal Salmonella using Microwave-Acceler-

ated Metal-Enhanced Fluorescence (MAMEF). PLoS ONE 6: e18700.

23. Geddes CD, Lakowicz JR (2002) Editorial: Metal-enhanced fluorescence.

J Fluoresc 12: 121–129.

24. Stubbs SLJ, Brazier JS, O’Neill GL, Duerden BI (1999) PCR targeted to the

16S-23S rRNA gene intergenic spacer region of Clostridium difficile and

construction of a library consisting of 116 different PCR ribotypes. J Clin

Microbiol 37:461

25. Mahenthiralingam E, Bischof J, Byrne SK, Radomski C, Davies JE, et al. (2000)

DNA-based diagnostic approaches for identification of Burkholderia cepacia
complex, Burkholderia vietnamiensis, Burkholderia multivorans, Burkholderia
stabilis, and Burkholderia cepacia genomovars I and III. J Clin Microbiol 38(9):

3165–3173.

26. Mahenthiralingam E, Simpson DA, Speert DP (1997) Identification and

characterization of a novel DNA marker associated with epidemic Burkholderia

cepacia strains recovered from patients with cystic fibrosis. J Clin Microbiol

35(4): 808–816.
27. Drevinek P, Baldwin A, Lindenburg L, Joshi LT, Marchbank A, et al. (2010)

Oxidative stress of Burkholderia cenocepacia induces insertion sequence-

mediated genomic rearrangements that interfere with macrorestriction-based
genotyping. J Clin Microbiol 48(1):34–40.

28. Shoemaker NB, Vlamakis H, Hayes K, Salyers AA (2001) Evidence for extensive
resistance gene transfer among Bacteroides spp. and among Bacteroides and

other genera in the human colon. Appl Environ Microbiol 67: 561.

29. Knopp S, Mohammed KA, Stothard JR, Khamis IS, Rollinson D, et al. (2010)
Patterns and risk factors of helminthiasis and anemia in a rural and a peri-urban

community in Zanzibar, in the context of helminth control programs. PLoS Negl
Trop Dis 4(5): 681.

30. Rohner F, Zimmermann MB, Amon JR, Vounatsou P, Tschannen AB, et al.
(2010) In a randomized controlled trial of iron fortification, anthelmintic

treatment, and intermittent preventive treatment of malaria for anemia control

in Ivorian children, only anthelmintic treatment shows modest benefit. The
Journal of Nutrition 140, 3: 635–641.

31. Miles AA, Misra SS, Irwin JO (1938) The estimation of the bactericidal power of
the blood. J Hyg 732–749.

32. Joshi LT, Phillips DS, Williams CF, Alyousef A, Baillie L (2012) Contribution of

Spores to the Ability of Clostridium difficile To Adhere to Surfaces. Appl
Environ Microbiol 78(21): 7671–7679.

33. Aslan K, Leonenko Z, Lakowicz JR, Geddes CD (2005) Annealed silver-island
films for applications in metal-enhanced fluorescence: Interpretation in terms of

radiating plasmons. J Fluoresc 15: 643–654.
34. Aslan K, Gryczynski I, Malicka J, Matveeva E, Lakowicz JR, et al. (2005) Metal-

enhanced fluorescence: an emerging tool in biotechnology. Curr Opin

Biotechnol 16: 55–62.
35. Michota A, Kudelski A, Bukowska J (2001) Influence of electrolytes on the

structure of cysteamine monolayer on silver studied by surface-enhanced Raman
scattering. J Raman Spectrosc 32: 345–350.

36. Bowker DW, Randerson PF (2007) Practical Data Analysis Workbook for

Biosciences (3rdEdn). Essex. Pearson Education Ltd. 299 p
37. Mulligan ME, Rolfe RD, Finegold SM, George WL (1979) Contamination of a

hospital environment by Clostridium difficile. Curr Microbiol 3: 173–175.
38. Riggs MM, Sethi AK, Zabarsky TF, Eckstein EC, Jump RLP, et al. (2007)

Asymptomatic carriers are a potential source for transmission of epidemic and
nonepidemic Clostridium difficile strains among long-term care facility residents.

Clin Infect Dis 45: 992–998

39. Planche T, Wilcox M (2011) Reference assays for Clostridium difficile infection:
one or two gold standards? J Clin Pathol 64: 1–5.

40. Novak-Weekely SM, Marlowe EM, Miller JM, Cumpio J, Nomura JH, et al.
(2010) Clostridium difficile testing in the clinical laboratory by use of multiple

testing algorithms. J Clin Microbiol 48: 889.

41. Aslan K, Baillie L, Geddes CD (2010) Ultra fast and sensitive detection of
biological threat agents using microwaves, nanoparticles and luminescence.

Journal of Medical Chemical, Biological and Radiological Defense 8: 1–21
42. Melendez JH, Huppert JS, Jett-Goheen M, Hesse EA, Quinn N, et al. (2013)

Blind Evaluation of the Microwave-Accelerated Metal-Enhanced Fluorescence
Ultrarapid and Sensitive Chlamydia trachomatis Test by Use of Clinical

Samples. J Clin Microbiol 51(9): 2913–2920.

43. Lyras D, O’Connor JR, Howarth PM, Sambol SP, Carter GP, et al. (2009)
Toxin B is essential for virulence of Clostridium difficile. Nature 458: 1176–

1179.
44. Deshpande A, Pasupuleti V, Rolston DD, Jain A, Deshpande N, et al. (2011)

Diagnostic accuracy of real-time polymerase chain reaction in detection of

Clostridium difficile in the stool samples of patients with suspected Clostridium
difficile infection: a meta-analysis. Clin Infect Dis 53(7): 81–90.

Rapid Detection of Clostridium difficile Toxins A and B

PLOS ONE | www.plosone.org 9 August 2014 | Volume 9 | Issue 8 | e104334


