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Clostridium difficile is one of the key bacterial pathogens that cause infectious diarrhoea both in the

developed and developing world. Isothermal nucleic acid amplification methods are increasingly used for

identification of toxinogenic infection by clinical labs. For this purpose, we developed a low-cost

microfluidic platform based on the SlipChip concept and implemented real-time isothermal

recombinase polymerase amplification (RPA). The on-chip RPA assay targets the Clostridium difficile

toxin B gene (tcdB) coding for toxin B, one of the proteins responsible for bacterial toxicity. The device

was fabricated in clear acrylic using rapid prototyping methods. It has six replicate 500 nL reaction wells

as well as two sets of 500 nL control wells. The reaction can be monitored in real-time using

exonuclease fluorescent probes with an initial sample volume of as little as 6.4 mL. We demonstrated a

limit of detection of 1000 DNA copies, corresponding to 1 fg, at a time-to-result of <20 minutes. This

miniaturised platform for pathogen detection has potential for use in resource-limited environments or

at the point-of-care because of its ease of use and low cost, particularly if combined with preserved

reagents.
Introduction

Infectious diarrhoea following nosocomial and antibiotic
treatment is mainly caused by Gram-positive bacteria, like
Clostridium difficile.1 In the US alone this accounted for 337 000
infections and 14 000 deaths in 2012.2 Infection from ingested
spores of the bacterium is an emerging issue in in-patient
healthcare facilities such as hospitals and nursing homes in the
developed world. Overpopulation of a patient's colon by C.
difficile typically occurs aer treatment with a broad-spectrum
antibiotic, which depletes the natural gut ora. The hostile
bacteria can then produce the potent toxins A and B, as well as a
binary toxin, which are highly pathogenic to humans, causing
infectious diarrhoea.3 Toxins A and B are structurally similar
and their crystal structures have been fully characterised.4 Toxin
B is the most potent and binds to disaccharides found on the I,
X and Y blood antigens.5 Diagnosis of infection is therefore a
priority and clinical labs in many parts of the world are
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increasingly using nucleic acid amplication tests because of
improved diagnostic sensitivity for mild and severe cases. Toxin
B is one of the virulence factors of C. difficile and is the product
of the tcdB gene. This is the principle target of molecular
diagnostics in hospitals, and for this reason we have chosen
tcdB as the molecular target of our assay.

Microuidic micro-systems can provide simple and low-cost
alternatives to hospital instrumentation for pathogen detection,
without the need for trained personnel and expensive facilities.6

In the developed world, microuidic devices are being used for
point-of-care applications. In the developing world, low-cost
diagnostics are being developed to comply with the guidelines
of the World Health Organization for diagnostics in resource-
poor settings, dened by the ASSURED acronym: affordable,
sensitive, specic, user friendly, rapid and robust, equipment-
free, delivered to those who need it.7

An example of a very low-cost microuidic microsystem that
has been used for molecular assays is the SlipChip, developed
by the Ismagilov lab.8 First introduced in 2009, it is very simple
and does not require pumps or valves to move uids. It can be
used for multiplex reactions, similar to microplate-based
systems. It consists of two plates into which a series of nanolitre
volume wells and channels are machined. The top and bottom
plates are brought together and slipped relative to each other so
that when wells overlap uids and samples can exchange.
Liquid is conned in the wells by a thin layer of lubricating
uorinated oil.
Analyst
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Among the molecular tools available for genetic analysis,
isothermal nucleic acid amplication technologies (INAAT) are
ideal candidates for miniaturised point-of-care applications.9

They operate at lower temperatures than polymerase chain
reaction (PCR),10 need less precise temperature control and
importantly for micro-devices they do not require thermo-
cycling.

INAAT methods amplify either DNA or RNA targets. One
example is loop-mediated amplication (LAMP) which
amplies DNA with high specicity at 65 �C.11 Auto-cycling of
DNA synthesis is achieved using three sets of �20–45 nucleo-
tide-long primers, operating at inner and outer sites, as well as
the loop regions. An amplication efficiency of 109 occurs in 60
minutes and the amplicons are long looped DNA catenates.
Recombinase polymerase amplication (RPA) can reach a
similar amplication efficiency to LAMP within 30 minutes at
lower incubation temperatures, in the range of 37 to 41 �C.12

The RPA reaction is summarised in Fig. 1. An E. coli recombi-
nase ATPase, RecA, forms complexes with two primers specic
to the DNA target which scan the DNA target for complementary
sequences.13 A T4 bacteriophage polymerase, Bsu,14 extends the
strand in a characteristic D-loop structure. Real-time uores-
cence detection is used to monitor the assay quantitatively by
means of uorescently labelled probes with a tetrahydrofuran
(THF) moiety. An exonuclease III, present in the RPA reaction
master-mix, digests the THF spacer when the probes are
hybridised to the target.
Fig. 1 Illustration summarising the steps of the RPA reaction, with real-tim
with recombinase–primer complexes. Primers are extended by Bsu polym
two copies of the original ds DNA. The exonuclease probe anneals to
exonuclease III digests the tetrahydrofuran (THF) spacer on the probe ca
ref. 12.

Analyst
The SlipChip has been used for protein and nucleic acid
amplication assays. A multiplexed bead-based heterogeneous
immunoassay for insulin using 48 individual 9 nL droplets was
reported with a limit of detection (LOD) of 13 pM.15 This was an
improvement over existing nL-volume on-chip immunoassays16

and all steps from sample addition to uorescence detection
occurred on the device. A high-throughput nL multiplex PCR
platform was demonstrated for up to 16 pathogens, including E.
coli and MRSA, in 40 and 384 wells.17 In the latter, 384 primer
pairs were dispensed in the wells and individual PCR reactions
were run in parallel from a single 10 mL sample of genomic
DNA. Total reaction time was �75 minutes and end-point
uorescence was measured with an epi-uorescence micro-
scope. A similar publication reported 1280 parallel digital
reactions in 2.6 nL wells for detection of Staphylococcus aureus.18

Shen et al. demonstrated digital reverse-transcriptase (RT) PCR,
targeting HIV and hepatitis C RNA in as little as 1 nL wells in 160
parallel reactions with no cross-contamination.19 Digital RT-
LAMP has been shown for HIV RNA detection in spiked plasma
on a SlipChip.20 A two-step modication of the bench-top LAMP
protocol was used for 42 parallel end-point reactions in �3 nL
wells. During the rst step RNA molecules were compartmen-
talised and DNA was produced by RT; LAMP was performed on
each individual RT product. This approach overcame the
underestimation of target copies typically encountered by
digital nucleic acid amplication methods. Digital (end-point)
RPA has also been demonstrated on a SlipChip.21
e exonuclease probes. Double-stranded (ds) template DNA hybridises
erase in D-loop structure from both 50 and 30 directions. This results in
a complementary sequence on the template DNA. When bound, an
using real-time fluorescence generation. Part of diagram adapted from

This journal is © The Royal Society of Chemistry 2014
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All these assays were performed on SlipChip devices, made
from etched glass and fabricated using standard methods of
photolithography and wet chemical etching in a clean room
environment.22 This type of fabrication requires trained
personnel, oen toxic processes and access to expensive
facilities. Recently we described a polymer-chip-based Slip-
Chip platform for protein separation using isoelectric
focusing.23 This device was made from poly-methyl methac-
rylate (PMMA) material and features were micro-milled
without the need for clean room facilities using computer
numeric control (CNC) micromachining. In this work, we have
employed the same low-cost fabrication technique to produce
PMMA SlipChip devices for RPA on-chip. Access vials were
easily fabricated for sample loading and collection, and
multiple layer chips were feasible.

PMMA compares very well to glass in both optical proper-
ties and physical adsorption. First, PMMA has excellent optical
properties24 and shows very little auto-uorescence; as low as
glass.25 Second, both glass and PMMA require surface passiv-
ation for efficient nucleic acid amplication on-chip.26 PMMA
is a hydrophilic polymer with a water contact angle of �68�

compared to �73� for glass. In previous work using glass
SlipChip devices for RPA, a dichloromethyl silane treatment
was used to render the surface hydrophobic. For PMMA chips,
we employed a rapid vapour polishing method,27 developed in
our lab, to remove any surface roughness caused by micro-
machining. We then treated the PMMA with a hydrophobic
surface coating, followed by surface priming with an inert
protein. Overall, PMMA is suitable for rapid prototyping,
which makes it an ideal candidate for proof-of-concept
studies. Once a suitable design for a system has been proven,
low-cost and high throughput methods such as injection
moulding could be used to produce single-use disposable
chips.

Here we present a PMMA-chip-based SlipChip platform for
quantitative real-time uorescence detection of isothermal
amplication of the tcdB gene of C. difficile. Bacterial DNA was
detected to 1000 copies (or 1 fg) with a total reaction time of less
than 20 minutes.
Fig. 2 Device loading diagram. The top and bottom plates have six
replicate reaction wells and two sets of negative control (NC) wells,
one for no DNA and one for nomagnesium acetate. In the longitudinal
side view, the loading configuration is demonstrated. A pipette is used
to load the wells with DNA sample (4.6 mL), RPA master-mix (MC, 6.4
mL) and magnesium acetate (6.8 mL) in the replicate sample wells.
Equivalent volumes in the control wells were 2.9, 3.5 and 5 mL,
respectively. In the lateral side view, the dimensions and features of the
devices are shown with micro-milled wells and ducts ranging from
200 to 600 mm in depth fabricated in 1 mm thick clear acrylic.
Experimental
1 Chemicals and materials

Nuclease-free water (DEPC-treated) was purchased from Invi-
trogen (Paisley, UK). Isopropyl alcohol (BioReagent, for
molecular biology, $99.5%), bovine serum albumin (BSA,
BioReagent, for molecular biology, 20 mg mL�1 in water) and
Tween20 (molecular biology grade) were sourced from Sigma
Aldrich (Dorset, UK). PMMA at different thicknesses,
neodymium block magnets (25 mm � 10 mm � 5 mm), a
silicone rubber patch thermocouple (50 to +150 �C, K Type), a
0.075 mm probe thermocouple (250 �C maximum, K Type)
and M6 hexagonal nuts and bolts were supplied from RS
Components (Northants, UK). The 0.01 mm micrometer
(10 mm graduations) with a spherical tip was from Thor Labs
(Cambridgeshire, UK).
This journal is © The Royal Society of Chemistry 2014
2 SlipChip design and fabrication

The device consists of two separate plates with wells, ducts and
holes patterned in each half. The top plate (55 mm � 60 mm)
and bottom plate (64 mm � 45 mm) were fabricated from 1.0
mm-thick PMMA. Fig. 2 shows the design of the two plates
which together form three separate uidic paths for loading the
sample, RPA master-mix and magnesium acetate when assem-
bled together. The assembled device has six replicate reaction
wells for sample amplication and two additional duplicate
control wells. All three wells had a surface area of 1 mm2.

Features at 200 mm, 300 mmand 600 mmdepth were formed by
CNC micromachining using an automated LPKF Protomat S100
micro-mill. Prior to use, the plates were washed with a decon-
tamination solution (RNaseZap, Invitrogen, UK), nuclease-free
water and isopropyl alcohol. They were then dried under
nitrogen, dehydrated at 60 �C for 5 minutes and exposed to
chloroform vapour for 3 minutes at room temperature to polish
the surface by reowing.27 A hydrophobic coating (Duxcoat Nano
solution, Duxback Ltd, Somerset, UK) was applied and the plates
were dried at 60 �C for 5 minutes. To minimise non-specic
binding, the plates were passivated in an aqueous solution of
0.1% (v/v) Tween20 and 0.1% (w/v) BSA overnight at 4 �C.
3 Assembly of SlipChip platform

The two plates were clamped together using two small
neodymium magnets and the entire assembly was held in a
custom-made holder as shown in Fig. 3a. Fluorinated aliphatic
oil (50 mL, Fluorinert FC-40, 3M, Sigma Aldrich, UK) was added
to the bottom plate before clamping the top plate. This layer of
oil facilitated slipping of the plates and prevented leakage. The
Analyst
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Fig. 3 (a) Photograph of the SlipChip device and base holder. The base
holder measures 197 � 93 mm and is fabricated from four sheets of 3
mm poly(methyl methacrylate). The sheets are held together with M6
hexagonal nuts and bolts. The bottom plate of the device is moved
using a 0.01 mmmicrometer drive. (b) Diagram showing all device and
holder components.

Fig. 4 Schematic of optical geometry, where EO 624/40 is a band-
pass filter and PMT is photomultiplier tube.
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holder was made in PMMA using laser micromachining (Epilog
Mini 24 Laser System, Epilog, USA). It measured 197 mm � 93
mm and was fabricated from four sheets of 3 mm PMMA were
held together with nuts and bolts (Fig. 3b). The bottom plate of
the device was slipped into different positions using a
micrometer drive with a spherical tip to provide accurate
alignment of the plates. A custom-made thermo-regulating
plate tted at the top plate controlled the RPA at 39� 0.1 �C. For
detailed description, see ESI.†

4 DNA template preparation

Cells of C. difficile (strain R20291) were inoculated from a
Fastidious Anaerobe Agar (FAA) plate (Oxoid, Fisher Scientic,
UK) into 10 mL pre-reduced Brain Heart Infusion (BHI) broth.
The BHI broth was based on the original formulation28 but
prepared in-house at Public Health England. Cells were grown
for 24 hours at 37 �C in a 2.5 L anaerobe jar (Oxoid, Fisher
Scientic, UK) with a 3.5 L AnaeroGen sachet (Oxoid, Fisher
Scientic, UK) to generate anaerobic conditions. Aer 24 hours,
a culture aliquot (1 mL) containing approximately 1 � 108

colony forming units (CFU) was removed and genomic DNA was
extracted (Protocol G, Promega Wizard, Promega, UK). The
puried 1168 bp amplicon of tcdB was then amplied further by
PCR. A forward primer, 50-TCT TTT TAT GGT TCT GGA GGA ACT
TAT-30, and a reverse primer, 50-GTT TAT TTC ATC TGT ATA TAT
ATT TGG C-3 were used. The PCR reaction was performed using
a commercial master-mix (GoTaq Hot Start Green Master Mix,
Analyst
Promega, UK) as per the manufacturer's instructions on a
thermal cycler (BIOER LifePro, China) with 5 minutes hot start
at 95 �C, 30 s denaturation at 95 �C, 30 s annealing at 55 �C, 5
minutes extension at 72 �C, repeated for 30 cycles. A nal
extension was performed at 72 �C for 5 minutes. The PCR
product was then puried using a commercial PCR purication
kit (QIAquick Qiagen, UK) as per the manufacturer's instruc-
tions. The pure DNA eluent was then quantied using the Qubit
double stranded DNA quantication kit and the Qubit 2.0
uorimeter (Life Technologies, UK) as per the manufacturer's
instructions.
5 Benchtop RPA

RPA was performed in a nal volume of 50 mL using an
exonuclease kit (Exo Kit, TwistDx, Cambridge, United
Kingdom). The nal solution of the rehydrated mastermix
included 0.42 mM forward primer, 0.42 mM reverse primer, 0.12
mMCy5-labelled RPA exo probe, 14 mMmagnesium acetate and
1� rehydration buffer. The RPA primers were 35 base pair
oligonucleotides that were HPLC puried (IDT, Belgium). The
real-time probe was a 47 base pair sequence (ADT Bio, South-
ampton, UK). All the reagents except the template DNA and
magnesium acetate were added to the purchased lyophilised
pellet to give a nal volume of 46.5 mL. The DNA template (1 mL)
was added to each reaction at a variable concentration. The
magnesium acetate (2.5 mL, 280 mM) was added last to initiate
the reaction. The reaction was incubated at 39 �C in a thermal
cycler (ABI7500, Life Technologies, United Kingdom) and uo-
rescence was monitored real-time at 670 nm.
6 Optical and mechanical system

A custom uorescence detection system was made as shown in
Fig. 4.

This system measures the uorescence from each well an
excitation wavelength of 635 nm and an emission wavelength of
692 nm. Each well is imaged sequentially using a linear trans-
lation stage. Fluorescence was recorded during 15 ms exposure
to reduce photo-bleaching. A total of 100 data points were
This journal is © The Royal Society of Chemistry 2014
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recorded for each well over approximately 45 minutes, using a
custom LABVIEW™ program. A detailed description of the
system is included in ESI.†
Results and discussion

An 1186 base-pair sequence was identied as the target of the
RPA reaction. This was designed to be homologous across
multiple strains of C. difficile. The genome for C. difficile R20291
has been annotated.29 The presence of either tcdA or tcdB is
reportedly critical for virulence,30 but the majority of clinical
isolates always harbour the tcdB gene. The rst ever report of a
tcdA positive and tcdB negative clinical strain was only shown in
2012 from rabbit samples,31 thus making tcdB the most stable of
the two toxins to target.

The RPA reactions were performed both on the 500 nL well
SlipChip platform and in 50 mL bench-top assays. The bench-top
protocol was adapted to the SlipChip format as follows. First,
the DNA sample was mixed with the RPA master-mix, which
consisted of all the necessary reagents for amplication except
the magnesium acetate chemical initiator. The concentration of
primers and exo probes was increased in the nal 500 nL Slip-
Chip reaction to match the bench-top concentration. The
reaction components and DNA sample were brought together
Fig. 5 Top and bottom plates of the SlipChip during the RPA reaction. (
acetate (MgAc) are loaded into the channels and the separate chambe
configuration: The bottom plate is slipped, aligning the DNA and RPA
temperature for diffusive mixing. (c) Incubation configuration: the bottom
The RPA reaction is chemically activated with magnesium acetate and is m
Collection configuration: the bottom plate is slipped to align the reaction
for further analysis which is feasible in the case of non-real-time RPA.

This journal is © The Royal Society of Chemistry 2014
and allowed to mix at room temperature for 5 minutes. Second,
the magnesium acetate was added to initiate the reaction. The
on-chip protocol is summarised in the experimental section and
Fig. 5.

Titration results comparing the on-chip with a bench-top
assay are shown in Fig. 6. Aer an initial lag phase of �5
minutes, the uorescence intensity increases exponentially. The
nal level of uorescence varies with copy number since
kinetics aer 15 minutes into the RPA reaction are ill-dened.
The LOD was at 1000 copies of the tcdB gene achieved at 15.7
minutes on-chip and 13.4 minutes on bench-top. The fastest
reaction was observed for 107 copies at 5.0 minutes on-chip and
4.2 minutes on bench-top, respectively.

The RPA reaction can be quantied from the time for onset
of amplication12 or threshold time.32 This is the time point at
which the amplication curve rises above a threshold of
detection (TOD) and is equivalent to CT (or CQ) in qPCR.33 There
is no set method for dening TOD as long as it is consistently
applied for all data. In our experiments, the TOD has been set at
3s above the mean of two negative control reactions, with no
DNA template present. RPA reactions were performed at vari-
able copy numbers of C. difficile DNA.

A plot of the onset of amplication against the logarithm of
DNA concentration is shown in Fig. 7. A linear relationship was
a) Loading configuration: DNA, RPA master-mix (MC) and magnesium
rs are filled with 300 nL, 600 nL and 200 nL, respectively. (b) Mixing
MC chambers. The reagents are incubated for 5 minutes in room
plate is slipped to align the reaction chamber with the MgAc chamber.
onitored real-time for up to 1 h under a fluorescence microscope. (d)
chamber with two output ports. This allows 300 nL sample collection

Analyst
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Fig. 6 RPA amplification curves. The dashed line defines the threshold
of detection (TOD) estimated as 3s above the mean of two negative
control reactions. The error bars denote standard deviation of repli-
cation experiments. (a) SlipChip results (n ¼ 6) showing curves for 1 �
107 to 1 � 103 copies of C. difficile DNA. (b) Bench-top results (n ¼ 3)
showing curves for 1 � 107 to 1 � 103 copies of C. difficile DNA.

Fig. 7 Plots of the onset of amplification of reactions shown in Fig. 6
against the logarithm of the template copy. The onset of amplification
is defined as passing the threshold of detection (TOD). TOD is esti-
mated as 3s above the mean of two negative control reactions. (a)
SlipChip results shown as red squares, with error bars denoting stan-
dard deviation of n¼ 6. (b) Bench-top results shown as blue diamonds,
with error bars denoting standard deviation of n ¼ 3. A linear rela-
tionship is demonstrated in both sets of results.
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demonstrated for the RPA assay, and the SlipChip results are
comparable with the bench-top method. The R2 values for on-
chip and bench-top were at 0.99 and 0.93, respectively. Bench-
top RPA was also performed for C. difficile R20291 genomic DNA
using the same primers and conditions as for the PCR product.
The LOD was 1000 copies at 12.6 minutes (data not shown).

It is informative to relate the number of DNA copies to fg of
DNA or CFU. The C. difficile R20291 genome is 4 191 339 bp, so
that one copy of this genome in theory equates to one CFU, and
will correspond to �5 fg. However, since we are using a PCR
amplicon for a sequence within the tcdB gene, a direct conver-
sion from copies to CFU is not possible, as the LOD would be <1
CFU.

The RPA reaction is particularly attractive for microuidic
devices. It has been used for real-time detection of Staphylo-
coccus aureus on a CD format, employing a cyclic olen copol-
ymer (COC) device.34 A total of 32 10 mL parallel reactions were
run together with a time-to-result of�20minutes and an LOD of
100 copies (or 0.1 fg). In our work, the reaction volume was
reduced 20-fold to 500 nL with similar time-to-results.

Previous work by the Ismagilov group has shown RPA on a
SlipChip format, employing a glass device fabricated by so
lithography.21 Reaction volumes were 9 nL in 1550 replicates. A
Analyst
1 hour reaction was demonstrated for yes/no endpoint digital
detection of Staphylococcus aureus. Our work demonstrates real-
time quantitative analysis in nL volumes. This is advantageous
because during the rst exponential part of the amplication
curve, accuracy is higher as reagents are in excess. Absolute
quantication is based on an estimate of the abundance of the
target relative to that of a standard curve. End-point detection
used in nucleic acid amplication assays can be much more
variable as just a few molecules difference at the reaction start
can affect the nal uorescence greatly. The variation of
endpoint uorescence in RPA is even more pronounced since
reaction kinetics aer 30 minutes are still poorly understood.12

Future work will include rst the integration of an amplied
chemical readout, alleviating the need for a uorescent detector
as previously reported for a paper-based microuidic device
using RPA.35 This could involve using a biotin-labelled reverse
primer, forming RPA amplicons that can be detected with
commercial test strips lateral ow strips containing anti-biotin
antibodies conjugated to gold nanoparticles. Second, very low
cost devices will be fabricated using injection moulding of
PMMA. The devices will be single-use and disposable.
Conclusions

A SlipChip platform with six parallel 500 nL reaction chambers
was fabricated using rapid prototyping (laser cutting and
micromilling) in PMMA. We demonstrated real-time RPA of the
tcdB gene for C. difficile with 1 fg (1000 copies) of DNA. Our
simple and low cost microuidic isothermal nucleic acid
amplication method could be developed into a point-of-care
tool for intestinal infection without the need for lengthy labo-
ratory tests, providing both rapid lab diagnostics and clinical
decision-making at a single location.
This journal is © The Royal Society of Chemistry 2014
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