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We describe a nucleic acid testing (NAT) platform for
infectious disease diagnostics at the point-of-care, using
surface acoustic waves (SAW) to perform a multiplexed loop-
mediated isothermal amplification (LAMP) test for sexually
transmitted diseases. The ultrasonic actuation not only
enables faster NAT reactions but also provides a route
towards integrating low-cost, low-power molecular
diagnostics into disposable sensors.

Infectious diseases cause more than half of the deaths in low
resource countries.' To reduce the impact of these diseases, it is
now broadly accepted that early diagnosis is needed in order to
break the cycle of infection and transmission, reducing both
mortality and morbidity. The development of rapid, high
performance molecular diagnostic technologies, such as those
involved in NATSs has the potential to provide a much-needed
step-change, enabling the early diagnosis of infection.’

Currently NATs can provide information on the microbial
species and sub-types, enabling, for example, the identification
of drug resistant strains. However, existing technologies suffer
from limitations in both speed and cost.?> They also often
require considerable user-expertise. To date the majority of
these have been based upon the polymerase chain reaction
(PCR), an amplification method which although widely used, is
also difficult to implement in resource limited areas®. As an
alternative loop mediated isothermal amplification (LAMP) can
amplify DNA at a constant temperature (60-65°C), enabling
detection with both high sensitivity and specificity.” The
technique has previously been demonstrated for pathogen
detection, such as Mycobacterium tuberculosis* and HIV,’ and
has led to its adoption by important stakeholders such as
FIND.

Recently, LAMP amplification has also been integrated
within microfluidic devices to enable small volume analysis
and enhance portability.” Real-time sensing has also been
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Fig. 1. (A) Integrated SAW-LAMP device. The SAW generated by the IDT
deposited on the piezoelectric surface was coupled into a superstrate. A 4.0uL
droplet of the LAMP mix was dispensed on the superstrate and covered with
mineral oil to prevent evaporation. (B) Real time results of SAW-LAMP: 1. Black
triangle,positive amplification(103copies/reaction); 2. Red circles, negative
amplification (non-template signal). The target gives an amplification after ~8
min, while the negative sample shows a constant signal. (Inset)
Electropherograms of SAW-LAMP of CT: Lane M: DNA marker; Lane 1: SAW-
LAMP positive; Lane 2: LAMP (positive) with thermal heating actuation using a
Peltier heater; Lane 3: SAW-LAMP non-template negative control; lane 4: LAMP
non-template negative with thermal heating actuated using a Peltier heater.
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performed using both fluorescence® and turbidity (which can be
seen with the naked eye, but does not enable multiplexing).®
(SAW) are most commonly
generated with an interdigitated transducer (IDT) patterned on
the surface of a piezoelectric substrate. The energy in the
associated ultrasonic wave is located at the chip surface, in this
case, at its interface with the sample, positioned in the
propagation pathway (Fig. 1).” Upon reaching the liquid, the
SAW refracts and depending upon the power and frequency,
the energy can be used for a range of microfluidic functions,
including heating and mixing.'® We have previously shown that
SAWs can be coupled into a disposable chip and then used to
perform sample processing of blood,'' to control aggregation of
colloids,"”” to concentrate micro-organisms in blood'® and
integrate PCR assays onto a low-cost low-power system.'*

In this paper, we demonstrated that the integration of SAW-
induced heating to perform real-time LAMP using EvaGreen™
fluorescent DNA-intercalating dye system.'> We first
characterised the sensitivity of the technique for the detection
of Chlamydia trachomatis (CT), demonstrating limits of
detection of ten copies of the CT target per sample (established
using a serial dilution). We also showed for the first time that
SAW-induced amplification provides a new method to enable
multiplexed detection, using the melting curve analysis to
simultaneously detect Neisseria gonorrhoea (GC) and CT. The
LAMP reaction was performed at a constant temperature,
without the requirement for precise control of thermal cycles.
As a consequence, we demonstrated an integrated assay
protocol with greatly reduced reaction times and a simplified
operational control. Interestingly, the use of acoustic actuation
results in streaming flows that speed up the LAMP reaction,
when compared to electrical heating, by as much as 20%.

The assay was developed on a disposable chip by in-
coupling the SAWs propagated at 20MHz (+ 3.0 MHz), from a
LiNbOs;piezoelectric substrate. The sample was a 4.0 uL drop
of LAMP mix (see supplementary methods in ESI for details on
the reagents and DNA sequence designs), encapsulated in
mineral oil to prevent evaporation (Fig. 1A). Heat was
generated using the SAW and temperature changes were
monitored, for purposes of characterisation and calibration
using infrared imaging (Fig. S1 in ESI). An actuation power
(ca. -1.2 W) was used to stabilise the temperature of the sample
at 60 °C (Fig. Slin ESI - temperature stability). As
amplification took place, the EvaGreen™ fluorescent dye was
incorporated into the double-stranded DNA, with a resulting
exponential increase in the signal intensity, Fig. 1B.

The fluorescence intensity of the non-template negative
control (no target) remained constant throughout the assay,
indicating an absence of non-specific amplification (Figure 1B).
As expected, after 20 min, the efficiency of the fluorescent dye
diminished, resulting in a decrease in the intensity of the signal.
Gel electrophoresis of the amplified target confirmed a positive
amplification using both SAW (Lane 1) and Peltier actuated
heating (Lane 2) with no non-specific signal for the negative
samples (Lanes 3 and 4), Fig. 1B (inset). We further showed the
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Fig. 2. (A). Real-time amplification curve of SAW LAMP amplification of serial 10-
fold diluted CT positive template (1-5 normalised real-time amplification curves),
and ddH,0 as a negative control (6): 1.10° copies/reaction (black square); 2. 10*
copies/reaction (red circle); 3. 10° copies/reaction (blue up-triangle); 4. 10°
copies/reaction (green triangle); 5. 10 copies/reaction (magenta diamond). 6.
Negative control (olive pentagon). As the concentration increases, the
amplification is initiated earlier, evidenced by the exponential increase in the
fluorescence. (B). Threshold time (defined as the time corresponding to 50% of
the maximum fluorescence intensity, Tt) as a function of target concentration, 1.
Peltier-based LAMP (red disks) and 2. SAW LAMP (dark square). Data is the
average of at least 3 repeats and error bars represent the standard deviation.
The data was fitted with linear regression (R2> 0.98).

specificity of the reaction and its applicability to clinical
diagnostics by processing two residual GC positive patient
samples (obtained as swabs and extracted as part of routine
clinical diagnostics at the NHS West of Scotland Specialist
Virology Centre - Figure S3 in ESI). The analysis of the
samples demonstrate the specificity of the CT SAW LAMP
assay, as no non-specific signal can be seen.

To provide a figure of merit for the sensitivity, we serially
diluted the CT DNA target (the cryptic plasmid gene of CT'®,
using the primer set of Table S1 in ESI) from 10° to 10 copies
per reaction. Fig. 2A shows normalised real-time amplification
curves for each concentration. As the copy number was
decreased, the exponential phase of signal enhancement started
later as a consequence of the reaction kinetic (from ca. 6 min
for 10° copies to ca. 22 min for 10 copies, Fig 2A).

This journal is © The Royal Society of Chemistry 2012
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Fig. 3.LAMP product melting analysis using EvaGreen™. Fig. 3A, shows the
melting curves of CT and GC as singleplexes. As the temperature was increased
from 60°C to 90°C, the double stranded DNA became single stranded, causing
the decrease of fluorescence intensity. The number 1-4 in A1/A2 show the
different targets: 1. CT positive (103 copies/reactions); 2. GC positive (103
copies/reactions); 3.GC negative (ddH,0); 4. CT negative (ddH,0). Fig. 3B shows
the melting temperature of CT and GC. Data is the average of a minimum of 3
repeats and error bars represent the standard deviation. C. CT/GC multiplex
reaction with different target. Fig. 3C shows the relationship between dF/dT and
temperature, where F is the fluorescence intensity and T is the temperature. 1.
Negative (ddH,0); 2.GC positive only (103 copies/reactions); 3. GC/CT positive
(103 copies/reactions); 4.CTpositive only (103 copies/reactions).

To demonstrate the efficiency and speed of the SAW-
actuated assay, we defined a threshold time (Tt) as the reaction
time for the florescence signal to reach 50% of the maximum
(this new figure of merit is analogous to the cycle threshold
(Ct) of real-time PCR'). Fig. 2B shows that, as the target
concentration was increased, Tt decreases linearly with the log
of the target concentration.'® The precise nature of this
relationship is important as it enables us to quantify the amount
of target DNA present in the sample, prior to LAMP
amplification. The divergent gradients of the linear regressions
in Fig. 2B indicate the relative difference in speed of the SAW
and the Peltier-based assays. SAW induced streaming enhanced
the speed of response (SAW-based LAMP were on average
18.23 % +/- 2.5 faster than the Peltier system, Fig. 2B)
providing a clear analytical advantage for assays that require
higher sensitivities. It is particularly relevant to note that the
response time of a point-of-care diagnostic assay and
consequently the time that patients wait for a result is critical in
compliance in both screening and point-of-care testing.'® This
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is especially relevant for sexually transmitted infection (STI)
testing, where detecting low copy numbers quickly is critical to
avoid complications, especially in asymptomatic infected (sub-
clinical) patients, by enabling early diagnosis and treatment.”

GC and CT are two of the most common bacterial STIs,*°
and a multiplexed assay would therefore not only provide an
improved clinical outcome for the individual (as patients are
often co-infected with both pathogens), but would also reduce
the overall levels of the diseases in the population. To enable
multiplexing, we used the amplicons’ different melting
temperatures to distinguish between the two diseases. We first
established the specificity of each singleplex reaction, using
melting analysis, for each pathogen, whilst ramping the
temperature between 60°C and 90°C (Fig. 3A). The specific
melting temperature was defined as the inflexion point at which
dF/dT reaches a minimum (where F is the fluorescence
intensity and T is temperature), Fig. 3C. The melting
temperature of CT amplicons obtained using SAW actuation
was 79.65 +/- 0.14°C, whilst that for GC was 83.55 +/- 0.53 °C
(Fig. 3B). An example of differentiated curves is available as
Fig.S2in ESI.

By combining amplicons from both target pathogens in the
same sample, we were able to use the melting curves to provide
a multiplexed SAW LAMP assay, Fig. 3C. The difference
between the melting temperatures for each pathogen was
sufficiently large to distinguish between the targets (Student’s
T-Test P>0.95), enabling the diagnosis of both diseases
simultaneously. This technique is currently limited by the
availability of amplicons with significantly different melting
temperatures.”’ In future, multiplexing could be further
extended through the use of more complex strategies such as
high resolution melting (HRM)?. Despite challenges in
combining a high number of primers in a single reaction (6 per
target), previously it has been shown that specific strategies can
enabled the multiplexing of up to four different targets in one
sample.”

In conclusion, we show for the first time that acoustic
actuation using SAW can be used to perform highly sensitive
and specific multiplexed LAMP-based amplification of
pathogen DNA (with a limit of detection down to 10
copies)with enhanced speeds. The strategy for multiplexing
enables single colour detection, thereby simplifying the control
and design of the instrumentation. This ease of implementation,
coupled with the use of low-power, mass manufacturable SAW
devices,'* provides the potential to significantly impact upon
near patient diagnostics.
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