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Abstract
Avariety of automated sample-in-answer-out systems for in vitro molecular diagnostics have been presented and even commer-
cialized. Although efficient in operation, they are incapable of quantifying targets, since quantitation based on analog analytical
methods (via standard curve analysis) is complex, expensive, and challenging. To address this issue, herein, we describe an
integrated sample-in-digital-answer-out (SIDAO) diagnostic system incorporating DNA extraction and digital recombinase
polymerase amplification, which enables rapid and quantitative nucleic acid analysis from bodily fluids within a disposable
cartridge. Inside the cartridge, reagents are pre-stored in sterilized tubes, with an automated pipetting module allowing facile
liquid transfer. For digital analysis, we fabricate a simple, single-layer polydimethylsiloxane microfluidic device and develop a
novel and simple sample compartmentalization strategy. Sample solution is partitioned into an array of 40,044 fL-volume
microwells by sealing the microfluidic device through the application of mechanical pressure. The entire analysis is performed
in a portable, fully automated instrument. We evaluate the quantitative capabilities of the system by analyzing Mycobacterium
tuberculosis genomic DNA from both spiked saliva and serum samples, and demonstrate excellent analytical accuracy and
specificity. This SIDAO system provides a promising diagnostic platform for quantitative nucleic acid testing at the point-of-care.
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Introduction

Infectious diseases continue to pose a severe threat to global
public health [1]. Accordingly, the rapid and accurate

diagnosis of such disease states is critical in controlling and
minimizing pathogen-associated injuries and deaths [2].
Nucleic acid testing (NAT) as a diagnostic tool is attractive,
due to its intrinsically high specificity and sensitivity [3].
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However, NAT assays performed within centralized laborato-
ries almost always involve the use of sophisticated benchtop
instrumentation and skilled staff to ensure robust operation
and prevention of cross-contamination. Thus, although NAT
tests are far more efficient than culture-based methods [4] and
enzyme-linked immunosorbent assays (ELISAs) [5] in terms
of speed, sensitivity, and information content, they are habit-
ually constrained to operation within well-equipped analytical
laboratories. Further, while a simple positive/negative diagno-
sis of an infectious disease does not necessarily require quan-
titation, accurate determination of viral or bacterial load is
crucial for establishing severity of infection and optimal
course of treatment, monitoring treatment efficacy, and
distinguishing between active infection and carrier status.
Overall, the application of rapid and quantitative NAT assays
in infectious diseases is an area of critical need.

To address the aforementioned problems, a number of auto-
mated, sample-in-answer-out molecular diagnostic platforms (in-
tegrating of nucleic acid extraction, amplification, and detection)
have emerged in recent times [6, 7]. Current commercially avail-
able systems typically employ polymerase chain reaction (PCR)-
based analytical methods (Table 1). Although NAT in such
sample-in-answer-out systems can be performed in a highly ef-
ficiencymanner, several critical shortcomings remain. For exam-
ple, some of these systems still require certain off-device reagent
manipulation (nos. 1, 3, 4, 6, 8, and 9 in Table 1), involving
potential risk of cross-contamination. Others have large foot-
prints (nos. 7, 8, and 9 in Table 1), and are thus not suitable for
point-of-care testing (POCT). In this regard, a few versatile diag-
nostic platforms using programmable microfluidics can be used

for sample-in-answer-out NAT (nos. 10, 11, and 12 in Table 1).
However, all of these have a common and important limitation:
they are incapable of quantifying nucleic acids, since quantitation
based on analog analytical methods requires a reference or stan-
dard and the generation of a standard curve. This is complex,
expensive, and challenging to achieve in an automated system.

Digital PCR (dPCR) is a single molecule counting tech-
nique that enables simple, precise, highly sensitive, and abso-
lute quantification of nucleic acids without the need for a
calibration curve [8, 9]. Accordingly, dPCR is of potential
utility in the detection of pathogenic infections [10, 11], cir-
culating biomarkers [12–14], genetic mutations [15, 16],
DNA methylation [17, 18], drug resistance [19, 20], environ-
mental microbes [21, 22], and genetically modified organisms
[23, 24]. Inspired by these advances, isothermal recombinase
polymerase amplification (RPA) [25, 26] has also been suc-
cessfully transferred to digital format, namely dRPA [27–29].
This method is an attractive alternative to dPCR as it works at
constant low temperatures (normally 37–42 °C), without the
need for thermocycling. This means that consumables do not
need to endure high temperatures and thus the challenges as-
sociated with system engineering are significantly reduced.
Further, it is fast (with amplification times of ca. 20 min)
and can be initiated with stable, lyophilized pellets [26].
Accordingly, the use of dRPA in point-of-care NAT should
enable the development of a rapid, cost-effective, quantitative
sample-in-answer-out diagnostic systems.

In digital amplification experiments, the assay sample must
be separated into many (typically tens of thousands) isolated
reaction vessels. Microfluidic devices provide an excellent

Table 1 Commercially available sample-in-answer-out molecular diagnostic systems

No. System Manufacturer (website) Analytical method Disposable container Samples/
run

Time to result
(min)

1 GeneXpert® Cepheid, USA (www.cepheid.com/us) Real-time PCR Cartridge 1–80 30–150

2 GenePOC™ GenePOC, Canada
(www.genepoc-diagnostics.com)

Real-time PCR Cartridge 1–8 70

3 ARIES® Luminex, USA (www.luminexcorp.com) Real-time PCR Cassette 1–12 < 120

4 Integrated Cycler
& Simplexa™

Focus Diagnostics, USA
(www.focusdx.com)

Real-time PCR Disc 1–8 60

5 FilmArray® BioFire Diagnostics, USA
(www.biofiredx.com)

Real-time PCR Pouch 1 70

6 cobas® Liat® Roche Diagnostics, USA
(molecular.roche.com)

Real-time PCR Tube segments 1 20

7 iCubate® iCubate, USA (icubate.com) PCR and microarray Cassette 1–4 180–240

8 Unyvero™ Curetis, Germany (www.unyvero.com) PCR and microarray Cartridge 1–2 240–300

9 Rheonix CARD® Rheonix, USA (rheonix.com) PCR and microarray Cartridge 1–24 360

10 Vivalytic Bosch Healthcare Solutions, Germany
(www.bosch-healthcare.com)

Real-time PCR and microarray Cartridge 1 > 30

11 io® Atlas Genetics, UK
(www.atlasgenetics.com)

PCR and electrochemical sensor Cartridge 1 30

12 ePlex® GeneMark Dx, USA
(www.genmarkdx.com)

PCR and electrochemical sensor Cartridge 1–24 90
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platform for achieving such a process [30, 31], through the
generation of water-in-oil droplets [32–34], or isolation within
physical microchambers [35–38]. Although both approaches
have proven successful in research-based [30, 31] and com-
mercial dPCR platforms [39, 40], the use of an oil phase,
pneumatic/hydraulic valves, and/or complex multilayer
microfluidic architectures poses significant challenges in re-
gard to system engineering and cost-management.
Accordingly, we sought to develop a simple compartmentali-
zation mechanism that could be readily integrated in an auto-
mated workflow with minimal extraneous control. Herein, we
report a novel sample compartmentalization strategy using a
simple, single-layer polydimethylsiloxane (PDMS)
microfluidic device, for dRPA assays. The sample solution is
partitioned into 40,044 microwells by sealing the elastomeric
microfluidic device through the application of mechanical
pressure. By virtue of its simplicity, we were able to integrate
this pressure-sealed microfluidic device into a previously de-
veloped qualitative nucleic acid testing system [41], to realize
a novel and quantitative sample-in-digital-answer-out
(SIDAO) system. As a proof-of-principle, Mycobacterium
tuberculosis (MTB)-spiked serum and saliva samples were
analyzed to evaluate the performance of the SIDAO system.
Combining the advantages of simplicity, portability, rapidity
(ca. 70 min), low-cost, and quantitative readout, we anticipate
that the SIDAO system has great promise for accurate molec-
ular diagnostic tests at the point-of-care.

Materials and methods

Materials and reagents

Magnetic beads (MBs), lysis buffer, binding buffer, wash
buffers I and II, and elution buffer were made according to

published protocols [42, 43]. The TwistAmp® exo kit was
purchased from TwistDx Ltd. (Cambridge, UK). The oligonu-
cleotide primers and exonuclease probe (see Electronic
Supplementary Material (ESM) Table S1) were synthesized
by Sangon Biotech Ltd. (Shanghai, China) and the H37Rv
M. tuberculosis strain and saliva and serum samples were
acquired from Nanjing Drum Tower Hospital.

Microfluidic chip design and fabrication

The microfluidic device was fabricated using conventional
multilayer soft lithography. Briefly, high-resolution film and
chrome photomasks were fabricated using two separate de-
signs for the microchannel and microwell patterns, respective-
ly. Patterns were designed using AutoCAD 2016 (Autodesk
GmbH, Munich, Germany). A two-level master was prepared
on a silicon wafer using a multilayer SU-8 photoresist
(MicroChem, Westborough, USA) with the aid of a mask
aligner (UV-KUB 3, Kloé Ltd., Montpellier, France) and then
exposed to trichloro(1H,1H,2H,2H-perfluorooctyl)silane
(Sigma-Aldrich, Buchs, Switzerland) for 2 h. A single device
contained 40,044 cylindrical microwells, each with a diameter
and depth of 5.0μm (defining a volume of 98 fL). Sylgard 184
PDMS base and curing agent (Dow Corning, Midland, USA)
were mixed at a ratio of 10:1 wt/wt, degassed, and decanted
onto the master. The entire structure was then oven-cured at
70 °C for 2 h. After curing, inlet and outlet ports were punched
through the structured PDMS layer, with subsequent bonding
to a flat PDMS substrate by plasma treatment and incubation
on a hot plate at 95 °C for at least 2 h.

Cartridge design

The cartridge (14 cm long, 3 cm wide, 13 cm high) comprised a
housing, a pipettor, a sliding vane module, a set of sample tubes

Fig. 1 (A) The SIDAO cartridge containing sample tubes pre-loadedwith
assay reagents. The reagents, as labeled in the picture, are (1) lysis buffer,
(2) magnetic beads within a binding buffer, (3) wash buffer I, (4) wash

buffer II, (5) elution buffer, (6) RPA mix, and (7) magnesium acetate
solution. (B) The entire SIDAO instrument positioned beside a
notebook PC
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Fig. 2 Schematics of the sample preparation process and the dRPA assay.
(A) Profile of the cartridge containing functional modules, showing (a)
sample loading and (b–f) structures for the pipetting, heating/cooling, and
pressing modules. (c) shows the magnetic separation function. Modules
within and outside the cartridge are shown from the (b) front, (d) side, (e)

top, and (f) bottom. (B) Automated pipetting steps showing (a–e) nucleic
acid extraction and (f–h) RPA preparation. (C) The pressure-sealing
procedure for compartmentalization of the RPA reaction solution, (a)
before and (b) during the assay

7022 Yang H. et al.



with pre-stored reagents, a microfluidic device, and a pressure-
sealing module (Figs. 1A and 2A(b)). All components were pro-
duced by 3D printing a polycarbonate resin using a RAISE 3D
N2 Plus printer (Raise3D, Costa Mesa, USA) and manually as-
sembled with several simple parts (i.e., a spring, plastic vane,
elastomeric sheet, and centrifuge tube).

Instrument design

The portable instrument measured 27 × 28 × 25 cm and
weighed 6.5 kg (Fig. 1B). The pipetting force was provided
by a plunger pump (MP250-2L-A1C2000, Longer Precision
Pump Ltd., Baoding, China). The heating/cooling modules for
the RPA assay were built using two Peltier devices, each
consisting of a thermoelectric cooler (TEC1-127xx3030,
KJLP Electronics, Shenzhen, China), a temperature sensor
(PT100 B sensor, Heraeus, Hanau, Germany), and a heat sink.
Pipettor and magnet (used to perform magnetic separation)
motions were achieved using two stepper motors (42SH47-
2A, Changzhou Fulling Motor Ltd., Changzhou, China) and
one micro stepper motor with slider (Tmall Marketplace Ltd.,
Hangzhou, China), respectively. Microfluidic device sealing
was performed using a square block, driven by two small
stepper motors (28SH45-0956A, Changzhou Fulling Motor
Ltd., Changzhou, China) with pinions. Fluorescence images
were obtained using a custom optical module, incorporating a
charge coupled device (CCD) camera (E3ISPM, ToupTek
Photonics Ltd., Hangzhou, China).

Reagent pre-storage

Nucleic acid extraction was performed using a previously de-
fined protocol [42–44]. Specifically, 400 μL of lysis buffer,
50 μL of binding buffer with 0.5 mg of MBs, 500 μL of wash
buffer I, 500 μL of wash buffer II, and 200 μL of elution
buffer were used. The dRPA assay was executed with
34.3 μL of RPA Mix and 2.5 μL of 280 mM magnesium
acetate. The RPAMix was prepared by dissolving lyophilized
RPA proteins with 2.1 μL of 10 μM oligonucleotide primers,
0.6 μL of 10 μM exonuclease probe, 0.5 μL of 0.2% Tween-
20, 2.8 μL of sterile water, and 29.5 μL of rehydration buffer
(from the TwistAmp® exo kit). All reagents were pre-loaded
into sterilized centrifuge tubes and sealed with adhesive foils
within the disposable cartridge.

Nucleic acid extraction and dRPA assay

MTB gDNAwas extracted using a previously defined proto-
col [42–44]. In brief, 100 μL of sample was added to a lysis
buffer and incubated at room temperature for 5 min. The mix-
ture was transferred to the binding buffer containing MBs and
incubated for 3 min. The supernatant was discarded after mag-
netic separation for 30 s by applying an external magnetic

field. Subsequently, magnetic complexes were rinsed with
wash buffers I and II to remove excess reagents. The elution
buffer was then added to the magnetic complexes and incu-
bated at 65 °C for 10 min. Finally, the purified DNA was
collected for the subsequent dRPA assay.

Digital RPA was performed according to the manufac-
turer’s protocol, with minor modification. Briefly, 10 μL of
DNA template was added to the RPA Mix. Magnesium ace-
tate was then added to the mixture to a final concentration of
25 mM at 4 °C. The final reaction mixture was transferred and
injected into the microfluidic device. After all microchambers
had been filled with reaction mixture, the chip was sealed to
form 40,044 isolated microreactors. The RPA reaction was
immediately carried out at 39 °C for 20 min.

Data acquisition and analysis

Fluorescence images were obtained using the custom optical
module mounted within the instrument. The stock concentra-
tion of MTB gDNA (c0) in the dRPA chip was calculated
according to Eq. 1 [36, 45],

c0 ¼ −ln 1− f 0ð Þ=V0 ð1Þ

Here, f0 is the fraction of positive microwells and V0 is the
volume of one microwell. Subsequently, the concentration of
extracted MTB gDNA (c) was calculated using Eq. 2, i.e.,

c ¼ c0=d ¼ −ln 1− f 0ð Þ=dV0 ð2Þ
where d is the dilution factor. In the current experiments, d =
10.5 μL/50 μL = 0.21.

Results and discussion

Device operation

As noted, the system used in the current studies consists of
two components: a cartridge (housing reagents, the pipettor,
microfluidic device, and square block) and a portable instru-
ment (that processes the cartridge and houses the liquid han-
dling, heating/cooling, magnetic separation, and optical sys-
tems). The cartridge (Fig. 1A) has a number of useful features.
First, it is enclosed to prevent pathogen exposure and cross-
contamination. Second, reagents may be pre-stored and sealed
for extended periods of time. Finally, the cartridge incorpo-
rates 3D printed components (the housing, pipettor, square
block), which ensures rapid and cost-effective fabrication.

Prior to operation, the nucleic acid extraction and RPA
reagents were delivered to the appropriate sample tube, sealed
with adhesive foil, and loaded into the cartridge. Sample is
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then simply added to the first tube, and the entire cartridge
loaded into the instrument. All proceeding steps are automat-
ed. Fluid transfer and mixing is performed by the pipettor (in
the cartridge), and the plunge pump and two stepper motors
(outside the cartridge). The plunge pump generates the pipet-
ting force, with the stepper motors controlling horizontal and
vertical motion. Magnetic bead separation was performed by
moving a permanent magnet close to the exterior wall of the
sample tube, using a micro stepper motor with slider (Fig. 2A
(c)). The heating module for nucleic acid extraction uses a
heater film attached to the aluminum block holding the sample
tube (Fig. 2A(b, c)). The microfluidic device is housed adja-
cent to the sample tubes and located under a square block in
the cartridge. The square block comprises a polymer slab ad-
hered to an elastomeric sheet, providing a cushion to prevent
microwell collapse when pressure-sealing is executed. The
vertical motion of the square block is controlled using two
stepper motors adjacent to the cartridge (Fig. 2A(d, e), ESM
Note S1). Pressure-sealing allows sample compartmentaliza-
tion within the microwell array in a simple manner and obvi-
ates the need for an oil phase, pneumatic/hydraulic valves, and
complex microfluidic multilayer architectures. Additionally,
two Peltier devices were used to keep the RPA reagents at
4 °C prior to use and to heat reagents to 40 °C during the assay
(Fig. 2A(b, d)). AT-shaped aluminum block assists heat trans-
fer from the Peltier to the microfluidic device (Fig. 2A(d)).

The workflow associated with the SIDAO analysis is illustrat-
ed in Fig. 2B. The sample is loaded into the first sample tube
(containing lysis buffer) and the cartridge inserted into the instru-
ment. The sample is lysed, releasing MTB gDNA. The MBs in
binding buffer (tube 2) are transferred into the sample tube to
capture gDNA. Themagnet then moves into position and immo-
bilizes MB/gDNA complexes. Washing is performed by
discarding the first supernatant, and then rinsing with wash
buffers I (tube 3) and II (tube 4). The purified gDNA is eluted
using the buffer from tube 5, and transferred into tube 6 to mix
with the RPA reagents. Next, the sample is added to a magne-
sium acetate solution (tube 7) and immediately injected into the
microfluidic device. The reaction solution is compartmentalized
into a large number of microwells by pressure-sealing the array
(Fig. 2C). Finally, a fluorescence image of the entire array is
recorded and subsequently analyzed.

Optimization of automated nucleic acid extraction

The accuracy and precision associated with pipetting were
assessed using a Pipette Accuracy Tester (AD-4212B-PT,
A&D Ltd., Tokyo, Japan) by dispensing four different
volumes of water. As shown in ESM Table S2, results
indicate superior accuracy and precision of the current
pipettor than demanded by ISO 8655 Pipetting Standards
[46]. Automated MTB gDNA extraction was then

Fig. 3 (A) Schematic of the optical system used for microwell array
imaging. (B) Schematic and photograph of the microfluidic device. The
volume of each microwell is 98.1 ± 0.8 fL. (C) A histogram of the

integrated intensity from each microwell within the array. (D) Raw
image of the chip after assay completion. (E) Modified image after
contrast enhancement
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performed. The extracted MTB gDNA was identified via
agarose gel analysis. Clearly visible bands in all replicates
indicated successful DNA extraction (ESM Fig. S1). To
enhance DNA capture efficiencies, suspension mixing
was added to the binding step to prevent MB settling.
Subsequently, the pipettor was programmed to Bdraw in^
and Bpush out^ suspension under six different instruc-
tions, i.e., null (no operation) and suspension mixing at
0.1, 0.2, 0.5, 1.0, and 2.0 Hz. Results indicated that the
MTB gDNA yield increased as a function of mixing

frequency (ESM Fig. S2), noting that use of a mixing
frequency above 2.0 Hz led to the formation of bubbles
and resulted in reaction failure. A mixing rate of 1.0 Hz
was found to be optimal in the current experiments.

Microwell array formation by pressure-sealing

A pressure-sealing module was used to compartmentalize
the RPA reaction mixture, as shown in Fig. 2C. The mix-
ture was automatically loaded into the dRPA device with

Fig. 4 Digital RPA analysis using the SIDAO system. (A) Digital RPA
fluorescence images of MTB, with serial dilutions of target gDNA
ranging from 6.9 × 104 to 1.1 × 108 copies/μL. λ represents the average
number of copies per microwell. (B) Correlation between measured and

the expected concentrations ofMTB gDNA. (C) Comparison of the ratios
of the measured/expected concentration to the expected concentration of
MTB gDNA
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the pipettor, and forced into the microwells under pressure.
Excess liquid was collected from the outlet into the needle
hub (Fig. 2A(b)). With the pressure applied to its top sur-
face, the elastomeric PDMS device deformed to efficiently
seal all microwells. To confirm the efficacy of the pressure-
sealing procedure, a photobleaching test was performed
using an aqueous solution of fluorescein [35]. Briefly, a
vertical line of microwells was exposed to a 60-mW beam
at 488 nm for a period of 1 min. Subsequently, emission
across the array was monitored (using low-intensity expo-
sure). Results show that significant photobleaching was
observed after laser exposure, with no fluorescence recov-
ery seen at later times (ESM Fig. S3). These data strongly
suggest that individual microwells are well-sealed and pre-
vent exchange of dye between compartments.

Fluorescence analysis

A schematic in Fig. 3A shows the optical path of the custom
optical module. Components were arranged so as to minimize
the overall instrumental footprint. A blue LED source
(475 nm) was used to excite green emission (525 nm) within
microwells, with images being captured using an auto-focused
CCD camera. Figure 3B shows the geometry of the
microchamber array and highlights facile compartmentaliza-
tion of dRPA reagents by pressure-sealing. To test the unifor-
mity of the microfluidic device, an aqueous fluorescein solu-
tion was delivered to all 44,044 microwells, with the fluores-
cence intensities from each microwell being measured [45].
As shown in Fig. 3C, data revealed that intensities range be-
tween 100 and 115 (arbitrary units) with a coefficient of var-
iation (CV) of 4.9%, indicating solution partitioning is a high-
ly uniform process.

To assess the feasibility of digital quantitation, dRPA
with positive control templates was performed in the
microfluidic device. Figure 3D shows a raw image obtain-
ed after a 30-min reaction. It can be seen that positive
microwells (i.e., those containing target DNA) exhibited
significantly stronger emission than empty microwells, in-
dicating a successful dRPA assay. To automate the
counting of positive microwells, the raw image was fur-
ther modified by contrast enhancement to remove back-
ground (Fig. 3E). A K-means clustering algorithm was
used for fluorescence dot counting in the modified image.

Absolute quantification of MTB gDNA by dRPA

To test the performance of the SIDAO system as a NAT
diagnostic, six sets of experiments were performed using a
serial dilution of a MTB gDNA stock solution of known
concentration. The gDNA was extracted from the H37Rv
MTB strain (with high-level colony-forming units) within
the cartridge, followed by measurement of its mass

concentration (520.75 ng/μL) as a reference. The stock
gDNA was serially diluted and copy number concentra-
tions calculated using a spectrophotometer (Bexpected^ re-
sult) and our SIDAO system (Bmeasured^ result) (ESM
Tables S3, S4). Figure 4A shows representative fluores-
cence images from these experiments. It can be seen that
the fraction of positive microwells decreases proportional-
ly with gDNA dilution. Positive microwells (showing
green emission) were distributed randomly in each exper-
iment, confirming Poisson statistics. Furthermore, and as
shown in Fig. 4B, the logarithm of the measured gDNA
concentration exhibited a linear correlation with the loga-
rithm of the expected value (R2 = 0.9996), demonstrating
the accuracy of the SIDAO system for MTB gDNA quan-
titation. A plot of the ratio of measured/expected concen-
trations against the logarithm of the expected value is also
shown Fig. 4C. It can be seen that 17 of 18 experimental
tests were within the 95% confidence interval, with all tests
falling within the 99% confidence interval. Accordingly,
the initial concentration of MTB gDNA can be detected
with our SIDAO system in a precise and rapid manner.

To further evaluate system performance, we compared
MTB quantification using three different sample-to-
answer strategies, i.e., (a) the automated SIDAO assay,
(b) a manual SIDAO assay, and (c) an integrated but
manual DNA extraction and qPCR assay. Inspection of
Fig. 5 confirms that consistent results were obtained using
all methods. The measured average stock concentration of
MTB gDNA was 4.25 × 105 (a), 4.54 × 105 (b), and
3.94 × 105 (c) copies/μL. Significantly, we note that the
smallest standard deviation was achieved using the auto-
mated SIDAO assay.

Fig. 5 Comparison of MTB gDNA copy number quantification assays.
(a) The automated SIDAO assay. (b) A manual SIDAO assay. (c) An
integrated but manual DNA extraction and qPCR assay
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Recovery and specificity tests

To assess performance of the SIDAO system in the analysis of
real-world samples, recovery and specificity tests were carried
out using 2.9 × 108 CFU ofMTB, mixed mycobacteria (MM),
and mixed non-tuberculous mycobacteria (MNTM) cells,
spiked in serum and saliva samples, respectively. As shown
in Table 2, we found that the recovery rate ofMTB gDNAwas
91.3% in spiked saliva and 81.7% in spiked serum. MTB
gDNAwas also quantitatively detected in MM spiked saliva
and serum with a recovery rate of 89.4 and 79.6%, respective-
ly. It should be noted that significantly higher recovery was
achieved when using saliva rather than serum. This may be
caused by difficulties in lysing the MTB in serum, since it has
a more complex biomolecular composition. On the contrary,
MTB gDNA was not detected from MNTM spiked saliva/
serum, delivering negative results. Put simply, these results
indicate that the detection of MTB with our system is highly
specific, with recovery occurring at an acceptable level.

Conclusions

Herein, we have presented a novel NAT system that integrates
sample preparation and digital analysis within a disposable car-
tridge, for rapid and quantitative detection of MTB directly from
clinical samples. The system integrates a simple pressure-sealed
microfluidic chip for sample compartmentalization and digital
analysis. Significantly, the sealing mechanism does not require
complex control systems (e.g., pneumatics, hydraulics, or
valves), needing only a simple mechanical press to function. To
the best of our knowledge, this is the first demonstration of such a
mechanism in digital nucleic acid analyses. Furthermore, we

have explored the integration of nucleic acid extraction and de-
tection, in an effort to provide a quantitative sample-in-answer-
out methodology. Combining extraction and detection is a key
feature of the current system, since most nucleic acid targets
cannot be directly detected from untreated biological samples.
As digital quantification is based on simple end-point counting,
quantitation is readily performed without the need for complex
standard curve analysis. We have verified the accuracy of the
SIDAO system for quantitative detection of MTB gDNA by
comparison with a MTB gDNA standard, and have demonstrat-
ed high recovery rates (ca. 90% in saliva, ca. 80% in serum),
indicating the efficacy of our system for real-world sample anal-
ysis. Since the 3D printed polymer cartridge is disposable, inex-
pensive, and runs in a portable, fully automated instrument, we
envision that the SIDAO system will be used as a POCT for
infectious disease diagnosis.
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