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Abstract: Nucleic acid amplification tests (NAATS) integrated on a
chip hold great promises for early disease diagnosis at the point of
care. Currently, nucleic acid (NA) purification remains complicated,
time-consuming and labor-intensive, and it takes extensive efforts to
optimize the amplification chemistry. Using selective electrokinetic
concentration, we report one-step, liquid-phase NA purification that
is much simpler and faster than conventional solid phase extraction.
By further re-concentrating NAs and performing polymerase chain
reaction (PCR) in a microfluidic chamber, our platform effectively
suppresses non-specific amplification caused by non-optimal PCR
designs. We achieved the detection of 5 copies of M. tuberculosis
genomic DNA (equaling 0.3 cell) in real biofluids using both well-
optimized and non-optimal PCR designs, which is 10x and 1000x
fewer than those of the standard bench-top method, respectively. By
significantly simplifying the workflow and shortening the
development cycle of NAATS, our platform may find great uses in
point-of-care diagnosis and beyond.

Introduction

Nucleic acid amplification tests (NAATSs) play a crucial role in the
analysis of low-abundance nucleic acids (NAs) for early
diagnosis of diseases.'™ NAATs mainly rely on the gold-
standard polymerase chain reaction (PCR),” though emerging
isothermal  amplification  techniques like loop-mediated
isothermal amplification (LAMP)® and recombinase polymerase
amplification (RPA)® have attracted increasing interests.?
Despite being highly powerful, NAATs generally suffer from the
following major issues. (1) Lengthy design and optimization:
Non-specific amplification is the most common problem that
persists in NA amplification. A major source of non-specific
amplification is the primer dimerization and subsequent
elongation due to non-optimal primer design, reagent
composition, and reaction conditions (e.g. temperature).'™ |t
often takes iterative optimizations to eliminate primer dimers,
which is particularly challenging and lengthy for isothermal
amplification techniques because of the low amplification
temperatures that favor primer dimerization and the less
established design methodologies.’>*** (2) Complex workflows:
Before amplification, NAs typically need to be extracted and
stringently purified to remove amplification inhibitors (e.g.
proteins and salts) from clinical samples, which is especially
important for PCR. The mainstream technique for NA purification
is the solid phase extraction (SPE), in which NAs are captured
by silica membranes using chaotropic salts, washed with ethanaol,
and finally eluted from silica membranes (Figure 1A)."**4 SPE
is complex, time-consuming (typically 1-2 hours), labor-intensive,
and relies on equipment and amplification-inhibitive chemicals.
Moreover, SPE has limited recovery efficiency and is susceptible

to cross-contamination, which limits the sensitivity and specificity
of detection. Solid phase microextraction (SPME) is a relatively
new NA purification technique, in which NAs are extracted by a
sorbent-coated fiber followed by a desorption step in NaCl
solution.*>*®! Compared to SPE, SPME has reduced steps and
avoids the use of centrifugation and PCR-inhibitive chemicals.
However, the NA extraction efficiency of SPME is much lower
than that of SPE, and it still requires a vortex mixer to enhance
NA adsorption, takes about 45 min, and has a sample carryover
problem 57

Fully integrated NAATs on microfluidic chips with sample-
to-answer capability have attracted significant interests in recent
years, which can potentially be implemented at the point of care
without the need for trained personnel and centralized labs.!**%
21 However, existing works toward fully integrated NAATSs still
have several major limitations. First, the amplification chemistry
for integrated NAATSs is typically obtained following the design
and optimization processes for bench-top NAATs, which is too
lengthy and sophisticated for emergency situations (e.g.
outbreaks of new pathogens) and point-of-care applications.
Second, on-chip NA purification still relies on the SPE following
the bind-wash-elute procedure (in a miniaturized format), which
requires complicated fluidic/valving structures and complex
operation protocols.???*?1 The dependence on miniaturized
SPE makes NAATSs difficult to automate, time-consuming, and
less robust. Third, the miniaturization of NAATs on microfluidic
chips is often accompanied by the significant decrease of
sample processing throughput (<10 uL)," which disallows the
capture of sufficient copies of ultralow-abundance NAs (<1
copy/uL)?® for subsequent detection, thereby fundamentally
limiting the detection sensitivity. Taken together, in order to
detect ultralow-abundance NAs rapidly and reliably, it is
important to develop integrated NAATs with short design cycles,
simple NA purification methods, and high sample processing
throughputs.

In recent years, isotachophoresis (ITP) on microfluidic chips
has emerged as a non-solid-phase, one-step NA purification
technique that takes only minutes, which greatly simplifies the
workflow of NA purification.”™ ITP utilizes the electrophoretic
stacking and separation of NAs from other species in the
presence of a leading electrolyte (LE) and a tailing electrolyte
(TE), whose separation performance and extraction efficiency
are critically dependent on the ion species, ion mobility, ion
concentration, volume, pH, and temperature of the TE/LE.P%
This strong dependence not only requires fine tuning of the
chemistry for different samples, but also poses challenges for
high-throughput processing as the chemical environment
degrades (e.g. pH shift) with electrochemical reactions.® The
pioneering works of Santiago et al. focused on ITP-based NA
purification for off-chip amplifications, with a maximum
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throughput of 25 pL reported.®=® The commercial product of
ITP-based NA purification, lonic Purification System (Purigen
Biosystems, Pleasanton, CA), can process up to 200 pL
samples per run but yields an elution volume of 40 pL, which is
not suitable for microfluidic applications. Posner et al. combined
ITP and LAMP/RPA to develop fully integrated microfluidic
NAATs with NA extraction efficiency of ~10% in milk and sample
throughputs of 15-20 uL, achieving detection limits of ~10
copies/pL (~16 aM).F*% To detect ultralow-abundance NAs (<1
copy/uL), the sample processing throughputs and/or NA

extraction efficiency of ITP-based NAATs remain to be improved.

Lastly, existing works on ITP-based NAATs did not address the
aforementioned issue of long design cycles of amplification
chemistry.

Here we report an integrated NAAT using hierarchical
selective electrokinetic concentration with three key features:
one-step NA purification, high sample processing throughputs,
and PCR resistant to non-specific amplification (“noise-
resistant”) even with non-optimal designs. First, we realize one-
step NA purification using selective electrokinetic (EK)
concentration. In an EK concentration device, biomolecules are
electroosmotically injected into a microfluidic channel and
subsequently trapped by the locally amplified electric field in the
ion depletion zone induced by an ion-selective membrane,
leading to the continuous stacking/concentration  of
biomolecules.*~**! More recently, we demonstrated selective EK
concentration by superposing an appropriate pressure-driven
flow with electroosmosis, which enabled proteins (low
electrophoretic mobility) to escape the ion depletion zone yet still
kept NAs (high electrophoretic mobility) trapped, thereby
selectively concentrating NAs."” In this work, we propose that
selective EK concentration can be used as “EK purification” to
purify NAs and effectively remove unwanted biochemical
species for subsequent PCR. The behavior of NAs in selective
EK concentration is determined by their electrophoretic
mobility,#>***7 and their electrophoretic mobility is sequence-
independent and constant for NAs above ~100 bp (decreasing
by <= 10% below 100 bp).® Therefore, EK purification can
potentially be seamless used for NAs of various sequences,
sizes, and origins. Compared to the conventional bind-wash-
elute approach, EK purification is a liquid-phase, physical
method performed in one step by simply applying a DC voltage
and a hydrostatic pressure, eliminating the needs for complex
device design, multi-step operations, and PCR-inhibitive
chemicals. Compared to ITP, EK concentration does not require
leading/tailing electrolytes and works in a wide range of buffer
compositions, buffer concentrations, pHs, and other
conditions,?! making it easily adaptable to different samples.
Second, we recently achieved high sample processing
throughputs by massive parallelization of electrokinetic
concentrators, which could process 0.1-10 mL samples in 15
min depending on the number of parallel concentrators.®™ In this
work, as a proof of concept, we demonstrate an integrated
NAAT with a throughput of 150 L in 15 min by using 64 parallel
concentrators, which enables the detection of ultralow-
abundance NAs (<1 copy/uL) in our platform. Third, we use a
hierarchical electrokinetic concentration architecture to re-
concentrate purified NAs from massively parallel concentrators
into a single concentrator, which are subsequently delivered into
a microfluidic chamber for PCR. By concentrating NAs and
performing PCR in a microfluidic chamber with a small volume of
reagents (~0.1 pL), we keep the same number of the target
template but dramatically decrease the number of primer dimers
compared to that in conventional tube-based PCR (~20 pL),
thereby greatly enhancing the signal-to-noise ratio. Also,
increasing the concentration of the target template will exhaust
the reagents at earlier cycles, thereby suppressing the
amplification of primer dimers that typically occur at large cycle
numbers. In sum, by combining hierarchical selective EK
concentration and microfluidic PCR (HSEC-PCR) as shown in
Figure 1B, we can create an integrated NAAT platform with one-
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step NA purification and noise-resistant PCR for the rapid and
reliable detection of ultralow-abundance NAs.

The diagnosis of M. tuberculosis (MTB) from urine and
blood-derived samples has attracted a lot of interests recently,®
because these samples are easily accessible from any age
groups and can be used for the detection of both pulmonary and
extrapulmonary TB. In recent studies,®**¥ gPCR-based
amplification of MTB-specific DNAs purified from equivalently
50-500 u L urine and plasma show quantification cycle (Cg)
values as low as ~40 (corresponding to nearly a single target
DNA copy), indicating target DNA concentrations as low as
~0.01 aM. By spiking MTB genomic DNAs in real biofluids, we
demonstrate that HSEC-PCR achieved the detection of 0.05 aM
target DNA from 150 pL urine and 0.2 aM from 37.5 pL serum.
The standard method using bench-top SPE and PCR achieved
the detection of similar concentrations of 0.04 aM MTB genomic
DNA from 2 mL urine and 0.4 aM from 200 uL serum but with a
more complex workflow and longer time. The corresponding
lowest detectable DNA copy numbers were 5 copies for HSEC-
PCR and 50 copies for bench-top SPE and PCR, because of the
higher recovery efficiency of HSEC-PCR than the standard
method. In the case of non-optimal PCR designs, we
demonstrate that HSEC-PCR retained the same detection limit
by suppression of non-specific amplification, which is two orders
of magnitude enhancement compared to that of the standard
method in terms of DNA concentration and three orders of
magnitude in terms of DNA copy number. This platform solves
the universal limitations of NAATs, which can be directly used
for isothermal amplifications and other amplification techniques.

Results and Discussion

Figure 1C and Figure 1D show the schematic and photo of the
HSEC-PCR device, respectively. The device consists of two
stages. In the first stage, there are 64 parallel microchannels
(200 uym wide) and 1 buffer channel (200 ym wide) on each side,
all of which are 13 pym deep. A cation-selective Nafion
membrane strip (~1 um thick) patterned on the glass slide
crosses the microchannels perpendicularly at the bottom of the
microchannels, which is used to generate the EK concentration
effect under an appropriate DC voltage configuration. The right
end of the first stage has 1 microchannel in the middle
connecting to the second stage and 2 outlets. The second stage
consists of 1 microchannel of 800 ym wide and 13 ym deep, 1
PCR chamber of 1 mm long, 1 mm wide, and 80 um deep, and 1
Nafion membrane strip for the generation of the EK
concentration effect. Having a deep PCR chamber is important
for reducing the water evaporation through the highly permeable
PDMS, owing to the lower surface-area-to-volume ratio than a
shallow PCR chamber.® Four pneumatic valves are used for
the manipulation (isolation, transfer, and mixing) of the
concentrated NAs. Figure 1E shows the device placed on the
MiniPCR™ thermal cycler (Amplyus, Cambridge, MA) during
gPCR. Figures 1F-1H show the bright-field micrographs of the
first stage, intersection between the first and second stages, and
the second stage, respectively. Supporting pillar arrays are used
to prevent the collapsing of the microfluidic channels. Device
fabrication is described in Supporting Information.
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Figure 1. Schematic and photos of the HSEC-PCR device. (A)
Workflow of the standard bench-top SPE+PCR, which requires
multiple steps and typically takes more than an hour to purify
NAs. (B) Workflow of HSEC-PCR, which uses one-step NA
purification followed by reconcentration of purified NAs for PCR
(20 min, not including the time of PCR). (C) Schematic of the
HSEC-PCR device. (D) Photo of the HSEC-PCR device. (E)
Photo of the device placed on the MiniPCR™ thermal cycler. (F)
Micrograph of the first stage. (G) Micrograph of the intersection
between the first and second stages. (H) Micrograph of the
second stage.

Figure 2 shows the principle and operation procedures of
HSEC-PCR. In EK purification, the inlet is set to a positive
voltage V, and the outlets and side buffer channels are
grounded. A hydrostatic pressure P is applied by the control of
the liquid level difference between the inlet and outlet tubings.*”
The principle of EK purification is explained as follows. Under
the aforementioned electrical configuration, the electric potential
difference between the parallel microchannels and the side
buffer channels induces selective transport of cations through
Nafion from the parallel microchannels to the side buffer
channels, leading to the generation of ion depletion zones in the
parallel microchannels near Nafion (to the left side). The electric
field is significantly amplified in the ion depletion zone, which
functions as an electric force barrier (Figure 2A). The
biomolecules (mainly NAs and proteins) enter the microchannels
with the fluid flow induced by electroosmosis (EO) and pressure-
driven flow (PDF),®® which has a velocity of vgy + Vppr
(rightward). At the same time, biomolecules are subject to an
electrophoretic force that generates an electrophoresis (EP)
velocity of vgp = - E (leftward), where p is the electrophoretic
mobility of the biomolecules and E is the amplitude of electric
field. The biomolecules continuously enter the microchannels
because vgy + vppr > vgp in the bulk of the microchannels. As
the biomolecules enter the ion depletion zones with the amplified
electric field, vgp gradually increases with E until it becomes as
great as vgp + vppr (i.€. Vgo +vppr = Vgp ), leading to the
electrokinetic trapping and continuous stacking of the
biomolecules, i.e. the EK concentration effect. However, if the
maximum vgp in the ion depletion zones (at the peak of the
electric force barrier Emax) is still less than vgy + vppp, €.
Vgo + Vppr > Vep max = MK ° Emax, the biomolecules will overcome
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the electric force barrier and not be concentrated. Given that the
electrophoretic mobility of NAs is much greater than that of
proteins (and other unwanted biochemical species) (uya >
protein), 2> it can be satisfied that vep ey (NA) > vgo + Vppr >
Vgp max(protein) by appropriate modulation of the pressure-
driven flow ( vppr ), thereby only concentrating NAs and
simultaneously removing proteins. We optimized the conditions
of EK purification by using human urine spiked with 100 nM
Alexa Fluor 647-labeled DNA as the sample. The native
fluorescence of proteins and metabolites in urine can be imaged
using the green fluorescence setup (excitation wavelength ~490
nm) at a long exposure time of 1000 ms. A voltage of 250 V was
applied to the device. As shown in Figure 2A (right), both the
DNA (shown in green) and proteins and metabolites (shown in
red) were concentrated under a zero hydrostatic pressure;
however, only the DNA was concentrated and the proteins and
metabolites were removed under a hydrostatic pressure of 400
Pa, which was the condition used for subsequent experiments.

As shown in Figure 2B, after EK purification, the outlets of
the first stage are closed, and that of the second stage is
opened and grounded. The conditions of the inlet remain V=250
V and P=400 Pa. Under this configuration, the NAs concentrated
in the parallel microchannels in the first stage are flushed toward
the second stage, and re-concentrated near the Nafion in the
second stage. Finally, the re-concentrated NAs are isolated by
the pneumatic valves and transferred into the PCR chamber
(pre-loaded with PCR reagents) for amplification.

(A) Step 1: EK purification
\:DNA e:protein efc.

 Efield

" ep (ocseor
%O_:PDF\

'ion depletion zone

PCR O

Non-selective concentration (P=0)

m

T|Nafion

GND! Nafion

Valves

(B) Steps 2&3: EK ntration & microfluidic PCR

Pre-loaded w/
PCR reagents |

Figure 2. Principle and operation procedures of HSEC-PCR. (a)
EK purification of NAs in the first stage, with a DC voltage and a
hydrostatic pressure applied to the inlet and the two outlets of
the first stage grounded. In the non-selective concentration
mode (P=0), both the DNA (green fluorescence) and proteins
and metabolites (red fluorescence) were concentrated; In the
selective concentration mode (P>0), only the DNA was
concentrated while the proteins and metabolites went
downstream and were removed from the device. (b) EK re-
concentration of NAs near the Nafion membrane in the second
stage by closing the outlets of the first stage and opening that of
the second stage, followed by transfer of NAs into the PCR
chamber (pre-loaded with PCR reagents) for amplification
through controlling the pneumatic valves.

We next visualized the whole workflow of HSEC-PCR using
MTB genomic DNA (target sequence concentration: 5 copies/uL),
10 mg/ml BSA, and 100 nM fluorescently labeled DNA spiked in
human urine. As shown in Figure 3 (left images), the DNAs were
first selectively concentrated in the 64 parallel microchannels in
the first stage. A volume of ~150 uL was processed in 15 min.
Next, the device was reconfigured as previously mentioned to
transfer the concentrated DNAs into the second stage (Figure 3,
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middle). The DNAs were re-concentrated in the second stage
within 3 min. The re-concentrated DNAs were then isolated in
the microchannel by closing a pair of pneumatic valves (Figure 3,
right). Next, the valve for the PCR chamber was opened, and
the large-area valve was used as a mixer to drive the fluid and
DNAs into the PCR chamber. As shown in Figure 3, after 15 on-
and-off cycles, the majority of the DNAs entered the PCR
chamber. Finally, the valve for the PCR chamber was closed,
followed by gPCR through thermal cycling. The fluorescence
intensity (using green fluorescence setup) of the PCR chamber
increased as qPCR proceeded. Note that, although the genomic
DNA was not fully mixed in the PCR chamber initially, the short
DNA amplicons mixed thoroughly by diffusion within the first few
PCR cycles (diffusion time is ~15 min according to a previous
study®?). To characterize the DNA extraction efficiency, we
spiked 1 nM fluorescently labeled DNA in 150 L
urine/0.25xserum (a total of 150 fmol) and measured the
fluorescence intensity of DNAs extracted into the PCR chamber.
We also measured the fluorescence intensity of 150 fmol DNAs
directly spiked into the PCR chamber. As described in detail in
Section 5 of Supporting Information, the extraction efficiency is
the ratio of the fluorescence intensities of extracted DNAs to that
of the total spiked DNAs, which were 84.4% for urine and 74.6%
for serum.

Reconcentration Isolation

NA transfer

PCR cycle #35

PCR cycle #1
2nd stage:

EK reconcentration & pfluidic PCR
Figure 3. The workflow of HSEC-PCR visualized by
fluorescently labeled DNA. The left images showed the EK-
concentrated DNAs in the parallel microchannels in the first
stage during EK purification. The middle image is at the
intersection of the first and second stages, which shows the
transfer of the concentrated DNAs from the first stage to the
second stage. In the right images, the re-concentrated DNAs
were isolated by a pair of pneumatic valves and transferred into
the PCR chamber by the cyclic on-and-offs of a large-area
pneumatic valve that served as a mixer. Finally, qPCR was
performed in the PCR chamber, the fluorescence of which
increased as qPCR proceeded.

1st stage:
EK purification

We compared the performance of HSEC-PCR with that of
the standard bench-top SPE+PCR method by amplifying a
highly specific sequence in the 1S6110 region of the MTB
genome (16 copies per genome) using a well-optimized probe-
based gPCR (primer set A and probe A, Table 1, see Supporting
Information for details).[57] First, we established the benchmark
using standard bench-top SPE+PCR with the leading NA
purification kits on the market by following the procedures
outlined in Figure 1A. The Norgen Urine DNA Isolation Kit could
process 2 mL urine per spin column, and the Qiagen QlAamp
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DNA Blood Mini Kit could process 0.2 mL serum per spin
column. By 10x serial dilution with human urine starting from
stock MTB genome extract (ATCC, Manassas, VA, see
Supporting Information for details), we prepared samples with
3x10%, 3x10°% 3x107% 3x10', 3, 0.3, and O copies of the MTB
genome (corresponding to 5x10°, 5x10%, 5x10°% 5x10% 5x10*, 5,
and 0 copies of the target DNA) in 2 mL human urine, yielding
target DNA concentrations of 400, 40, 4, 0.4, 0.04, 0.004, and 0
aM. We then purified the spiked human urine samples with the
Norgen Urine DNA lIsolation Kit, which took 100 min. Similarly by
serial dilution, we prepared samples with 3x10% 3x10°, 3x10?,
3x10%, 3, 0.3, and O copies of the MTB genome (corresponding
to 5x10°, 5x10% 5x10°% 5x10? 5x10%, 5, and O copies of the
target DNA) in 0.2 mL human serum, yielding target DNA
concentrations of 4000, 400, 40, 4, 0.4, 0.04, and 0 aM. We then
purified the spiked human serum samples with the Qiagen
QlAamp DNA Blood Mini Kit, which took 65 min. Figure 4A and
Figure 4B show the amplification curves of the purified DNAs at
different total spiked copy numbers in urine and serum using a
bench-top thermal cycler, respectively. The target DNA was
detectable when the total spiked copy number of the target DNA
was as low as 50 copies, both for urine and serum. The main
factor limiting the detection of lower copy numbers is that, as a
conventional practice, only a small fraction of the eluate (2 yL in
this work) from the total 50 pL eluate (1/25) could be used for
PCR, because of the high cost and slow thermal conduction of
large-volume PCR."® The corresponding C, values of the gPCR
were compared in Figure 4C. The Cq values were very similar for
the same total spiked DNA copy numbers in urine and serum,
though the concentrations were different by one order of
magnitude. This observation indicates that the recovery of the
DNA purification kits is largely independent of the DNA
concentration. The efficiencies of PCR for DNAs purified from
urine and serum were both ~95% (calculated from the slopes of
the fitted lines), indicating good removal of PCR inhibitors by the
purification kits.

We next used HSEC-PCR for integrated purification,
amplification, and detection of the target DNA. As previously
mentioned, the device was able to process 150 pyL samples in
15 min. Similarly by serial dilution, we prepared samples with
3x10?, 3x10', 3, 0.3, and O copies of the MTB genome
(corresponding to 5x10°% 5x10?, 5x10%, 5, and O copies of the
target DNA) in 150 pL human urine, yielding target DNA
concentrations of 55, 5.5, 0.5, 0.05, and 0 aM. Also by serial
dilution, we prepared samples with 3x10?, 3x10%, 3, 0.3, and O
copies of the MTB genome (corresponding to 5x10° 5x10?
5x10', 5, and O copies of the target DNA) in 37.5 uL human
serum, yielding target DNA concentrations of 220, 22, 2.2, 0.2,
and 0 aM. The spiked serum samples were diluted to 150 pL
with 1xPBS, which was necessary for stable EK concentration of
the DNAs.®™ As shown in Section 6 of the Supporting
Information where we performed microfluidic PCR directly with
NAs in urine/serum backgrounds without HSEC, PCR was
strongly inhibited by the PCR inhibitors in urine/serum. As
shown in Figure 4D and Figure 4E, HSEC-PCR could detect as
low as 5 copies of the target DNA in both urine and serum,
indicating the good removal of PCR inhibitors and good recovery
of the DNAs by HSEC. At very low copy numbers (50 and 5), the
variances between the Cq, values of different runs were
significantly greater than those of higher copy numbers. This can
be attributed to the incomplete collection of NAs into the PCR
chamber during the purification, re-concentration, isolation and
mixing process, which generates more significant variances at
very low copy numbers statistically. Although HSEC-PCR
achieved the detection of lower copy numbers (5 v.s. 50) than
standard SPE+PCR, the corresponding lowest detectable DNA
concentrations were similar (0.05 v.s. 0.04 aM in urine and 0.2
v.s. 0.4 aM in serum), because the current HSEC-PCR device
had lower throughputs than the SPE spin columns did (0.15 v.s.
2 mL for urine and 37.5 pL v.s. 200 pL for serum). In the future,
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we can increase the number of parallel microchannels in the first
stage of the device to increase the throughput (up to 10 mL) and
hence potentially detect much lower concentrations, as we have
demonstrated elsewhere.®™ Finally, as shown in Figure 4F, the
efficiencies of HSEC-PCR were 87.1% and 79.1% for urine and
serum, respectively, which were lower than those of standard
bench-top SPE+PCR. This is commonly observed in microfluidic
PCR systems, which can be attributed to a number of reasons,
such as non-optimal thermal cycling conditions and the
adsorption of polymerase on the PDMS surfaces of the PCR
chamber. ¢!

Table 1. Sequences of qPCR primers and probe. In Probe A, 6-FAM is the
fluorescence dye at 5° and ZEN™ and IABKFQ™ (lowa Black FQ) are the
double fluorescence quenchers (Integrated DNA Technologies, IA).

Name Sequence (5> 3')

Forward primer A CGATGT GTACTG AGA TCC CCT ATC CG

Reverse primer A GGC CTTTGT CACCGACGCC
Probe A /56-FAM/ AAC GTC TTT /ZEN/ CAG GTC GAG TAC
GCC TT /3IABKFQ/

Forward primer B ACC AGC ACC TAACCG GCT GTG G

Reverse primer B CAT CGT GGA AGC GACCCG CCA G

We next tested the SYBR Green-based gPCR with primer
set B %as listed in Table 1, see Supporting Information for
details)’®” using the standard bench-top SPE+PCR and
analyzed the PCR products using gel electrophoresis (blueGel™,
Amplyus, Cambridge, MA). SYBR Green is a commonly used
intercalating dye for the real-time quantification of PCR by
binding non-specifically to double-stranded DNA, which avoids
the use of expensive gPCR probes. As shown in Figure 5A, only
a band of the 130-bp amplicon was observed from the PCR
product of the target DNA (10° spiked copies) purified from 2 mL
human urine. However, in the no-template control with only DI
water, multiple bands of non-amplicons were observed,
indicating non-specific amplification due to primer dimers. The
gel electrophoresis result clearly indicates that PCR is a
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competition for reagents between specific and non-specific
amplifications: the specific amplification strongly suppressed
non-specific amplification in the presence of high-abundance
target DNA, while the non-specifically amplified products prevail
in the presence of low-abundance target DNA. As shown in
Figure 5B, in standard bench-to SPE+PCR, 500 or fewer copies
of the target DNA could not be distinguished from O copy of the
target DNA due to strong non-specific amplification, indicating a
lowest detectable copy number of 5000 (corresponding to 4 aM).
A PCR efficiency of 107.88% (Figure 5C) in bench-top PCR
indicates that DNAs were generated faster than a standard 2-
fold replication per cycle (100%), which was caused by the
additional fluorescence signal from non-specific amplification
(especially at low target DNA concentrations). In HSEC-PCR,
the target DNA molecules were concentrated into a microfluidic
chamber (~0.1 pL), in which there were much fewer primer
dimers than a conventional tube (~20 pL). With the all the DNAs
collected into the microfluidic chamber but with much fewer
primer dimers, the signal-to-noise ratio is greatly enhanced,
thereby enabling the detection of lower copy numbers of the
target DNA. Also, increasing the concentration of the target DNA
will exhaust the reagents at earlier cycles, thereby suppressing
the amplification of primer dimers that typically occur at large
cycle numbers. As shown in Figure 5D, although non-specific
amplification was still observed in HSEC-PCR using primer set B,
as low as 5 copies of the target DNA was distinguishable from 0
copy of the target DNA, indicating the effective suppression of
non-specific amplification. HSEC-PCR was able to detect 5
copies of the target DNA (corresponding to 0.05 aM) even using
a non-optimal PCR design, which is three orders of magnitude
better than that achieved by the standard bench-top PCR in
terms of copy number and two orders of magnitude better in
terms of concentration. A PCR efficiency of 74.6% was achieved
by HSEC-PCR (Figure 5E), which was attributed to similar
factors discussed previously. This result suggests that HSEC-
PCR can significantly shorten the development cycle of NAATs
by skipping the lengthy optimization process for primer dimer
elimination and still achieving good detection sensitivity with
non-optimal PCR designs.

This article is protected by copyright. All rights reserved



WILEY-VCH

Urine Serum C
(A) (Urine] (B) (€) =
oy 1201 Total spiked DNA copies 35 1207 Total spiked DNA copies 03 Urine (bench-top)
S qg0] —3ES 8 yo5] —5E5 s} «__Serum (bench-top)
> ——5E4 > ——5E4 N
2 2 g —5E3 2 gp| —5E3 30
-2 | =7 o =t 5E2 ‘w
£| £ 60— 5E! £ 60 —5E1 - 251 , P,
e 8 ——5E0 3 — _5E0 o y=-3.4237x+43.284, R?=0.999
o $ 4041 —0 S 40 0 204 Efficiency: 95.9%
(8]
@ S 5 § 201 15 Y=-3.4663x+43.667, R?=0.999
S S / Efficiency: 94.3%
L0 e Z B S 10 ; , . , .
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40 10° 10" 10* 10° 10* 10°
Cycle # Cycle # DNA copy #
(D)200 ) . ( ) 200 . ) (F)4o. *  Urine (microfluidic)
/5 Total spiked DNA copies ; Total spiked DNA copies « Serum (microfluidic)
3 ——5E3 3 ——5E3 35.
5'S f50{—=BE2 T 150 —5E2 y=-3.9551x+32.871, R?=0.999
5| G —5E1 - —5E1 30 Efficiency: 79.1%
= 5 ——5E0 S ——5E0
=28 i = ) | — 251
£ £ 100 0 £ 100 0 5
Ols @ o
O| ¢ 2 20
S| 8§ 50 8 50
a a 151 y=-3.6755x+31.389, R?=0.993
5 o Efficiency: 87.1%
= 0 T T r v ; ; 3 0 : - - : . “ ; . 1 7 — v 7 o
e 0 5 10 15 20 25 30 35 40 W 0 5 10 15 20 25 30 35 40 10° 10' 10° 10° 10* 10
Cycle # Cycle # DNA copy #
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specific amplification products from DI water indicates the formation of primer dimers and their elongation during amplification. (B)
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Conclusion

In this paper, we have demonstrated HSEC-PCR as an
integrated platform with one-step NA purification and noise-
resistant quantitative PCR for rapid and reliable detection of
ultralow-abundance NAs in real biofluids. Compared to
conventional SPE-based NA purification methods (bench-top or
microfluidic format), EK purification is a one-step, liquid-phase,
non-binding approach with the advantages of short processing
time (20 min), low cost, simple device design and operation
protocols, and avoiding the use of PCR-inhibitive chemicals.
Unlike standard bench-top PCR, HSEC-PCR is resistant to non-
specific amplification caused by primer dimers in non-optimal
PCR designs and retains a very low detection limit (0.05 aM, 5
DNA copies in 150 u L), thereby greatly shortening the
development cycle of NAATs. Some of the future work of this
platform includes: (1) Further increase of the sample processing
throughput by higher parallelization to enable the detection of
even lower abundance NAs. (2) Demonstrating the versatility of
this platform in detecting NAs of various sources (e.g.
mammalian, plant, bacterial, viral DNAs and RNAs of different
sizes) from various specimens (blood, plasma, cerebrospinal
fluid). (3) Application of this platform to isothermal amplification
techniques, which are often difficult to design and optimize due
to less established design methodologies. Being tolerant to non-
specific amplification, our platform can potentially significantly
accelerate the development of isothermal amplification nucleic
acid tests and improve their robustness, which is of great values
in emergency situations, resource-limited settings, and other
scenarios.
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Two-stage selective electrokinetic concentration enables one-step purification of nucleic acids and microfluidic PCR resistant to non-
specific amplification, thereby significantly shortening the development cycle and simplifying the workflow of nucleic acid amplification
tests for point-of-care disease diagnosis.
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