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ABSTRACT:Micro total-analysis systems (� TAS) have been
extensively developed for the detection of nucleic acids (NAs)
in resource-limited settings in recent years, yet the sample-
preparation steps that interface real-world samples with on-
chip analytics remain as the technical bottleneck. We report
pressure-modulated selective electrokinetic trapping (PM-
SET) for the direct enrichment, puri� cation, and detection
of NAs in human serum in one step without involving tedious
solid-phase extraction, chemical ampli� cation, and surface-
hybridization-based assays. Under appropriately modulated
hydrostatic pressures, NAs in human serum were selectively
enriched in an electrokinetic concentrator with the majority of background proteins removed, achieving an enrichment factor of
>4800 in 15 min. A sequence-speci� c NA was detected simultaneously during the enrichment process using a complementary
morpholino (MO) probe, realizing a limit of detection of 3 pM in 15 min. PM-SET greatly reduces the cost, time, and
complexity of sample preparation for NA detection and could be easily interfaced with existing NA-detection devices to achieve
true sample-to-answer biomolecular analytics.

The detection of nucleic acids plays a paramount role in
genetic analysis, disease diagnosis, food and environment

monitoring, and many other research� elds.1Š6 In recent years,
micro total-analysis systems (� TAS), or lab-on-a-chip devices,
have been extensively developed for the detection of NAs,
owing to their merits of consuming small amounts of sample;
having short turn-around times, high sensitivity, and low cost;
and being deployable in resource-limited settings.7Š12 Despite
the signi� cant advances in the analytics portion of lab-on-a-
chip devices for NA detection, the sample-preparation portion
that interfaces real-world samples with on-chip analytics
remains underdeveloped, which has surfaced as the limiting
factor in the realization of true sample-to-answer systems.13Š20

Currently, the sample-preparation procedures for NA analysis
typically include the following. (1) Puri� cation: Solid-phase
extraction (SPE) using silica-membrane spin columns,
magnetic silica beads, or other capture agents followed by
washing and elution with chemicals, which is costly and
laborious, requires dedicated equipment and uses chemicals
that may inhibit downstream assays. Although miniaturized
SPE techniques have been successfully integrated on chips,
they typically require specialized and expensive materials and

fabrication processes, use complex structures and protocols for
� uid control, and still su� er from compatibility problems with
downstream assays.21Š31 (2) Enrichment: The need to detect
trace amounts of NAs in real-world samples often necessitates
the ampli� cation of NAs before on-chip analytics by
polymerase chain reaction (PCR) or other similar techniques.
Although on-chip NA ampli� cation techniques have been well
developed, there remain considerable limitations for point-of-
care applications, such as the requirement of high levels of
sample purity, the need for thermal cycling for PCR, complex
operating protocols, and others.32Š37 Therefore, in order to
achieve true micro“total” analysis systems for NA detection, it
is of high priority to develop fully integratable sample-
preparation techniques for the puri� cation and enrichment of
NAs that overcome the challenges met in SPE and PCR.

Ion-concentration-polarization (ICP)-based electrokinetic
trapping (ET) has attracted much attention in the past decade
as a viable approach for the rapid concentration of NAs and
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other biomolecules, with enrichment speeds of 103- to 104-fold
in � 10 min and maximum enrichment factors of over 106

achieved in clean bu� ers.38Š42 In ICP-based ET, the selective
transport of cations through a cation-exchange membrane
(CEM) under a DC electric� eld induces an ion-depletion
zone with signi� cantly ampli� ed electric� elds in the
microchannel, which acts as an electric-force barrier that
prevents the passage of negatively charged species. Negatively
charged species enter the microchannel with an electroosmotic
� ow (EOF) under a tangential electric� eld and subsequently
become trapped at the electric-force barrier within the
microchannel, leading to the continuous concentration e� ect.
ICP-based ET is insensitive to contamination and PCR
inhibitors, is easily integratable with downstream processes,
and is reagent-free and low-cost, making it a promising
substitute for PCR for NA enrichment in� TAS devices.
However, despite the success of ICP-based ET in the
concentration of puri� ed analyte in clean bu� ers, there have
been few reports on the application of ICP-based ET with
complex biological samples.40 Cheow et al.43 demonstrated
that the concentration of DNA in donkey serum was possible
by ICP-based ET only with at least 10 times dilution (10%)
and for only up to 2 min, because the coconcentration of
serum proteins caused the rapid back-propagation of the
concentration plug toward the inlet. Besides the inability to
stably concentrate NAs for long durations in complex
biological samples (consequently limiting the enrichment of
NAs), the nonselective concentration of NAs, proteins, and
other background biomolecules in ICP-based ET poses
signi� cant challenges to the puri� cation of NAs for subsequent
assays. Hong et al.44 demonstrated electrophoretic-mobility-
based isolation of NAs in ICP-based ET using pneumatic valve
systems; this, however, complicates the operations and is
di� cult to implement in resource-limited settings.

In this paper, we report the direct enrichment and
puri� cation of NAs in complex biological samples by
pressure-modulated selective electrokinetic trapping (PM-
SET), without involving the capture agents and elution
chemicals used in SPE, chemical-ampli� cation processes
(e.g., PCR), or other complex operations (e.g., valving). We
showcase the utility of PM-SET in human serum that contains
60Š80 mg/mL total serum protein and perhaps represents one
of the most complex backgrounds for molecular detection.45

Through modulating the hydrostatic pressure applied to the
ICP-based ET device, we demonstrate the selective trapping of
NAs (of high electrophoretic mobility) while the majority of
background proteins (of low electrophoretic mobility) are
simultaneously removed, achieving an enrichment factor of
>4800 in 15 min for NAs. With the minimal coconcentration

of background proteins, NAs could be stably concentrated with
minimal back-propagation. Moreover, we also demonstrate the
simultaneous detection of a sequence-speci� c NA during the
enrichment process using a complementary morpholino (MO)
probe, achieving picomolar-level detection in 15 min. Unlike
conventional surface-hybridization-based NA assays, the MO-
probe assay in PM-SET utilizes in-solution hybridization,
which does not require surface functionalization, multiple
washing steps, or long incubation times. With its ability to
directly enrich, purify, and detect NAs in an SPE-free, PCR-
free, and surface-hybridization-free manner, we believe PM-
SET is promising as a sample-preparation technique that can
be fully integrated with existing lab-on-a-chip devices to
achieve true micro total-analysis systems for NA detection and
as a self-contained biosensor for a variety of NA-detection
applications.

� PRINCIPLE OF PM-SET

As shown inFigure 1a, the device consists of a main
microchannel, which is split into parallel, narrower channels
in the concentration zone. The splitting of a wide channel into
multiplexed narrow channels helps stabilize the concentration
plugs by suppressing the electrokinetic vortices generated by
ICP,48 which enables the massive scaling up of the channel
dimension for high-throughput operations.47 The cation-
selective Na� on membrane (pore diameter: 4 nm)49 is
patterned on the glass slide (bottom of the channels) and
bridges the upstream and downstream of the device. The inlet
of the device is biased to an electric potential of� (>0), and
the outlet is grounded (GND). Under this electrical
con� guration, an electric� eld, EN, is generated across the
Na� on membrane as a result of the potential drop from the
upstream ends to the downstream end of the membrane. The
selective transport of cations through the cation-selective
Na� on membrane underEN leads to the generation of ion-
depletion zones in the microchannels near the Na� on
membrane, at the front of which the electric� eld is
signi� cantly ampli� ed. At the same time, a tangential electric
� eld,ET, is generated by the potential drop from the inlet (� )
to the outlet (GND), which induces an EOF (velocity:vEOF)
from the inlet toward the outlet. Negatively charged species
enter the microchannels with the EOF but are also subject to a
counter-directional electrophoretic force (electrophoretic
velocity,vEP = � E, where� is the electrophoretic mobility,
and E is the electric� eld). In one-dimensional analysis,
negatively charged species are trapped near the ion-depletion
zone wherevEP becomes as great asvEOF (net velocity is zero),
leading to the continuous-enrichment e� ect.46 Because of the
high conductivity of the Na� on membrane, the locational

Figure 1.Schematic and photos of the device. (a) Schematic of a multiplexed ICP-based ET device. (b) Top-view photo of the device fabricated by
PDMS-glass bonding and enlarged views of the device near the splitting and converging channels. (c) Side-view photo of the device.
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dependence of the parallel channels is minimal (i.e., the
concentration behaviors in the parallel channels are highly
uniform).47 As shown inFigure 1b, the main channel is 1.6
mm wide and is split into 16 parallel channels 100� m wide
and 10 mm long through evenly bifurcated tree structures. The
parallel channels converge into a single channel 1.6 mm wide
through structures mirroring the splitting structures. All the
channels are 15� m deep. The Na� on strip is 9 mm from the
entrances of the parallel channels (indicated by the blue box
and shown in the inset photo inFigure 1b). The parallel
channels are sequentially numbered 1Š16, as shown inFigure
1b. Figure 1c shows the side view of the device with 1 mL
plastic-syringe barrels as the reservoirs.

Figure 2a,b illustrate the concentration behavior in the
presence of both NAs and proteins without an external
pressure. As previously mentioned, negatively charged
biomolecules are trapped where the electric� eld is E =
vEOF/ � . Because the electrophoretic mobility of NAs is much
higher than that of proteins (� DNA � � pro), proteins are
concentrated closer to the Na� on membrane, where the
electric� eld is stronger (Figure 2a).46,50 Under high voltages,
as the concentration proceeds, the focused biomolecules
(negatively charged) displace the local anions because of the
electroneutrality condition until the local anion concentration
becomes close to zero, at which point the maximum local
concentration of the focused biomolecules is reached, namely,
the electroneutrality limit.51 Because of the high concentration
of proteins in human serum (60Š80 mg/mL), the proteins
instantly reach the electroneutrality limit, after which the
concentration of proteins could only proceed by expansion of
the protein concentration plug upstream (Figure 2b).

Consequently, NAs are rapidly driven back toward the inlet
reservoir to make room for the expanding concentration plug
of proteins. Because of the limited length of the channels, NAs
could only be concentrated for a short time (<2 min in the
current device in 1× PBS with 10 mg/mL BSA under 100 V)
before reaching the reservoir, resulting in poor enrichment
performance. More importantly, the coconcentration of
background proteins necessitates the puri� cation of NAs
with additional steps, which would otherwise signi� cantly
compromise the sensitivity and speci� city of downstream
assays. Additionally, the inability to stably localize the
concentration plug in a speci� c region of the channels, such
as functionalized a� nity-capture surfaces, makes it di� cult to
couple ICP-based ET with conventional surface-hybridization-
based assays.

To address the aforementioned challenges in enriching and
purifying NAs in complex biological samples, we introduce an
additional pressure-driven� ow (PDF) into the system, as
illustrated inFigure 2c,d. With an external pressure applied to
the device, the� uid � ow in the microchannels is the
superposition of the EOF and PDF. In one-dimensional
analysis, negatively charged biomolecules are trapped at the
location whereE = (vEOF + v�PDF)/ � , in whichv�PDF is the cross-
sectional average velocity of the PDF. With the addition of the
PDF, biomolecules of the same electrophoretic mobility are
concentrated closer to the Na� on membrane, where the
electric� eld is stronger. As shown inFigure 2c, with the
pressure appropriately modulated, one could concentrate the
proteins in the vicinity of the peak of the electric-force barrier.
In this scenario, the concentrated proteins could overcome the
electric-force barrier easily by di� usion. As a result, the

Figure 2.Principle of PM-SET. (a) Coconcentration behavior of NAs and proteins at an external hydrostatic pressure of zero. The electrophoretic
mobility of NAs and is higher than that of proteins, so NAs concentrate farther from the Na� on membrane, where the electric� eld is weaker, than
proteins do. (b) Coconcentration of proteins and NAs causing rapid back-propagation of the NAs. (c) Proteins easily leaking through the electric-
force barrier and NAs staying e� ectively concentrated under external hydrostatic pressure. (d) NAs stably concentrated near the ion-depletion zone
and background proteins removed under an external hydrostatic pressure, enabling the simultaneous enrichment and puri� cation of NAs.
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concentration of proteins quickly reaches the steady state, at
which the in� ux of proteins is o� set by the leakage of proteins
across the electric-force barrier. As shown inFigure 2d, in PM-
SET, NAs are stably continuously trapped without back-
propagation, whereas proteins are continuously leaked and
removed from the concentration plug. The hydrostatic
pressure is maintained constant by the replenishing of sample
or bu� er into the inlet and removal of waste from the outlet
periodically. Finally, the sample in the inlet is replaced with
clean bu� er. Afterward, the NAs remain concentrated, whereas
the residual proteins in the upstream channel gradually leaked
downstream, thereby realizing both the enrichment and
puri� cation of NAs. It is noted that, in practice, when we
modulated the pressure such that proteins completely
overcame the electric-force barrier, there would be strong
leakage of NAs across the barrier, or even failure of NA
concentration, because of the limited separation resolution
between proteins and NAs in the device. Therefore, to ensure
the e� cient enrichment of NAs, we still have the proteins
weakly concentrated in our implementation of PM-SET, as
previously described.

� EXPERIMENTAL SECTION
Reagents and Chemicals.Phosphate-bu� ered saline

(PBS, 20×) and distilled water were purchased from Thermo
Fisher Scienti� c (Waltham, MA). Solutions of 0.1× PBS, 1×
PBS, 2.5× PBS and 5× PBS were prepared by diluting 20×
PBS with distilled water to the desired concentrations. Bovine
serum albumin (BSA) was purchased from Sigma-Aldrich (St.
Louis, MO). Solutions of 100 mg/mL BSA in 0.1× PBS, 1×
PBS, 2.5× PBS, and 5× PBS were prepared by dissolving 100
mg BSA in 1 mL PBS bu� ers of the corresponding
concentrations. Human serum was purchased from Millipor-
eSigma (Burlington, MA). Human serum samples (native ionic
strength:� 1× PBS) in 2.5× PBS and 5× PBS were prepared
by spiking 0.086× volume and 0.267× volume of 20× PBS
into 1 × volume of native human serum, respectively. Na� on
resin (20 wt % solution in lower aliphatic alcohol/H2O mix)
was purchased from Sigma-Aldrich (St. Louis, MO). Single-
stranded DNAs (ssDNAs) were synthesized and� uorescently
labeled by Integrated DNA Technologies (Coralville, IA). A 22
base ssDNA (5�-GTA GGC GAA CCC TGC CCA GGT C-
3�) with the 3� end labeled with Alexa Fluor 647 was used for
the demonstration of NA enrichment. In the DNA-detection
experiment, the target DNA was an unlabeled 67 base ssDNA
(fragment of theMycobacterium tuberculosis IS6110gene) with
a sequence of 5�- ACC AGC ACC TAA CCG GCT GTG
GGT AGC AGA CCT CAC CTA TGT GTC GAC CTG
GGC AGG GTT CGC CTA C-3�.52 The probe for DNA
detection was a complementary 22 base MO oligo (5�-GTA
GGC GAA CCC TGC CCA GGT C-3�) labeled with
� uorescein at the 3� end (Gene Tools, LLC, Philomath,
OR). BODIPY FL� uorescence dye was purchased from Life
Technologies (Carlsbad, CA). Tygon non-DEHP microbore
tubing (inner diameter: 0.020 in., outer diameter: 0.060 in.)
was purchased from Cole-Parmer (Vernon Hills, IL). A plastic
syringe (1 mL) was purchased from Becton, Dickinson and
Company (Franklin Lakes, NJ). Ag/AgCl electrodes (diame-
ter: 0.008 in.) were purchased from A-M Systems (Sequim,
WA).

Device Fabrication. The microchannels were fabricated
using polydimethylsiloxane (PDMS; Sylgard 184, Dow
Corning Inc., Midland, MI). First, the desired design was

patterned on a silicon wafer using SU-8 photoresist (Micro-
Chem, Westborough, MA) to obtain the master mold, which
was subsequently treated with trichlorosilane (Sigma-Aldrich,
St. Louis, MO) in a vacuum desiccator overnight to prevent
adhesion to PDMS. Next, PDMS was poured onto the master
mold. After being cured in an oven at 65°C for 3 h, the PDMS
was peeled o� from the master. Access holes of 2 mm in
diameter were punched in the PDMS at the inlet and outlet.
The Na� on strip was patterned on a glass slide by the
micro� ow-patterning technique using microchannels of 400
� m wide and 50� m deep and a� nal thickness of 1.5Š1.8
� m.53 The PDMS chip was irreversibly bonded to the Na� on-
patterned glass slide by plasma bonding using the Femto
Science Covance Plasma Cleaner (Hwaseong-Si, Gyeonggi-Do,
Korea).

Micro� uidic Experiments.The hydrostatic pressure (� P)
was determined by the height di� erences (� H) between the
liquid levels in the inlet and outlet, which was controlled by the
volume di� erences (� V) between the samples loaded into the
reservoirs (� P = 4� g� V/ � D2, where� is the density of water,
g is the gravitational acceleration, andD = 4.78 mm is the
diameter of the syringe barrels). In this work, hydrostatic
pressures of 70, 100, 120, and 200 Pa were generated by
volume di� erences of 126, 180, 216, and 360� L between the
inlet and outlet, respectively. For applications where the
sample volumes are small (e.g., < 100� L), an alternative
packaging scheme of the device is provided in Section 1 of the
SI that allows for the control of the hydrostatic pressure
regardless of the sample volume (by adjusting the height of the
tubing connected to the outlet).

For the demonstration of NA enrichment by PM-SET, the
� uorescently labeled DNA was spiked into BSA-rich bu� ers
and human-serum samples to a� nal concentration of 1 nM. In
the DNA-detection experiment, the MO probe and target
DNA were spiked into human serum in 5× PBS to a� nal MO-
probe concentration of 1 nM and� nal target-DNA
concentrations of 1 pM to 100 nM. The MOŠDNA mixtures
in serum were incubated for 10 min on a vortex mixer before
being loaded into the chip.

Before the experiments, the microchannels were passivated
with 1% BSA in 1× PBS for 10 min and� ushed with 1× PBS
afterward. Ag/AgCl electrodes (diameter: 0.008 in.) were
inserted into the reservoirs and connected to a DC power
supply (Stanford Research Systems, Sunnyvale, CA). In all the
experiments, 100 V was applied. The washing step in PM-SET
was performed as follows:� rst, the sample was pipetted out of
the inlet; immediately afterward, bu� er solution of the same
ionic strength and volume was pipetted into the inlet;� nally,
the device ran for 3 min, after which the concentrated NA
could be used for potential subsequent assays. The voltage was
kept on during the washing. The concentration plugs would be
� ushed toward the inlet by the reversed hydrostatic pressure
when the sample was pipetted out of the inlet, but they would
� ow back and be restored near the Na� on a few seconds after
the bu� er solution was pipetted into the inlet.

Fluorescence images were acquired using an inverted
� uorescence microscope (IX71, Olympus, Tokyo, Japan) and
a CCD camera (Sensicam qe, Cooke Corporation, Romulus,
MI). The exposure time is 100 ms unless otherwise speci� ed. A
mechanical shutter was used to reduce the photobleaching
e� ect, which was synchronized with the CCD camera by the
open-source software Micromanager.
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Data Processing. The data-processing procedure is
described in detail in Section 2 of theSI. Brie� y, raw
� uorescence micrographs were opened in ImageJ, in which the
� uorescence pro� les of the channels were measured. On the
basis of the� uorescence pro� les, the peak� uorescence
intensities and the distances between the peaks and Na� on
membrane in the channels were extracted in Excel 2010 for
Mac. Because of the limited� eld of view of the� uorescence
microscope, we could image no more than 13 channels in our
time-lapse imaging. Because the concentration behaviors were
highly uniform among the 16 channels,47 we used data from
channels 9Š16 (the lower half) to represent the performance
of a device (discussed in Section 2 of theSI). Each
experimental condition was tested three times using three
di� erent devices. We used the grand mean (mean of all 3× 8
points) and the total standard deviation (of all 3× 8 points)
for each data point and the corresponding error bar,
respectively (discussed in Section 2 of theSI).

� RESULTS AND DISCUSSION

Optimization of Ionic Strength. We � rst explored the
experimental conditions using BSA in PBS to simulate human
serum.Figure 3a shows the concentration plugs of the Alexa
Fluor 647 labeled ssDNA under di� erent conditions (di� erent
ionic strengths and BSA concentrations). The hydrostatic
pressure was zero for all cases. The experiments were
terminated when the concentration plug back-propagated
beyond the entrances of the parallel channels or after 5 min,
whichever happened� rst. In 0.1× PBS, as we increased the
BSA concentration from 0 to 10 mg/mL, the DNA
concentration plug signi� cantly back-propagated because of
the coconcentration of BSA. More importantly, there was
strong dispersion of the DNA concentration plug (forming
long tails, seeSupplementary Videos SV1andSV2) at 10 mg/
mL BSA, causing signi� cant loss of the DNA. We speculate
that this was caused by the nonspeci� c binding between the
highly negatively charged backbone of DNA and positive
amino acid residues of BSA at low ionic strengths.54 As we
increased the ionic strength from 0.1× PBS to 1× PBS,
dispersion was signi� cantly reduced even with 10 mg/mL BSA.
We speculate that this may have bene� tted from the e� ective
screening of the surface charges of DNA and BSA at high ion

concentrations. In the meantime, from the perspective of the
Kohlrausch regulating function in electrophoresis,55 more NAs
can be concentrated and into narrower zones as the ion
concentration increases, which contributes to the less
dispersion at high ion concentrations. On the basis of this
scheme, we found that DNA with background BSA
concentrations of 50Š100 mg/mL could be concentrated
with signi� cantly reduced dispersion in 2.5× PBS.

On the basis of the� tted linear relationship between the
� uorescence intensity and DNA concentration (see Section 3
of the SI), the maximum DNA concentration in a
concentration plug (cmax) can be calculated by its peak
� uorescence intensity. The enrichment factor of a concen-
tration plug is de� ned as the ratio of the maximum DNA
concentration to the initial DNA concentration (c0, which is 1
nM in this work), orcmax/ c0. Figure 3b shows the enrichment
factor achieved at the end of the experiments under di� erent
conditions. An enrichment factor of� 2200 was achieved in 5
min in 0.1× PBS, owing to the high velocity (� 1 mm/s, see
Section 4 of theSI) of the nonequilibrium EOF generated in
this device, which is� 10 times faster than conventional
electroosmosis.38 With the increment of the BSA concen-
trations, the enrichment factor of DNA decreased because of
the loss caused by nonspeci� c binding to BSA. With
background BSA concentrations of 50Š100 mg/mL, enrich-
ment factors of 500Š1500 could be achieved in 2.5× PBS and
5× PBS in 5 min. Lastly, the electric currents of the device in
high-ion-concentration bu� ers were signi� cantly increased but
still stable over time (see Section 5 of theSI), indicating that
the device could be operated in high ion concentrations.

Enrichment and Puri� cation of NAs in BSA-Rich
Samples by PM-SET.Using Alexa Fluor 647 labeled
ssDNA with a background BSA concentration of 50 mg/mL
in 2.5× PBS, we investigated the feasibility of PM-SET for the
selective enrichment of NAs. The strong intrinsic� uorescence
from 50 mg/mL BSA at an excitation wavelength of� 488 nm
enabled us to directly image BSA in the device without
� uorescence labeling.Figure 4a shows the initial state of the
device (� = 0 V). BSA concentration was uniform on the left
(upstream) and right (downstream) sides of the Na� on
membrane. DNA was not observable at its initial concentration
(1 nM). When the hydrostatic pressure was zero (Figure 4b)

Figure 3.Optimization of ionic strength. (a) DNA concentration behaviors at di� erent ionic strengths and BSA concentrations without external
pressures in the ninth channel. The dispersion of the DNA concentration plugs at high concentrations of BSA was mitigated by high ionic strengths.
The experiments were terminated after 5 min or when the concentration plugs back-propagated beyond the entrances of the parallel channels,
whichever happened� rst. (b) Enrichment factors achieved at di� erent ionic strengths and BSA concentrations at the end of the experiments.

Analytical Chemistry Article

DOI:10.1021/acs.analchem.8b02330
Anal. Chem.XXXX, XXX, XXXŠXXX

E

http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.8b02330/suppl_file/ac8b02330_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.8b02330/suppl_file/ac8b02330_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.8b02330/suppl_file/ac8b02330_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.8b02330/suppl_file/ac8b02330_si_002.mpg
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.8b02330/suppl_file/ac8b02330_si_003.mpg
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.8b02330/suppl_file/ac8b02330_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.8b02330/suppl_file/ac8b02330_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.8b02330/suppl_file/ac8b02330_si_001.pdf
http://dx.doi.org/10.1021/acs.analchem.8b02330


after the voltage was on for 30 s, both the DNA and BSA were
trapped and concentrated at the upstream side of the Na� on
membrane. Consequently, BSA was depleted at the down-
stream side, as indicated by the vanishing of� uorescence at the
downstream side. On the other hand, as shown inFigure 4c,
under an appropriate hydrostatic pressure (100 Pa in this
case), although DNA was still e� ectively concentrated, BSA
was only weakly concentrated. The expansion of the BSA
concentration plugs under 100 Pa was much shorter than that
under 0 Pa. The� uorescence intensities of BSA at the
upstream and downstream sides were nearly the same,
indicating the strong leakage of BSA across the electric-force
barrier. Therefore, DNA could be selectively concentrated by
PM-SET.

We next studied the temporal behavior of PM-SET. As
shown inFigure 5a andSupplementary Video SV3, without
external pressure, both DNA and BSA were concentrated,
causing rapid back-propagation of the DNA concentration
plug. In contrast, under 100 Pa (Figure 5a andSupplementary
Video SV4), because of the leakage of BSA across the electric-
force barrier, the concentration of BSA reached the steady state
within a few seconds, after which the BSA concentration zone
no longer expanded. Meanwhile, DNA was continuously

concentrated adjacent to the BSA concentration zone without
back-propagation. After 5 min of concentration, a washing step
was performed to further purify the background of the
concentrated DNA by replacing the sample in the inlet with
2.5× PBS. As the device continued to operate, residual BSA in
the upstream channel escaped to the downstream channel
across the electric-force barrier. As shown inFigure 5a (480 s),
the BSA concentration zone also shrank, because the BSA in
the concentration zone continuously leaked downstream, but
the in� ux of BSA from upstream gradually vanished after bu� er
replacement. The concentration behaviors under 70 and 120
Pa are shown in Section 6 of theSI.

As shown inFigure 5b, the selectivity of DNA and BSA
concentration was dependent on the magnitude of the pressure
applied. Under 70 Pa, the leakage rate of BSA was not
su� cient to o� set the in� ux of BSA from upstream, which still
allowed the continuous concentration of BSA but with a slower
speed compared with that under 0 Pa, as inferred from the
propagation distances of the DNA concentration plugs. Under
100 Pa, the leakage rate of BSA matched the in� ux of BSA
from upstream, thereby establishing the steady state of BSA
concentration. Further increasing the pressure to 120 Pa would
enable the escape of both the DNA and BSA, resulting in the
failure to concentrate. The enrichment factor of the DNA
increased with the pressure owing to the increased in� ux of the
DNA at higher� ow rates (Figure 5c), until the failure to
concentrate under too high of pressures. An enrichment factor
of � 2400 was achieved for the DNA in 5 min under 100 Pa.

Application of PM-SET to NAs in Human Serum.We
next implemented PM-SET to directly enrich and purify NAs
in human serum.Figure 6a shows the concentration behaviors
of the � uorescently labeled DNA spiked in human serum
under di� erent ionic strengths and hydrostatic pressures. DNA
in native serum could barely be concentrated because of the
strong nonspeci� c binding between the DNA and background
proteins. In native serum, the serum-protein concentration
plugs propagated to the entrances of the parallel channels (� 8
mm) in a minute, whereas the NA concentration plugs were
not observable. As we increased the ionic strength to 2.5×
PBS, the serum-protein concentration plugs reached the
entrances of the parallel channels in� 75 s, yet the NA
concentration plugs were still not resolved. The dispersion
problem was mitigated by the increment of the ionic strength
to 5× PBS, at which point a sharp concentration plug of the
DNA was formed. However, the coconcentration of serum
proteins caused the rapid back-propagation of the DNA
concentration plug, which reached the inlet reservoir in� 5
min (Figure 6b). With an external pressure of 100 Pa, the
leakage of serum proteins across the electric-force barrier did
not fully o� set the in� ux of serum proteins from the inlet,
resulting in the slower but nonzero back-propagation of the
DNA concentration plug. Under 200 Pa, the concentration of
serum proteins reached steady state, whereas the DNA was
selectively concentrated with minimal back-propagation (� 1
mm from the Na� on membrane). With the optimal condition
of 5× PBS and 200 Pa, an enrichment factor of� 4800 was
achieved for the spiked DNA in human serum in 15 min
(Figure 6c).

Simultaneous Detection of NAs in Human Serum
during Enrichment. NAs enriched and puri� ed by PM-SET
can readily be used for subsequent NA assays. Conventional
NA assays are typically based on the hybridization of target
NAs with surface-immobilized complementary probes, fol-

Figure 4.Comparison of DNA and BSA concentration behaviors with
and without hydrostatic pressure. Fluorescently labeled DNA was
imaged at an excitation wavelength of� 647 nm. The intrinsic
� uorescence of BSA was imaged at an excitation wavelength of� 488
nm. The exposure time was 1000 ms. (a) Initial state of the device (�
= 0 V). The BSA concentration was uniform on the left (upstream)
and right (downstream) sides of the channels. DNA (1 nM) was not
observable. (b) DNA and BSA coconcentrated near the Na� on at a
hydrostatic pressure of zero, resulting in the depletion of BSA
downstream. The image was captured att = 30 s. (c) DNA still
e� ectively concentrated under 100 Pa, with signi� cant leakage of BSA
downstream indicated by the fact that the BSA� uorescence
downstream was as strong as that upstream. The image was captured
at t = 30 s.
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lowed by electrochemical, optical, and other detection
methods.56Š59 In this work, we realized simultaneous detection
of a sequence-speci� c NA in human serum during enrichment
using a� uorescently labeled MO probe. As shown inFigure 7a,
the MO probe is not charged and hence not subject to an

electrophoretic force in the device, which simply passes the
device without being concentrated. However, in the presence
of the target DNA, the MOŠDNA duplex becomes negatively
charged and concentratable. The� uorescence intensity of the
concentration plug of the MOŠDNA duplex directly re� ects

Figure 5.Temporal behavior of selective NA enrichment and puri� cation in BSA-rich samples by PM-SET. (a) Overlapped� uorescence images
showing the coconcentration of the DNA and BSA under 0 and 100 Pa in the ninth channel. Fluorescently labeled DNA was imaged at an
excitation wavelength of� 647 nm. The intrinsic� uorescence of BSA was imaged at an excitation wavelength of� 488 nm. (b) Back-propagation
distances of the DNA concentration plugs under di� erent pressures. The average� uid velocities corresponding to the pressures are labeled in the
legend (see Section 4 of theSI). (c) Temporal evolution of the� uorescence intensities of the DNA concentration plugs under di� erent pressures.
The reference-DNA concentrations are marked by the dashed lines. The average� uid velocities corresponding to the pressures are labeled in the
legend.

Figure 6.Application of PM-SET to NAs in human serum. (a) Optimization of the ionic strength and pressure to realize selective enrichment of
the DNA. The� uorescence images represent the ninth channel and were taken at an excitation wavelength of� 647 nm. Fluorescence images for
native serum and serum in 2.5× PBS were taken when the concentration plugs back-propagated beyond the entrances of the ninth channel.
Fluorescence images for serum in 5× PBS were taken after 5 min of concentration. The average� uid velocities corresponding to di� erent
conditions are labeled in the legend (see Section 4 of theSI). (b) Back-propagation distances of the NA concentration plugs under di� erent
conditions. (c) Temporal evolution of the� uorescence intensities of the DNA concentration plugs under di� erent conditions. Experiments were
terminated when the concentration plug back-propagated beyond the entrances of the channels or after 15 min, whichever happened� rst. The
reference-DNA concentrations are marked by the dashed lines.
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the concentration of the target DNA. As shown inFigure 7b,
the � uorescence intensity of the MOŠDNA concentration
plug decreased with the concentration of target DNA. An
MOŠDNA concentration plug below a 100 pM concentration
of target DNA was resolved by using the 20× objective lens
(Figure 7c). The � uorescence pro� les along the channel at
0.1Š10 nM and 0Š30 pM target DNA were plotted inFigure
7d,e, respectively, which show that peaks corresponding to the
MOŠDNA duplex are resolved down to 3 pM. The full
dynamic range of the assay is shown inFigure 7f, which was
� tted using the four-parameter logistic function (see Section 7
of the SI).60 The inset� gure ofFigure 7f shows a linear
relationship in the logŠlog plot at low target-DNA
concentrations (0Š1000 pM), with a minimum concentration
of 3 pM detected. In the negative control, we did not observe a
concentration plug of MOŠDNA duplex.

The MO-probe assay in PM-SET o� ers a number of
advantages over conventional surface-hybridization-based NA
assays: (1) The in-solution hybridization signi� cantly shortens
the incubation time (10 min in this work) as a result of the
much faster kinetics, whereas surface-hybridization-based
assays take many hours.61,62 (2) The MO-probe assay is
directly coupled with the enrichment process without the
surface-functionalization and multiple washing steps needed in
surface-hybridization-based assays. (3) Surface-hybridization-

based assays often su� er from the nonspeci� c binding of
proteins onto the surface, which compromises the sensitivity of
the assays. In the MO-probe assay, the nonspeci� cally bound
complexes of the MO probe and serum proteins are not
concentratable and hence do not a� ect the assay. (4) The MO
probe has better speci� city than conventionally used DNA
probes.63

� CONCLUSIONS

In this paper, we demonstrate PM-SET for the direct
enrichment, puri� cation, and detection of NAs in human
serum. NAs were selectively enriched by� 4800 times in 15
min while the background proteins were removed, without the
need of the conventionally used SPE and PCR. PM-SET
signi� cantly reduces the time, cost, and complexity of sample
preparation for NA detection in complex biological samples.
Most importantly, PM-SET is based on a simple device
structure and a simple operation procedure (DC voltage and
hydrostatic pressure), which could be fully integrated with
existing lab-on-a-chip NA sensors to achieve true sample-to-
answer systems. PM-SET also simultaneously detects se-
quence-speci� c NAs in human serum as low as 3 pM in 15
min during the enrichment process, which signi� cantly
shortens the detection time and simpli� es the operation
procedures compared with surface-hybridization-based assays.

Figure 7.Simultaneous detection of a sequence-speci� c DNA using a complementary MO probe in PM-SET. (a) Schematic of the MO-probe
assay in PM-SET. (b) Fluorescence images showing the concentration plugs of the MOŠDNA duplex in the ninth channel at 0.1Š100 nM target
DNA under the 10× objective lens. (c) Fluorescence images showing the concentration plugs of the MOŠDNA duplex in the ninth channel at 0Š
30 pM target DNA under the 20× objective lens. (d) Fluorescence pro� les along the ninth channel at 0.1Š100 nM target DNA under the 10×
objective lens. The peaks of the� uorescence pro� les are aligned on thex-axis. The� uorescence pro� les are displaced by 1000 au on they-axis to
better visualize individual pro� les. The� uorescence pro� le corresponding to 0.1 nM is magni� ed in the dashed-line box. (e) Fluorescence pro� les
along the ninth channel at 0Š30 pM target DNA under the 20× objective lens. The peaks corresponding to the MOŠDNA duplex are shown in the
dashed-line box. The peaks of� uorescence pro� les are aligned on thex-axis. The� uorescence pro� les are displaced by 20 au on they-axis to better
visualize individual pro� les. (f) DoseŠresponse curve of the assay (� tted using the four-parameter logistic function). The inset logŠlog plot shows
the linear relationship at lower concentrations of target DNA.

Analytical Chemistry Article

DOI:10.1021/acs.analchem.8b02330
Anal. Chem.XXXX, XXX, XXXŠXXX

H

http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.8b02330/suppl_file/ac8b02330_si_001.pdf
http://dx.doi.org/10.1021/acs.analchem.8b02330


With these advantages, we believe that PM-SET could
potentially play an enabling role in the development of lab-
on-a-chip devices toward point-of-care diagnostics, on-site
food and environment monitoring, and a variety of other
applications in resource-limited settings. The next step toward
the� nal application of this platform would include a modeling
study of PM-SET. The hydrostatic pressure needed to
selectively and stably enrich NAs in a sample is a� ected by
its protein concentration, ionic strength, and viscosity, which is
currently determined in a case-by-case manner. As sample
properties di� er, deeper understanding and modeling of PM-
SET would help to eliminate the need for sample-by-sample
calibration to determine the optimal experimental conditions.
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