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ABSTRACT: One-pot synthesis of novel hydrogel-based anion
exchange membranes (AEMs), with only a single-phase monomer
mixture, was used to eliminate surface heterogeneity and generate
reproducible electroconvective microvortices in the over-limiting
region of the current−voltage characteristic (CVC) curves.
Diallyldimethylammonium chloride (DDA) was used as the main
component to provide the cation charge groups, and 2-
hydroxyethyl methacrylate (HEMA) and ethylene glycol dimethyl
acrylate (EGDMA) were used as the auxiliary structure monomers.
The uniform membrane structure allowed reproducible and
sensitive DNA detection and quantification, as probe−target
surface complexes can gate the ion flux and produce large voltage shifts in the over-limiting region. Suppressed membrane curvature
due to controlled swelling is a crucial part to avoid the reduction of depletion region for maintaining the influence of target gene
hybridization. Fourier-transform infrared (FTIR) spectroscopy verified the synthesized membrane structure, with a residual vinyl
group that allows easy carboxylation via additional photografting reaction. Consequently, a significantly higher DNA probe
functionalization efficiency is obtained on the homogeneous AEMs, evidenced by the increasing nitrogen element content and
bonding via X-ray photoelectron spectroscopy (XPS). The DDA content was optimized to provide a sufficient coulomb force
between AEM and nucleic acid backbone to promote the specific binding efficiency but without high dimensional swelling which
might change the surface geometry and restrict the voltage shifting for sensing in the over-limiting region, and the optimal DDA/
HEMA ratio was found to be 4/10. The synthesized AEM sensor for recombinant 35S promoter sequence identification exhibited a
reproducible calibration standard curve with dynamic range between 30 fM and 1 μM and high selectivity with only 0.01 V shift for 1
μM nontarget oligo.

KEYWORDS: current−voltage characteristic, anion exchange membrane, biosensor, microfluidics, GMO

■ INTRODUCTION

Probe-based sequence-specific nucleic acid detection has wide
applications in clinical diagnosis, environmental monitoring,
and food industry.1−3 While profiling microRNA over-
expression and detection of mutations in mRNAs are
promising screening tests for many diseases, particularly
cancer, DNA remains the most robust detection target for
pathogen (bacteria/virus) diagnostics and for genetically
modified (GM) crops. This is because the stability of the
double helix can prevent DNA rapid degradation compared to
the relatively fragile RNAs.4,5 Although only ten copies of the
DNA templates are needed for detection and quantification by
quantitative polymerase chain reaction (qPCR), the qPCR
instrument is expensive and bulky because of the requisite
fluorescence-based optics,6 not to mention costly reagents. As
a consequence, there is a need for an affordable, reliable, and
straightforward method to convert the probe-DNA hybrid-

ization into a signal perceivable by low-cost detectors without
expensive molecular optical reporters.7,8 In our research, the
recombinant 35S promoter in GM soybean was used as an
example for nucleic acid identification. This viral 35S promoter
is commonly applied to constitutively activate the transcription
of the recombinant genes such as herbicide-resistant EPSPS
(5-enolpyruvylshikimate 3-phosphate synthase) and various
insect-resistant Bt (Bacillus thuringiensis) in transgenic
soybean.9,10
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There are several biosensors reported for GM crops
detection. Qiu et al. reported a novel fluorescent biosensor
through the hybridization between the fragments of 35S
promoter and G-quadruplex DNA probes to increasing a
strong fluorescence for target DNA classification, and their
detection limit could reach 2 nM.11 Fortunati et al.
demonstrated that an amperometric sandwich-format geno-
sensor enhanced by single-walled carbon nanotube screen
printed electrodes (SWCNT-SPEs) could be used in non-
amplified soybean genomic DNA detection, and their sensing
limit was 64 pM in oligonucleotide detection.12 Sun et al.
developed an electrochemical biosensor for 35S promoter
identification. When the oxidative dissolution of lead sulfide
particles was triggered by the hybridization of mercaptoacetic
acid-modified PbS particles and target DNA fragments, the free
lead ion can be monitored by anodic stripping voltammetry
(ASV). The detection limit of target DNA was ∼4.38 pM.13

Although these label-free and PCR-free biosensors had a high
sensitivity, they still suffer from long incubation time,
expensive sensor, sample and equipment costs, and multistep
operation that are not suitable for point-of-care (POC)
applications.
Recently, an anion exchange membrane (AEM)-based ionic

current nucleic acid sensing technology has been pro-
posed.14,15 It utilizes electrophoresis toward the membrane
to reduce the assay time and is extremely low cost. The central
signal amplification concept of this technology relies on the
current−voltage characteristic (CVC) behavior.16−20 When
the target gene is electrophoretically directed toward the AEMs
and hybridize with the surface functionalized probes, the
hybridization complexes are shown to reduce the development
of microvortices near the membrane surface.21 These micro-
vortices convect bulk ions into the ion depleted region at the
membrane surface and is responsible for the transition from
the limiting-current region to the overlimiting current region in
the CVC. The surface field due to the hybridized complex,
which are oppositely charged from the AEM, suppresses the
electroconvective instability responsible for the mixing micro-
vortices. The theoretically infinite differential resistance in the
limiting region is due to near-DI ionic strength in a small
neighborhood, within 100 nm (Debye thickness for DI water),
of the membrane surface. Hence, if microvortices cannot
replenish ions into this small region, the resistance of the over-
limiting region would be significantly amplified because by a
small number of surface target molecules. Therefore, a
significant voltage shift of the overlimiting CVC can be
observed in the positive-control sample with a small number of

nucleic acids on the membrane surface, in comparison to a
nontarget sample, in Figure 1.
This membrane sensing technique has made significant

progress in the past few years. Lower detection limit is shown
to be in the picomolar range for oligonucleotide.14 Slouka et
al.22 showed that water splitting due to an effective bipolar
membrane that forms when there is an excessive assembly of
the target DNA imposes the upper limit of micromolar.
Moreover, the membrane sensor can be easily assembled into a
microfluidic chip. A carefully metered hydrodynamic shear
force, created by the flow of a PBS wash solution, was applied
to remove the nonspecifically bound nucleic acids from the
membrane surface to improve specificity. Controlled shear flow
leading to a reproducible steady-state CVC signal has been
shown in related probe-based assay to achieve two-mismatch
discrimination of nontargets.23,24 Ramshani et al. further
demonstrated the integrability of the AEM sensor by
integrating it with a surface acoustic wave (SAW) lysing
module and a cation exchange membrane analyte concen-
tration component. Untreated extracellular vesicles (exo-
somes) could be lysed and their microRNA concentrated
and detected at the same channel within 30 min.25 However, a
bottleneck limits the intersensor reproducibility of the CVC
signal such that the individual sensors need to be calibrated.
This shortcoming has prevented widespread application and
commercialization of this sensor technology. The commercial
AEMs used in previous studies were heterogeneous as they
were made of fibrous supports and anion exchange resin
beads.14,22,25 Periodically spaced heterogeneities are known to
significantly affect the over-limiting current.26−28 The irregular
heterogeneities on the commercial membranes are expected to
trigger electroconvective instabilities of different amplitude and
further produce irreproducible CVCs. Consequently, there is a
need to synthesize heterogeneity-free membrane sensors that
can generate reproducible electroconvection and enable
possible quantification of DNA targets with a universal
standard curve, which greatly broadens the application range
of this technology.
In this work, a hydrogel-based AEM sensing assembly

platform was proposed to eliminate the heterogeneity by
curing without any fabrics or randomly packed resin granules.
There are several common methods for homogeneous
membrane preparation, such as free-radical polymerization,29

polycondensation,30,31 and charge group modification.32 We
adopted a method similar to that for contact lens fabrication
and directly photopolymerized with quaternary amine
monomer in a one-pot reaction to avoid the tedious

Figure 1. Principle of voltage shift after target gene hybridization. The micro-hydrodynamic environment of the vicinity of the AEM surface with
the probe changes after target gene hybridization and retards the formation of microvortices for the further transport of anions from the bulk to the
membrane surface. Therefore, the total resistance across the membrane increases, and a larger voltage (ΔV, voltage shift) is needed for the same
current flow in the over-limiting region.
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quaternization steps and conversion variation using tertiary
amine monomers.33 Therefore, a transparent hydrogel
membrane with quaternary amine groups could be obtained
within a short exposure time to UV light. The membrane
exhibited not only a typical CVC behavior but also had less
variation on the slope in each region due to its uniform
structure and a convex geometry effect to be described later.
The residual vinyl groups in the newly developed membranes
also allow probe functionalization by carboxylation, leading to
a better probe immobilization efficiency. With the self-
synthesized membranes, simple reactive functional groups in
the AEM make the membrane surface more easily react with a
predesigned DNA probe. This procedure would allow future
studies to identify nucleic acid more effectively. Consequently,
this newly developed hydrogel sensing element integrated
microfluidic-based diagnostic platform could serve as a
promising tool in nucleic acid detection in a rapid,
reproducible, and sensitive fashion. We validate the reprodu-
cibility and enhanced sensitivity/dynamic range of the new
membrane sensor by detecting specific DNAs related to GM
soybeans.

■ EXPERIMENTAL SECTION
Materials and Reagents. A heterogeneous Ralex membrane

composed of quaternary amine, supported by polyethylene binder and
polyamide/polyester fitting fabrics, was purchased from MEGA a. s.,
Czech. A Sylgard 184 silicone elastomer kit from Dow Corning Corp.
and Quik-cast polyurethane casting resin from TAP Plastic Inc. were
applied in sensor fabrication. For homogeneous AEM preparation, 2-
hydroxyethyl methacrylate (HEMA, 97%) from Acros Organics,
ethylene glycol dimethyl acrylate (EGDMA, 98% with 100 ppm 4-
methoxylphenol) from Alfa Aesar, diallyldimethylammonium chloride
(DDA, 60% in water) from TCI, and 2-hydroxy-2-methyl-
propiophenone (Irgacure 1173) photoinitiator from BASF SE were
used. The 10× phosphate-buffered saline (10× PBS) which contains
27 mM potassium chloride, 14.7 mM potassium dihydrogen
phosphate, 1.37 M sodium chloride, and 77 mM disodium hydrogen
phosphate buffer, pH 7.4, was from Uniregion Bio Tech Inc. The 50×
TAE buffer that contains Tris base, acetic acid, and EDTA, 3-
(ethyliminomethyleneamino)-N,N-dimethyl-propan-1-amine (EDC),
benzophenone-3,3,4,4-tetracarboxylic acid, 2-(N-morpholino)-
ethanesulfonic acid (MES), and sodium hydroxide were purchased
from Sigma-Aldrich. The genomic DNA Mini Kit (Plant) GP100 was
obtained from Geneaid Biotech Ltd. SsoAdvanced Universal SYBR
Green Supermix from BIO-RAD, DM-2100 (DNA ladder) and
FluoroVue nucleic acid gel stain (10000×) from Smobio Technology,
Inc., and agarose LE from MDBio, Inc., were used for preparation of
DNA electrophoresis. All customized oligonucleotides were ordered
from Integrated DNA Technologies, Inc., with the following
sequences: 5′-/5AmM/C12/CCC ACT ATC CTT CGC AAG
ACC (amine-ended DNA probe), 5′-GGT CTT GCG AAG GAT
AGT GGG (target DNA oligo), 5′-ATT GAT GTG ATA TCT CCA
CTG ACG T (forward primer), 5′-CCT CTC CAA ATG AAA TGA
ACT TCC T (reverse primer), and 5′-CGT CGC GGT GAG TTC
AGG CT (nontarget DNA oligo, sequence outside the target region
in 35S promoter). Negative and positive soybean samples in tests
were obtained randomly from a local market in Taiwan.
Soybean Genomic DNA Extraction and PCR Amplification.

Soybean seeds were frozen in liquid nitrogen and ground to a fine

powder. About 100 mg of soybean powder was used for genomic
DNA extraction according to the manufacturer’s instruction by the
plant genomic DNA mini kit (Geneaid, New Taipei City, Taiwan).
The target DNA was amplified from 100 ng/μL of template genomic
DNA in a final 20 μL polymerase chain reaction (PCR) solution
(SsoAdvanced Universal SYBR Green Supermix, Biorad, USA) by
using a DNA thermal cycler (Bio-Rad Laboratories, Inc., T100
thermal cycler). After preheating at 95 °C for 30 s, 35 amplification
cycles were performed at 95 °C for 10 s, 58 °C for 30 s, and 72 °C for
40 s. The final incubation was performed at 72 °C for 5 min. The
amplified 101 bp of 35S promoter DNA fragments were examined by
1.5% agarose gel electrophoresis (Figure S1, Supporting Information).

Membrane Preparation. The homogeneous quaternary amine
AEMs were directly prepared from a mixture solution of various
compositions of diallyldimethylammonium chloride (DDA), 2-
hydroxyethyl methacrylate (HEMA), ethylene glycol dimethyl
acrylate (EGDMA), and a trace amount of Irgacure 1173 (photo-
initiator). The chemical formulation of various synthesized mem-
branes along with the commercial Ralex membrane are shown in
Table 1. The photoinitiated polymerization was adopted because it is
a well-known technique to prepare polymer materials from vinyl
monomers.34 In this work, we had tried different ratios of EGDMA up
to 10 mol % to enhance the mechanical stability in PBS solution;
however, the AEMs became fragile and easily broken, even increasing
the EGDMA content during the swelling tests. Consequently, the
EGDMA content was fixed at 1 mol %. The crucial part of AEMs is
the content of quaternary amine in the hydrogel; it not only increases
the ion exchange capacity (IEC) but also affects the degree of swelling
and dimensional stability of the membranes in the PBS solution.
Therefore, the effect of DDA/HEMA ratio on the membrane
properties was explored in this study.

A silicone frame of 0.5 mm in thickness was pinched between two-
level release films and glasses to form a sandwich-type mold; the
monomer solution was injected into the mold and then directly cured
via photoinitiated polymerization in the mold with a UV energy
density of 30 mW/cm2 at 356 nm wavelength for 25 min. The
obtained homogeneous DDA-based AEMs (named HDA mem-
branes) presented a transparent and smooth surface with 0.5 mm of
controlled thickness. At the final step, AEMs were stored in 0.1× PBS
buffer, pH 7, to achieve the swelling equilibrium until DNA probe
attachment or CVC testing.

Sensor Fabrication. Both commercial membrane and HDA
membranes were cut into 0.5 × 0.5 mm2 squares and placed on the
silicone mold for sensor head fabrication. The membrane could be
embedded in the polyurethane resin frame after curing at room
temperature. The membrane sensor heads were preserved in 0.1×
PBS buffer, pH 7, at least 24 h before tests or surface modification.
The sensor head has an opening of 0.25 mm2 through which the
membrane is exposed to the DNA solution.

DNA Probe Functionalization onto the Membrane Surface.
A two-step functionalization protocol was performed to immobilize
DNA probe on the membrane surface. The AEM sensor head was
carboxylated first for a later EDC coupling step with amine-ended
DNA probe. The carboxylic reagent was prepared by adding 2 mg of
3,3,4,4-benzophenonetetracarboxylic acid in 50 μL of deionized water,
and the pH was adjusted to 7 by adding sodium hydroxide solution.35

To create carboxylic acid groups (−COOH) on the membrane
surface, 20 μL of carboxylic reagent was dropped on the AEM surface
and exposed to UV light for 20 min. The carboxylated membrane
sensor head was stabilized in 0.1× PBS buffer, pH 2, and then
preserved in 0.1× PBS buffer, pH 7. Next, the carboxylated membrane

Table 1. Chemical Formulation of Various HDA Membranes and Commercial Ralex Membrane

HDA-3 HDA-4 HDA-5 HDA-6 Ralex membrane

DDA/HEMA (v/v) 3/10 4/10 5/10 6/10
charge carrier (DDA, mmol) 0.12 0.16 0.20 0.23 (R-(CH3)3N

+)
cross-linker (EGDMA, mmol) 0.01 0.01 0.01 0.01 PES (fitting fabrics)
monomer (HEMA, mmol) 0.85 0.85 0.85 0.85 PE (binder)
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was treated with EDC solution, prepared by adding 11.4 mg of N-(3-
(dimethylamino)propyl)-N′-ethylcarbodiimide hydrochloride) in 150
μL of MES buffer, pH 5.5, for 45 min.36 The EDC-modified
membrane sensor head was incubated with 20 μL of 10 μM amine-
ended DNA probe solution as previously described for overnight at 4
°C. Figure 2 shows the scheme of the two-step DNA probe
functionalization reactions on the membrane surface. The obtained
DNA probe functionalized AEM sensor head was stored in 0.1× PBS
buffer, pH 7, before tests.
Biosensing System. The biosensing system contains four

electrodes, an AEM sensor head, a microfluidic biochip, and
Rapisense (a current−voltage measuring system, developed by
Engineering and Design Core Facility at the University of Notre
Dame). Two reference electrodes, made by Ag−AgCl, were used to
determine electrical potential differences when two platinum
electrodes applied the current within 0−100 μA at a scan rate of 1
μA/s. Before CVC curves were measured, the sensor and two
reference reservoirs were filled with 0.1× PBS buffer, pH 7, and the
AEM sensor head was inserted into the microfluidic channel. The
arrangement of four electrodes is shown in Figure 3a. In each
experiment, the first CVC curve was obtained after the microfluidic
channel was washed by 4× PBS buffer, pH 7, for 15 s and 0.1× PBS
buffer, pH 7, for 5 min. After the first curve was established, three
repeated runs were performed to set the overlapped curves as the
baseline. The sensor then was washed by 0.1× PBS buffer, pH 7, for 1
min among each run. The DNA sample (60 μL) was injected into the
channel and incubated 15 min for hybridization between target DNA
fragments and probes. Nonspecific DNA was removed by the same
washing steps mentioned above until the CVC reaches a reproducible
voltage shift. The transgenic soybean sample could be detected by the
voltage shift in the over-limiting region (Figures 1 and 3b) due to the
specific binding between sample DNAs and probes.

To observe current−voltage characteristic behavior, all parameters
are defined as shown in Figure 3b,37 where SU, SL, and SO are the
slopes (μA/V) of under-limiting, limiting, and over-limiting regions,
respectively. I1 is the intersection point of SU and SL, and I2 is the
intersection point of SL and SO. The limiting current (CL) is obtained
as the average of I1 and I2 to define the applied current in limiting
region. The width of limiting current (ΔWL) between V(I1) and V(I2)

can be applied to estimate the resistance of the membrane. The
critical parameter is the voltage shift (ΔV) from Va to Vb at a current
of twofold of the limiting current (2CL). The voltage shift (ΔV)
demonstrates the biosensing signal from the target DNA hybrid-
ization. A receiver operating characteristics (ROC) analysis method
using easyROC software (ver. 1.3.1) was adopted to determine a cut-
off value of the voltage shift for the negative and positive control
samples of each sensor.38 The negative and positive samples are
correspondingly defined as 0 and 1 in the software, which delivers the
cut-off point depending on how well it classifies the designated sample
range.

Membrane Characterization. Ion Exchange Capacity (IEC). To
define the fixed charge on the membranes, a back-titration technique
was used to measure the IEC in the AEM.39 A membrane weighing
about 0.7 g was cleaned first, dried in an oven overnight, and then
immersed in 100 mL of 1 M HCl(aq) solution for 24 h to fully saturate
the quaternary amine in the membrane with chloride ion. Next, the
membrane was washed by deionized water to remove excess HCl.
After the pH reached a stable value, the membrane was soaked in 50
mL of 1 M Na2SO4(aq) for 24 h. Sulfate ions would replace chloride
ions in the membrane, and almost all chlorine ions were extracted into
the solution. An indicator of 0.1 M K2CrO4 was added to the solution,
and then the prepared solution was titrated against 0.1 M AgNO3(aq)
until the solution turning color from white AgCl precipitate to orange
brown to indicate the titration end point. The IEC in the AEM can be

Figure 2. Reaction scheme of the two-step DNA probe functionalization on the surface of AEMs.

Figure 3. (a) Schematic diagram of the biosensing system and (b) definition of parameters in the CVC measurement.
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determined by substituting the volume of AgNO3 used into the
following equation:

=
× ( )

IEC
vol of AgNO (mL) concn of AgNO

wt of dry membrane (g)
3 3

mmol
mL

(1)

Water Uptake and Degree of Swelling. The water uptake and
degree of swelling were measured with equal size membranes (L × W
× H = 0.25 × 0.25 × 0.5 mm3). Both measurements were done while
the weight and dimension reached equilibrium. These properties were
calculated by the following equations:40

=
−W W

W
water uptake (%) W D

D (2)

where WW is the weight of the wet membrane, saturated in deionized
water for 24 h, and WD is the weight of the dried membrane.

=
−L L
L

degree of swelling (%) f i

i (3)

where the Lf is the length of the wet membrane and Li is the length of
the dried membrane (L can be replaced by width and height).
Chemical Functional Group Analysis. Fourier transform infrared

spectroscopy (PerkinElmer Spectrum 100) was used to confirm the

characteristic chemical functional groups presented in the membranes.
All spectra were recorded from 64 scans with a 4 cm−1 resolution at
the range from 4000 to 650 cm−1. Two kinds of Fourier transform
infrared techniques including transmission and attenuated total
reflection modes were applied to observe the functional groups of
HEMA and DDA monomers and HDA membranes.

Optical and Scanning Electron Microscopy. The images of cut
membranes were observed by using stereo microscope (Bestscope,
BS-3000). To obtain the clear surface morphology and cross-sectional
microstructures, all the membranes were dried in an oven overnight at
50 °C and then observed with the scanning electron microscope
(SEM, JEOL JSM-5600) at an accelerating voltage of 20 kV.

Surface Chemical Composition Analysis. X-ray photoelectron
spectroscopy (XPS) was applied for the measurement of the chemical
composition on the membrane surface. Each element has a different
specific electron binding energy in various functional groups, so the
detection of photoelectron kinetic energy by XPS can identify
elements and also the chemical bonding on the membrane surface.
Before analysis, the samples were placed on a copper foil tape and
dried in an oven overnight. XPS experiments were operated under an
ultrahigh vacuum using the VG ESCALAB 250 X-ray photoelectron
spectroscope (Thermo Fisher Scientific, UK) with the mono X-ray Al
Kα at 1486 eV and 72 W power at the anode. The C1s spectrum
around 284.5 eV was deconvoluted by using XPSPEAK4 software to

Figure 4. (a) Infrared spectra of HEMA and DDA monomers and HDA membranes. (b) Suggested chemical structure of the HDA membranes.
The blue color indicates the DDA moieties that contribute the quaternary amine groups, the black color shows the HEMA units, and the red color
represents the cross-linker EGDMA.

Figure 5. (a) Optical microscopic images (the size of each piece is 0.5 × 0.5 mm2). (b) SEM surface morphology; scale bar: 10 μm. (c) SEM cross-
sectional microstructures of commercial Ralex membrane (top panel) and synthesized HDA membrane (bottom panel); scale bar: 100 μm.
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identify particular chemical bonds with the carbon element on the
membrane surface.

■ RESULTS AND DISCUSSION

Synthesis of Homogeneous DDA-Based AEMs (HDA)
Membranes. The HDA membranes were synthesized by
photoinitiated free radical polymerization of HEMA and DDA
as described above, and the chemical structure of the
membranes was confirmed by FTIR spectra, shown in Figure
4a. All the spectra of chemicals contain a broadband at 3700−
3300 cm−1 corresponding to hydroxyl (−OH) bond and peak
at 2950−2850 cm−1 due to C−H stretching in the alkyl group.
Compared to that in HEMA and DDA monomers, the peak of
CC stretching at 1625 cm−1 decreased significantly in the
HDA membranes, indicating that a successful polymerization
had occurred.41 The UV curing process leads to polymer-
ization by breaking the π bond of CC in the monomers and
forms the main chain of the polymer. However, a weak CC
stretching shoulder was observed in the HDA membranes
because of the incomplete reaction of the divinyl groups in
DDA during UV treatment. The stretching at 1040 cm−1

indicated that the HDA membranes contain quaternary amine
from DDA monomer.42 Based on the FTIR spectrum data,
HDA membranes was synthesized successfully, and a suggested
chemical structure of the membrane is illustrated in Figure 4b.
The DDA moieties contributed to the quaternary amine and
presented in the main chain of the polymer membranes
synthesized here. Furthermore, they might function as cross-
linkers or remain unreacted vinyl ends in the membranes.43

Optical microscopy and SEM were applied to make
micromorphological observation of the membranes. The
commercial Ralex membrane is composed of anion exchange
resin particles and two layers of fibrous support, as shown in
Figure 5a−c of the top panel. Support fibers were easily
identified in the optical micrograph (Figure 5a) and the cross-
sectional SEM image (Figure 5c). The heterogeneous structure
was clearly observed with structural irregularities on the
membrane surface and its cross section. These structural
irregularities may cause the inconsistency in DNA probe
functionalization and the CVC measurement. The synthesized
HDA membranes exhibited homogeneous structure as a
smooth membrane surface, and no fibers were observed in
cross section, as shown at the bottom panel of Figure 5a−c. It
expected that the homogeneous structure would lead to a
better performance in our membrane biosensing system.

Swelling and Ion Exchange Capacity of Unmodified
AEMs. The formulation of the membrane materials is a crucial
part of the fabrication of anion-exchange membranes. To
promote the binding efficiency between the membrane sensor
and target DNA, a higher IEC content AEM might be
preferred. However, the HDA membranes with a high fixed
charge content (DDA/HEMA = 6/10) could not be
embedded well into the sensor head because of a high degree
of swelling. As a result, the membranes with DDA/HEMA =
6/10 were screened out in the experiment. Only three kinds of
membranes (HDA-3, HDA-4, and HDA-5) with various
DDA/HEMA ratios (3/10, 4/10, and 5/10, respectively)
were further characterized, and their swelling properties
(swelling ratio and water uptake) and ion exchange capacity
(IEC) in comparison with that of the commercial membrane
are presented in Figure 6. The swelling ratio of HDA-3
membranes is around 20−30%, that of HDA-4 membranes is
around 30−35%, and that of HDA-5 membrane is around 50%.
Moreover, the measured and theoretically estimated IEC
values were quite close, which also confirmed the success of
membrane synthesis. The stronger fixed charge in the
membrane caused significant osmotic pressure difference;
therefore, water would be absorbed from the external solution
to the inner side of the membrane to balance the difference.
The IEC of HDA membranes are in the range from 0.65 to 1.2
mmol/g, and the commercial one is around 1.6 mmol/g. The
higher quaternary amine content and IEC in the membrane
would lead to a higher swelling ratio (Figure 6a). Compared
with the commercial membrane, the dimensional changes of
the HDA membrane are nearly isotropic due to the
homogeneous structure. On the contrary, the fiber support
of the Ralex membrane restricts the swelling in x- and y-
directions (<5%) and a significant increase in thickness (60%).
The water uptake data further demonstrated a similar trend
(Figure 6b). Both IEC and water uptake of HDA membranes
would increase with the quaternary amine content. Because of
the hydrophobic nature of its binder and support, the Ralex
membrane can maintain a quite high IEC but a moderate water
uptake (65%). On the other hand, the HDA membranes show
a relatively lower IEC at similar water uptake levels (62−72%).
To keep a relatively stable membrane dimension, the DDA
content must be kept below 60% of HEMA in the synthesized
HDA membranes.

Current−Voltage Characteristic (CVC) Behaviors of
Bare AEMs. Typical current−voltage characteristic (CVC)
curves of various HDA and Ralex AEMs without any surface

Figure 6. (a) Swelling ratio of dimensional change with correlation of measured and theoretically estimated IEC. (b) Water uptake of the
synthesized HDA membranes and commercial Ralex membrane.
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modification are shown in Figure 7a. All of them showed a
characteristic under-limiting region, a limiting region, and an
over-limiting region generally observed in an ion exchange
membrane under current−voltage scan due to the phenomen-
on of concentration polarization.44 The HDA-2 (DDA/HEMA
= 2/10) membrane could not produce a smooth CVC curve
within the voltage range (data not shown). It seemed that a
minimum IEC in the AEM was required to generate the
limiting current behavior. Therefore, the performance of
membranes with DDA/HEMA = 2/10 or lower DDA content
was not discussed in this report. The CVC curves of the rest of
the AEMs were analyzed to obtain the slope in each region
according to the method presented previously in Figure 3b.
Every membrane was tested in three replicates, and each was
cut from the same piece of AEM of the same size. The results
of slope in each region (SU, SL, and SO) indicated that the
HDA membranes possessed much lower standard deviation
(error bar) than the Ralex membrane (Figure 7b). The
matrixed fibrous support of the Ralex membrane might create
erratic resistance in each membrane, leading to a considerable
slope variation. In contrast to the heterogeneous Ralex
membrane, the homogeneous structure of HDA membranes
showed a much lower variation and better reproducibility in
the CVC measurement.
It would be of interest to discuss the quantitative effect of

IEC on the CVC slope in each region. The under-limiting
region represents the Ohmic behavior of the membranes.
Higher IEC in the AEMs would provide better ion
conductivity and lower the ion transport resistance; therefore,
SU increased with the IEC of the membrane (HDA-3 < HDA-4
< HDA-5 < Ralex membrane) in the CVC measurement. As
the applied voltage through the AEMs increases, the
concentration of the electrolytes on the cathode side
membrane surface decreases (depletion or desalting side);
meanwhile, the concentration of the electrolytes on the other
(anode) membrane surface increases (concentration side).
This phenomenon is also known as the concentration
polarization in membrane electrodialysis. Within the boundary
layer, anions are not only driven by the electrical field but also
attracted by the opposite charge in the AEMs. Therefore,
anions would transport faster because of intense fixed positive
charges on the membrane surface, leading to short supply or
depletion of anions within the boundary layer.45,46 The anion
transport dropped significantly due to the depletion to produce

the limiting-current regime with a near-infinity differential
resistance. Because of this phenomenon, the slope of the
limiting region (SL) was small and very much similar but still
showed an order of Ralex membrane > HDA-5 > HDA-4 >
HDA-3 according to the order of IEC in the AEMs. Further
increasing the voltage, the electroconvective instability set in
and produced microvortices around the boundary layer near
the membrane surface.47,48 Ideally, the microvortices would
bring in ions to refill the depletion zone and return the system
to Ohmic differential resistance in the under-limiting region,
albeit with a shift due to the limiting-current interval. However,
all the AEMs showed a lower slope in the over-limiting region
(SO) than that in the under-limiting region (SU) due to higher
total transmembrane resistance. This suggests that the vortex
mixing is not complete, and there remain ion-depleted regions
that increase the resistance. Except HDA-5, three other
membranes (HDA-3, HDA-4, and Ralex membranes) showed
very similar values in the slope of the over-limiting region (SO).
This observation suggests that the overall membrane resistance
(ion flux) is sensitively controlled by the microvortex
geometric structure and intensity on the membrane surface,
which are in turn affected by the membrane curvature.
Earlier experimental studies22,49−51 did suggest this strong

sensitivity of the microvortices on the surface curvature. In
addition, theoretical studies by Chang et al. also suggested that
a Dukhin type curvature-induced polarization can produce
intensified vortices of specific size related to the curvature, in
contrast to the randomly sized vortices produced by electro-
osmotic instability.52,53 The Slouka group visualized the
dynamic patterns of microvortices through fluorescently
labeled melamine resin microparticles to confirm that the flat
or convex geometry of the ion exchange membrane surface
would affect the slope of the over-limiting region due to the
discrepancy of the patterns of microvortices. As CVC reached
the over-limiting range, an array of small microvortices formed
on the convex surface, and they could thoroughly destroy the
depletion zone by intense mixing. For the flat membrane
surface, a counter-rotating inflow formed from the membrane
edge, and the shear force by the resulting outflow from the
membrane center pushed the ion-depleted region further back
into the bulk to produce a large mushroom-like depletion zone
at the beginning of the over-limiting range, as shown in Figure
8. This edge effect is most likely due to the high fields at the
corners of the conducting membrane and is usually not

Figure 7. (a) CVC curves and (b) slope values of three regions in the CVC curves of various bare AEMs. SU = the slope of an under-limiting
region, SL = the slope of a limiting region, and SO = the slope of an over-limiting region. The bar indicates the standard deviation from three
measurements.
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considered in the classical electroconvection instability theory.
It enlarges the ion depletion region on the membrane and
increases the cross-membrane resistance. It also reduces the
efficiency of the subsequent electro-osmotic vortices in
bringing ions to the depleted region. As a result, the membrane
with a convex surface and a smoother edge should have a lower
transmembrane resistance and a higher slope in the over-
limiting region.
It was speculated that the CVC curves of the synthesized

membrane are also affected by the patterns of the micro-
vortices formed near the membrane surface. To confirm the
effect, the side view of those membrane sensor heads under
optical microscopy was observed and shown in Figure 9. It was
found that HDA-3, HDA-4, and Ralex membranes were
embedded well in the sensor head and a flat membrane surface
was preserved, but the HDA-5 membrane swelled out because
of the higher swelling ratio (>50%) shown above, and a convex
membrane surface was clearly identified. It was possible that
the convex HDA-5 membrane could generate many small
swirling eddies or microvortices near the membrane surface in
the over-limiting region so that the electrolyte could migrate
into the membrane surface faster and result in a higher over-
limiting slope than other membranes as shown in Figure 7b.
The patterns of microvortices might also affect the voltage shift
after DNA hybridization in the over-limiting range, as will be
discussed in the next section.
DNA Probe Functionalized AEMs. An explicit current−

voltage characteristic behavior could be observed in the bare
HDA-3, HDA-4, and HDA-5 membranes as presented above.
However, the anion exchange membranes are required to
attach DNA probe for specific binding with target genes. When
the negatively charged DNA probe was functionalized onto the
membrane, it created a charge inversion on the membrane
surface. The CVC curves of the HDA-3 membrane attached

with DNA probes did not show a complete CVC curve within
10 V (Figure 10), and this may due to its low positively

charged ion exchange capacity. The result suggests that a
minimum IEC is needed in the membrane formulation to
obtain a suitable limiting current behavior in the CVC
measurement for DNA detection. On the other hand, the
DNA probe functionalized HDA-4 and HDA-5 membranes
both showed adequate CVC curves; therefore, they would have
the potential for specific DNA binding application. According
to these results, the DDA/HEMA ratio of HDA membranes
should be limited with a range between 4/10 and 5/10, and
the HDA-3 membrane was screened out from further tests.
DNA probe functionalization would change the surface

chemistry of the membranes; therefore, the XPS technique was
applied to reveal the change of surface chemical information
before and after DNA probe functionalization. The XPS
spectra of unmodified and DNA probe functionalized HDA-4,
HDA-5, and Ralex membranes are shown in Figure 11. The
XPS survey spectrum showed the sharp peaks at 540 eV (O1s),
410 eV (N1s), and 295 eV (C1s) to indicate the signature
chemical elements of oxygen, nitrogen, and carbon on the
membrane surface, respectively. Because of the presence of an
abundant amount of nitrogen in DNA molecules, the
successful functionalization of DNA probes on various AEMs
made increased the intensity of the N1s peak,54 as shown in
Figure 11a. In addition, N1s peaks were enhanced by fixed
charge quaternary amine in the HDA membranes. The bare
HDA-5 membrane showed a higher N1s content (1.8%) than
the bare HDA-4 membrane (1.4%). Interestingly, the Ralex
membrane showed a slightly lower N1s content (1.7%) than

Figure 8. Schematic mechanism of microvortices at different surface
curvatures on top of a 500 μm membrane (illustrative drawing
sketched according to refs 22 and 49−51).

Figure 9. Side view of various membrane sensor heads under optical microscopy (membrane size: 0.5 × 0.5 mm2).

Figure 10. Current−voltage characteristic curves of HDA-3, HDA-4,
and HDA-5 membranes after DNA probe functionalization.
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the HDA-5 membrane although the Ralex membrane had the
highest quaternary amine content (or IEC) among all tested
AEMs probably because the inhomogeneity of the membrane
may cover some quaternary amine on the membrane surface.
Furthermore, the increment of N1s content after DNA
immobilization on both HDA membranes (more than 3.5-
fold increase) was much more pronounced than that of the
Ralex membrane (1.7-fold), indicating the synthesized HDA
membranes might have better functionalization efficiency
following the same DNA probe modification protocol.
To characterize the chemical bonds of the functionalized

DNA probes, the high-resolution C1s spectra were deconvo-
luted into several peaks. These deconvoluted peaks included
C−C/CC with a binding energy of 285 eV, C−N with a
binding energy of 286 eV, C−O−C with a binding energy of
287 eV, and O−CO with a binding energy of 289 eV; also
the chemical bond composition of unmodified and DNA probe
immobilized membranes are shown in Figures 11b and 11c,
respectively. The exact numbers are tabulated in Table S1. The
C−C is the primary chemical bond of polymer; therefore, the
highest intensities were observed on all the unmodified and
probe modified membranes. On the other hand, the O−CO
and C−O−C bonds were detectable on both HDA and Ralex
membranes. Because of the methacrylate moieties of HEMA
and EGDMA in the main structure of HDA membranes, the
observed intensities of these two chemical bonds of HDA
membranes were much stronger than that of the commercial
Ralex one. Moreover, the increasing ratio of the C−N bond
after probe immobilization was attributed to the DNA probe
attachment.55,56 It can be identified that the increment of C−N
bond was also more significant on both HDA membranes

(4.8% in HDA-4 and 6.1% in HDA-5) than the Ralex
membrane (1.8%). It further confirmed that the synthesized
HDA membranes have much better functionalization efficiency
of DNA probes than the commercial membrane.
The two-step DNA functionalization protocol in this study

includes carboxylation of the AEMs with 3,3,4,4-
benzophenonetetracarboxylic acid and then the EDC coupling
of amine-end DNA probe as shown in Figure 2. The
carboxylation step might have proceeded better on HDA
membranes than the Ralex membrane because the UV grafting
happened not only by the hydrogen abstraction from the
membrane surface but also on the residual vinyl groups of
DDA in the HDA membranes.48 The higher carboxylation
efficiency would leave more reactive sites for later EDC
coupling; therefore, the synthesized HDA-4 and HDA-5
membranes had better DNA immobilization efficiency than
the commercial one. Moreover, the HDA-5 membrane has
higher fixed positive charge content than the HDA-4
membrane. The higher fixed positive charge content might
be able to attract more partially negatively charged 3,3,4,4-
benzophenonetetracarboxylic acid at pH 749 close to the
membrane surface for the UV photografting reaction of
carboxylation. Therefore, the HDA-5 membrane performed a
better DNA functionalization efficiency than the HDA-4
membrane. Because of DNA probe functionalization, the
increment of both the N1s and C−N peak intensities in the
spectra showed that HDA-5 > HDA-4 > Ralex membrane,
indicating a significantly higher probe density on the surface.

Detection of GM Soybean Target Genes Using AEMs
Sensors. The DNA probe immobilized HDA-4, HDA-5, and
Ralex membrane sensors were tested in the microfluidic

Figure 11. XPS survey spectra and the high-resolution C1s spectra of unmodified and DNA probe functionalized HDA-4, HDA-5, and Ralex
membranes. (a) Full scan spectra of all the membranes, (b) C1s spectra of unmodified membranes, and (c) C1s spectra of DNA probe
functionalized membranes.
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Figure 12. Resulting characteristic curves and scatter plots of (a, d) HDA-4, (b, e) HDA-5, and (c, f) Ralex membranes in the specific binding test
for GM soybean identification.

Figure 13. Voltage shift blow-up of target gene oligo in a range from 30 fM to 1 μM with the HDA-4 membrane sensor in the CVC measurements
and the blow-up with 1 μM nontarget gene oligo.
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biochip of the biosensing system for the recombinant virus 35S
promoter DNA target in genetically modified soybean (GM
soybean). The PCR amplified DNA samples were injected into
the biochip to hybridize the target gene with the probe by
incubation for 15 min. Nonspecific binding substances were
washed by PBS solution. The CVC measurement was
performed for these samples with three repeats. The CVC
curves of HDA-4, HDA-5, and Ralex membrane sensors to
detect are shown in Figures 12a, 12b, and 12c, respectively.
The voltage shift (ΔV) of each sensor for the non-GM and
GM soybean samples is shown in Figures 12d, 12e, and 12f.
The distinct difference in the voltage shift could be identified
for the wild-type non-GM and GM soybean samples in all
sensors. A receiver operating characteristic (ROC) analysis
method was adopted to determine the cut-off value for the
diagnostic test of negative and positive samples for each
sensor.38 The cut-off point of Ralex, HDA-4, and HDA-5
membrane sensors was 0.11, 0.27, and 0.11 V, respectively.
The HDA-4 membrane sensor showed the highest voltage shift
and cut-off point to the positive samples, which was much
better than that of the Ralex and HDA-5 membrane sensors.
The higher numbers of immobilized DNA molecules on the
HDA-4 membrane sensor might account for the more sensitive
change of the voltage shift. However, the HDA-5 membrane
sensor with even more DNA probes immobilized on the
surface showed an unexpected lower voltage shift than the
HDA-4 membrane sensor. The formation of many small
microvortices near the convex membrane surface might also
account for the smaller voltage shift than that on the flat
membrane, as demonstrated in the studies by Slouka’s
group.49−51 The membrane sensors with the flat surface were
more sensitive to target DNA attachment and presented a
significant voltage shift. The same effect also happened in our
experimental results so that the HDA-4 membrane sensor
showed a higher voltage shift than the HDA-5 membrane
sensor (Figure 12d,e). In summary, HDA-4 is the most
appropriate membrane formulation for GM soybean identi-
fication. The data in Figure 12a are taken for three different
sensors, and they exhibit a variation of no more than 7.5%,
validating the cross-sensor reproducibility of the HDA-4
synthesis method.
Reproducibility, Dynamic Range, and Detection Limit

of the HDA-4 Membrane Sensor. The sensitivity test for
the HDA-4 membrane sensor in the microfluidic biochip of the
biosensing system was performed with various concentrations
of model target oligo for CVC measurement. The stock
solution was diluted with 0.1× PBS to a range from 30 fM to 1
μM; then, the sensor was incubated with an oligo sample of
predetermined concentration following the same procedures
described for a standard CVC measurement. All the samples
were tested with three replicates. The resulting CVC with
voltage shift blow-up, average voltage shifts, and their standard
deviations stemming from target DNA hybridization are shown
in Figures 13 and 14. Each frame in the figure is measured with
a different sensor. Although the limiting current show about a
30% variation due to sensor head manufacturing inconsisten-
cies, the voltage shift collapsed into a universal calibration
curve in Figure 14, indicating the reproducibility of our
sensors.
The voltage shift was proportional to a logarithm scale oligo

concentration with an acceptable standard deviation of the
range from 30 fM to 1 μM. The corresponding regression
equation can be expressed by ΔV = 0.271 + 0.032 log C (C:

μM, R2 = 0.995). The voltage shift was not linearly correlated
to the target DNA concentration because of the complexity of
how the screened field of the charged membrane nucleic acids
affects the electroosmotic microvortex formation and intensity.
The shift has a logarithm dependence on the DNA
concentration, as is consistent with earlier reports.14,25 This
weak dependence accounts for the large dynamic range, which
could be advantageous for unknown sample screening analysis.
Besides, the voltage shift from 1 μM nontarget oligo (no
matched sequence to the DNA probe) detection was only
about 0.01 V. This voltage shift due to a possible nonspecific
binding of the nontarget gene at a very high concentration
could be considered as the noise during CVC measurement for
specific detection of the target gene. According to the
detection limit guideline,59 a meaningful measurement requires
a minimum signal-to-noise ratio of 3. Notably, a 0.03 ± 0.01 V
shift was obtained when the HDA-4 membrane sensor was
incubated with a 30 fM target oligo sample. The voltage shift at
30 fM oligo was about 3 times of the noise; thus, it can be
considered as the detection limit of the sensor with the well-
prepared target oligo. Compared to the results reported for the
Ralex membranes,14 this study extended the lower detection
limit down to 30 fM and provided a wide dynamic detection
range of nearly 8 decades for the oligo gene detection. This 30
fM detection limit represents the best reported in the literature
by 2 orders of magnitude, corresponding to about 10000
copies with our sample volume. Because of the reduced surface
heterogeneity, noise is suppressed at low copy numbers and
higher density probe functionalization can be achieved. Both
effects improved the detection limit and the dynamic range by
2 orders of magnitude, without sacrificing selectivity. The
results demonstrate that the self-synthesized homogeneous
HDA-4 membrane is suitable for the reproducible and sensitive
nucleic acid detection via current−voltage characteristic
measurement with the use of the proposed microfluidic
biosensing platform.

■ CONCLUSIONS
In this work, we demonstrated the preparation, character-
ization, probe functionalization, and validation of hydrogel-
based AEMs for transgenic soybean identification by voltage
shift stemming from the target DNA hybridization on the

Figure 14. Voltage shift (dark circle) vs logarithm scale concentration
of target gene oligo, ranging from 30 fM to 1 μM, with the HDA-4
membrane sensor in the CVC measurements using the microfluidic
biochip and the voltage shift (red square) of the test with a 1 μM
nontarget gene oligo (n = 3 experiments). The red dashed line
indicates the noise level.
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membrane surface. These newly synthesized AEMs not only
provided a homogeneous structure for reproducible perform-
ance and high-density probe functionalization but also
enhanced the sensitivity of the sensor. The tunable formulation
of HDA membranes allowed the study of the effect of ion
exchange capacity on the current−voltage characteristic curves
and specific target gene identification. It was found that the
HDA-4 (DDA/HEMA = 4/10) membrane gave the best
overall performance on the detection of recombinant 35S
promoter target sequence commonly existed in commercial
GM soybean. The results also demonstrated that membrane
surface geometry would be a determining factor for the voltage
shifting in the over-limiting region because the electro-
convective microvortices that opposes ion depletion were
highly sensitive to the membrane curvature, which we
optimized by controlling the swelling. The self-synthesized
HDA-4 membrane outperformed the previously used com-
mercial Ralex membrane with a much better detection limit for
identification of GM soybean recombinant gene. Furthermore,
the one-pot photoinitiated polymerization technique for AEM
preparation can be applied for the in situ integrated membrane
sensor head fabrication in the future, instead of the membrane
cutting and embedding method used currently. The newly
developed membrane synthesis method will hence significantly
advance the scope of application of this novel nucleic acid
sensing technology.
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■ NOTE ADDED AFTER ASAP PUBLICATION
The version of this paper that was published ASAP November
20, 2020, contained an error in Figure 13 (panel g was
included, which was a duplicate of Figure 14). The paper was
corrected and reposted November 23, 2020.
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