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A B S T R A C T

We demonstrate here for the first time the utility of a monolithically integrated hydrogel ionic diode for label-free
quantitative DNA detection and real-time monitoring of nucleic acid amplification. The hydrogel ionic diode
presented herein, unlike nanomaterial-based field-effect biosensors, features high cost-effectiveness and conve-
nient fabrication. This is realized by patterning a micrometer-sized heterojunction consisting of adjacent segments
of polycationic and polyanionic hydrogels on a microfluidic chip through simple photocuring steps. The inte-
grated diode rectifies ionic currents being sensitive to the charge of DNA adsorbed onto the polycationic chains
through electrostatic associations. Based on the mechanism, we show that the ionic biosensor can electrically
quantify DNA in a dynamic range relevant to typical nucleic acid amplification assays. Utilizing the device, we
demonstrate the evaluation of a PCR assay amplifying a 500-bp DNA fragment of E. coli, an infection-causing
pathogen, and real-time in situ monitoring of an isothermal assay amplifying E. coli whole genome. We antici-
pate that the device could potentially pave the way for miniaturized optics-free platforms for quantifying nucleic
acid amplification at point-of-care.
1. Introduction

Point-of-care diagnosis of infectious disease is essential to global
healthcare, particularly in the current era of Coronavirus Disease 2019
(COVID-19) [1–3]. The identification of such infections largely relies on
specific and sensitive detection of nucleic acids of their causing patho-
gens (e.g., bacteria and viruses), which necessitates pre-amplification of
target sequences for both well-established clinical testing [4] and
cutting-edge biomedical research [5]. To date, a wealth of nucleic acid
amplification techniques have been broadly applied, such as polymerase
chain reaction (PCR) [6], recombinase polymerase amplification (RPA)
[7], and multiple displacement amplification (MDA) [8]. Monitoring the
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progress of such assays is critical to determining the existence and levels
of target nucleic acids, which typically incorporates fluorescent reporter
probes and optical quantificationmeans [9,10]. However, the fluorescent
reagents may pose inhibitory effects to the reactions [11]. Further, it is
daunting to integrate the sophisticated and expensive optical readout
instrumentation into a miniaturized device for point-of-care diagnosis.
Such concerns have elicited an urgent need to monitor nucleic acid
amplification through non-optical means.

Electrical detection of nucleic acids based on their intrinsic charge has
drawn growing attention due to the label-free nature and ease in elec-
trical readout measurement. A straightforward way to sense the charge of
biomolecules is by utilizing electrostatic field-effect interactions between
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the molecules and the sensing surfaces [12]. Toward this goal, an
assortment of electrical biosensors has been developed, such as
field-effect transistors [13–15] and ionic diodes [16]. A field-effect
transistor detects the charge of nucleic acids by monitoring the gated
transport characteristics induced by the field effect of the molecules
immobilized on the channel surfaces through hybridization or electro-
static adsorption [12]. To achieve desired detection limit, such devices
are typically built on nanometer-sized structures such as nanowires [17],
nanosheets [18], and fluidic nanochannels [16,19]. Notably, Ganguli
et al. reported a crumpled graphene transistor for DNA amplification
detection through an induced Dirac voltage shift [20]. We previously
developed an integrated ionic field-effect transistor based on cylindrical
nanocapillaries and demonstrated field-effect modulation of the DNA
translocation [21]. Ionic diodes refer to biological or artificial ion
channels that exhibit ionic current rectification, and the adsorption of
charged biomolecules can be recognized by modulated surface charge
density that reflects on a tuned rectification [22]. Wu et al. reported the
modulation of ionic current rectification in polymer-based conical
nanochannels by immobilized DNA architectures [23]. Although these
field-effect devices exhibit intriguing potential in the electrical detection
of nucleic acids, specific issues must be addressed before they can be
practically applied, especially problems in robustness, manufacturability,
and cost-effectiveness. For instance, while such devices are susceptible to
the target analyte, they suffer from severe non-specific signals and
environmental interferences [24]. Besides, the fabrication of these
nanostructured devices may leverage low-throughput and expensive
high-resolution techniques such as e-beam lithography [25]. A simple,
robust, and cost-effective strategy for electrical quantification of nucleic
acid amplification is to be explored.

Recently, hydrogels and relevant ionic devices have emerged as
versatile building blocks of ionic circuits for diverse bioinspired appli-
cations [26]. A representative hydrogel-based ionic device is a poly-
electrolyte ionic diode featuring a heterojunction comprising two
oppositely charged polyelectrolyte hydrogels (polycationic and poly-
anionic). Han et al. reported the first demonstration of integrated poly-
electrolyte diode and prototypes of logic gate circuits in 2009 [27]. More
recently, Lee et al. proposed a stretchable ionic diode with mechanically
modified polyelectrolyte hydrogels, which exhibited rectifying behaviors
under uniaxial stretching and sustained their performance at repetitive
deformations [28]. Lim et al. developed an open-junction hydrogel-based
ionic diode to perform an ion-to-ion amplification [29]. The ionic current
rectification in such hydrogel-based ionic diodes arises from the asym-
metric electrostatic impact of the charged hydrogel backbone on the
electrolyte solution, thus being extremely sensitive to the charge density
of the hydrogel surface – an essential requirement of charge-based bio-
sensors. Moreover, such devices are highly cost-effective and manufac-
turable as polyelectrolyte hydrogels are inexpensive and can be
conveniently shaped with a standard UV (365 nm) lithography [28].
Considering these features, hydrogel-based ionic diodes are desired
platforms for electrical biosensing. Nevertheless, charged-based detec-
tion of biomolecules, particularly nucleic acids, has not yet been
demonstrated using these ionic devices. This study presents a quantita-
tive and straightforward approach to monitoring nucleic acid amplifi-
cation using polyelectrolyte hydrogel ionic diodes. The ionic diode used
herein is a monolithically integrated microchip accommodating a het-
erogeneous junction composed of two adjacent segments of polycationic
and polyanionic hydrogels. The biosensing concept is briefly described in
Fig. 1. Due to the positively charged chains, anions predominantly fill the
polycationic hydrogel to neutralize the intrinsic charge [16,30]. By
contrast, cations are accumulated in the polyanionic gel. Analogous to
semiconductor electronics, we abbreviate polycationic and polyanionic
hydrogels as N-type and P-type, respectively. The asymmetric ion dis-
tribution within the hydrogel junction leads to a reasonable level of ionic
current rectification. Once the negatively charged DNA molecules are
introduced to the N-type gel, they are adsorbed onto the polycationic
chains due to electrostatic interactions. The electrostatic adsorption
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decreases the net charge of the hydrogel backbones and affects the ion
distribution within the N-type gel, which leads to weakened ionic current
rectification. As a result, the ionic diode will instantly display a modu-
lated current-voltage (I–V) characteristic. We determine that the change
in rectification occurs at a rate commensurate with DNA mass concen-
tration. Therefore, by constantly monitoring the overall rectification
level, the ionic diode can monitor the existence and concentration of
nucleic acids in real-time. Notably, the obtained dynamic range aligns
with the DNA levels in common amplification reactions. Upon DNA
detection, ionic rectification of the device can be readily refreshed to its
original state by simply exposing it to positively charged poly-L-lysine
(pLL). We apply the approach to PCR amplification of a 500-bp
segment of the E. coli genome and achieve simple electrical monitoring
of the progress of the amplification. Further, we integrate the ionic diode
with a 2-μL microreactor and demonstrate in situ monitoring of an
isothermal assay amplifying the E. coli whole genome.

2. Materials and methods

2.1. Device fabrication

The process of fabricating the integrated hydrogel ionic diode device
is detailed in Fig. S1. Overall, the process includes fabricating the
microfluidic chip and patterning the hydrogel heterojunction. The device
layout was first designed with AutoCAD and printed as a plastic film
mask. To fabricate the chip, a 50-μm layer of photoresist (SU8-3025,
Microchem) was spin-coated onto a 3-inch silicon wafer. After a pre-
baking step (95 �C for 20 min), photolithography was performed under
a UV light (Thorlabs COP1-A, 200 s at the highest intensity). The wafer
was then post-baked at 95 �C for 8 min and developed to obtain the
patterned structure. The fabricated silicon mold was stored in a petri
dish. Polydimethylsiloxane (PDMS, Dow Corning SYLGARD 184) mixture
was prepared by stir-mixing its precursor with a curing agent at 10:1
(w:w). The prepared PDMS mixture was poured over the mold and cured
at 60 �C overnight. PDMS was peeled off from the mold and cut into
individual slabs. Inlet and outlet ports were created using a custom-made
hole puncher. At last, the slabs were bonded to glass slides (100-μm
thick) with the assistance of oxygen plasma treatment.

Polyelectrolyte hydrogel junctions were formed on as-fabricated
microfluidic chips through a two-step photocuring process. First, the
microchannels were treated with a solution of 3-(trimethoxysilyl)propyl
methacrylate, methanol, and acetic acid (mixed at 1:8.5:0.5 by weight)
for 5 min and then washed with methanol. Next, the channels were filled
with a P-type gel pre-solution and subjected to a photocuring process (a
duration of 10 s) under a spot-lamp (Dymax 38,465). The chip was
covered with a chromium glass dark mask with a 100-μm wide bright-
line aligned right at the channel junction during the curing process.
After thorough washing with 10 mM KCl solution, the photocuring pro-
cess was repeated with an N-type gel pre-solution. The hydrogel pre-
solutions consist of 20 wt% monomer (3-sulfopropyl acrylate potas-
sium salt for P-type gel and diallyl-dimethylammonium chloride for N-
type gel), 1 wt% crosslinker (N,N0-methylenebisacryl-amide), and 0.2 wt
% photo-initiator (lithium phenyl-2,4,6-trimethyl-benzoyl phosphinate)
in water. The fabricated devices were filled with a homebrew PCR buffer
before further testing.

2.2. PCR and MDA assays

All PCR experiments were conducted using a real-time PCR system
(BioRad CFX96). To obtain DNA fragments of various lengths, three
primer pairs were designed to target 200, 500, and 800 bp segments on
the E. coli genome, respectively. The primer sequence information fol-
lows forward primers: GCCTGAGCGAGACGAAATAC for 200 bp, GAA-
TACCCCGATTGGTGATG for 500 bp, TCCCGCGAAATTAATACGAC for
800 bp; reverse primers: TTATGCCTCTTCCGACCATC for 200 bp,
ATTCTCACCGGATTCAGTCG for 500 bp, CTTTCGGGCTTTGTTAGCAG



Fig. 1. Schematic overview of the hydrogel ionic diode biosensor principle. Electrical detection of DNA based on its intrinsic negative charge is realized through
monitoring the modulated ionic rectification behavior induced by electrostatic adsorption of DNA molecules to oppositely charged polycationic hydrogel of the
ionic diode.
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for 800 bp. For all PCRs in this study, the thermal cycling condition is 95
�C for 30 s, 30 cycles of 95 �C for 15 s, 56 �C for 15 s, and 72 �C for 3 min,
followed by a final extension at 72 �C for 5 min and holding at 4 �C. A
PCR kit (Vazyme, P505-d1) was used following the manufacturer's in-
structions. A final 50-μL PCR assay contained 0.4 μM forward and reverse
primers, 1 ng E. coli genomic DNA, and 1X EvaGreen (Biotium) for qPCR.
The PCR product was purified with a PCR clean-up kit (Zymo Research)
and quantified using a dsDNA quantification Kit (Qubit 1X dsDNA HS).

We used a homebrew mastermix for MDA reactions. A 100-μL aliquot
of mastermix contains 35 μL of deionized water, 10 μL of phi29 reaction
buffer (Vazyme), 5 μL of phi29 polymerase (Vazyme), 5 μL of random
primer (Exo-resistant random primer, Thermo/Finnzymes), 40 μL of
dNTP and 5 μL of 20X EvaGreen. To perform the reaction, 0.1 μL E. coli
genomic DNA (0.5 ng/μL) was added to a 9.9 μL mastermix. 2 μL of the
reaction mix was loaded into the microreactor chip for on-chip reaction.
The chip was pre-treated with pLL to prevent biomolecule adsorption to
channel surfaces. A group of 10-μL tube-based reactions was conducted in
parallel to obtain the optical quantification results (Qubit). All the re-
actions were incubated at 30 �C for 4 h.
2.3. DNA quantification

Unless for the in situ MDA monitoring, a homebrew PCR buffer was
used in the electrical measurements of I–V characteristics. The buffer
consists of 10 mM Tris–HCl (pH 8.5), 20 mM KCl, 1.5 mMMgCl2 and 1.5
mM (NH4)2SO4. Ag/AgCl working and reference electrodes were inser-
ted in corresponding ports of the channels. Purified E. coli genomic DNA
3

fragments were diluted in the PCR buffer to the stated concentrations for
DNA detection. The DNA solutions were loaded to the sample channel of
the device. After incubation (typically 5 min), a sequence of voltage
pulses (from �2 V to þ2 V at the speed of 40 V/s) was applied using an
electrochemical analyzer (CH-Instruments 832D), and the I–V charac-
teristics were recorded. To ensure that the adsorption of DNA reaches
saturation, an elongated time duration of the DNA incubation (10 min)
was used in some experiments. The same process was applied when
detecting the primer, dNTP, and polymerase. To refresh the biosensor, a
1 mg/mL pLL (Sigma-Aldrich) solution in PCR buffer was injected into
the sample channel and incubated for 5 min at room temperature. The
I–V characteristics were measured every 30 s during the incubation for
the real-time experiment. For the PCR quantification experiments, a 5-μL
aliquot of PCR mixtures terminated at the stated cycles was collected and
directly loaded to the sample channel of the device without further pu-
rification and incubated for 5 min before testing. The same device was
used to monitor a complete PCR run with a pLL refreshment step applied
between each PCR quantification. Unless for real-time experiments, the
sample channel of the device was thoroughly washed (flushing with PCR
buffer and incubation for 5 min) to remove any non-absorbed species
before I–V measurements.

The I–V signals were collected every 30 min during a 4-h reaction for
MDA monitoring experiments. The device was placed under an inverted
fluorescent microscope (Nikon Eclipse Ti2) to capture the fluorescent
images at stated time spots. The fluorescence intensities were quantified
using the built-in software (NIS-Elements).
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3. Results and discussion

3.1. Device characterization

Fig. 2a depicts the overall integrated device and its measurement
setup. The device features a hydrogel heterojunction bridging two
microchannels. The inset superimposed fluorescent micrograph displays
the actual layout of the fabricated hydrogel junction labeled with
charged fluorescent dye molecules for illustration purposes. A negatively
charged dye, fluorescein, was enriched in the N-type gel segment. By
contrast, positively charged rhodamine B molecules accumulated in the
P-type segment. This phenomenon agrees with the electrostatic effects
posed by the intrinsic charge of the polymer chains and verifies that the
hydrogel heterojunction was successfully patterned. The P-type and N-
type segments were around 100 μm in length and 30 μm in width. We
then characterized the integrated ionic diode under a buffer condition
relevant to DNA amplification. This is because the rectification behavior
of ionic diodes is sensitive to pH and ionic strength [30]. As shown in
Fig. 2b, a freshly prepared ionic diode exhibited a reasonable rectifica-
tion (original state), and the ionic currents at positive voltages were
suppressed. To quantify the degree of rectification, we define the ratio
between current levels at fixed bias voltages of �2 V (I�2V ) and þ2 V
(Iþ2V ) as rectification ratio (R); R ¼ jI�2V=Iþ2V j. Based on the recorded
I–V curves, the intact ionic diode owns an R of 4.22 � 0.53 (n ¼ 8).

We hypothesized that the hydrogel ionic diode should function as a
field-effect biosensor whose rectification degree is sensitive to the surface
charge density and thus influenced by the adsorption of highly charged
biomolecules. To investigate our hypothesis, we introduced a DNA (80
ng/μL of 500 bp E. coli genomic DNA) solution to the sample channel. We
observed a modulated I–V curve whose R-value was reduced to 2.6. In a
successive experiment, exposing the same device to a cationic poly-
electrolyte solution (1 mg/μL pLL) almost recovered the diode to the
original state, and an R-value of 3.7 was obtained. The results verified
that the rectification behavior indeed responded to the charge of adsor-
bed DNA. The introduced charge could be compensated by an extra layer
of oppositely charged polymers. The latter drew our particular attention
as it might suggest a simple approach to rejuvenating the biosensor after
each measurement. This is essential because the same device can be
repeatedly applied to unknown concentrations without considering
4

intrinsic variations across different devices. Similar strategies leveraging
layer-by-layer assembles of polyelectrolytes and electrostatic charge
overcompensation to recover the sensing surface were reported in pre-
vious field-effect biosensors [16,31]. However, charge overcompensation
was not observed in our case; that is, the adsorption of DNA did not alter
the overall charge polarity of the N-type gel. Otherwise, the rectification
would be diminished. This is possibly owing to the substantial
surface-area-to-volume ratio of the three-dimensional porous hydrogel
structure in our case compared to planar surfaces in previous reports and
the limited transport of polyelectrolyte chains in the hydrogel matrix. To
further investigate the potential sensor rejuvenation capacity, we con-
ducted four consecutive rounds of alternating DNA and pLL depositions
on a representative device. Fig. 2c shows the rectification ratio of the
device after each step. The preserved and non-degraded cyclic pattern of
R confirms that the same hydrogel ionic diode can be used for multiple
rounds of nucleic acid detection with the simple electrostatic modifica-
tion being applied. It was found in a previous report that repeated
application of polyelectrolyte layer-by-layer assembly could lead to
degraded ionic current rectification in 20-nm conical nanopores [32].
The effect was explained by the physical confinement-induced structural
reorganization of polyelectrolytes. However, considering the signifi-
cantly larger pores of the hydrogels determined by scanning electron
microscopy (Fig. S2), the effect should be negligible in our ionic diodes.
3.2. Dose-dependent detection of DNA

Having examined the functionality of the hydrogel ionic diodes, we
moved to evaluate whether the device could detect DNA in a dose-
dependent format. In a preliminary experiment, we monitored the shift
in R (ΔR) relative to its original value of a device being exposed to
increasing levels of DNA (500 bp fragments of E. coli genomic DNA),
Fig. 3a. The DNA solution was injected into the sample channel and
incubated for 5 min, after which a new solution was immediately
introduced to the device without any washing steps. It can be noted that
the rectification level reached a relative plateau at around 3 min after the
introduction of DNA. Overall, the shift in rectification aligns with the
dose of DNA. We next moved to investigate whether the biosensor re-
sponds to the total mass of DNA molecules (mass concentration) or their
absolute quantity (mole concentration). A broadly applicable DNA
Fig. 2. (a) Schematic presentation of the mono-
lithically integrated ionic diode microchip and the
relevant measurement setup. The superimposed fluo-
rescent micrograph displays the hydrogel hetero-
junction patterned between the sample and recording
channels. The polyelectrolyte hydrogel segments are
labeled with respective charged dyes for illustration
(green: fluorescein, red: rhodamine B). Scale bar: 100
μm. (b) I–V curves depicting the initial state of a
representative ionic diode device and the states upon
sequential exposure to 80 ng/μL negatively charged
DNA (500 bp, 10-min incubation) and 1 mg/μL posi-
tively charged pLL solutions (5-min incubation). (c)
Rectification ratios of a representative device subject
to four repeated rounds of DNA and pLL treatments.



Fig. 3. Dose-sensitive detection of DNA with the ionic diode. (a) A real-time
trajectory showing the shift in rectification ratio of a representative ionic
diode upon exposure to various mass concentrations of 500-bp DNA fragments.
(b) Biosensor response to DNA fragments of varying lengths at constant mass
(left) and mole (right) concentrations, respectively. (c) Dose-response plot of the
presented ionic diodes based on the shift in rectification ratio as a function of
DNA mass concentration (incubation time: 10 min). The symbols and bars in (b)
and (c) represent the mean and standard deviation derived from parallel tests
using separate devices (n ¼ 3 for b and n ¼ 5 for c).

Fig. 4. Monitoring PCR progress with the ionic diode. (a) Changes in rectifi-
cation ratio induced by individual components in a typical PCR: primers (0.4 μM
each), dNTP (50 μM each), polymerase (0.05 units/μL), and purified 500-bp PCR
products (80 ng/μL). (b) The rectification ratio of the same device subjected to
unpurified PCR products terminated at various cycles. After each test, the ionic
rectification behavior of the diode was recovered by treating with pLL. (c) PCR
amplification curves obtained electrically from the presented ionic diode (red)
and optically from real-time quantitative PCR (blue). The symbols and bars
represent the mean and standard deviation derived from three separate I–V
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quantification approach should be sensitive solely to DNA mass con-
centration to be capable of indistinctively detecting DNAs of vastly
different lengths. We fed the diode with 200–800 bp DNA solutions with
the same mass concentration of 80 ng/μL and found a negligible differ-
ence in the output (Fig. 3b, left). These DNA molecules of equal mole
concentration (0.15 μM) yielded markedly varied readouts (Fig. 3b,
right). This is expected because the rectification behavior of the ionic
diode should be a function of the charge density of the hydrogels; the
charge density is a direct reflection of the total base pair number of
nucleic acids adsorbed to the gel, i.e., the mass concentration. Based on a
series of I–V measurements (Fig. S3), we derived the dose-response
relation of the developed biosensor, Fig. 3c. A dynamic range of
2.5–80 ng/μL was obtained, similar to the yield of typical nucleic acid
amplification assays such as PCR and MDA.
5

3.3. Monitoring of PCR cycles

Encouraged by the demonstrated dose-responsive behavior, we
attempted to utilize the biosensor to monitor the progress of a PCR run in
which a 500-bp segment of E. coli genomic DNAwas amplified. However,
besides the double-stranded products, also presented in the PCRmixtures
are the single-stranded primers, dNTP, and polymerase. It is essential to
rule out any potential influences on the readout posed by these non-
target molecules. With this goal, we individually tested them at con-
centrations identical to PCR using the ionic diodes, Fig. 4a. The primer
pairs (0.4 μM each) caused a shift of�0.17 in the rectification ratio. They
were, however, ~5 ng/μL in mass concentration, which was expected to
induce a ΔR of ~ �0.5 according to the calibration curve in Fig. 3c. The
discrepancy possibly arises from that a large portion of the primers was
measurements.
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eluted off the hydrogel during washing, indicating that stronger multi-
valent interactions might be required to realize permanent electrostatic
adsorption of DNA on a cationic polymer surface. Likewise, the impacts
of dNTPs (50 μM each) and polymerase (0.05 units/μL) were faint. By
contrast, a sample of purified 500-bp PCR products, having a mass con-
centration of ~80 ng/μL, led to a ΔR of ~ �1.5, in excellent alignment
with our previous findings (Fig. 3c). These results indicate that the sig-
nals arising from the DNA products should be dominant during the
amplification reaction. Typical PCR assays include more than 30 thermal
cycles. To investigate the effect of elevated temperature on the rectifi-
cation ratio, we conducted an experiment where an ionic diode device
underwent a PCR extension process (72 �C, 3 min) after detecting 80 ng/
μL DNA. The rectification behavior of the device only exhibited a minor
change (~0.2) after heating (Fig. S4), suggesting that the electrostatic
interaction between DNA and hydrogel is adequately strong to immobi-
lize DNA during the thermal cycling. Next, we tested the biosensor
response to unpurified PCR mixtures terminated at various cycles,
Fig. 4b. As seen, the rectification ratio, derived from I–V measurements
(Fig. S5a), decreased gradually along with the ongoing PCR and reached
saturation after 20 cycles. Note that the R-value at 0 cycles (~5.7) was
slightly higher than previous values obtained in a homebrew buffer,
possibly owing to the difference in ionic strength between the homebrew
buffer and the PCR mastermix. To better visualize the trend in rectifi-
cation behavior, we plotted the rectification shift relative to the R-value
at cycle 0 as a function of PCR cycles in Fig. 4c. Moreover, the optical
quantification curve of an identical PCR obtained using intercalating dye-
based real-time quantification was overlaid for comparison. Exhilarat-
ingly, close concordance was found between the electrical and optical
outputs. Both the curves exhibited a linear phase between cycles 5 to 10
and a plateau phase from cycle 15. These results suggest that our
Fig. 5. In situ real-time monitoring of an isothermal MDA reaction amplifying E. coli
accommodate the MDA reaction and an adjacent hydrogel ionic diode for in situmonit
P-type gel, and reaction chamber, respectively, during the DNA amplification process
fluorescence measured at different positions (n ¼ 3). (c) The electrical and optical re
refers to the shift in the rectification ratio of the ionic diode. The optical readout i
strument, Qubit.
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electrical quantification approach holds a comparable dynamic range
and sensitivity to real-time PCR.

3.4. In situ real-time monitoring of MDA

Point-of-care diagnosis calls for miniaturized and fully integrated
solutions to monitor nucleic acid amplification. Therefore, we modified
our original chip design and further integrated a 2-μL reaction chamber
directly exposed to the N-type gel of the ionic diode built on the side,
Fig. 5a. This allowed us to monitor the progress of an isothermal nucleic
acid amplification reaction in real-time. To test the utility of the modified
device, we performed small-volume MDA reactions amplifying the E. coli
whole genome. The success of MDA in the miniaturized reaction chamber
was first determined optically. We inspected the fluorescence from
intercalating dye-labeled dsDNA at both the hydrogel junction and a local
area of the reaction chamber. As shown in the micrographs (Fig. 5b, top),
the fluorescence within the N-gel segment was elevated along time, as
well as the fluorescence in the reaction chamber. By contrast, the P-type
gel remained dim throughout the 4-h reaction. These findings were
supported by the fluorescence intensity plot (Fig. 5b, bottom). Notably,
the intensity of the N-type gel was the highest by the end of the reaction,
suggesting a high local concentration of MDA products accumulated
within the N-gel due to electrostatic associations. Furthermore, the uni-
form fluorescence across the N-gel indicates that the electrostatic
adsorption of DNA occurred evenly throughout the hydrogel matrix
rather than around the entrance region.

We next monitored the rectification behavior throughout a 4-h MDA
reaction at a time interval of half an hour. For comparison, a tube-based
reaction was conducted in parallel, and the yield was quantified by a
commercial optical means, Qubit. Both the electrical and optical readouts
whole genome. (a) A modified microchip integrating a 2-μL reaction chamber to
oring. (b) Fluorescent micrographs (top) and intensity (bottom) of the N-type gel,
. The symbols and bars represent the mean and standard deviation derived from
adouts recording the progress of a typical MDA reaction. The electrical readout
s measured from a parallel tube-based reaction using a commercial optical in-
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were plotted in Fig. 5c. Note that the DNA concentration of the tube-
based MDA might not directly correspond to that in the chip-based re-
action chamber, as the efficiency of the two reactions might be slightly
different. However, as shown in the plot, they should share similar re-
action dynamics because the electrical readout derived from I–V mea-
surements (Fig. S5b) aligns closely with the Qubit data. A negative
control that excluded the polymerase caused almost no visual signals,
suggesting that our ionic sensor detected the accumulated dsDNA prod-
ucts rather than other species existing in the reaction mixture. A further
set of MDA monitoring experiments was conducted using three different
devices (n ¼ 3) to evaluate the batch errors, and the electrical readouts
from the three devices exhibited reasonably good agreement (Fig. S6).

Typical MDA reactions yield dsDNA products of lengths around 10 kb
[33]. The demonstrated capability of the ionic diode to detect such long
products and the proven success of detecting shorter PCR amplicons (<1
kb) suggests the universal applicability of the presented device towards
various nucleic acid amplification techniques. Relying on the electro-
static charge-based field-effect for biosensing, the hydrogel ionic diodes
do not require extra labeling steps and probes in DNA amplification
detection. The devices, once fabricated, can readily detect DNA with no
surface functionalization needed. However, it is worth noting that the
given device and related electrical DNA detection strategy lack additional
specificity as offered by hybridization-based methods [34]; thus, the
specificity in the nucleic acid amplification steps must be strictly
controlled to ensure that only the target sequence is amplified. Other-
wise, the device will indiscriminately detect the abundance of non-target
products and produce false-positive signals. To further eliminate the
signals caused by non-target products requires extra functionalization
and passivation steps to render the biosensor specific to the target.

The presented ionic diodes utilize polyelectrolyte hydrogel, an
intrinsically charged and nano-porous material to construct the field-
effect sensor, rather than semiconductor nanowires or nanofluidic
channels which require cumbersome fabrication. As a result, the device
features convenient fabrication and high cost-effectiveness. It is worth
noting that the aperture size of the hydrogels poses a strong impact on the
rectification behavior. The relation between the rectification and the
pore size of polyelectrolyte hydrogel ionic diodes was studied in a recent
report by our group [30]. In brief, the rectification degrades with the
increasing size of pores. This is because the ion distribution within the gel
is increasingly dominated by the bulk ionic strength, rather than the
charge of the hydrogel chains. Therefore, one would expect a decreased
sensitivity of the device for detecting DNA if the hydrogel pores are
enlarged. The porous nanostructure may also exert a physical barrier
effect on the DNA molecules. However, such an effect could only be
prominent when the hydraulic size of the DNA is close to the size of the
nanopores. In our case where the targets are short DNA amplicons
(typically less than 10 kb), the effect should be negligible.

The geometry of the heterojunction is essential to the sensing per-
formance such as sensitivity and limit of detection. Further scaling down
the geometry of the junction should lead to enhanced sensitivity to DNA
because the reduced sensing volume (the N-type gel) requires less
amount of DNA molecules to induce distinguishable changes in the
rectification level. However, the reduced geometry may also lead to a
narrowed dynamic window. This may lead to signal saturation at the
early stages of the amplification process.

4. Conclusions

Label-free electrical monitoring of nucleic acid amplification has been
demonstrated based on an integrated platform of hydrogel ionic diodes.
Although the current format relies on an external instrument for signal
recording, further integration of electrical measurement components is
trivial given the maturity of compact circuity techniques. A complete
version of the device to meet the demand of point-of-care testing should
also consider the integration of a sample preparation module towards a
micro total analysis system (μTAS). Given the demonstrated performance
7

in monitoring PCR and MDA with simple electrical measurements,
convenient sensor recovery, and high cost-effectiveness and manufac-
turability, the presented monolithic integration of hydrogel ionic diode-
based biosensors should be widely applicable in a point-of-care setting.
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