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Abstract: The polymerase chain reaction (PCR) is a powerful
method for exponentially amplifying very low amounts of
target DNA from genetic, clinical, and forensic samples.
However, the heating and cooling steps in PCR largely
hamper the miniaturization of thermocyclers for on-site
detection of pathogens and point-of-care tests. Herein, we
devise an ion-mediated PCR (IM-PCR) strategy by exploiting
ion-induced DNA denaturation/renaturation cycles. DNA
duplexes are effectively denatured in alkaline solutions;
whereas, the denatured single-stranded DNA strands readily
reform duplexes at neutral pH. By using an integrated micro-
chip that can programmably control the solution pH simply
switching the potential in a range of several hundred millivolts,
we can trigger IM-PCR at a constant temperature. Analogously
to thermal cycling, 30 cycles of pH-induced denaturation/
renaturation were used to amplify protein DNA fragments as
confirmed by DNA sequencing. We anticipate that this
portable, low-cost, and scalable IM-PCR holds great promise
for widespread biological, clinical, and environmental appli-
cations.

The polymerase chain reaction (PCR), originally invented in
1983 by Mullis, is an important and standard technique in
molecular biology.!! As a mimic of the natural DNA
replication machine, PCR uses a DNA polymerase to
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synthesize new strands of DNA complementary to the given
template strand in vitro, which in turn are used as templates
for replication to initiate a chain reaction upon temperature
cycling.?! Because of its extraordinarily high ability to amplify
very low amounts of specific nucleic acid sequences from the
large background of the genome, PCR and its variants have
found widespread applications including clinical diagnosis,
genetic and forensic analysis, and bioterrorism prevention
and preparedness.”!

Unlike DNA replication in vivo, which uses a set of
enzymes/proteins to separate the DNA double helix, cur-
rently available PCR relies on thermal melting to denature
the DNA duplex for replication.!! In its original version, the
repeated heating and cooling cycles were operated manually.
This cumbersome procedure was later replaced with auto-
matic thermal cyclers. After decades of academic and
industrial efforts, state-of-the-art thermal cyclers can provide
relatively uniform temperature and rapid heating-cooling
cycles and avoid water condensation, which has overcome
many problems that might have been encountered in
laboratory and clinical settings.”! With these advances, the
commercialization of PCR has proven extremely successful in
many areas.’) Nevertheless, the high cost and large size of
thermal cyclers hamper their applications in resource-limited
situations. Great efforts have been taken to miniaturize PCR
devices, for example, using Rayleigh-Bénard convective cells,
which have yet to achieve the full functions of commercial
thermal cyclers.”! In particular, the lag phase in heating—
cooling cycling and inhomogeneous temperature distribution
in the solution are difficult to avoid in these simple designs.”!

Hydrogen bonds in DNA duplexes are sensitive to low or
high solution pH.®! Therefore, pH variation can in principle
denature/renature DNA duplexes to trigger chain reactions in
a similar way to temperature cycling.”! However, this alter-
native approach has not been explored to amplify nucleic
acids, which possibly is due to the predominant use of thermal
cycling for historical reasons that restrict explorations in other
directions."”) Moreover, changing the solution pH in an
automated way is difficult. Herein, we develop an ion-
mediated PCR (IM-PCR) strategy to amplify nucleic acids
with pH cycling at a constant temperature (Scheme 1). By
using an electronically-driven microfabricated chip that can
automatically tune the proton-hydroxide-ion equilibrium in
solution using potential control, we have achieved automated
DNA denaturation/renaturation and specific target amplifi-
cation, which paves the way to electronically-driven PCR that
could be potentially integrated with electronic DNA sequen-
Cing.[ﬁe.‘)b]
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Scheme 1. lllustration of the working principle of IM-PCR. In the
denaturation step, hydrogen bonds between complementary bases of
DNA templates are disrupted under high pH. The solution pH is then
made neutral, which allows primer annealing to the template and
subsequent replication in the presence of DNA polymerase. This IM-
PCR process can be performed in an automated electronically-driven
microfabricated device that incorporates a pH-sensitive 1rO, reference
electrodes (R.E.), a Ag/AgCl working electrode (W.E.), and an Ir
auxiliary electrode (A.E.). Reaction region (R) and control region (C)
are filled with 0.1 m KCI.

We first studied the pH effect on DNA melting at room
temperature by employing a piece of 120-bp double-stranded
(ds) DNA fragment T1 as the template (Supporting Informa-
tion, Table S1). DNA bases tend to lose purines in the low pH
range of 0-3, whereas DNA is usually stable in the high pH
range of 12-13 without detectable damage in a relatively short
period (for example, in a standard genetic comet assay).""
Therefore, we mainly studied the high pH region of 11-13. A
Britton-Robinson (BR) buffer system that covers a wide
range of pH values from 2 to 12 was employed to vary the
solution pH."" The dsDNA was first incubated in solutions
with an alkaline pH for 60 s and then renatured at pH 7 for
30s. The renaturation products were analyzed using agarose
gel electrophoresis (AGE) (Supporting Information, Fig-
ure S1). As expected, renaturation of dsDNA in BR buffer
resulted in the appearance of the 120-bp dsDNA band in the
gel, which suggests that the dsSDNA denaturation/renatura-
tion is reversible. To further substantiate the reversibility of
the DNA denaturation/renaturation, we designed a DNA
hybridization-specific fluorescent probe (FP) (Supporting
Information, Table 1). A fluorophore-quencher pair of 6-
carboxyfluorescein (FAM) and Black Hole Quencher-
1 (BHQ1) was used to label the 5'- and 3'- ends of the DNA
strands, as illustrated in Figure 1a. In the dsDNA state, FAM
and BHQI1 are held together, which enables efficient energy-
transfer-based fluorescence quenching.'”! Denaturation of
dsDNA at pH 12 separates the two strands and the attached
FAM and BHQ1 labels, resulting in the appearance of the
FAM fluorescence.™ As shown in Figure 1a, we observed
nearly reversible On and Off states of FAM fluorescence
upon switching the solution pH between 7 and 12 over 10
cycles. These quantitative fluorescence data provide further
evidence for pH-induced denaturation/renaturation cycles as
observed in the gel studies.
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Figure 1. a) pH-induced reversible denaturation/renaturation of a 20-
bp DNA fluorescent probe F1 as revealed by FAM fluorescence.

b) Comparison of 30-cycle conventional PCR and IM-PCR of a 571-bp
mCherry protein fragment T2. Three independent IM-PCR experiments
are shown in lanes 1, 2, and 3. The gel image was over exposed to
visualize the band of primers. c) Enzymatic restriction analysis of
thermally-driven PCR and IM-PCR products: 571-bp template T2
(control), enzyme restriction products of conventional PCR products
(lane 1) and IM-PCR products (lane 2), DNA marker DL2000 (M).

Having established the reversibility and robustness of pH-
induced denaturation/renaturation of DNA duplexes, we next
tested whether this pH melting could trigger chain reactions
for nucleic acid amplification. A 571-bp fragment of mCherry
protein T2 (Supporting Information, Table S1) was employed
as the template for IM-PCR amplification. In the first
denaturation step, the template was incubated in 50 pL of
BR buffer at pH 12 for 60 s at 37°C, which contained primers,
deoxyribonucleoside triphosphate (ANTPs), and Mg*", which
are essential for DNA replication. The solution pH was tuned
to 7 by adding aliquots of BR buffer of pH 2, and the solution
was incubated for 20 s for renaturation. After that, an aliquot
containing DNA polymerase I (Pol I) was added to the
solution to allow a 40-sec extension step. These procedures
were performed manually for 30 cycles. During each cycle,
fresh Pol I was added to ensure continuous replication. After
30 cycles of manual amplification using IM-PCR, we analyzed
the product using AGE and observed a specific band
corresponding to the 571-bp fragment (Figure 1b). The
bands were essentially in the same position as that obtained
from conventional thermally-driven PCR, which suggests that
we have amplified the target DNA fragment successfully. We
also note that the yields of manually performed IM-PCR are
lower than that from conventional PCR (Figure 1b), which
results from a combination of factors, including the volume
fluctuation of the reaction solution and non-optimal con-
ditions for DNA polymerase 1.
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We further tested the specificity of IM-PCR amplification
by using an enzymatic restriction assay and DNA sequencing
of the product. The target DNA fragment contains a specific
site for Hinf-I endonuclease. We incubated the amplified
fragment with Hinf-I and analyzed digestion products with
AGE. Both thermally-driven PCR and IM-PCR showed
similar results (Figure 1¢). DNA sequencing of the products
performed by Sangon Biotech (Shanghai, China) using
capillary electrophoresis further confirms specific amplifica-
tion without detectable errors in IM-PCR. Control studies
also showed that IM-PCR was initiated only in the presence
of both the template and dNTPs (Supporting Information,
Figure S2). The absence of either component did not generate
any detectable product.

The success in manual IM-PCR motivated us to explore
programmable nucleic acid amplification with electronically-
driven automated variation of the solution pH. We employed
an electronically-driven microfabricated device consisting of
a three-electrode chip with photolithographically fabricated
Ir, IrO,, and Ag/AgCl electrodes and a polydimethylsiloxane
(PDMS) chamber (around 10 x 20 mm?) (Supporting Infor-
mation, Figure S3). This microfabricated electronic chip is
a pH-stat with negative feedback.”™ Because the IrO,
reference electrode (R.E.) is pH-sensitive, the potential
between the Ag/AgCl working electrode (W.E.) and the
R.E. has a direct relationship with the pH in the response/
reaction region (R region) around the R.E. and the Ir
auxiliary electrodes (A.E.). Calibration of the device was
performed by titrating a series of BR buffers with pH 4 to 12
using the open circuit potential (OCP) method (Supporting
Information, Figure S4). As shown in Figure 2a, the potential
between W.E. and R.E. changed with the solution pH,
generating a linear relationship with a slope of 48 mVpH .
Therefore, we can precisely and automatically adjust the
solution pH by simply applying the appropriate potentials to
the W.E. The potentials of —3 mV and —243 mV corre-
sponded to pH 12 and pH 7, respectively. We also note that
the response time for the pH change is less than 2s
(Figure 2b).

Having established the electronic chip for digital pH
response, we employed it for the automated pH alternation of
an IM-PCR solution. A 100 pL aliquot of a solution contain-
ing T1, primers, dNTPs, and Mg>" was loaded into the
reaction region of the chamber. The potential was first set to
—3 mV (corresponding to pH 12) for 30 s. During this period,
a negative current of approximately 60 uA was observed,
which rapidly decayed to approximately 10~° uA within 2's
and remained in this steady state (Figure2b). Then the
potential was switched to —243 mV (corresponding to pH 7)
and held for 30s, a positive current appeared instantly,
decayed rapidly, and remained steady again (Figure 2b).
These data clearly suggested that the pH change in the IM-
PCR reaction solution in R region was rapid and could be
stabilized at the desired values. To further substantiate the
robustness of the pH alternation, we recorded the pH-
induced reversible denaturation/renaturation of the FP on the
chip. As shown in Figure 2 ¢ and the Supporting Information,
Figure S5, the potential between the R.E. and W.E. was set to
—3 (corresponding to pH 12) and —243 mV (corresponding to
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Figure 2. Performance of the electronically driven microfabricated chip.
a) OCP-based calibration of the chip using BR buffer with pH 2-12.

b) Chronoamperometric responses upon setting the potential at
—3mV (pH 12) for 30 s and —243 mV (pH 7) for 30's. c) The
fluorescence intensity changes of the FP solution in the R region over
30 cycles manipulated by alternating the operation potentials between
—3 and —243 mV with 30 s per step.

pH 7) alternatively every 30 s, which switched the fluores-
cence on and off almost instantly, over 30 cycles. This result
clearly demonstrates that pH alternation in the R region of
the chip is fast and robust, which indicates that the device was
capable of triggering pH variation in IM-PCR.

We then employed the electronic chip for automated
electronically driven IM-PCR (EDIM-PCR) amplification of
target DNA pieces by loading 100 pL of solutions containing
primers, dNTPs, and Mg*" into the chamber. The amplifica-
tion using EDIM-PCR was performed at ambient temper-
ature. Although a higher temperature would increase the
processivity of the polymerase, heating of the chip evaporates
liquid in the chamber and probably affects the electrochem-
istry. We found that DNA polymerase I (Pol I) had a higher
activity than Taq under these conditions (Supporting Infor-
mation, Figure S6). The potential was switched between
—3mV (pH 12) and —243 mV (pH 7). After 30 cycles of
EDIM-PCR with Pol I, we analyzed the product using AGE
and found the correctly amplified product. As indicated in
Figure 3, DNA products with comparable molecular weights
were obtained. The product from EDIM-PCR was further
verified by amplifying it in a thermal cycler, which generated
a product with the same band position. Capillary sequencing
of the EDIM-PCR product by Sangon Biotech (Shanghai,
China) confirmed that we had obtained the correct amplified
fragment.

Denaturation of the double helix is a key step for in vitro
replication of nucleic acids, which can be triggered by thermal
melting, pH variation, or the presence of denaturants.
Thermal melting has been predominantly used in PCR
amplification. This is a green approach essentially free of
the addition of chemicals. Since dsDNA is known to denature
in solutions of low or high pH values, owing to the disruption
of hydrogen bonds between complementary bases, pH
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Figure 3. Agarose gel electrophoresis analysis of EDIM-PCR products
of 120-bp T1. Lanes 1 to 4: EDIM-PCR solution without DNA
polymerase, template, primers or dNTPs, respectively; lane 5: EDIM-
PCR products; lane 6: conventional PCR products; lane 7: conven-
tional PCR products using the template amplified by EDIM-PCR. M:
DNA marker DL2000.

variation-induced denaturation is a promising alternative that
changes only the concentrations of protons and hydroxide
ions in solution."™ Specifically, we find that switching
between alkaline and neutral solutions can reversibly dena-
ture and renature DNA duplexes in a robust way. Similar to
thermal cycling in conventional PCR, repetitive cycling of the
solution pH forms the principle of IM-PCR for DNA
amplification. Alkaline denaturation is a mild approach for
DNA operations. For example, reversible alkaline denatura-
tion has been used in standard biological assays, including
Illumina sequencing sample preparation. Furthermore, DNA
sequencing confirmed that the correct products, without
detectable errors, were obtained using pH-induced PCR.

Since the invention of PCR, many new versions of nucleic
acid amplification have appeared. In particular, isothermal
amplification has been developed to overcome the problems
associated with temperature cycling in PCR.'! However,
these isothermal approaches typically employ novel mecha-
nisms that are different than conventional PCR, which
involve either the use of multiple enzymes or replace
exponential amplification with linear amplification.'®! The
IM-PCR described in this work relies on a single polymerase
and does not modify the exponential amplification mecha-
nism of PCR. Therefore, the replacement of temperature
cycling with pH cycling represents a novel approach for
isothermal amplification. Electrically driven pH-cycling is
performed at ambient temperature with a low potential of
several hundred millivolts. Notably, such low potentials are
much lower than the redox potential of the DNA bases, which
makes them amenable for DNA operations."” The fabrica-
tion of the microfluidic device uses conventional fabrication
processes and is fully compatible with the electronics industry.
Therefore, it is possible to develop portable and low-cost PCR
devices for high-throughput analysis by using lithography-
based multi-channel systems driven by small-sized electron-
ics.

Despite these advantages, we also note that the amplifi-
cation efficiency of EDIM-PCR is lower than that of conven-
tional PCR. The main reason is likely the lack of appropriate
polymerases that are analogous to Taq, which works optimally
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at high temperature in thermal cyclers. Both Taq and Pol I
have low activities at alkaline pH, which greatly restrict the
amplification efficiency. It is envisioned that exploration of
bacteria living in the alkaline environments or directed
evolution of polymerases might lead to the discovery of
polymerases suitable for working with IM-PCR.'! The
inefficiency of IM-PCR may also result from the low temper-
ature, alkaline-mediated damage to PCR ingredients, or the
open-chamber configuration of the EDIM-PCR device. We
anticipate that optimization and sealing of the electronic chip
will generate a novel PCR device with performance compa-
rable or superior to that of thermal cyclers, which should open
new opportunities for low-cost and portable PCR detection in
resource-limited settings.

In summary, we have developed an electrically driven ion-
mediated PCR strategy for dsDNA amplification by employ-
ing an integrated electronic microfluidic chip. We have
demonstrated that pH changes of reaction solution could
serve as the trigger for PCR amplification, which opens new
opportunities for improving PCR.
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