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A label-free method of quantifying nucleic acids in polymerase chain reaction (PCR) is described and
could be the basis for miniaturized devices that can amplify and detect target nucleic acids in real time.
The method takes advantage of ionic current rectiﬁcation effect discovered in nanoﬂuidic channels
exhibiting a broken symmetry in electrochemical potential – nanoﬂuidic diodes. Nanoﬂuidic diodes are
prototyped here on nanopipettes readily pulled from individual thin-walled glass capillaries for a proof of
concept demonstration yet the basic concept would be applicable to ionic rectiﬁers constructed through
other means. When a nanopipette modiﬁed in the tip region with cationic polyelectrolytes is presented
with an unpuriﬁed PCR product, the tip surface electrostatically interacts with the amplicons and
modulates its ionic rectiﬁcation direction in response to the intrinsic charge of those adsorbed.
Modulations are gradual and correlate well with the mass concentration of the amplicons above
2.5 ng/μL, rather than their sizes, with adequate discrimination against the background. Moreover, the tip
surface, following a measurement, is regenerated through a layer-by-layer assembly of cationic
polyelectrolytes and amplicons. The regenerated tips are capable of measuring distinct mass concentrations without signs of noticeable degradation in sensitivity. Further, the tips are shown capable of
reproducing the ampliﬁcation curve of real-time PCR through sequential steps of surface regeneration
and simple electrical readout during the intermediate reaction stages. This suggests that nanopipettes as
nanoﬂuidic diodes are at a capacity to be employed for monitoring the PCR progress.
& 2013 Elsevier B.V. All rights reserved.
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1. Introduction
Nanoﬂuidics – analysis and exploitation of unique phenomena
observed in ﬂuids conﬁned to nanoscale structures – has recently
attracted burgeoning attention and could potentially lead to
advanced devices for chemical and biomedical applications
(Eijkel and van den Berg, 2005). For instance, ﬂuidic channels,
when scaled down to nanometer regime (typically 1–100 nm),
physically conﬁne and stretch nucleic acids (Tegenfeldt et al., 2004).
Accordingly, facile integration of nanoﬂuidic components into microﬂuidics has led to practical systems for entropic sieving of nucleic
acids (Han and Craighead, 2000) and high-resolution analysis of
stretched DNA molecules (Abad et al., 2011; Kim et al., 2011).
Moreover, the unique ion transport behavior through artiﬁcial nanochannels has been well studied with a goal to better understand and
emulate the function of transmembrane ion channels of biological
origin (Cheng and Guo, 2010a; Plecis et al., 2005; Schoch et al., 2008).
With a deep insight into its underlying mechanism, the utilization of
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this behavior has led to numerous innovative nanoelectroﬂuidic
devices such as nanoﬂuidic ﬁeld effect transistors (Kalman et al.,
2008; Nam et al., 2010, 2009) and ion current diodes for biosensing
(Vlassiouk et al., 2009), molecule preconcentration (Hlushkou et al.,
2012; Zangle et al., 2010), and molecule delivery (Karnik et al., 2006;
Nguyen et al., 2010).
Nanoﬂuidic diodes refer to the nanoporous structures that
conduct ion current in one particular direction while suppressing
it in the opposite direction (Cheng and Guo, 2010b). Such rectiﬁcation effect occurs in a nanoﬂuidic channel in which the critical
dimension is comparable to the Debye length and ion concentration is governed by the wall surface charge rather than bulk
concentration (Karnik et al., 2007; Kovarik et al., 2009; Vlassiouk
et al., 2008). The electrical double layers of the walls overlap and
the counter-ions dominate the transport. The rectiﬁcation also
requires a broken symmetry across the structure which could be as
a result of asymmetric surface charge distribution (Karnik et al.,
2007), or lopsided bath concentrations (Cheng and Guo, 2007), or
simply asymmetric conical channel proﬁle (Umehara et al., 2006).
The effect is explained by the accumulation and depletion of
cations and anions at the two entrances of the nanochannel in
response to different bias polarities (Cheng and Guo, 2010b).
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A forward bias voltage applied across the nanochannel leads to
enrichment of ions and an increased ion conductance whereas a
reverse bias voltage depletes ions and results in a decreased ion
conductance. Such devices offer new prospects for the controlled
separation and sensing of diverse species in aqueous solutions
(Ali et al., 2009).
A wealth of biosensing strategies has been reported using
nanoﬂuidic channels towards a rapid and cost-effective detection
of analytes (Howorka and Siwy, 2009; Piruska et al., 2010). Many,
however, apply a resistive-pulse sensing technique, the Coultercounting principle, as elaborated in the detection of DNA labeled
with a nanoparticle translocating through a nanopipette tip
(Karhanek et al., 2005). With the recent studies geared towards
ion current rectiﬁcation and the dominant role of surface charge
through such structures (Siwy et al., 2004; Siwy, 2006), new
sensing strategies exploiting the rectiﬁcation effect begin to
emerge targeting, among various species, metal ions (Sa et al.,
2010) and proteins (Ali et al., 2010b; Umehara et al., 2009;
Vlassiouk et al., 2009). Moreover, a sequence-speciﬁc recognition
of nucleic acids has been reported based on the hybridization of a
target sequence of single-strand DNA to a complementary probe
sequence immobilized on nanoﬂuidic diodes (Ali et al., 2010a; Fu
et al., 2009). In those approaches, however, recovery of the sensor
surface for repeated measurements appears to be problematic and
requires a careful dissociation of the capture probes from the
hybridized targets, which poses a great challenge (Fan et al., 2003).
Nanoﬂuidic diodes have not yet been fully explored for the
quantitative DNA analysis. In molecular biology, routine DNA analysis
often entails polymerase chain reaction (PCR), whereby a few copies
of a speciﬁc sequence of DNA can be ampliﬁed to many copies so as
to exceed the limit of detection in the subsequent steps (e.g. capillary
or gel electrophoresis). Quantitative or real-time PCR (qPCR) measures the quantity of DNA as it gets ampliﬁed, through ﬂuorescent
intercalating dyes or sequence-speciﬁc reporter probes (Heid et al.,
1996). However, the inhibitory effects of such ﬂuorescent reagents
and difﬁculty in miniaturizing and integrating optical components
into a portable system for point-of-care diagnosis have elicited a
growing interest in detecting PCR products through non-optical
means. For instance, electronic ﬁeld-effect (Fritz et al., 2002; Hou
et al., 2006) and electrochemical (Luo and Hsing, 2009) methods
have been successfully demonstrated for PCR quantiﬁcation. Yet a
simple, robust and cost-effective label-free strategy is still a remaining challenge. This challenge could potentially be overcome by
nanoﬂuidic diodes given their simplistic conﬁguration and labelfree real-time electrical readout capability.
In this study, we describe a simple and quantitative method of
DNA detection using nanoﬂuidic diodes and, for the ﬁrst time,
demonstrate their capability to quantify PCR products from an
unpuriﬁed PCR mixture. Nanoﬂuidic diodes used herein, glass
nanopipettes, exhibit an asymmetric ion conductance owing to
their conical channel (tip) structure and negatively charged surface
(Wei et al., 1997). Prepared conveniently from a glass capillary on a
commercial bench-top puller, nanopipettes offer a cost-effective
route to nanoﬂuidic diodes without the requirement of highprecision sophisticated semiconductor fabrication process. The surface functionalization adopted here draws its principle from electrostatic interactions between the charged polyelectrolyte layers
and the device surface as previously implemented on the ﬁeldeffect DNA sensors (Fritz et al., 2002; Hou et al., 2006). Thus, the
tip region of a glass nanopipette gets deposited with a thin layer of
an oppositely charged polyelectrolyte, poly-L-lysine (PLL). The
charged polyelectrolytes have been recently explored to control
the surface potential of quartz nanopipettes and the solid-state
conical nanopores (Umehara et al., 2006). However, such nanoﬂuidic diodes functionalized with cationic polyelectrolytes have
never been applied before to detect DNA or PCR products but
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biotin–streptavidin and antibody–antigen interactions (Umehara
et al., 2009). PCR products are double-stranded DNA and their
electrostatic association to the tip surface through cationic polyelectrolytes is of particular interest for the convenience of evading
the procedures to generate single-stranded sequences which would
have been inevitable if hybridization capture probes were used.
The concept is brieﬂy described in Fig. 1. First, a thin layer of PLL is
electrostatically adsorbed onto the tip surface to overcompensate the
negative surface charge of the native glass in preparation for the
electrostatic adsorption of the intrinsically negatively charged DNA.
The positive surface charge causes anions to predominantly ﬁll the
overlapped double layers and switches permselectivity from cations
to anions, reversing the rectiﬁcation direction of the current–voltage
(I−V) relation (Fig. 1A). The rectiﬁcation direction upon electrostatic
adsorption of DNA to the PLL layer reverts back again with permselectivity in the overlapped double layer having switched back to
cations (Fig. 1B). We show that not only does the reversal of the
rectiﬁcation direction signal the presence of DNA but also determine
its concentration. This is because the reversal of the rectiﬁcation
direction occurs gradually and at a rate commensurate with DNA
mass concentration in the range relevant to PCR conditions. We also
show that nanopipettes can be reproducibly used without degradation to their sensitivity upon regenerating their surface with a PLL
coating following each measurement. By applying the method to the
ampliﬁcation of a 600-bp segment of human ABO blood group gene,
we further demonstrate that nanopipettes allow the PCR progress
monitored through simple electrical measurements.

2. Material and methods
2.1. Glass nanopipette fabrication
Glass nanopipettes were fashioned from thin-walled borosilicate glass capillaries with an outer diameter of 1.0 mm and an

Fig. 1. Biosensor principle. Electrical detection of DNA based on its intrinsic charge
modulating the ion current rectiﬁcation of a nanoﬂuidic diode. Cross-sectional
schematics describe a conical nanoﬂuidic diode proﬁle, the nanopipette tip, with
the electrical double layers (EDL) overlapped and ﬁlled predominantly with the
counterions biased under the potentials applied to the electrodes. The current–
voltage (I−V ) plots are measured to evaluate the relevant ion current rectiﬁcation.
(A) The bare nanopipette tip exposed to cationic polyelectrolyte poly-L-lysine (PLL)
adsorbs a thin layer of PLL (blue) on the negatively charged glass surface and thus
switches permselectivity to anions; negative currents become suppressed.
(B) Subsequently, the same tip exposed to DNA adsorbs a thin layer of DNA (red)
on the PLL and accordingly switches permselectivity to cations; positive currents
become suppressed. (For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the web version of this article.)
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2.3. Measurement setup
Measurements for each set of I−V curves began with a freshly
pulled glass nanopipette backﬁlled with PCR buffer, inserted with
an Ag/AgCl wire (working electrode) and mounted on a headstage
unit of a patch-clamp ampliﬁer (EPC 10 USB, HEKA). During
measurements, the tip of the nanopipette was kept in PCR buffer
at the same composition as the nanopipette ﬁll and presented
with an Ag/AgCl wire (reference electrode) connected to the
headstage ground. A sequence of voltage pulses (from −1 V to
+1 V at an increment of 50 mV and 10 ms each) was applied
through the recording Ag/AgCl electrode while the resultant
current was recorded on a computer using the software Patchmaster (HEKA). Measurements were taken inside a faraday cage to
shield against any electromagnetic interference.
2.4. DNA quantiﬁcation experiments

Fig. 2. (A) Scanning electron micrograph of a representative glass nanopipette
prepared with the optimized settings here, revealing the inner diameter of a typical
tip opening ∼80 nm. (B) Schematic representation of the measurement setup. Both
the nanopipette and the bath chamber are ﬁlled with the PCR buffer. The
nanopipette is mounted on the headstage unit of a commercial patch-clamp
ampliﬁer for the electrical readout. (C) Representative I−V curve of bare glass
nanopipette with the nonlinear characteristic of signiﬁcantly suppressed positive
currents and relatively large negative currents.

inner diameter of 0.75 mm (TW100F-3; World Precision Instrument, Inc.) using a Brown–Flaming micropipette puller (P-97;
Sutter Instrument Co.). To obtain nanopipettes with a tip opening
below 100 nm, the puller was set to the optimized parameters
(Pull ¼300, Heat ¼315, Pull¼150, Velocity ¼100, Time¼ 200).

2.2. Polymerase chain reaction
A 600-base-pair (bp) DNA fragment at the O allele of human
ABO blood group gene was PCR ampliﬁed using a 23-bp forward
primer, 5′-TCCCACAGGTCCAATGTTGAGGG-3′, and a 21-bp reverse
primer, 5′-CCATCCCTGGGTGAGACGCAG-3′. The PCR buffer consisted of 10 mM Tris–HCl (pH 8.5), 20 mM KCl, 1.5 mM MgCl2 and
1.5 mM (NH4)2SO4. The reaction mixture included 1  PCR buffer,
30 ng/mL DNA template, 0.2 μM each of forward and reverse
primers, 0.2 mM each of dNTPs and 0.05 U/μL Taq polymerase
(Qiagen) and went through temperature cycles in GeneAmp PCR
System 9700 (Applied Biosystems). Quantitative PCR was performed with Quantitect SYBR Green PCR Kit (Qiagen) at identical
template and primers concentration on ABI7300 real-time PCR
system (Applied Biosystems). Both the end-point and quantitative
PCR implemented a temperature sequence with a 3-min hold at
94 1C, followed by 5–35 cycles of 30 s at 94 1C, 30 s at 50 1C, and
60 s at 72 1C. The reaction mixtures were subsequently kept at
4 1C for measurements or processed with a PCR puriﬁcation kit
(Qiagen) to isolate DNA amplicons.

DNA ladder (Qiagen) was diluted in PCR buffer at various
concentrations from 1 to 80 ng/μL. Surface regeneration of the
nanopipette tips was realized by placing the tips ﬁrst in an
aqueous solution of 0.5 mg/mL poly-L-lysine (PLL) hydro-bromide
(MW 30,000–70,000; Sigma) for 2 min and then in PCR buffer for
2–5 min to remove unbound species. The tips were also pressurized from a syringe to induce streams for an effective wash in PCR
buffer. Reference I−V curves were then collected from the regenerated tips. For the subsequent measurements of analytes, the tips
modiﬁed with PLL were immersed in a solution of target analyte
for 5 min, a duration which is sufﬁcient for electrostatic interactions, and then a wash step in PCR buffer for 5 min before
measuring the steady-state I−V curves. Extending the incubation
period with the analyte (e.g. 10 min) did not result in a noticeable
change in the curves whereas the curves obtained with a shorter
incubation time (e.g. 2 min) exhibited reduced repeatability and
less deviation from the reference curves. The wash step in PCR
buffer was necessary to remove the primers as well as dNTPs,
which contribute four negative charges per molecule, and to
reduce their background interference in the measurements.

3. Results and discussion
Fig. 2A depicts a scanning electron micrograph of a representative nanopipette prepared with the optimized settings here and
reveals the inner diameter of a typical tip opening as ∼80 nm. Such
tip size is sufﬁciently small and could lead to a preferential ﬂow of
ions under the bias voltages of an opposite polarity and the ionic
strengths below 100 mM (Umehara et al., 2009). Accordingly, the
bare glass nanopipettes ﬁlled with the stated ionic composition of
the PCR buffer and with their tips immersed in the same
composition (Fig. 2B) exhibit a reasonable rectiﬁcation response
(Fig. 2C). The nonlinear I−V curve displays a characteristic pattern
of signiﬁcantly suppressed positive currents and relatively large
negative currents that signify the cations freely moving into the
nanopipettes towards the negatively charged electrode. Note that
the speciﬁc direction of the rectiﬁcation depends on the surface
charge and at the stated pH of the PCR buffer the glass surface of
nanopipettes contains silanol groups that are negatively ionized.
To quantify the extent of the rectiﬁcation, we deﬁne the ratio
R ¼ log2 ðI þ1 V =I −1 V Þ, where I þ1 V and I −1 V each respectively refers
to the positive and negative current level at a ﬁxed bias voltage of
+1 V and −1 V. This deﬁnition aligns with the deﬁnition of
rectiﬁcation previously given for the nanopipette diodes
(Umehara et al., 2006). Through a logarithmic function, the
reversal of the rectiﬁcation direction is mapped to the reversal of
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Fig. 3. Reversal of the direction of ion current rectiﬁcation caused by the surface charge polarity switch with the layer-by-layer assembly of PLL and DNA near the
nanopipette tip. (A) and (B) Representative I−V curves of a fresh glass nanopipette tip measured upon (A) a brief exposure to PLL solution and (B) a subsequent exposure to
40 ng/μL DNA ladder. (C) A cyclic pattern of repeatable R values obtained from the same sensor tip subjected to the consecutive cycles of alternating PLL and DNA.

the rectiﬁcation polarity. The bare glass nanopipettes, based on the
measured I−V curves, project a ratio of −0.977 0.17 (n ¼ 20).
The nanopipette tip here behaves like a ﬁeld-effect biosensor;
the current rectiﬁcation, both the degree and the polarity, is a
function of the surface charge density and thus inﬂuenced by the
presence of highly charged biomolecules attached to the surface.
To induce electrostatic attraction between the tip and DNA, both
being negatively charged, the tip is ﬁrst deposited with a cationic
polyelectrolyte (PLL) to impart a net positive charge. The reversal
of the surface charge polarity leads to the reversal of the
rectiﬁcation direction, i.e. R 4 0 (3.09 70.24 for n ¼ 20). This is
shown in a representative I−V curve obtained with a PLL-modiﬁed
tip in Fig. 3A. Exposing the same tip to DNA (40 ng/μL ladder dsDNA) causes the I−V characteristic to recover its original form as
with the bare tip, i.e. R o 0, (Fig. 3B). This implies that not only
does the attached layer of DNA effectively shield the PLL layer
underneath but also leaves a net surface charge density that is
negative and thus allows for a fresh layer of PLL to be subsequently
deposited. This is important because the same sensor tip can be
repeatedly applied across unknown concentrations without the
measurements being susceptible to intrinsic variations across
separate sensor tips. Moreover, with the same sensor tip having
exposed to the consecutive rounds of alternating PLL and DNA, a
cyclic pattern of repeatable R values emerges (only ﬁve rounds
shown in Fig. 3C). This suggests that the diode responds to the net
surface charge but not to the overall thickness of the multilayers;
the latter is known to increase with the alternating deposition of
oppositely charged polyelectrolytes (Decher, 1997). Similar behavior is also noted for ﬁeld-effect sensors in response to the layerby-layer assembly of polyelectrolytes on their negatively charged
surfaces (Hou et al., 2006). Unlike the ﬁeld-effect sensors, however, the tip surface here is not the active site to which the top
overcompensated surface charge layer must exert its inﬂuence on
by effectively propagating through the increased multilayer thickness. A clear beneﬁt of our conﬁguration is that the active site, the
tip lumen, always remains exposed to the newly adsorbed layer of
DNA on the PLL-regenerated surface. Meanwhile, the nondegrading nature of R values here with the number of layers,
although it alludes to the surface charge overcompensation
observed with the similar constructs on planar surfaces (Zhang
et al., 2005), is somewhat in contrast with the recent account of
conical nanopores (Ali et al., 2010c). In conical nanopores, the

surface charge of the polyelectrolyte assemblies reportedly shows
a dramatic decrease with the increased layers. This is attributed to
the nanoconﬁnement-induced structural reorganization of polyelectrolyte layers on conical nanopores and the lack of which here
is probably due to the relatively large size of the tip openings
(∼80 nm).
To evaluate whether the rectiﬁcation level correlates with the
DNA mass concentration, we obtained I−V plots from ﬁve individual
nanopipettes prepared under the same conditions. The tips with PLL
were exposed to the DNA ladder (50–500 bp) at various dilutions
covering the range representative of PCR yield (1–80 ng/μL). The
dilutions were applied to the tips consecutively and in no speciﬁc
order, each following a surface regeneration cycle using PLL. Fig. 4A
shares the I−V plots obtained from a single nanopippette. As can be
seen, with the increased DNA mass concentration, the rectiﬁcation
gradually reverses its direction from negative to positive current. To
better visualize the trend, a dose–response curve was derived
based on the absolute shift in rectiﬁcation, deﬁned here as
ΔR ¼ j RPLL − RDNA j, where the ratios RPLL and RDNA correspond to
those before and after a nanopipette tip being exposed to a speciﬁc
mass concentration of DNA, respectively. The shift appears dramatic
from 5 to 40 ng/μL for all the nanopipettes suggesting that they could
be applied to quantitate a typical PCR yield (Fig. 4B). Nevertheless,
also present in a PCR mixture, along with nucleic acids (amplicons,
primers, and templates), are dNTPs and Taq polymerase. It is equally
important that nanopipette diode be able to stay indifferent to those
interfering components while responding to the nucleic acids alone.
To assess the level of interference that may arise from such
components, we individually tested them on nanopipettes (n ¼ 5)
at concentrations relevant to PCR and similarly obtained absolute
shifts in their corresponding R values (Fig. 5). While the shift caused
by Taq polymerase appears faint ΔR  0:15 (not displayed), those by
primers and dNTPs are slightly higher, ΔR  0:72 and ΔR  0:75,
respectively. However, a far more dramatic change, ΔR  4:4, is
registered with the puriﬁed product inclusive of amplicons and
templates at the conclusion of a 35-cycle PCR. These results suggest
that the amplicons have a greater electrostatic association to the PLL
layer and as such should dominate the diode response at PCR
saturation.
Nanopipette diode is sensitive to the mass concentration of
DNA rather than to its size. The rectiﬁcation shift in response to
the forward (23-bp) and reverse (21-bp) primers, 0.2 μM each, at a
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Fig. 4. Biosensor calibration for the quantitative DNA analysis. (A) A set of I−V
curves all obtained from a single nanopipette upon the tip exposed to the DNA
ladder (50–500 bp) at a speciﬁc mass concentration from 1 to 80 ng/μL (the legend).
The dilutions were applied to the tip sequentially in no speciﬁc order and with each
subsequent to a PLL cycle of tip surface regeneration. (B) Dose–response relation
derived from the measured I−V curves based on the absolute value of the shift in
rectiﬁcation ratio speciﬁc to the mass concentration of DNA. The symbols and error
bars refer to the mean and 7 1 standard deviation of the values from separate
nanopipettes (n ¼ 5).

shows up in the plot of rectiﬁcation shift as a function of the
number of cycles, which is directly overlaid on the ampliﬁcation
curve from real-time PCR with an intercalating dye (Fig. 6B). Both
the electrical and optical readouts show a reasonably good agreement over the linear and plateau phases. A marked increase starts
to occur around cycle 10 and reaches saturation by cycle 25.
Slightly larger nanopipette readouts in the exponential phase
could be attributed to the background interference from dNTPs
and primers. The interference caused by these molecules within
the reaction mixture prior to thermal cycling (ΔR at cycle 0) is
comparable to the typical response observed for the DNA ladder
(50–500 bp) at 1 ng/μL (Fig. 4). Mostly, electrical readouts are
representative of the accumulated products, suggesting that
nanopipettes or nanoﬂuidic diodes with their surfaces regenerated
through layer-by-layer assembly of cationic polyelectrolytes are
capable of tracking the progress of PCR.
Real-time PCR is powerful as it provides a quantitative analysis
for a speciﬁc sequence of DNA when present at even fewer than
ﬁve copies (Klein, 2002). For a quantitative analysis, the exponential phase of the ampliﬁcation curve is crucial wherein lies the
threshold cycle, the number of cycles at which the signal intensity
exceeds the background ﬂuorescence, and needs to be carefully
determined for the sample and the standards. To use nanopipettes
for such analysis, a few improvements are in order. First, the
background interference from the non-target species, although it
could be subtracted out, has to be minimized for accurate evaluation of the threshold cycle. This would call for a more effective tip
wash upon sample exposure. Due to the delicate tip structure,
glass nanopipettes cannot withstand a stringent wash step, however. To better support the tip during an effective wash, nanopipettes could be centered in larger capillaries (Chu et al., 2007).
Second, the signal strength from amplicons has to be further

Fig. 5. Biosensor response to the individual components of a PCR mixture: dNTPs
(0.2 mM each), forward and reverse primers (0.2 μM each) and a puriﬁed 35-cycle
PCR product. Each response is expressed in terms of the absolute value of the shift
in rectiﬁcation ratio. The symbols and error bars refer to the mean and 7 1
standard deviation of the values from separate nanopipettes (n ¼ 5).

mass concentration of ∼2.5 ng/μL agrees well with that of DNA
ladder (50–500 bp) at the same mass concentration. Similarly, the
response to the puriﬁed product of 35-cylce PCR (600 bp) at a
mass concentration of 45 ng/μL concurs with that to DNA ladder at
a concentration of 40 ng/μL. Encouraged by these ﬁndings, we
utilized the PLL-functionalized nanopipette diodes to measure the
products of PCR in which a 600-bp segment of human ABO blood
group gene was ampliﬁed for various cycles. Fig. 6A shows a set of
I−V plots obtained from a representative nanopipette revealing a
trend comparable to that observed with the measurements of
DNA-ladder at various mass concentrations. Likewise, the rectiﬁcation, with the increased number of PCR cycles, slowly reverses
its direction from negative to positive current. This trend also

Fig. 6. Biosensor calibration for the quantitative PCR analysis. (A) A set of I−V
curves all obtained from a single representative nanopipette upon the tip exposed
to an unpuriﬁed PCR mixture terminated at a particular cycle (the legend).
The mixtures were presented to the tip sequentially in no speciﬁc order and with
each subsequent to a PLL cycle of tip surface regeneration. (B) Ampliﬁcation plot
derived from the measured I−V curves based on the absolute value of the shift in
rectiﬁcation ratio speciﬁc to the termination cycle of the PCR mixture. The symbols
and error bars refer to the mean and 7 1 standard deviation of the measurements
from separate nanopipettes (n ¼ 5). The dashed line (red) is the ampliﬁcation plot
and obtained from qPCR with the intercalating dye Sybr Green I. (For interpretation
of the references to color in this ﬁgure legend, the reader is referred to the web
version of this article.)
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increased. The tip opening size has a direct impact on the ionic
rectiﬁcation and thus the signal strength. A smaller opening would
lead to an enhanced ﬁeld-effect from the adsorbed products.
However, a lower limit on the practical tip size (∼20 nm) would
be expected considering that the nanoconﬁnement-induced structural reorganization of polyelectrolyte assemblies on the conical
nanopores leads to surface charge degradation with the increased
layers (Ali et al., 2010c). Nanopipettes with a smaller tip (below
80 nm) could be prepared from quartz capillaries using a laserbased puller. Alternatively, one could refer to the lithographically
made nanoﬂuidic diodes for a more controllable structure
(Hlushkou et al., 2012). Such diodes are also more robust, amenable to microﬂuidic integration, and hence could beneﬁt from a
more effective sample delivery and wash through microﬂuidics.
It should be noted that the method presented here, as in the
approach based on intercalating dyes, lacks the additional speciﬁcity offered by hybridization reporter probes. Hence, the diode
will indiscriminately detect ampliﬁed products or products abundant in the starting sample. This requires extra caution when
preparing samples to avoid false positives. We believe that the
method, once reﬁned, could be viable alternative to real-time PCR
based on intercalating dyes and further integrated into downstream of a sample preparation module. The instrumentation,
unlike the requirement of properly aligned bulky readout optics,
may leverage a simple compact circuitry for I−V measurements
although a commercial patch clamp ampliﬁer has been used here
out of convenience. Further experiments targeting puriﬁed samples are needed to show the robustness of the method for a pointof-care setting.
4. Conclusions
Label-free real-time monitoring of the PCR progress through
direct electrical readouts at sequential intervals is highly appealing
from a standpoint of performing nucleic acid tests on integrated
miniaturized devices at a point-of-care setting. Although the
concept has been demonstrated here on simple glass nanopipettes, one could expect a comparable or better outcome with ionic
rectiﬁers fabricated through lithography-based techniques for
further scaling and integration. Equally intriguing is the notion
of realizing ﬁeld-effect sensing in a ﬂuidic channel by modulating
ionic convection rather than electronic conduction through a
semiconductor device. The former is particularly favorable for
the conﬁguration of surface functionalization here through layerby-layer assembly of polyelectrolytes. A new layer of nucleic acids
electrostatically associated on the surface directly faces the channel and as such the inﬂuence of their intrinsic charge is more
readily felt within the channel than would be experienced by a
semiconductor device buried under a multitude of polyelectrolyte
layers. Further, a simple ﬂuidic-based solution to the ﬁeld-effect
sensing of amplicons suits upstream microﬂuidic processes for the
extraction and ampliﬁcation of nucleic acids. Future work is
focused on scaling the concept to an integrated microsystem for
real-time electrical PCR.
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