Letter
pubs.acs.org/NanoLett

Label-Free Speciﬁc Detection of Femtomolar Cardiac Troponin Using
an Integrated Nanoslit Array Fluidic Diode
Yifan Liu and Levent Yobas*
Department of Electronic and Computer Engineering, The Hong Kong University of Science and Technology, Clear Water Bay,
Kowloon, Hong Kong S. A. R
S Supporting Information
*

ABSTRACT: We demonstrate here for the ﬁrst time the
utility of an integrated nanoﬂuidic diode for detecting and
quantifying physiologically relevant macromolecules. Troponin
T, a key human cardiac protein biomarker, was selectively and
rapidly detected free of labels for concentrations down to 10
fg/mL (∼0.3 fM) in buﬀer as well as 10 pg/mL (∼300 fM) in
untreated human serum. This ultrasensitive detection arises
from monolithic integration of a unique nanoﬂuidic diode
structure that is highly robust and amenable to site-speciﬁc surface modiﬁcation. The structure features a planar nanoslit array
where each nanoslit is deﬁned at a nominal width of 70 nm over a micrometer-scale silicon trench without the use of highresolution patterning techniques. Through vapor deposition, a glass layer is placed at a nonuniform thickness, tapering the trench
proﬁle upward and contributing to the triangular nanoslit structure. This asymmetric proﬁle is essential for ionic current
rectiﬁcation noted here at various pH values, ionic strengths, and captured target species, which modulate the surface-charge
density within the sensitive region of the nanoslit. The nanoslit, unlike nanopores, oﬀers only 1D conﬁnement, which appears to
be adequate for reasonable rectiﬁcation. The measurements are found in quantitative agreement with the diode simulations for
the ﬁrst time based on a pH- and salt-dependent surface-charge model.
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I

numerous innovative devices such as nanoﬂuidic diodes17,18
and transistors.19,20 Nanoﬂuidic diodes refer to the nanoporous
structures that allow ion ﬂux in one direction while suppressing
it in the reverse direction. This eﬀect occurs in a nanochannel
in which the critical dimension is comparable to the Debye
length and the symmetry across the structure is broken as a
result of an nonuniform channel proﬁle,21 an uneven surface
charge,22 or a lopsided buﬀer concentration.23 The phenomenon is explained by the asymmetric electrostatic impact of the
charged surface on the ﬂuid conﬁned within the nanochannel,
which results in the accumulation and depletion of ions in
response to oppositely biased polarities.17 These active
nanoﬂuidic devices share certain key features with semiconducting nanosensors in that both function based on the
ﬁeld-eﬀect principle and exhibit extremely large surface-tovolume ratios; both of these features are essential for
ultrasensitive and rapid electrical biosensing.
Considerable eﬀort has been devoted to the development of
ionic-current diodes that can rapidly and sensitively detect
biomolecules. Notable examples include the real-time detection
of cancer-biomarker proteins by using antibody-functionalized
nanopipettes24 and the recognition of streptavidin through
biotin-activated nanoporous membranes.25 In these studies,

n recent years, increasing attention has been devoted to new
methods of detecting and quantifying biomolecules because
of their paramount importance to modern clinical and
biological ﬁelds. Biomarker detection, for instance, is widely
used for rapid diagnosis and prognosis of critical medical
diseases and conditions such as cancer and myocardial
infarction. The broad acceptability of biosensing techniques
depends mostly on how well they perform the daunting task of
rapidly identifying extremely rare analytes in complex biological
samples. This demand, however, is barely met by conventional
biosensing techniques such as enzyme-linked immunosorbent
assay (ELISA),1 microcantilevers,2 and surface plasmon
resonance (SPR).3 Recent advances in nanometer-scaled ﬁeldeﬀect biosensors such as nanowires,4−7 nanotubes,8−11 and
nanobelts12 have set a new record in terms of detection limits,
speed, and portability. These revolutionary biosensors exhibit
extremely high sensitivity for biomolecules like DNA13 and
proteins14 and also show a capacity to detect the presence of
single macromolecular complexes like viruses.5 Nevertheless,
certain practical issues must be addressed before these
nanobiosensors can become ubiquitous, particularly issues
related to their robustness, manufacturability, and cost
eﬀectiveness.15
The past decade has witnessed the burgeoning of nanoﬂuidics and its extensive use in chemical and biomedical
applications.16 The unique ion-transport behavior that is
exhibited in nanochannels has led to the development of
© 2014 American Chemical Society

Received: August 24, 2014
Revised: October 29, 2014
Published: November 4, 2014
6983

dx.doi.org/10.1021/nl5032524 | Nano Lett. 2014, 14, 6983−6990

Nano Letters

Letter

however, the detection limit barely went below the picomolar
level.24−28 This was mostly because of the loss of precious
targets through speciﬁc or nonspeciﬁc surface adsorption that
occurs outside the active regions; applying surface passivation
or functionalization selectively to these irregular, and often
delicate structures is technically challenging.24 Thus, monolithic
integration of such current-rectifying structures can greatly
enhance their robustness and functionality and make them
highly susceptible to selective surface modiﬁcation. Integrated
nanoﬂuidic diodes have been demonstrated by the pioneering
studies of several research groups. Karnik et al. demonstrated
ionic transport rectiﬁcation in a chip-based bipolar nanoﬂuidic
diode,29 and Perry et al. fabricated in-plane asymmetric
nanofunnels and studied their ionic current rectiﬁcation.30
However, these integrated nanoﬂuidic diodes have yet to be
explored for selective and quantitative detection of a speciﬁc
biomolecule of interest. Moreover, the fabrication of these
devices relies on advanced lithography30 or specialized
patterning techniques (e.g., diﬀusion-limited patterning),29
which might limit their throughput, cost-eﬀectiveness, and
potential for widespread use.
In this Letter, we introduce a novel monolithically integrated
nanoﬂuidic diode and demonstrate for the very ﬁrst time the
use of a monolithically integrated nanoﬂuidic diode for sensitive
and label-free detection of physiologically relevant macromolecules. As schematically illustrated in Figure 1a, the device
features a planar glass nanoslit array that displays a unique
tapered proﬁle. This asymmetric nanostructure is formed when
a glass layer is nonconformally deposited in high aspect-ratio
micrometer-scale trenches in silicon31 and therefore its
fabrication does not need high-resolution advanced lithography.
The device rectiﬁes ionic currents in response to the surface
charge surrounding the asymmetric nanoslits, which, unlike
nanopores26 or nanopipettes,21 feature 1D rather than 2D
conﬁnement. To the best of our knowledge, no such ionic
current-rectifying structure has been reported to date.
To characterize the device presented herein, we investigated
its ionic current-rectifying behavior under various buﬀer
conditions (pH and ionic strength) and performed numerical
simulations in order to shed light on the underlying physical
process. The simulation results strongly agreed with the
experimental data, further conﬁrming that 1D nanoconﬁnement
supports ionic current rectiﬁcation. We then demonstrated that
our device is capable of detecting a clinically relevant protein
biomarker, human cardiac troponin T (cTnT). The serum
cTnT level, together with that of human cardiac troponin I, is
regarded as the most eﬀective marker for acute myocardial
infarction.32,33 Following heart trauma, these molecules are
released from damaged cardiac muscles into the bloodstream.
We selectively functionalized the nanoslit surface with
antibodies speciﬁc to cTnT through a passivation layer
patterned to mask the remaining planar regions (Figure 1a).
The biosensing concept is illustrated at the level of a single
nanoslit in Figure 1b. At this stage, an almost linear current−
voltage (I−V) response is obtained because of the neutral
antibody layer. However, once the negatively charged cTnT
molecules are captured, they modulate the surface charge and
thus enrich cations within the slit, which consequently leads to
the current rectiﬁcation. The process can be readily detected by
directly monitoring the I−V response. Using this strategy, we
were able to detect 10 fg/mL (∼0.3 fM) cTnT in buﬀer and 10
pg/mL (∼300 fM) cTnT in human serum with acceptable
selectivity and detection speed. The performance of our device

Figure 1. Schematic illustrations of (a) the nanoslit array structure and
(b) its biosensing principle. (a) A 3D rendering of the array from
above showing selectively functionalized nanoslit regions within a welldeﬁned passivation pattern. Inset: a cutout view revealing the nanoslit
array cross-sectional proﬁle. (b) Electrical detection of a target protein
based on its intrinsic charge and the consequent modulation of the
ionic current rectiﬁcation through the nanoslit array illustrated at the
level of a single nanoslit. Cross-sectional schematics of an antibodyfunctionalized triangular nanoslit occupied by cations and anions and
exhibiting a linear current−voltage (I−V) plot because of the neutral
antibody layer. Following the adsorption of negatively charged targets,
cations predominantly occupy the nanoslit and the positive currents
are suppressed.

is comparable to that of state-of-the-art nanoscaled ﬁeld-eﬀect
sensors, and the device is highly cost-eﬀective and robust, which
could possibly pave the way for its use in the development of
ultrasensitive, robust, and low-cost diagnostic systems.
The overall integrated device is described in Figure 2a. The
device features a nanoslit array at the junction of multilayer
crossed-channel architecture; each channel is situated at a
distinct layer and the channels are coupled to one another
exclusively through the nanoslit array. The 50 μm wide
“sample” channel that is situated on top of the nanoslit array
was lithographically molded in a cover plate of polydimethylsiloxane (PDMS), whereas the “recording” channel facing the
nanoslit array bottom was micromachined into silicon and
monolithically integrated with the nanoslit array through a
single photomasking process (Supporting Information, Figure
S1). Figure 2b shows an optical micrograph of the nanoslit
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Figure 2. (a) A 3D rendering of the overall integrated biosensor and measurement setup. The dashed circle highlights the nanoslit array at the crossjunction of the sample (green arrows) and recording (red arrows) microﬂuidic channels, each situated at a distinct layer. (b) Optical micrograph of
the nanoslit array captured with the respective channels ﬁlled with distinct dye solutions for visualization. (c−e) Scanning electron micrographs
depict (c) an oblique view and (d) a cross-sectional (AA′-cut) view of the nanoslit array. The dashed rectangle in (d) highlights a single nanoslit,
which is further detailed in (e). Scale bars: (b) 50, (c) 50, (d) 10, and (e) 1 μm (inset: 100 nm).

Figure 3. (a,b) Electrical (I−V) characteristics of a representative device measured at distinct (a) pH values (background buﬀer 10 mM KCl) and
(b) ionic strengths (at pH 7.4). Insets: the bar charts indicate the rectiﬁcation ratio (R) of the respective curves (n = 5). (c) Three 2D simulation
plots showing the potential distribution surrounding the nanoslit at various ionic strengths (at pH 7.4) stated above along with the respective
screening (Debye) length (λD). (d) I−V curves of two representative nanoslit array devices measured using 0.01× phosphate-buﬀered saline (PBS,
pH 7.4) and the respective curves obtained from simulations performed by treating the surface-charge density either as a constant at a typical value of
σ = 60 mC/m2 or as a pH- and salt-dependent variable at σ = 14.6 mC/m2 evaluated by taking into consideration the inﬂuence of the buﬀer pH and
ionic strength on the glass surface.

array featuring the sample and recording channels ﬁlled with
dye solutions for illustration purposes. A scanning electron
micrograph reveals the nanoslit array structure and the
recording channel underneath in Figure 2c. The array contains
a parallel arrangement of 5 nanoslits that are 200 μm long and
are coupled to the channel underneath through buried accesses

that are conveniently formed using a characteristic etch proﬁle,
which is further exposed in Figure 2d. Each slit tapers upward at
an angle of ∼22° and to a surface gap that is ∼70 nm wide
(Figure 2e, inset). This unique nanostructure was self-formed
because of the use of a nonconformal deposition proﬁle of a
glass layer that caused 3 μm wide trench openings to pinch oﬀ,
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background electrolyte as well as those from the surface were
considered, including H+ ions that potentially accumulate near
the slit walls and drive the local pH away from that in bulk
solution.41 Previously, this model has been shown to describe
ionic conductance through a single silica nanopore39 and a
submicrometer glass capillary array,42 which cannot be
explained by simply assuming a ﬁxed surface charge. However,
when evaluating the ionic currents through the nanoslits, we
only considered the ﬂuxes of salt ions (Na+ and Cl−) simply
because the ﬂuxes of H+ and OH− ions simulated under the
stated conditions were found negligible.
Figure 3c plots the simulated potential distribution in the
nanoslit for the 3 ionic strengths tested. The cold colors at the
slit walls indicate negatively charged surfaces at the stated pH
7.4. In 1× phosphate-buﬀered saline (PBS), the potential
decays sharply away from the surface, suggesting the presence
of an extremely thin EDL that is negligible in comparison to the
nanoslit scale. When the ionic strength is lowered to 0.1× PBS,
the EDL is extended, and it is further extended in 0.01× PBS
such that it occupies a greater portion of the nanoslit space.
The dominance of the EDL in the asymmetric nanoslit is
responsible for the ionic current rectiﬁcation; thus, among the
three ionic strengths here, the one that has a thicker EDL
would exhibit a greater degree of rectiﬁcation (Figure 3b). The
ionic currents were simulated using both the pH- and saltdependent surface-charge model and a constant surface charge,
and the simulation results were compared with the
experimental data measured using two representative devices
under the same electrolyte condition (0.01× PBS). The
experimental results deviated noticeably from the simulated
currents when a constant surface charge was used, whereas the
simulated values obtained using a pH- and salt-dependent
surface charge agreed very closely with the measurements in
terms of both the degree and the polarity of rectiﬁcations
(Figure 3d). These results empirically and theoretically verify
that the 1D conﬁnement of the nanoslit array diodes can
support ionic current rectiﬁcation at acceptable levels.
The fabricated devices were functionalized with anti-cTnT
antibodies to selectively target cTnT molecules. As schematically depicted in Figure 4a, the anti-cTnT antibodies were
covalently immobilized on the glass surfaces by using silane
chemistry.43 The detailed protocol is presented in Supporting
Information. We visualized the functionalization by using
FITC-labeled anti-cTnT antibodies. The ﬂuorescence micrograph in Figure 4a clearly shows that the antibodies were
selectively anchored around the nanoslits. The progress of the
protocol was also monitored based on the I−V characteristics
of the devices measured after each step. The recordings were all
performed using the same electrolyte, 0.01× PBS (pH 7.4). As
shown in Figure 4b, the bare glass surface (pI ∼ 2) exhibited a
satisfactory rectiﬁcation level (R < 0), whereas the subsequent
binding of 3-aminopropyltriethoxysilane (APTES) reversed the
rectiﬁcation polarity (R > 0) because of the positively charged
amine groups. This implies that not only does the APTES layer
shield the intrinsic negative charge of the underlying glass
surface, but also leaves a net surface charge that is positive. The
linker molecule glutaraldehyde does not carry any charged
groups, as a result of which the rectiﬁcation is nearly lost after
the molecules are anchored. The rectiﬁcation slightly recurs (R
< 0) upon anti-cTnT binding, which is consistent with a weak
negative charge being present on anti-cTnT (pI ∼ 7) under the
stated buﬀer condition.44 After functionalization, the ionic
current-rectifying behavior of the nanoslit sensor was also

thus trapping voids exhibiting a triangular upper segment
within these trenches (Supporting Information, Figure S2). The
glass layer was then carefully polished in order to ﬂatten the top
surface while exposing the nanoscale slits, which made it
possible to readily and selectively passivate the surface of the
integrated device; a silicon nitride passivation layer was
deposited and then removed precisely from around the
nanoslits by using the same photomasking and subsequent
dry-etching steps.
Because the device features a unique rectifying structure, the
asymmetric glass nanoslit, its ionic-rectiﬁcation behavior was
evaluated. Figure 3a shows a representative device’s I−V curves
that were recorded under symmetric electrolyte conditions at
three distinct pH values. The measurement setup is described
in Figure 2a and further detailed in Supporting Information.
The native glass surface has an isoelectric point (pI) of ∼2.
Thus, in alkaline (pH 11) and neutral (pH 7) buﬀers in which
the glass surface has an excess negative charge the device
exhibits a reasonable rectiﬁcation, whereas it shows almost no
rectiﬁcation under an acidic condition (pH 2.5) in which the
surface charge is strongly quenched. To quantify the extent of
ionic current rectiﬁcation, we deﬁned the logarithmic ratio R =
log2(I+1v/I−1v), where I+1v and I−1v represent the positive and
negative current levels at a ﬁxed bias voltage of +1 and −1 V,
respectively. This deﬁnition aligns with the ratio of rectiﬁcation
previously expressed for nanoﬂuidic diodes.21,34 The R values
calculated for the devices were −0.30, −1.02, and −2.04 at pH
2.5, 7, and 11, respectively (Figure 3a, inset).
We determined that the rectiﬁcation behavior also depended
on the buﬀer ionic strength (Figure 3b). The plot of the R
values in the inset clearly shows that rectiﬁcation levels
increased when buﬀer concentrations were lowered. The
dependence of rectiﬁcation on ionic strength, as discussed
previously,17 is related to the dominance of the electrical double
layer (EDL) within the conﬁned nanochannel/nanopore space.
To visualize the EDL, we performed numerical simulations in
order to obtain the electric potential distribution surrounding
the nanoslit. The simulations were based on a system of
Poisson−Nernst−Planck (PNP) equations solved under
steady-state conditions as proven eﬀective in quantitatively
describing ionic current rectiﬁcation in conical nanopores.35
This continuum-based model in its present form, however, has
a limited validity in those cases where time-varying processes
prevail as in, for instance, ions interacting with the permanent
surface charge of the pore or slit walls in a time-dependent
manner.36 These processes, although they were neglected here
because of the large slit size and simple electrolyte composition
(predominantly NaCl), could be of signiﬁcance for small pores
and electrolytes containing chemically reactive species; the
condition of stationary ﬂuxes through such pores or slits no
longer holds.37,38
Unlike previous reports assuming a constant surface charge
density on the pore walls,35 we considered here a variable
surface charge density taking into account the fact that the
charge on a silica-based surface in aqueous phase is not
constant but rather depends on the bulk ionic strength and pH.
This arises from the chemical reactivity of the slit surface, which
involves the dissociation of silanol groups (SiOH ⇆ SiO− +
H+); the equilibrium is mainly driven by the local concentration
of H+ ions and local electrostatic potential.39 We therefore
calculated the surface charge by using a surface-reactivity model
after Behrens and Grier (Supporting Information, Figure S3,
Table S1).40 In the model, the ions dissociated from the
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concentrations in 0.01× PBS, and each dilution was individually
assayed using an anti-cTnT-functionalized device. Figure 5d
presents the real-time response curves of the sensors measured
following the injection of cTnT; the cTnT concentrations
varied from 10 fg/mL to 1 ng/mL. The baseline rectiﬁcation
ratio was subtracted to obtain the absolute change ΔR = RD −
R0, where RD and R0 represent the ratio R detected during the
experiment and the ratio R recorded immediately after the
functionalization, respectively. The results show that when
cTnT concentrations were increased, the rectiﬁcation was
gradually lifted to greater negative levels and persisted after the
rinse. To improve the visualization of this trend, we derived a
calibration curve, which is plotted in Figure 5e. A limit of
detection of 10 fg/mL (∼0.3 fM) was routinely achieved at a
signal-to-noise ratio that was >3. The calibration curve was
linear over 2 orders of magnitude, from 1 to 100 pg/mL, before
reaching saturation at 1 ng/mL. These results demonstrate that
the nanoslit array sensor can be successfully used for label-free,
real-time detection of cTnT down to the femtomole level and
over a reasonably large dynamic range. From the ﬁtting of the
simulated rectiﬁcation curves to those experimentally obtained,
the surface charge density of the nanoslit array after having
been exposed to the stated cTnT concentration range (10 fg/
mL to 1 ng/mL) was estimated to be 0.45−2.0 mC/m2. These
values are in reasonable agreement with the estimates reported
for the nanopores immobilized with concanavalin A protein (pI
4.5−5.5).45
Point-of-care diagnosis requires rapid analysis of complex
mixtures, such as blood serum, without further treatment. To
test the use of our device for this purpose, we investigated the
detection of cTnT in undiluted human serum. We spiked the
human serum samples with various concentrations of cTnT
antigens. Using the untreated serum samples, which had an
ionic strength of ∼160 mM,46 a signal was barely detected
because the EDL was extremely thin. However, we detected a
signal after applying a 2 min washing step following incubation
with a cTnT-spiked serum sample for 10 min. The
experimental procedure used is presented in Supporting
Information. Figure 6a shows a set of I−V plots recorded
from an anti-cTnT-functionalized device. The trend here shows
that when the cTnT dose was increased, the positive currents
were gradually suppressed, whereas the negative currents were
mostly unchanged. Figure 6b shows the steady-state dose−
response relationship. Typical blood-serum samples contain
>10 000 protein species with their total content being 7−12
orders of magnitude higher than that of a speciﬁc target;
therefore, detecting a low-abundance protein can be extremely
challenging. The minor shift in R in the case of the untreated
serum was possibly caused by nonspeciﬁc proteins or by
proteins that cross-reacted with anti-cTnT. This background
signal appeared to be stable and could not be eliminated using
an extended wash cycle (e.g., 30 min). The detection limit was
measured to be 10 pg/mL (∼300 fM) cTnT and the average
shift in the rectiﬁcation ratio was ∼0.10 over that of untreated
serum. These results demonstrate that the nanoslit array sensor
can distinguish cTnT from untreated human serum and exhibit
high sensitivity and selectivity in doing so.
As noted in the introductory text, the nanoslit array
biosensor and semiconducting nanobiosensors (e.g., nanowires) are similar in that in both the electrostatic ﬁeld eﬀect is
used. However, they diﬀer in the manner in which the ﬁeld
eﬀect is applied. In the case of the nanowire sensors, charges
present on the captured biomolecules modulate the surface

Figure 4. (a) Schematic description of the surface-functionalization
protocol and a ﬂuorescence micrograph (top view) of a nanoslit array
functionalized with FITC-labeled antihuman cardiac troponin T (anticTnT) antibodies. (b) A set of I−V curves obtained from a
representative device at speciﬁc stages of the functionalization protocol
(legend).

characterized under various buﬀer pH and ionic strength
conditions (Supporting Information, Figure S4).
Selectivity is a crucial characteristic that a biosensor must
exhibit for use in practical applications. We investigated the
selectivity of the nanoslit array sensor by conducting a series of
competitive control experiments. In the experiments, the
background electrolyte condition used was 0.01× PBS, under
which condition the device was conﬁrmed to exhibit optimal
rectiﬁcation. An excessive lowering of the salt concentration
was avoided in order to ensure that the proteins retained their
biological activity. Figure 5a plots the real-time change of the
ratio R measured for an unfunctionalized device that was
subjected to consecutive cycles of alternating cTnT injection
and wash. The device was subjected to the surface-modiﬁcation
process (Figure 4a) but the anti-cTnT binding step was
excluded. The immediate change in R induced by 1 ng/mL
cTnT did not persist upon washing and this result was
reproducible. These transient signals can be attributed to the
cTnT molecules being nonspeciﬁcally adsorbed on the surfaces.
A similar behavior was also observed in an anti-cTnTfunctionalized device when a control protein, tropomyosin,
was injected at a concentration of 100 ng/mL (Figure 5b). By
contrast, when an anti-cTnT-functionalized device was used for
detecting cTnT, permanent responses were measured and the
magnitude of the signals (i.e., the change of R) depended on
the concentration of the target protein (Figure 5c). These
results demonstrate that cTnT was speciﬁcally recognized by
the anti-cTnT-modiﬁed device but not by the one that lacks the
speciﬁc receptors.
To further evaluate the nanoslit array biosensor and its
capacity to resolve various doses of cTnT in a given buﬀer
solution, cTnT (pI ∼ 5.0) was serially diluted to various
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Figure 5. Real-time monitoring of the rectiﬁcation ratio (R) obtained from (a) a device lacking anti-cTnT during cycles of alternating application of
cTnT (1 ng/mL, shaded) and wash; (b) an anti-cTnT-functionalized device during cycles of alternating application of tropomyosin (100 ng/mL,
shaded) and wash; and (c) an anti-cTnT-functionalized device during exposure to progressively higher concentrations of cTnT. (d) A set of realtime plots and (e) a calibration curve (n = 5) showing the shift in the rectiﬁcation ratio (ΔR) at various cTnT concentrations. Each plot in (d) was
obtained from a fresh device.

potential of the nanowires; this potential change on the surface
propagates through the ﬁeld eﬀect and alters the carrier
(electron) concentration within the semiconducting nanomaterial. Therefore, the Debye length can be of a major concern
because the EDL formed by counterions can screen oﬀ the
charges of the molecules.47 A recent study partly addressed this
concern by introducing size-reduced antibody-capturing fragments, with the goal being to reduce the distance between the
nanowire surface and the charges on the captured analyte,
which can eﬀectively enhance the sensing performance,
especially under high ionic strength conditions.48 However, in
the case of the nanoslit array sensor, minimizing the distance
between the slit walls and the attached targets is not required
because the ﬁeld eﬀect of the charged molecules directly acts on
the electrolyte solution and thereby redistributes the ions and
regulates the ionic current rectiﬁcation. Moreover, because of
the immobilized antibodies and the captured targets, the
nanoslit space is further conﬁned.
A well-orientated cTnT-antibody bilayer immobilized on the
nanoslit surface can potentially reduce the eﬀective gap size
from 70 to 20 nm assuming a ﬁlamentous protein that is ∼16.9
nm long for cTnT (37 kDa),49 and a globular protein that is ∼8
nm in diameter for IgG.50 This might be favorable because
reducing the size of the opening would lead to an enhanced
ﬁeld-eﬀect response. Interestingly, the rectiﬁcation was found to
decrease drastically with an increase in the number of layers of

Figure 6. (a) A set of I−V curves measured using a nanoslit array
biosensor before (anti-cTnT) and after exposure to human serum
spiked with cTnT at various concentrations (legend). (b) Dose−
response relationship derived from the measured I−V curves (n = 5)
based on the shift in the rectiﬁcation ratio that is speciﬁc to the serum
concentration of the cTnT antigen.
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polyelectrolytes on conical nanopores of a small diameter (∼20
nm), which was attributed to a nanoconﬁnement-induced
structural reorganization of molecules on conical nanopores.51
However, this eﬀect was not detected in conical nanopipettes
featuring a comparatively larger diameter (∼80 nm).21 Recent
studies conﬁrmed such structural reorganization signifying that
a typical electrostatic assembly of polyelectrolytes on planar
surfaces cannot be simply extrapolated to small nanopores.52
Surface force studies of polyelectrolyte brushes under conﬁnement showed a signiﬁcant rearrangement of interacting layers
under the repulsion of charge clouds.53,54 Small-angle neutron
scattering analysis of polyelectrolyte chains conﬁned in
nanoporous glass suggested a reduced gyration radius and a
stretched appearance in relation to the molecules in the bulk.55
Transmission electron microscopy imaging of polyelectrolyte
assemblies in nanoporous templates revealed intermixing of the
chains to the extent that a dense gel gets formed.56,57 It is likely
that such structural reorganizations in small nanopores follow
from charge regulation with the arrival of polyelectrolyte chains
due to their counterion clouds.52 As the chains being assembled
undergo reorganization, surface charge overcompensation
vanishes, diminishing the ionic current rectiﬁcation. However,
the structural organization of antibody−antigen pairs in an
extremely conﬁned environment and how this will aﬀect the
rectiﬁcation behavior of nanoﬂuidic diodes have yet to be
explored.
In conclusion, we have developed a novel nanoﬂuidic diode
biosensor featuring an integrated, asymmetric, glass nanoslit
array and have demonstrated its utility for sensitive and
selective detection of a human cardiac-injury biomarker,
troponin T, in PBS as well as in human serum. The results
showed that the new integrated nanobiosensor exhibits a
sensitivity level that is about >3 orders of magnitude higher
than those associated with discrete nanoﬂuidic diodes (e.g.,
glass nanopipettes, track-etched conical nanopores).24−28 The
shown monolithic integration does not involve high-resolution
advanced lithography techniques and can be further scaled up
for use in multiplexed assays for the detection of a panel of
biomarkers through an inexpensive electronic readout. We are
investigating also how the preconcentration and detection steps
can be combined into the integrated nanoslit array biosensor.

■
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