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a b s t r a c t

Surface potential is one of the most important properties at solid–liquid interfaces. It can be modulated
by the voltage applied on the electrode or by the surface properties. Hence, surface potential is a good
indicator for surface modifications, such as biomolecular bindings. In this work, we proposed a planar
nano-gap structure for surface-potential difference monitoring. Based on the proposed architecture, the
variance of surface-potential difference can be determined by electrical double layer capacitance (EDLC)
between the nano-gap electrodes. Using cyclic voltammetry method, in this work, we demonstrated a
relationship between surface potential and EDLC by chemically modifying surface properties. Finally, we
also showed the proposed planar nano-gap device provides the capability for cardiac-troponin T (cTnT)
measurements with co-existed 10 mg/ml BSA interference. The detection dynamic range is from 100 pg/
ml to 1 mg/ml. Based on experimental results and extrapolation, the detection limit is less than 100 pg/ml
in diluted PBS buffer (0.01X PBS). These results demonstrated the planar nano-gap architecture having
potentials on biomolecular detection through monitoring of surface-potential variation.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

At a solid–liquid interface, potential differences between dif-
ferent phases establish a fundamental interfacial characteristic, i.e.
electric double layer (EDL) (Bard and Faulkner, 2001), and asso-
ciated applied properties, e.g. electroosmosis and electrophoresis
(Ohshima and Kondo, 1990; Evans and Wennerström, 1999). EDL is
resulted from ion redistribution in a liquid phase. This ion redis-
tribution electrically screens solid-surface charges and renders the
interface to neutral. As a consequence, EDL is highly related to
surface potential and it can be modeled as a capacitor in electro-
chemical mode (Chapman, 1913). Based on this understanding,
various applications can be developed by controlling EDL via ex-
ternal potential fields or surface modifications (Bocquet and
Charlaix, 2010; Leroy et al., 2011; Siria et al., 2013). For instance,
the change of surface properties can be indicated by measuring
the surface potential with different methods, e.g. kelvin probe
microscopy and electroosmotic mobility measurement (Jacobs
et al., 1998; Gu and Li, 2000; Kirby and Hasselbrink, 2004). Al-
though surface potential is important at the solid–liquid interface,
however, most of previous methods are complicated and hard to
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be implemented as an in-situ monitoring method. Therefore, it is
intriguing to develop an innovative method to monitor changes of
surface potentials with real-time, low-cost, and easy-operation
characteristics.

To address the demand, in this work, we proposed, im-
plemented, and examined an interdigitated nano-gap-electrode
device to measure changes of gap EDL capacitance, which is cor-
responding to surface potential induced by surface modifications.
This measurement was achieved by cyclic voltammetry (CV)
method. In traditional CV measurements with interdigitated
electrodes, generally, the size of electrodes and gaps between
electrodes are larger than 10 mm and electrochemical currents
mainly flow through bulk solutions. Compared with total EDL ef-
fect contributed by electrodes, therefore, the surface-potential ef-
fect of the gap between electrodes can be neglected in traditional
CV measurements. As the gap size reduces to sub-micro meter, the
near surface electrical path, which is different from the traditional
electrochemical path through bulk solutions, starts to contribute
to the measured electrochemical signal. This near surface electrical
path can be affected by surface potentials of the sub-micro gap.
And the measured signal includes capacitive difference correlated
with the status of surfaces. Since this incremental capacitive
change can be measured by cyclic voltammetry (Winter and
Brodd, 2004; Simon and Gogotsi, 2008), the change of surface
potential can be estimated with the developed nanogap-electrode
device.
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Utilizing the developed device, different biochemical reactions,
such as chemical modifications and biomolecular bindings, can be
monitored because these reactions modulate surface charge from
their exposed functional group. To experimentally demonstrate
these capabilities, a detection of cardiac-troponin T (cTnT), a major
biomarker of myocardial necrosis (Christenson et al., 1998), is ex-
amined to have good sensitivity and selectivity. Based on these
results, this work successfully developed a novel nanogap me-
trological architecture for in-situ surface-interface characteriza-
tions for different biochemical applications.
2. Devices and methods

2.1. Device fabrication process

The developed nano-gap device was fabricated on a 4 in. silicon
wafer with a 300 nm thermally grown silicon dioxide surface.
After cleaning the wafer by acetone and isopropyl alcohol, a nano-
gap with 200 nm spacing was defined by E-beam lithography
(Elionix ELS-7000). The thermal oxide was etched 25 nm by re-
active ion etch (RIE). Without removing E-beam photoresist, then,
5 nm Cr and 45 nm Au were evaporated and lifted off to form the
nano-gap electrode pattern. Based on this fabrication process, only
Au-electrode surface was exposed to surrounded environments (as
shown in Supporting information, Fig. S1). The height between the
top surface of Au electrode and the nano-gap oxide surface was
30 nm, which corresponds to the length of the antibody used in
following experiments.

2.2. Impedance measurement

An electrochemical impedance spectroscopy (EIS) was also
performed by SP-150 potentiostat (BioLOGIC Inc.) with low current
module and EC-Labs software package. EIS measurements were
set in a frequency ranging from 0.1 Hz to 10 kHz and a sinusoidal
amplitude of 10 mV to measure the impedance and capacitance of
the electric double layer between the nano-gap devices. These EIS
experimental results were measured in a Faraday cage to prohibit
electromagnetic interference (EMI). It should be noted that the low
current module has a current resolution around 76 femto ampere
(10�15 A).

2.3. Differential capacitance measurement

Two-electrode cyclic voltammetry (CV) was used to measure
the differential capacitance of the nano-gap between the two
electrodes. This electrochemical property was characterized by a
device parameter analyzer (Agilent B1500A). The voltage opera-
tion range was from �0.1 V to 0.1 V. The scan rate was 400 mV/
min and step voltage was 2 mV. All the measurement was per-
formed in a Faraday cage to prohibit EMI. We defined capacitance
variance ratio R(%)¼(C′�C0)/C0, where C0 and C′ represents the
capacitance before and after treatment respectively. The capaci-
tance is equal to average current divided by scan rate.

2.4. Surface functionalization and antibody immobilization

To have biomolecular sensing experiments based on the de-
veloped nano-gap device, the fabricated devices were cleaned by
NH4OH/H2O2/H2O (in 1:1:5 weight ratio, respectively) for 20 min
at 70 °C to remove organic residues (Itoh et al., 2011). After rinsed
by deionized water, the cleaned devices were immersed in 2% (v/v)
aminopropyldimethylmethoxysilane (APDMMS; ACROS Organics)
in ethanol for 12 h at room temperature. It should be noted that
the whole device including electrodes and gaps were exposed to
the following surface modifications. The ethanol residues was re-
move by 120 °C baking for 20 min and the APDMMS monolayer
was cross linked on the SiO2 surface. At this stage, the amino
termination gives positively charged surface in buffer solutions.
After measurements, the devices were soaked in 2.5% glutar-
aldehyde/PBS buffer solution for 1 h at room temperature. Glu-
taraldehyde forms covalent bonding to APDMMS amino group and
transfers surface functional group from amino group to aldehyde
group. The aldehyde group makes surface less positively charged
than the previous amino termination. To make surface negatively
charged, moreover, 10 μg/ml 3-aminobenzoic acid in PBS buffer is
injected for 1 h to transfer the aldehyde group to carboxyl group,
which is negatively charged. To examine biosensing functionalities
of the implemented planar nano-gaped devices, on the other hand,
1 mM 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide/N-Hydro-
xysuccinimide (EDC/NHS; Sigma-Aldrich, St. Louis, MO) solution is
injected to activate the carboxyl group of the conductive molecule
for 20 min so that the carboxyl group can form amide bond with
the amine group of antibody. After washing out non-reacted EDC/
NHS, 10 μg/ml cTnT antibody (Abcam Inc., Cambridge, MA, USA) in
PBS buffer is added and incubated for overnight at 4 °C. Then the
device was ready for the cTnT sensing experiment.

2.5. cTnT measurement procedure

For cTnT antigen measurement, a cTnT antibody crosslinked
device was treated with diluted PBS buffer (0.01X) containing 10
μg/ml BSA (Sigma-Aldrich, St. Louis, MO). This treatment was used
as background till its CV current response becoming stable. This
procedure can also be used to block the device and eliminate the
interference from non-specific binding. Then, different con-
centration of cTnT antigens were introduced in the device for
detection. After antigen/antibody incubation for 3 min, 0.01XPBS
buffer was injected to wash out non-binding antigens. Finally, the
devices was electrically probed for CV measurement.
3. Result and discussion

3.1. Device concept validation

Fig. 1(a) shows the optical image of a fabricated nano-gap de-
vice (fabrication process can be shown in Supporting information,
Fig. S1). The gap width between two electrodes is 200 nm which
was defined by E-beam lithography. The electrode height is about
20 nm which is correlated to the length of antibody (Harris et al.,
1997; Lasne, 2001). The fundamental concept of the proposed
incremental capacitance measurement is based on the nano di-
mension of the gap and the electrode height. Since the near sur-
face electrical path is highly correlated to the status of surface
characteristics, device designs can be utilized to increase the
contribution of near surface electrical path comparing to bulk
solution path. To experimentally demonstrate basic electro-
chemical properties, we used electrochemical impedance spec-
troscopy (EIS) method to measure the fabricated coplanar nano-
gap device. In this work, we used two-electrode set-up for elec-
trochemical measurement including impedance and following CV
measurement. One electrode acts as a working electrode and the
other one acts as a reference/counter electrode. The two-electrode
system measures the voltage dropped across the working elec-
trode to electrolyte and electrolyte to the reference/counter elec-
trode. Based on this measurement, the component modulated by
the gap-surface potential within the cell can be investigated. In
Fig. 1(b), which shows an EIS experimental result, it agrees with
previous studies, i.e. the contribution of EDLC mainly presents at
low frequency (o100 Hz) and the solution resistance mainly



Fig. 1. (a) Optical image of the chip device. The nano-gap between the gold electrodes is 200 nm. (b) The impedance result measured by SP-150. The square line shows the
impedance result and the dot line represent the phase result. (c) The result of capacitance and resistance variance ratio versus gap width. This is obtained as the gap surface
functional group transfers from aldehyde to carboxyl group in 0.01X PBS buffer. (d) The equivalent circuit model during antigen binding measurement. λD represent the
Debye screen length. Rdl, and Cdl, are the electric double layer resistance and capacitance based on Randles model. Rsl, and Cs represent the liquid resistance and capacitance.
For the near-surface electrical path, R1 and C1 represent the resistance and capacitance of the sidewall Debye screen length because of the increment of surface ion
concentration. R2 represents the near-surface conductance.
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presents at high frequency (4100 Hz) (Wang and Pilon, 2012). To
verify the concept of the near surface contribution in the proposed
nano-gap coplanar electrodes, furthermore, Fig. 1(c) represents an
experimental relationship of capacitance/resistance variances and
different gap widths. The capacitance/resistance variances were
induced by different surface functional groups, i.e. changing from
aldehyde group (neutral) to carboxyl group (negatively charged). It
is clear that the measured capacitance variation ratio between
aldehyde-linked and carboxyl-linked surface increases as the gap
distance decreases. On the other hand, the resistance variation
ratio shows the opposite trend. Based on Fig. 1(b) and (c) results,
therefore, we proposed the equivalent circuit model including
traditional electrochemical path and proposed near-surface elec-
trical path as shown in Fig. 1(d). In the traditional electrochemical
path, which is the upper electrical path in Fig. 1(d), it follows
Randles model in bulk solutions and this pathway is dependent to
electrode-surface potentials rather than gap-surface potentials
(Yang et al., 2004; Valera et al., 2007; Berdat et al., 2008). For the
proposed near surface electrical path, which is the lower electrical
path in Fig. 1(d), it is closed to the double layer generated by the
nano-gap surface potential. The change of surface potential be-
tween the nano-gap electrodes induces ion redistribution within
the EDL on the top of nano-gap surface, i.e. SiO2 surface in the
developed device. Compared with the bulk-solution path, as a
consequence, the near-surface path has a different ion con-
centration profile induced by the surface potential of the nano-gap
surface. This results the fact that the near-surface resistance and
the effective capacitance resulted from Debye length of the elec-
trode sidewall are changed as the nano-gap surface potential
changes (shown in Fig. 2(a) and (b)) according to Gouy–Chapman
Model (Chapman, 1913). Along with the decrease of gap width,
therefore, the effect of this near-surface Debye model becomes
obvious in the experimental capacitance/resistance variation re-
sult as shown in Fig. 1(c). As a consequence, the surface potential
between the nano-gap electrodes plays an important role on both
of the capacitance and resistance measurement at the proposed
nano-gap device.

Based on above discussions, instead of deriving circuit model
based on full-span frequency measurement by EIS, CV method was
used to be a better method to extract the differential capacitance
measurement. It should be noted that the capacitance difference
can be obtained by the differential area between two curves of CV
measurements. In CV measurements, redox reactions occurring on
electrode surfaces contribute undesired current components in
differential capacitance measurements. And redox reactions also
interfere surface properties including surface potentials. Therefore,
redox reactions should be minimized by applying a small opera-
tion voltage range, which was set from �100 mV to 100 mV. For
the experimental setup, in addition, the nano-gap device and
probe station was put in a Faraday cage to shield electromagnetic
interference (EMI). As shown in Fig. 2(c), all the CV results ex-
hibited typical quasi rectangular curve shapes and show the
electric double layer capacitance behaviors at scan rate of 400 mV/
min. Because of the small operation voltage range, no apparent



Fig. 2. The schematic of the debye length profile under lower surface potential (a) and higher surface potential (b) λD represents the Debye screen length. λD′ represents the
Debye screen length shifting after surface potential shifting. (c) CV measurement curve of the nano-gap device in the diluted PBS buffer (0.01X) at variety time. The scan rate
is 400 mV/min. (d) The immobilization process on the silicon dioxide surface.
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peak on CV curve profile represents limited redox reactions oc-
curring on the Au electrode surfaces providing the stability of the
developed device. To verify the electrochemical stability of the
fabricated devices in ionic buffers, a repeated CV measurement in
diluted phosphate buffered saline (0.01X PBS) was examined in
Fig. 2(c). The average current variations are within few tens of pico
ampere (10�12 A). The results demonstrate the repeatability and
stability during measurement. Because of its good stability, the
developed device is capable to detect a small variance of an in-
cremental double-layer capacitance caused by surface potential
changes. It should be noted that we used two-electrode experi-
mental setup rather than traditional three-electrode experimental
setup. Because bulk solution potential is fixed by a reference
electrode, in three-electrode setup, the major voltage drop is
across the Debye layer of electrode top surfaces. As a consequence,
bulk-solution paths dominant electrochemical reactions and the
effect of near-surface paths is diminished.

To further examine the effect of the proposed incremental ca-
pacitance can be correlated to surface potential variances by CV
measurement, we immobilized different crosslinkers carried dif-
ferent functional groups with different charges in PBS buffer (Fig. 2
(d)). Because the upper layer functional group screens the lower
layer functional group, different functional groups gives different
surface potentials (Taylor et al., 1991a). Aminopropyldi-
methylmethoxysilane (APDMMS), the first-layer crosslinker,
modifies the surface property to amine group (positive charge in
PBS buffer). The reason to use APDMMS is that it forms a denser
monolayer on SiO2 surfaces than 3-aminopropyltriethoxysilane
(APTES) does (Salmio and Brühwiler, 2007). Glutaraldehyde, the
second-layer crosslinker, results in the surface property from
amine group to aldehyde group (neutral charge in PBS buffer).
Then 3-aminobenzoic acid, the third-layer crosslinker, changes the
surface property from aldehyde group to carboxyl group (negative
charge in PBS buffer). Fig. 3(a) shows an experimental CV result of
a glutaraldehyde immobilized process. The aldehyde group of
glutaraldehyde brings less charges than the amine group of
APDMMS. In other words, the surface charge density was reduced
via glutaraldehyde cross linking. When the glutaraldehyde im-
mobilized on the APDMMS, the surface charge decreased gradually
during cross-linking reactions and the capacitance measurement
shows the corresponding result as illustrated in Fig. 3(b). In Fig. 3
(b), the y-axis represents the capacitance variance ratio compared
to the APDMMS result at zero voltage. Based on this experimental
observation, it can be correlated the fact that aldehyde amine
condensing reactions have become equilibrium state after 60 min.
For the next step, 3-aminobenzoic acid was used to exchange the
aldehyde-terminated surface and resulted in the carboxyl mod-
ification on the surface. Fig. 3(c) shows an experimental CV data of
a 3-aminobenzoic acid immobilization process. Because of higher
electronegativity of carboxyl group than that of aldehyde group,
carboxyl group carries more charges than aldehyde group does.
The total surface charge within the nano-gap increases gradually
during this immobilization process and causes the capacitance
raise shown as Fig. 3(d). It should be noted that the capacitance
variation was obtained based on the difference to last-step alde-
hyde surface. As a consequence, it is obvious both amine group
and carboxyl group lead to the increase of the capacitance. This
phenomenon indicates that charge quantity rather than charge
polarity affects the capacitance detection between nano-gap
electrodes. In other words, surface potential difference is the key
factor of this CV measurement. These experiments show the ca-
pacitance variance in CV measurements can be correlated to the
surface potential variance within the nano-gap electrode. In ad-
dition, these experiments also demonstrate the capability of in-
situ monitoring of surface potential changes induced by chemical
modifications or biomolecular bindings.

3.2. Surface modification examination

Above phenomenon provides an innovative method to have in-
situ surface potential monitoring. To demonstrate one of its ap-
plications, in this work, a biomolecular detection is implemented



Fig. 3. The CV curves and capacitor variance ratio under different functional group modification. (a) The CV curves response as the glutaraldehyde immobilizing on the
APDMMS monolayer surface. (b) The temporal response of the capacitance variation ratio during glutaraldehyde immobilization process. (c) The CV curves response as the
3-aminobenzoic acid immobilizing on the glutaraldehyde monolayer surface. (d) The temporal response of the capacitance variation ratio during 3-aminobenzoic acid
immobilization process.

Fig. 4. (a) The fluorescence result of nano-gap device after antibody immobilization. (b) The gray value result from the dash square in Fig. 4(a).
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because biomolecules are charged particles. It must be addressed
that the fundamental mechanism of the proposed incremental
capacitance measurement in nano-gap device is different from
traditional electrochemical impedance or capacitance analyses.
Traditional electrochemical biomolecular detections are achieved
by using fabrication (Taylor et al., 1991b) or immobilization pro-
cesses (Mirsky et al., 1997; Radke and Alocilja, 2005) to coat target
molecules on the top of electrodes. The coated molecules function
as insulators on electrode surfaces. By measuring the impedance
change induced by bio-recognition or other reaction processes,
these measurements provide the ability to function as a biomo-
lecular sensor. As a consequence, these kinds of impedance ana-
lyses have a critical drawback that coating molecules should be
uniform to perform as an ideal capacitor. The detection signal-to-
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noise ratio is deteriorated as the coating layer is not distributed
evenly on the top of electrode surfaces (Gu and Li, 2000). In this
work, on the contrary, the crosslinker or surface coating molecules
are immobilized on the dielectric surface between nano-gap
electrodes rather than on the top of electrode surfaces. The mea-
sured electrical element is the integral of surface charges, which
can be modulated by the surface potential between nano-gap
electrodes. As a consequence, the uniformity problem of cross-
linkers or coating molecules on the nano-gap can be mitigated and
the change of surface potential can be measured directly.

Since the proposed mechanism is used to monitor the surface
potential change between nano-gap electrodes rather than on the
top of electrode surfaces, non-specific binding biomolecules on the
top surface of electrode might introduce undesired capacitance
changes. To verify the position of biomolecular immobilizations,
fluorescence was used to tag the antibody. Fig. 4(a) shows a
fluorescence result after the antibody immobilization. The black
part is gold electrode area, where few antibodies non-specifically
bind on it. And high fluorescent intensity regions are the gap be-
tween gold electrodes. Fig. 4(b) shows the fluorescent intensity
from the marked region (yellow dash line) in Fig. 4(a). The fluor-
escence result, about 10 times in intensity difference, indicates the
antibody immobilization process has high selectivity between gold
and silicon dioxide surfaces. To validate the result, atomic force
microscopy (AFM, Bruker Multimode 8) was used to compare
surface roughness between gold and silicon dioxide surface, i.e.
the top surface of Au electrodes and the surface between nano-gap
Au electrodes. These AFM surface roughness results provides a
direct evidence of above selective immobilization processes (Wang
et al., 2012; Singh et al., 2014). Fig. 5(a) and (b) shows the AFM
images of before-immobilization SiO2 gap surface (Ori-Gap) and
Au electrode surface (Ori-Gold). Fig. 5(c) and (d) shows the AFM
images of after-immobilization SiO2 gap surface (Ab-Gap) and Au
electrode surface (Ab-Gold). Fig. 5(e) provides quantitative sur-
face-roughness results obtained from AFM images. From these
image results, the height between SiO2 surface and Au top surface
is 30 nm as expected in our device design. Before immobilization
processes, the surface roughness (Rms) of Au and SiO2 surface are
2.26 nm and 0.806 nm, respectively. After immobilization pro-
cesses, the surface roughness of Au surface (Rms¼2.16 nm) is si-
milar as that before immobilization processes. On the other hand,
the surface roughness of SiO2 is 4.96 nm. Based on previous
Fig. 5. AFM image of the nano-gap before and after antibody immobilization. (a) Ori-Gol
are sampled from the square (dash line) in (a)–(d).
fluorescent and surface-roughness results, the immobilization
protocol has a good immobilized selectivity between SiO2 and Au
surfaces. It should be noted that there are some non-specific
binding on the top of gold electrodes. Since both fluorescence and
AFM results show that the non-specific binding molecules are
much less than the cross-linked molecules, it shows non-specific
binding antibody cannot form monolayer on the gold surface.
Therefore, the sensing mechanism can be shown that it is different
from the tradition capacitive biosensor which needs to form dense
monolayer on the gold for detection.

3.3. cTnT measurement

In biomolecular detection experiments, cardiac troponin T
(cTnT) is employed because it is an important biomarker to detect
acute heart failure. In addition, cTnT is also a useful biomarker in
prognostic stratification of myocyte injury patients (Lindahl et al.,
2000; Aviles et al., 2002; Apple et al., 2005). To examine sensing
selectivity of the developed nano-gap biosensor, in experiments,
10 μg/ml bovine serum albumin (BSA) is introduced as an inter-
ference background protein. Fig. 6(a) and (b) shows CV measure-
ments of 3 min after 10 μg/ml BSA injection, 28 min after 10 μg/ml
BSA injection, and 3 min after 1 μg/ml cTnT antigen injection. In
Fig. 6(b), the standard error of capacitance variance in PBS buffer is
2.7%. And this result also demonstrates the non-specific binding
effect of 3-min and 28-min BSA incubations, which induces
871.7% capacitance variance in 28-min incubations. After 28-min
BSA incubations, the capacitance variance induced by BSA be-
comes saturated. At the same time, 1 μg/ml cTnT with 3-min in-
cubation leads to a capacitance variance ratio of 22%. These results
indicate that the capacitance shifting ratio of BSA, i.e. non-specific
binding, is much less than that of cTnT specific binding. It de-
monstrates the developed device has a good selectivity. In order to
limit the non-specific binding and increase the sensitivity of cTnT,
we chooses 3 min for the following experiment because it is suf-
ficient for cTnT binding while the non-specific binding inter-
ference remains unobvious. For sensitivity tests, 10 μg/ml BSA is
mixed with different concentration of cTnT antigen to be testing
samples. Fig. 6(c) shows the device has the capability to measure
different concentration of cTnT.

Fig. 6(d) summarizes capacitance variance results in different
concentration of cTnT. The blank testing curve was measured by
d. (b) Ori-Gap. (c) Ab-Gold. (d) Ab-gap. (e) The surface roughness and height results



Fig. 6. Fig. 6 (a) The selectivity result measured by cyclic voltammetry and the square(black) ,circle (red), triangle (green), and reversed triangle (blue) curves represent the
serial response of the initial state, 10ug/ml BSA injected for 3 minutes, 10ug/ml BSA injected till stable status (28 minutes), and 1ug/ml cTnT injected, respectively. (b) The
capacitance variance ratio from Figure 5(a). (c) The sensitivity result measured by CV measurement at different cTnT concentration with 10ug/ml BSA as background. The
square(black) ,circle (red), triangle (green), and reversed triangle (blue) curves represent the serial response of the initial state (PBS), 100pg/ml cTnT, 10ng/ml cTnT, and 1ug/
ml cTnT, respectively. (d) The capacitance variance ratio. The blank line (black square) represents the result from bare gold without treatment. The Ab-proBNP (red circle)
represents the result by using proBNP antibody to detect cTnT. 0.01XPBS (green triangle) and 1XPBS (blue reversed triangle) represent the results measured under 0.01XPBS
and 1XPBS buffer solution.
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devices without the cTnT antibody cross-link step in 0.01X diluted
PBS buffer. The Ab-proBNP testing curve was obtained by devices
with the proBNP antibody cross-link step. This was used to de-
monstrate non-specific binding effect, e.g. cTnT antigen with a
non-related antibody. This non-specific binding result is similar to
the blank test. It also indicates the non-specific binding would
induce a capacitance variance ratio less than 5%. Therefore, 5%
capacitance variance ratio can be set as the background noise in
biomolecular sensing experiments.

In Fig. 6(d), it also demonstrates an ionic strength effect of the
developed device. According to EDL theory (Gouy-Chapman
model), the Debye length is inversely proportional to the square
root of the ionic strength. In other words, buffers with different
ionic strengths affect measurement results of the proposed de-
vices. To examine this characteristics, the cTnT detection with
different ionic strength buffers, i.e. non-diluted PBS (1X PBS) and
PBS diluted with DI water by 100 v/v (0.01X PBS), can be shown in
Fig. 6(d). In 0.01X PBS, the detectable range for cTnT is examined
from 100 pg/ml to 100 ng/ml and the limit of detection is less than
100 pg/ml. In 1X PBS buffer, on the other hand, the detectable
range of the device is above 10 ng/ml. Because of the higher ion
concentration of 1X PBS than that of 0.01 PBS, the surface charge
variance induced by cTnT binding might be overwhelmed by high
ion concentration in 1X PBS. As a consequence, the proposed
nano-gap incremental capacitance measurement has better de-
tection limit in diluted PBS buffer than that in non-diluted PBS
buffer. This result also reveals the sensing characteristics of the
developed method correlates to the properties of electrical double
layer. For cTnT clinical applications, two different concentrations
are usually used as cut-off levels, i.e. concentration level o10 pg/
ml are considered as ‘Normal’; concentration levels between 10
and 35 pg/ml are considered as ‘likely pathological’; and con-
centration level 435 pg/ml are considered as ‘pathological’
(Twerenbold et al., 2012; Hammerer‐Lercher et al., 2013). There-
fore, in our device, the demonstrated detection concentration
(100 pg/ml) is slightly higher than the clinical decision cut-off
region (35 pg/ml). Based on previous discussions, this newly de-
veloped biomolecular sensing mechanism can be further improved
by decreasing the sensing buffer concentration to enlarge the
Debye length or shorten the gap length between electrodes.

In previous cTnT sensing experiments, it should be noted that
the capacitance variance ratio is negative. This shows that cTnT
binding decreases the surface potential in nano-gap devices, i.e.
the number of surface charges reduces as cTnT binding occurs. To
verify the phenomenon, two-dimensional electrophoresis is used
to check the isoelectric pointe (pI) of cTnT and its antibody (as
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shown in Supporting information, Fig. S2). The electrophoresis
result indicates the pI value of cTnT is around 6 and the pI value of
cTnT antibody light chain is around 8. In other words, cTnT is
negative charged and cTnT antibody is positive charged in the
experimental PBS buffer (pH¼7.2). As cTnT binds with cTnT anti-
body, therefore, molecular net charges would be compensated to
each other and the charged surface is neutralized. This leads to a
decrease of surface potential and causes negative incremental
capacitance variance. This also agrees with our previous experi-
ments by modifying charged surface functional groups. As men-
tioned previously, it should be noted that the temporal responses
of these capacitance variance measurements can be obtained. As a
consequence, the temporal detection of chemicals or biological
pairs with different disassociate constant can be also characterized
by the proposed nano-gap device and method. It provides a useful
tool for avidity selection in clinical examinations.
4. Conclusions

In conclusion, we have demonstrated a novel surface-potential-
variation measurement method by using a planar nano-gap de-
vice. Modulations of surface potential affect electric double layer
and capacitance between nano-gap electrodes. In this work, this
effect is verified by immobilizing different charged functional
groups and the correlation between the surface potential and in-
cremental-capacitance variance is also demonstrated. Based on
this effect, the application for cTnT biomarker detection is im-
plemented. The detectable range for cTnT measurement is from
100 pg/ml to 10 μg/ml and the detection limit is less than 100 pg/
ml in 0.01X PBS buffer, though the detection limit is slightly higher
than the clinical decision cut-off region (35 pg/ml). In addition, it
is experimentally demonstrated that the low ion concentration
buffer has better detection characteristics than high ion con-
centration buffer does. Based on this work, the incremental dou-
ble-layer capacitance of a planar nano-gap structure can provide a
simple and reliable method for surface potential monitoring and
can be used for different chemical and clinical examinations.
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