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es prepared by an atomic force
microscopy-based single-scratch approach

Yongda Yan, ab Jiqiang Wang,b Shunyu Chang,b Yanquan Geng, *abc Leyi Chenb

and Yang Gan c

Nanofluidic chips with different numbers of nanochannels were fabricated based on a commercial AFM

system using a single-scratch approach. The electrical characterization and enzymatic reactions at the

nanoscale were demonstrated using the obtained chips. The effects of the number of nanochannels and

the solution concentration on the measured electric current were investigated. The influence of the

hydrodynamic convection generated from the induced inflow at the end of the nanochannel on the ion

transport through the nanochannel was also studied. Moreover, the enzymatic reactions for trypsin

towards poly-L-lysine (PLL) or thrombin were conducted with a nanofluidic chip to investigate the

reaction specificity between trypsin and PLL. Results show that the electric current change during the

experimental process could be used as a label-free indicator to detect the enzymatic activity.
Introduction

Nanouidic devices have drawn signicant attention because of
their potential application in various elds, such as health
care,1 medicine,2 and DNA/protein transport.3,4 Fabrication of
nanouidic chips using a simple and highly efficient approach
has thus become a research focus and challenge for the appli-
cation of nanouidic devices. In addition, a number of physical
phenomena, different to those observed with microchannels,
have been observed in nanouidic devices.5,6 For understanding
their application, it is therefore critical to investigate, for
example, the semiconducting properties of the electrolytes in
nanochannels using a nanouidic device fabricated by a low
cost, simple, and highly efficient method.

Several fabricating approaches, such as reactive ion etching
(RIE),7 photolithography,8 focus ion beam lithography (FIB),9

electron beam lithography (EBL),10 have thus far been used to
prepare nanouidic chips. All of these approaches are limited
by shortcomings.11,12 For example, it is inconvenient for
photolithography approach to change the photomasks when
fabricate different micro/nanostructures. For FIB and EBL
methods, the fabrication cost is extremely high, and a clean
high vacuum environment is needed. However, one nano-
fabrication method, atomic force microscopy (AFM), has proven
to be a feasible and powerful approach to machine
o-structures Manufacturing of Ministry of
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nanostructures.13–15 Furthermore, tip-based nanofabrication,
especially single scratch type processes, have specic advan-
tages, including being a simple machining process and
providing high fabricating efficiency. Hence, the nanochannels
of the nanouidic chips prepared in this work were fabricated
using a single scratch approach.

Nanouidic chips can be used to study ion transport char-
acterization in nanochannels. Compared with microchannels,
the surface to volume ratio of a nanochannel is larger. Hence,
the electrokinetic phenomena are more vital in nanouidic
devices than in microuidics.16,17 In addition, the ion concen-
tration polarization (ICP) phenomenon, which refers to an
imbalance of electrolyte concentrations nearby nanostructures
under a DC bias, has the ability to control the charged ion in
solution.18 The formation of ICP is affected by ion selectivity,
which means counterions can pass across the nanostructures.
In contrast, most of the co-ions fail to transport through
nanostructures.19 The ICP commonly formed at the end of
nanostructure adions would deplete at the anodic side and
enrich at the cathodic side of the nanostructures.20 Thus, the
electrical resistance for the ICP region increases from the lower
ion concentration at the depletion zone. The electric current in
the nanouidic chips always shows an overlimiting character-
ization before a traditional ohmic–limiting region. The limiting
current is regarded as a nuisance because it limits the transport
of the ion in the nanochannel.21 For example, in the energy-
harvesting systems such as fuel cell, it is desirable to obtain
a higher power level at the same power input by eliminating the
effect of the limiting current. Hence, it is necessary to obtain
a high current with high electrical power efficiency when the
applied voltage is not large enough to eliminate limiting
current. To date, several approaches have been used to deal with
This journal is © The Royal Society of Chemistry 2019
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this problem.19,22,23 However, they all used a permanent struc-
ture, which means tuning of the ohmic–limiting–overlimiting
characteristics is impossible. A new method, therefore, is
necessary to easily tune the ohmic–limiting–overlimiting
current.

Recently, nanouidic chips have been applied to label-free
detection. The label-free technique, as one detection method,
has great potential for bioengineering.24 Thus far, most label-
free detection techniques have depended on surface reac-
tions.25,26 Nevertheless, surface reactions manifest several limi-
tations, such as lower reaction rates and difficulty in detecting
ultralow concentrations. Label-free detection using nanouidic
devices can overcome this problem because the analytes are
conned within a nanoscale space. Researchers have carried
out several experiments to investigate proteolysis and enzyme
kinetics based on this approach.27,28 However, the electrical
signal generated from the reactions in the nanochannels was
ignored, despite this being a potential indicator of the reaction
process and enzyme activity.

Therefore, in this study, nanouidic chips with single or
multiple nanochannels were prepared based on a commercial
AFM system using the single scratching approach. Further-
more, the effects of the number of nanochannels and electrolyte
solution (KCl) concentration on the characterization of the
measured electric current were investigated. To eliminate the
inuence of the overlimiting current, a hydrodynamic convec-
tion, generated from an outlet inow, was induced into the end
of the nanochannels. The enzymatic reaction specicity of
trypsin towards poly-L-lysine (PLL) was proven based on
a prepared nanouidic chip by monitoring the characterization
of the electric current during the experimental process.

Experimental details
Fabrication of nanochannel on a polycarbonate surface using
AFM

The fabrication processes for the studied nanochannels were
carried out on a commercial AFM system (Dimension Icon,
Bruker Company, Karlsruhe, Germany) under atmospheric
conditions. A schematic diagram of the fabrication process
using the single scratching approach is presented in Fig. 1(a).
The AFM system used the Nanoman module and the tip
approached the sample surface with a preset normal load. The
normal load changed from 20 mN to 60 mN with a spacing of 10
mN. Furthermore, the machining velocity was selected as 3 mm
s�1 for all scratching experiments. The probe was controlled to
scratch along the side-forward direction. As shown in Fig. 1(b),
a rectangular pyramidal tip with a 100 nm thick diamond
coating (DT-NCLR, Nanosensors, Switzerland) was employed to
perform the scratching process. The cantilever, which the tip is
mounted on, was made of silicon with a normal spring constant
(KN) of 68 N m�1 as provided by the manufacturer. All the
topographies of the obtained structures were measured using
a silicon tip (radius of 10 nm; TESPA, Bruker Company, Ger-
many) by a tapping mode. An injection-molded PC sheet
(Goodfellow, Huntingdon, England) with a molecular weight of
35 000 was used as the sample material. The mean and the
This journal is © The Royal Society of Chemistry 2019
standard deviation of the surface roughness (Ra) of the PC sheet
were measured as 0.6 nm and 0.2 nm, respectively, which were
measured by scanning a 50 mm � 50 mm area of the sample
using the AFM tapping mode. Fig. 1(c) and (d) present the AFM
image and cross-section of the nanochannel fabricated with
a normal load of 20 mN and velocity of 3 mm s�1. The width and
depth of the obtained nanochannel are 200 and 60 nm,
respectively.

Preparation of the nanouidic chips

Preparation of the nanouidic chips consisted of fabrication of
microchannels/nanochannels, transfer printing of these
microchannels/nanochannels, and a chip bonding process. A
convex microchannel mold on a silicon wafer surface was
fabricated using UV photolithography, and the nal concave
microchannel was obtained aer being transferred by PDMS
(Sylgard 184, Dow Corning, USA). The nanochannel mold
transfer consisted of two transfer steps. The convex wall was
obtained by the rst transfer process based on the nanochannel
mold on the PC surface. Then, the convex wall worked as the
mold for the second transfer process, and the concave nano-
channel was prepared aer this transfer using PDMS. The
weight ratios of monomer to curing agent for PDMS during the
rst and second transfer processes were selected as 5 : 1 and
7 : 1, respectively. The prepared nanouidic chips, which con-
sisted of PDMS slabs with microchannels and nanochannels,
were bonded by oxygen-plasma treatment (Zepto, Diener elec-
tronic, Germany) for a duration of 32 s under a chamber pres-
sure of 1.5 mbar and a chamber power of 81 W. The enclosed
micro/nanochannel chip were then bonded at a temperature of
95 �C for 20 min. More details on the transfer and bonding
processes can be found in our previous study.29

Preparation of the chemicals and protein solution

To investigate the effect of solution concentration on the
conductivity of the nanochannels, different concentrations of
KCl buffer solutions (0.1 mM, 1 mM, 10 mM, and 100 mM) were
used in this study. In addition, the trypsin–PLL reaction was
used as a prototypical example to demonstrate the electrical
detection of enzymatic reactions in nanochannels. Trypsin
plays an important role in the digestive system and takes part in
the trypsin proteolysis process that cleaves peptide chains at the
carboxyl side of the amino acids lysine and arginine. Trypsin
powder (BioFroxx, Germany), and a concentration of 105 ng
mL�1 trypsin in buffer solution was prepared in this work. The
concentrations for the PLL (Biosharp, Germany, molecular
weight 70–150 kDa) and thrombin (Biosharp, Germany) solu-
tions used in this work were 100 mg mL�1 and 105 ng mL�1,
respectively.

Results and discussion
Conductivity of nanouidic chips using KCl solution

In this work, the nanouidic chips that contain one and three
nanochannels are termed chip I and II, respectively. Fig. 2(a)
presents a schematic diagram of chip I. The diameter of the
RSC Adv., 2019, 9, 38814–38821 | 38815
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Fig. 1 (a) Schematic diagram of the nanochannel fabrication, (b) SEM micrograph of diamond coated AFM tip, (c) AFM image, and (d) the cross-
section of the nanochannel fabricated with a normal load of 20 mN and velocity of 3 mm s�1.
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reservoir was 2 mm, and the widths of the side and main
channel were 15 and 80 mm, respectively. The distance between
the two main channels was 30 mm. The concentration of the KCl
solution used was 0.1 mM. The feature sizes of the nano-
channels for nanouidic chip I and II are identical to each
other, with a depth and width of 29 and 170 nm, respectively.
Fig. 2(b) shows the electric current measurement results for
chips I and II. A schematic diagram of the measurement for
electric current is present as the inset of Fig. 2(b). The current
measurement experiments were carried out on an electrometer
(Model 6430, Keithley, USA). For the I–V measurement a step
voltage of 0.5 V was ramped every 2 s from 0 to 60 V by the
soware KickStart 2. It is noticeable in Fig. 2(b) that the elec-
trical currents increase with the increase in the applied voltages.
Furthermore, the current in chip II was higher than that in chip
I. The current in chip II is about 500 pA; however, for chip I it is
about 50 pA when the voltage reaches 60 V. The conductance in
a nanochannel can be estimated by the following equation:30

G ¼ 103NAe
wh

l

X

i

mici þ 2me

w

l
dn (1)

where mi is the mobility of ion i, ci is the concentration of ion i,
and dn is the effective surface charge inside the nanochannel.
38816 | RSC Adv., 2019, 9, 38814–38821
NA and e signify Avogadro's constant and the electron charge,
respectively. w, h, and l are the nanochannel width, height, and
length, respectively. The width and depth of the nanochannel
for chip I equal those for chip II. The charge density of a surface
is a material property,31 thus dn in all channels is identical.
According to eqn (1), the conductance for each nanochannel in
chips I and II are the same, which means the resistance for the
nanochannels is consistent. The diffuse layer thickness of
electric double layer (EDL), which scales inversely to the bulk
concentration, was found as 30–50 nm when the concentration
of KCl solution is 1 mM.32 In the present study, the depth of the
nanochannel and the KCL concentration were 29 nm and
0.1 mM, respectively, which means the top and bottom EDLs
were overlapped in the nanouidic system. Thus, the current
nanochannel system is ideal permselectivity due to the
completely overlapping of the EDLs. At low concentrations, the
effect of microchannel and eld focusing resistors should not
be neglected for a three-layered micro–nano–microchannel
system.33 Fig. 2(c) shows the equivalent electrical circuits of
chips I and II that comprised of resistors. The overall resis-
tances for chips I (RI) and II (RII) are given by eqn (2) and (3),
respectively.
This journal is © The Royal Society of Chemistry 2019
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Fig. 2 (a) Schematic diagram of nanofluidic chip, (b) electric current measurement results of chips I and II, (c) an equivalent electrical circuit of
chips I and II that comprised of resistors, and (d) electric current measurement results for concentration of KCl from 0.1 to 100 mM.
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RI ¼ 2Rmicro + 2Rff + Rnano (2)

RII ¼ 2Rmicro þ 1

3
�
2Rff þ Rnano

� (3)

where Rmicro, Rff and Rnano are the resistance of the micro-
channel, the elds focusing resistor and the nanochannel,
respectively. The values of them are calculated as follows:33

Rmicro ¼ GT

DF 2c0
� L

HW
; Rnano ¼ GT

DF 2N
� l

hw
;

Rff ¼ GT

DF 2c0
� f

L

(4)

where G is the universal gas constant, T is the absolute
temperature, F is the Faraday constant, and D is the diffusion
coefficient. c0 and N denote the unstirred bulk concentration
and the average excess counterion concentration within the
nanochannels, respectively. The L, H and W represent for the
length, height and width of the microchannel, respectively. It
can be observed in eqn (4) that the resistances are depended on
the structure size of the micro and nanochannels. The feature
dimensions of themicrochannel and nanochannel for chip I are
identical with chip II, thus, the resistance of the microchannel
and the elds focusing resistor for chips I and II are constant. In
This journal is © The Royal Society of Chemistry 2019
this condition, the overall resistance for chips II (RII) is smaller
than I (RI) according to the eqn (2) and (3). Hence, the electric
current in chip II, as shown in Fig. 2(b), is therefore much
higher than that in chip I when the same voltage is applied.
Furthermore, ohmic–limiting–overlimiting behavior34,35 can be
observed in Fig. 2(b). When the applied voltage is lower than
14 V, the ion current increases almost linearly with the applied
voltage increasing. When the applied voltage increasing,
a limiting region appears due to the local ion concentration on
the anodic side approaches zero, where the current is not
increase linearly with the voltage increasing. However, when the
applied voltage increasing further, the relationship between the
electric current and applied voltage become linear again, which
is called the overlimiting region.

Fig. 2(d) presents the electric current measurement results
for KCl concentrations from 0.1 to 100 mM in a single channel
nanouidic chip (chip I). The width and depth of the nano-
channel in this chip are 248 and 19 nm, respectively. It is
noticeable from Fig. 2(d) that the electric current increases with
the increase in the applied voltage. In addition, the largest
electric current was measured at a concentration of 100 mM.
The conductance of a single nanochannel can be estimated by
eqn (1). It is observable from eqn (1) that the conductance
RSC Adv., 2019, 9, 38814–38821 | 38817
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depends on the feature size of the nanochannel, the ion
concentration of solution, and the effective surface charge. In
this study, the feature sizes of the nanochannels in the nano-
uidic chip were consistent. At high ionic concentrations, the
second term of eqn (1) (surface term) has a small inuence on
the total conductance, and the conductance is governed by the
channel geometry and the bulk concentration.36 Thus, the
electric current for a concentration of 100 mM was the highest
when applying the same voltage.

ICP refers to an imbalance of electrolyte concentrations
near nanostructures under a DC bias. The formation of the ICP
is affected by ion selectivity, and the ion selectivity means
counterions can pass across the nanostructures, such as
a nanochannel or nanoporous membrane. In contrast, most of
the co-ions fail to transport through the nanostructures. The
characterization of an ICP eld can be described by (1) the ion
concentration inside the ICP eld is lower than that outside,
and (2) the area of the ICP eld is unstable. The resistance of
the depletion zone for the ICP eld is relatively high due to the
lower ion concentration. Thus, an overlimiting current fol-
lowed by a traditional ohmic–limiting region is initiated as the
transport mechanism. The limiting current in the nano-
channel is regarded as a nuisance for the application of
nanouidic chips because it limits the transport of the ion in
the nanochannel. Thus, a hydrodynamic convection at the end
of the nanochannel induced by an inow was used to decrease
the effect of the limiting current. The nanouidic device with
three nanochannels (chip II) was used in this experiment, and
the width and depth of the nanochannel were 144 and 20 nm,
respectively. The interval distance of the nanochannels was 15
mm. The concentration of the KCl solution used was 0.1 mM.
The current measurement experiments were carried out under
DC power (applied by an Ag electrode) with an increment of
0.5 V for 3 s duration. As shown in the inset diagram in
Fig. 2(b), the Ag electrodes were put into the reservoirs (H2 and
H4) and the hydrodynamic ow was induced into the H2

reservoir. Fig. 3(a) shows a schematic diagram of the ow in
a nanouidic chip. There is a small region at the end of the
Fig. 3 (a) Schematic diagram of the flow in a nanofluidic chip and (b) elec
0 to 70 nL min�1. The inset display the measurement results for hydrody

38818 | RSC Adv., 2019, 9, 38814–38821
nanochannels, where it is affected slightly by the inow
without applying a voltage. The ICP phenomenon occurs at
this region under the inuence of the applied voltages when
the inow is 0 nL min�1. In addition, the ICP region would
increase without an induced inow. The conductance of the
nanouidic chips depends on the resistance of the nano-
channel and the ICP region because of the lower ion concen-
tration in them. The induced ow could control the increase in
the ICP region and more ions were taken by the inow to the
ICP region, which improved the ion concentration in this area.
Fig. 3(b) presents the electric current measurement results for
the hydrodynamic inow of KCl from 0 to 70 nL min�1. To
show the results clearly, the inset in Fig. 3(b) displays the
measured results for hydrodynamic inow from 0 to 35
nL min�1. It is noticeable from Fig. 3(b) that the initial
limiting currents for no and lower inow were smaller than
those for the inow that from 40 to 60 nL min�1, and there is
almost no limiting current when the inows are 65 and 70
nL min�1. In addition, the electric current increased obviously
with the increasing inow when the inows are in the range
from 40 to 60 nLmin�1. However, the electric currents collapse
onto each other when the inow are 65 and 70 nL min�1. The
width of the main microchannel was 80 mm, and the distance
between the nanochannel and the boundaries of the micro-
channel was 20 mm. The hydrodynamic convection was mainly
generated at the joint between the main and side channels at
lower inow rates (25–35 nL min�1) and the effect of the inow
on the ICP region was relatively slight in this circumstance.
Thus, the change in the I–V curve was not clear. However,
when the inow reached 40 nL min�1, the hydrodynamic
convection was generated at the end of the nanochannels and
the ICP area was smaller compared with a lower ow rates,
thus, which leads to the electric current increasing promptly.
When the inow reached to 65 nL min�1, the effect of ICP is
almost eliminated due to the relatively large inow. Thus, the
electric current increases linearly with the applied voltage
increasing in these scenarios. Results show that the conduc-
tance of the nanouidic chip can be improved by inducing
tric current measurement results for hydrodynamic inflow of KCl from
namic inflow from 0 to 35 nL min�1.

This journal is © The Royal Society of Chemistry 2019
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hydrodynamic convection at the ICP region. The present work
may prompt the application of nanouidic chips in energy-
harvesting systems due to the weakened inuence of the
limiting current behavior.
Electrical detection of enzymatic reaction in single
nanochannel

Enzymatic reactions play a vital role in a variety of biological
processes, and the abnormalities in specic enzyme reactions
commonly result in disease. Presently, use of a uorogenic/
chromogenic-labeled substrate is a common method to
monitor enzyme reactions. However, these approaches are
expensive and time-consuming.37 The nanochannels contained
in nanouidic chips are at the scale from several to tens of
nanometers. Thus, the reactants are conned within a relatively
small space, leading to advantages such as high sensitivity,
lower cost, and quick response times. The label-free detection of
enzyme reactions based on a nanouidic device has huge
potential for the eld of bioengineering. The enzymatic reaction
between trypsin and PLL was selected in this work to demon-
strate the application of a nanouidic chip to label-free detec-
tion by monitoring the electric current.

Trypsin, a serine proteolytic enzyme extracted from the
pancreas of cattle, sheep, and pigs, acts as a digestive enzyme in
vertebrates. It mainly cleaves the peptide chain on the carboxyl
side of amino acids lysine and arginine, and the process is
commonly referred to as trypsin proteolysis. The PLL can be
Fig. 4 Schematic diagram of the experimental processes for the reac
surface, (b) PLL coating on the nanochannel surface, (c) trypsin reacted w
current measurement results for reaction between PLL and (e) trypsin an

This journal is © The Royal Society of Chemistry 2019
cleaved by trypsin into bi- or tri-lysine segments. Fig. 4(a)–(d)
demonstrate the experimental processes for the reaction between
trypsin and PLL. The conductance of the initial nanochannel in
DI water was measured rst. Then, the nanouidic device was
lled with PLL (concentration of 100 mg L�1), and it was
immersed for 1 h to make the PLL absorb onto the nanochannel
surface. The pH value of the PLL solution is 6.9, which is lower
than the PLL isoelectric point, thus the PLLs are positively
charged. The system was then rinsed using DI water for 5 min to
remove any residual PLL. The surface of the PDMS nanochannel
was negatively charged, meaning the positively charged PLLs
could be absorbed onto the nanochannel surface automatically,
as shown in Fig. 4(b). The conductance of the nanouidic device
was measured again subsequently. The trypsin with a concentra-
tion of 105 ng mL�1 in buffer solution was then induced into the
nanouidic device for a given reaction time. As shown in Fig. 4(c),
the PLL was digested by trypsin into tri- or di-lysines and des-
orbed from the surface of the nanochannel. Subsequently, the
nanouidic device was washed with buffer solution for 5 min to
remove the trypsin, followed by rinsing with DI water before the
nal measurement of the nanochannel conductance. To inves-
tigate the specicity of the reaction between trypsin and PLL,
another serine protease (thrombin) was selected instead of
trypsin to react with PLL in this work. Thrombin is involved in the
blood coagulation cascade and it shows very little activity toward
PLL. The concentration of the thrombin solution used herein was
105 ng mL�1.
tion between trypsin and polylysine. (a) Original PDMS nanochannel
ith PLL, and (d) the cleaved substrate and trypsin were removed. Electric
d (f) thrombin.
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Fig. 4(e) presents the electric current measurement results
for the reaction between trypsin and PLL. The experiments were
carried out on chip I, where the width and depth of the nano-
channel were 248 and 19 nm, respectively. The current was
measured by the KickStart soware with an increment of 0.5 V
for 3 s in duration. It is observable that the electric current
obtained at the initial nanochannel in DI water is the highest.
However, the electric current was lowest when the PLL was
induced into the nanouidic device. In addition, it increased
slightly aer the trypsin was added into the nanochannel. The
change in conductivity was caused by the variation of the
surface charge density of the nanochannel when conducting the
experiments. The silane groups on the nanochannel surface
dissociated rst in DI water, which led to the surface charge
density of the nanochannel increasing. According to eqn (1), the
conductance of the nanochannel is inuenced by the surface
charge density. Thus, the conductivity of the initial nano-
channel was highest in this circumstance. However, the posi-
tively charged PLL was absorbed onto the negatively charged
nanochannel surface aer being induced into the nanouidic
device. The nanochannel surface, thus, changed to neutral or
slightly positively charged because of the absorption of PLL.10,38

The conductivity of the nanouidic device clearly decreased
with the variation in the surface charge density, as shown in
Fig. 4(e). However, the original PDMS nanochannel surface was
reexposed to the solution aer the trypsin was induced into the
nanochannel and it cleaved the PLL into bi- or tri-lysine
segments from the nanochannel surface. Hence, the conduc-
tivity of the nanochannel increased again. Fig. 4(f) shows the
electric current measurement results for the reaction between
thrombin and PLL. It is noticeable in Fig. 4(f) that the electric
current in the initial nanochannel is highest; however, the
current showed almost no difference between before and aer
the thrombin was induced into the nanouidic device.
Thrombin has little activity towards PLL and the PLL cannot be
cleaved by it in the nanochannel, which led to the surface
charge density showing no change. Consequently, the conduc-
tivity of the nanochannel aer inducing the thrombin had no
variation. The experimental results, as indicated by the change
in the detected electric current, prove the reaction specicity
between trypsin and PLL. Furthermore, the electric current
change in the nanouidic device could be used as an indicator
to detect enzymatic activity in label-free detection.

Conclusions

Nanouidic chips with different numbers of nanochannels
were fabricated based on a commercial AFM system using the
single scratching approach. Two applications for the prepared
nanouidic chips were demonstrated, which included detection
of an enzymatic reaction and electrical characterization, such as
the effect of dynamic convection. The conductance of the
nanouidic chip was affected by the number of nanochannels
and the solution concentration. Results show that the conduc-
tance for nanouidic chips with three nanochannels was better
than for those with a single nanochannel when the nano-
channels have identical features and dimensions. The higher
38820 | RSC Adv., 2019, 9, 38814–38821
resistance of the nanouidic chip with a single nanochannel
was considered as the inuencing factor. Furthermore, the
conductance of the nanouidic chips, which is governed by the
bulk concentration at high ionic concentrations, going up with
the solution concentration increasing. In addition, the hydro-
dynamic convection, generated from the induced inow and at
the end of the nanochannel, had an inuence on the conduc-
tance of the nanouidic devices. The change in the obtained I–V
measurement curve was slight when the inow was lower than
35 nL min�1. However, the conductance clearly increased when
the inow reached 40 nL min�1. This is likely because more
ions were carried to the ICP region when the inow was greater.
Finally, the reaction specicity between trypsin and PLL was
proven by means of the electrical detection of the enzymatic
reaction conducted in a single nanochannel. This means that
the electric current change in a nanouidic device may be used
as a label-free indicator to detect enzymatic activity.
Author contributions

Yongda Yan and Yanquan Geng carried out the design. Jiqiang
Wang completed most of the experiments and draed the
manuscript. Leyi Chen participated in the experiments. Yang
Gan and Shunyu Chang assisted with the optimization and
proofed the manuscript. All authors read and approved the nal
manuscript.
Conflicts of interest

There are no conicts to declare.
Acknowledgements

The authors gratefully acknowledge the nancial supports of
the National Natural Science Foundation of China (51705104,
51675134), the Foundation for Innovative Research Groups of
the National Natural Science Foundation of China (51521003),
the Fundamental Research Funds for the Central Universities
(Grant No. HIT. NSRIF. 2018 35), the China Postdoctoral Science
Foundation (No. 2017M610206 and 2018T110289) and the
Heilongjiang Postdoctoral Fund (No. LBH-Z16079 and LBH-
TZ1703).
References

1 R. Li, W. Gai, D. Zhu, C. Lok, C. Song, J. Dong, N. Han,
Y. Zhang and X. Zhao, AMB Express, 2019, 9, 77.

2 Y. Fan, C. Deng, P. Chung, W. Tian and H. Sheen, Sens.
Actuators, B, 2018, 272, 502–509.

3 M. N. V. Ravi Kumar, U. Bakowsky and C. Lehr, Biomaterials,
2004, 25, 1771–1777.

4 P. Calvo, C. Remunan-Lopez, J. Vila-Jato and M. Alonso, J.
Appl. Polym. Sci., 1997, 63, 125–132.

5 B. Kim, J. Heo, H. J. Kwon, S. J. Cho, J. Han, S. J. Kim and
G. Lim, ACS Nano, 2013, 7, 740–747.

6 H. Daiguji, Chem. Soc. Rev., 2010, 39, 901–911.
This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9ra06428a


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
N

ov
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 1

2/
5/

20
25

 4
:4

1:
12

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
7 S. Kelly, C. Torres-Verd́ın and M. Balhoff, Lab Chip, 2016, 16,
2829–2839.

8 F. Yin, L. Lu and L. Zou, Microsyst. Technol., 2017, 23, 5613–
5619.

9 D. Menard andM. Ramsey, Anal. Chem., 2013, 85, 1146–1153.
10 D. Stein, M. Kruithof and C. Dekker, Phys. Rev. Lett., 2004, 93,

035901.
11 J. Fu, P. Mao and J. Han, Appl. Phys. Lett., 2005, 87, 263902.
12 Y. Xu and N. Matsumoto, RSC Adv., 2015, 5, 50638–50643.
13 Y. Geng, Y. Yan, Y. He and Z. Hu, Tribol. Int., 2017, 114, 33–

41.
14 Y. Yan, X. Cui, Y. Geng and Y. He,Micro Nano Lett., 2017, 12,

1011–1015.
15 G. Binning, C. F. Quate and C. Gerber, Phys. Rev. Lett., 1986,

56, 930–933.
16 B. Schasfoort, S. Schlautmann, J. Hendrikse and A. Berg,

Science, 1999, 286, 942–945.
17 A. Stone, D. Stroock and A. Ajdari, Annu. Rev. Fluid. Mech.,

2004, 36, 381–411.
18 J. Kim, A. Song and J. Han, Chem. Soc. Rev., 2010, 39, 912–

922.
19 P. Kim, S. Kim, J. Han and K. Suh, Nano Lett., 2010, 10, 16–

23.
20 Q. Pu, J. Yun, H. Temkin and S. Liu, Nano Lett., 2004, 4,

1099–1103.
21 P. Costa and B. Bosio, J. Power Sources, 2008, 185, 1141–1146.
22 F. Maletzki, H. Rosler and E. Staude, J. Membr. Sci., 1992, 71,

105–116.
23 S. Ko, S. Kim, K. Kang, J. Han and K. Jeju, Limiting convection

near ion selective nanojunction leads to the removal of limiting
current behavior, 2009.
This journal is © The Royal Society of Chemistry 2019
24 L. Duarte, F. Figueredo, L. Ribeiro, E. Corton and W. Coltro,
Anal. Chim. Acta, 2019, 1071, 36–43.

25 Y. Zou, R. Pan, Y. Liu, X. Liu, X. Chen, J. Wang, Z. Wan,
J. Guo and X. Yang, Colloids Surf., A, 2019, 574, 86–93.

26 J. Li, Y. Zhou, Y. Guo, G. Wang, R. Maier, D. Hand and
W. Macpherson, Sens. Actuators, A, 2018, 280, 505–512.

27 K. Qian, J. Wan, L. Qiao, X. Huang, J. Tang, Y. Wang, J. Kong,
P. Yang, C. Yu and B. Liu, Anal. Chem., 2009, 81, 5749–5756.

28 A. Sarkar and J. Han, Lab Chip, 2011, 11, 2569–2576.
29 J. Wang, Y. Yan, Y. Geng, Y. Gan and Z. Fang, Nanoscale Res.

Lett., 2019, 14, 136.
30 M. Taghipoor, A. Bertsch and P. Renaud, Phys. Chem. Chem.

Phys., 2015, 17, 4160–4167.
31 M. Mao, J. Sherwood and S. Ghosal, J. Fluid Mech., 2014, 749,

167–183.
32 R. Peng and D. Li, Nanoscale, 2016, 8, 12237–12246.
33 Y. Green, R. Eshel, S. Park and G. Yossifon, Nano Lett., 2016,

16, 2744–2748.
34 G. Yossifon, P. Mushenheim, Y. Chang and H. Chang, Phys.

Rev. E: Stat., Nonlinear, So Matter Phys., 2009, 79, 046305.
35 S. Kim, Y. Wang, J. Lee, H. Jang and J. Han, Phys. Rev. Lett.,

2007, 99, 044501.
36 M. Taghipoor, A. Bertsch and P. Renaud, Phys. Chem. Chem.

Phys., 2015, 17, 4160–4167.
37 H. Zhang, Y. Xiao, X. Zhang and S. Wang, Analyst, 2019, 144,

4520.
38 C. Duan, M. Alibakhshi, D. Kim, C. M. Brown, C. S. Craik and

A. Majumdar, ACS Nano, 2016, 10, 7476–7484.
RSC Adv., 2019, 9, 38814–38821 | 38821

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9ra06428a

	Nanofluidic devices prepared by an atomic force microscopy-based single-scratch approach
	Nanofluidic devices prepared by an atomic force microscopy-based single-scratch approach
	Nanofluidic devices prepared by an atomic force microscopy-based single-scratch approach
	Nanofluidic devices prepared by an atomic force microscopy-based single-scratch approach
	Nanofluidic devices prepared by an atomic force microscopy-based single-scratch approach
	Nanofluidic devices prepared by an atomic force microscopy-based single-scratch approach

	Nanofluidic devices prepared by an atomic force microscopy-based single-scratch approach
	Nanofluidic devices prepared by an atomic force microscopy-based single-scratch approach
	Nanofluidic devices prepared by an atomic force microscopy-based single-scratch approach

	Nanofluidic devices prepared by an atomic force microscopy-based single-scratch approach
	Nanofluidic devices prepared by an atomic force microscopy-based single-scratch approach
	Nanofluidic devices prepared by an atomic force microscopy-based single-scratch approach
	Nanofluidic devices prepared by an atomic force microscopy-based single-scratch approach


