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T
he introduction of biomolecules
into solid-state nanopores and
nanochannels provides an interest-

ing platform for studying the biosensing
process and developing bioelectronic de-
vices in confined nanospace. Biomolecule
functionalized single nanopores have been
successfully applied in the development of
molecular or ionic gate,1,2 biosensing3,4 de-
vices, and single molecule analysis proto-
types.5 Developing nanochannel array-
based bioanalytical devices is an alternative
approach to achieve high sensitive detec-
tion of biomolecules. A representative ma-
terial of a nanochannel array is porous an-
odic alumina (PAA), whose channel density,
radius, and length�radius ratio could be
easily controlled during the fabrication pro-
cess.6 Au nanotubes formed along the
nanochannels in the PAA membrane have
been used to modulate molecular transport,
recognition, and separation.7,8 For the bare
PAA membrane, direct modification of the
nanochannels with chemical and biochemi-
cal molecules using silane chemistry is also
developed. Label-free DNA detection9 and
electro-osmotic flow manipulation10 have
been reported using the direct modified
PAA nanochannels. These applications
mainly depend on the regulation of ion
transport through nanochannels.11�14

Therefore, understanding of the physical
and chemical interaction between ions and
the nanochannels is fundamentally impor-
tant for developing new analytical methods
and devices based on materials with con-
fined nanospace.

Generally, the ion or molecule flux pass-
ing through a biofunctionalized nanopore
or nanochannel is affected by the steric ef-
fect15 and/or the electrostatic effect.9,16,17

The former occurs when the modified bio-
molecule is comparable with the pore diam-
eter, which results in a reduced effective
ion-transporting region. The electrostatic
effect is relatively a long-range effect
caused by the attracting or repulsing inter-
action between the surface-immobilized
charged molecules and the transporting
ions; therefore, its occurrence depends less
on the pore or channel size and can be
modulated by altering the surface charge
of the nanospace or ionic strength of the
bulk solution. Both of these effects lead to
a change of the ion mobility in the confined
nanospace. So far, they have been widely
used in nanopores for biomolecule sensing
of organic polymers, proteins, peptides, and
bioaffinity molecules.18 If the electrostatic
effect introduced by the biorecognition re-
action is manipulated to block the ion flux
as the steric effect does, the detection sen-
sitivity of the nanochannel-based devices
can be further improved.
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ABSTRACT A strategy for label-free oligonucleotide (DNA) analysis has been proposed by measuring the

DNA-morpholino hybridization hindered diffusion flux of probe ions Fe(CN)6
3� through nanochannels of a porous

anodic alumina (PAA) membrane. The flux of Fe(CN)6
3� passing through the PAA nanochannels is recorded using an

Au film electrochemical detector sputtered at the end of the nanochannels. Hybridization of the end-tethered

morpholino in the nanochannel with DNA forms a negatively charged DNA�morpholino complex, which hinders

the diffusion of Fe(CN)6
3� through the nanochannels and results in a decreased flux. This flux is strongly dependent

on ionic strength, nanochannel aperture, and target DNA concentration, which indicates a synergetic effect of

steric and electrostatic repulsion effects in the confined nanochannels. Further comparison of the probe flux with

different charge passing through the nanochannels confirms that the electrostatic effect between the probe ions

and DNA dominates the hindered diffusion process. Under optimal conditions, the present nanochannel array-

based DNA biosensor gives a detection limit of 0.1 nM.

KEYWORDS: nanochannel array · porous anodic alumina membrane ·
label-free sensor · morpholino · DNA · electrochemical analysis
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A variety of detection methods have been devel-

oped to detect ion mobility in nanochannels. A rela-

tively traditional detection approach is to measure the

ionic current flowing through nanochannels. However,

the existence of high ion/electrode interface resistance

limits the further improvement of detection sensitiv-

ity.19 Jagerszki et al. reported an optical method for flux

detection in which the DNA hybridization modulated

diffusion flux of fluorescent marker ions passing

through Au nanotubes.20 Subsequently, Smirnov et al.

demonstrated a facile method for DNA detection by

measuring ionic conductance directly through the

nanochannels with both sides of a PAA membrane

sputtered with gold as detection electrodes. Such a

strategy effectively minimized the influence of solution

resistance outside the pore on the ionic conductance

measurement.9

Here, we present an in situ electrochemical detec-

tion system for measuring the flux of electroactive

probe ions flowing through a morpholino (a neutral

analogue of DNA)-anchored PAA nanochannel array

for quantitative DNA sensing based on steric and elec-
trostatic effects. Scheme 1 shows the procedure for
functionalization of a PAA nanochannel with mor-
pholino. The PAA membrane is employed due to its
high pore density and well-organized tunable nano-
array channels. In addition, the mechanical stability of
the PAA membrane enables a thin layer of Au film sput-
tered on one side of it which acts as an electrochemi-
cal detector. As generally known, the commercially
available PAA membranes have a thickness of about
60 �m with 200-nm pores in one side (�59 �m in
depth) and 20-nm pores in the other side (�1 �m
depth).21 As shown in Figure 1A,B, when the Au film
electrode was sputtered on the 20 nm side, most of
the channel opening was blocked. To avoid this un-
wanted blocking effect caused by the sputtered Au film,
the 200 nm side of the commercial PAA membrane is
used for the Au film sputtering. In this case, the sput-
tered Au film can hardly affect the size of the channel
opening as indicated in Figure 1C,D. A comparison of
Figure 1C with Figure 1D shows that the Au film sput-
tered on the 200 nm side exhibits good uniformity and
the morphology of the Au film is dependent on the sur-
face state of the substrate membrane. Such an Au film
electrode shows very well the stability in our experi-
ments even after being routinely used for 2 weeks. This
detection design enables real time monitoring of the
electroactive ion flux.

A low ionic strength is desired for achieving high de-
tection sensitivity in the present device. Therefore, a
neutral bioprobe morpholino is attached inside the
nanochannel to capture target DNA, and negatively
charged Fe(CN)6

3� is used as the electroactive probe
to give an electrochemical signal. Because of its neu-
tral nature, morpholino can form a stable double-strand
structure with its cDNA even in very low ionic
strengths,22 which enables the change of the electro-
static effect being studied in low ionic strengths.
Fe(CN)6

3� solution is filled in the feeding cell to create
a concentration gradient which drives Fe(CN)6

3� trans-
porting through the nanochannels to the Au film detec-
tor. A reduction potential of 0 V is used to detect the
Fe(CN)6

3� (Supporting Information, Figure S2), where
the electrochemical reaction of Fe(CN)6

3� is diffusion
controlled, and the current response is directly propor-

Scheme 1. Functionalization of the inner walls of PAA nanochannels with aminated morpholino.

Figure 1. SEM images of both sides of the commercial PAA membrane be-
fore (A and C) and after (B and D) sputtering 100 nm thickness of gold film:
(A, B) 20 nm side; (C, D) 200 nm side.
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tional to the concentration of Fe(CN)6
3�. Thus, the

steady-state reduction current reflects the diffusion

flux (J) of Fe(CN)6
3� across the nanochannels. J has the

form of

where A is the area in the nanochannel where the

Fe(CN)6
3� can diffuse without hindrance; m is the num-

ber of nanochannels of the PAA membrane exposed in

solution; D is the diffusion coefficient of Fe(CN)6
3�; F is

the Faradaic constant; n and c are the electron transfer

number and concentration of Fe(CN)6
3�, respectively;

and x is the distance. D, m, and �c/�x remain the same

for a given concentration of Fe(CN)6
3� and PAA mem-

brane. Therefore, the steady-state current, I, is propor-

tional to the free transport area A.

RESULTS AND DISCUSSION
As depicted in Scheme 2, a layer of morpholino cov-

ers the inner wall of the PAA nanochannel before hybrid-

ization. The cross section of the PAA nanochannel thus

can be divided into two regions: the steric hindrance re-

gion (C) and free transport region (A). Here, the area of

free transport region, A, can be expressed as

where, rnp is the pore radius of the nanochannel and rst is

the length of steric inhibition caused by the presence of

the morpholino layer (the steric inhibition effect of the

morpholino layer is confirmed negligible in a later sec-

tion) or the morpholino�DNA layer (after hybridization).

Upon hybridization, the negatively charged

DNA�morpholino double-strand layer in the nanochan-

nel attracts cations and repels anions, forming a nega-
tively charged electric field (region B in Scheme 2) in
which the Fe(CN)6

3� anions have less chance to be found
than that in the free transport region A. We name this re-
gion B as the electrostatic repulsion region. Such a newly
generated hindrance region will decrease the pathway of
anion passing through the nanochannels and result in a
decreased flux of Fe(CN)6

3�. The thickness of the region B
(rrep) greatly depends on the Debye shielding length, rD,
which has the form23

where I is the ionic strength of the electrolyte, � is the di-
electric constant of the solution, and b is the mass molar-
ity. Other parameters have their normal definitions. rD is
well-known to be modulated by changing the ionic
strength. Therefore, the value of rrep is also affected by
the ionic strength. It is worth mentioning that the rrep

should not be considered equal to rD because the Debye
shielding length is obtained from the point of view of
charge distribution in a static state, rrep is a parameter de-
picting the region in which the same charged ions can-
not freely diffuse through. The Debye�Hückel model
considers that, in the ionic atmosphere, the electrostatic
interactions only impose some degree of order over the
randomly thermal motions but not completely block the
ion movement.24 That is, rrep should be smaller than rD. To
simplify the expression, we connect rrep and rD using a co-
efficient �, which is defined as

Therefore, the area of the free transport region A after hy-
bridization can be expressed as

Consequently, under optimal conditions, the flux of

Scheme 2. Schematic representation of the working principle for the label-free DNA detection system using an electro-
chemical detector.
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Fe(CN)6
3� passing through nanochannels decreases sig-

nificantly, resulting in a smaller steady-state current
response.

To achieve optimal performance of the present bio-
sensing device, various factors influencing the ion flux
passing through the nanochannel array were investi-
gated. �, the decrease ratio of steady-state current due
to DNA hybridization is defined by � � 1 � I/I0, where I0

and I are the current increases measured before and
after hybridization. Because the current response of
Fe(CN)6

3� is directly proportional to the free transport
area in nanochannels, the pore size will considerably
affect the � value. The results are shown in Figure 2. For
a 20 nm PAA nanochannel array, the DNA�morpholino
hybridization causes a 90% decrease in � value. In this
case, most of the Fe(CN)6

3� ions are repelled from the
nanochannels, indicating that the diffusion hindrance
areas inside the nanochannels account for most of the
nanochannels area. For the nanochannel array with the
pore size of 40 nm, a � value of 47% is obtained. It can
be estimated that nearly half of the area inside the
nanochannel is effective for Fe(CN)6

3� free transport.
However, with the pore size further increasing to 100
nm, no current change is observed. This observation

shows that the diffusion hindrance regions are negli-
gible as compared to the 100 nm diameter of pore size.
Therefore, PAA membranes with a pore diameter of 20
nm were used for DNA quantitative analysis in the sub-
sequent experiments.

As described in eqs 4 and 6, the ionic strength would
directly influence the Debye shielding length and the
area of the electrostatic repulsion region. For DNA
analysis using the present scheme, a strong inhibition
of probe ion transport caused by DNA binding is pre-
ferred for enhancing detection sensitivity. Thus, the in-
fluence of ionic strength on steady-state current of fer-
ricyanide was investigated. The results are shown in
Figure 3A. Before hybridization, I0 is independent of
ionic strength, probably due to the nearly uncharged
morpholino-functionalized nanochannels. The isoelec-
tric point of PAA is about pH 8.0.25 In our experiment, it
is found that the flux of Fe(CN)6

3� transporting through
a bare PAA membrane still increases with the increase
of ionic strength in pH 8.0 solution (Supporting Infor-
mation, Figure S4). Hence, the inner wall of the
nanochannel array that we used is a little negatively
charged under our experimental conditions. With fur-
ther modification of the membrane with amino silane
and gluteraldehyde, the surface charge still exists and
shows only a tiny change.9 Then, a neutral molecule,
morpholino, anchoring to the nanochannels will not
contribute any charge. In addition, the morpholino
monolayer covering the wall of the nanochannel will
screen the small quantity of the original negative
charge of PAA membrane, making the morpholino
monolayer modified nanochannels a nearly neutral
surface.

Interestingly, an obvious influence of ionic strength
on the steady-state current of ferricyanide ion trans-
porting through the DNA�morpholino hybridized
nanochannels is observed (Figure 3A, filled cycles). The
negatively charged morpholino�DNA surface induces
formation of electrical field which makes the probe ion
flux through the nanochannels very sensitive to ionic
strength. As shown in Figure 3A, the current I shows a
considerable decrease compared with I0 at low ionic
strength and then gradually recovers at relatively high
ionic strength. However, a nearly 9% current decrease
can still be observed compared with I0 even in 80 mM
ionic strength solutions (Figure 3B). This decrease of the
steady-state current in high ionic strength can hardly
be attributed to the electrostatic repulsion but more
possibly comes from the steric inhibition due to the in-
crease of diameter and rigidity from single-strand mor-
pholino to double-strand DNA�morpholino inside the
nanochannels. The further significant decrease in cur-
rent response in lower ionic strength solutions for the
DNA�morpholino system can thus be attributed to the
electrostatic repulsion effect between DNA and
Fe(CN)6

3�. On the basis of the above analysis, it can be
confirmed that the observed inhibition effect in Figure

Figure 2. The effect of pore size on DNA quantitative analysis is shown
in these SEM images. Panels a, b, and c were the steady-state reduc-
tion currents of Fe(CN)6

3� flowing through the morpholino-
functionalized membrane of (A) 20 nm Whatman PAA membrane,
(B) 40 nm self-made PAA membrane, and (C) 100 nm Whatman PAA
membrane before and after incubation in 100 nM complementary ss-
DNA solution for 1 h. Final concentration of 0.03 mM K3Fe(CN)6 was
added in the feeding cell filled with 0.5 mM Tris-HCl (pH8.0) against a
plain buffer solution in the receiving cell. 0 V was used as the detection
potential.
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2 can be mainly ascribed to the electrostatic effect, es-
pecially in a large diameter of nanochannels. In other
words, the electostatic repulsion force dominates the
inhibition effect in low ionic strengths.

Because the steric effect of morpholino�DNA is ob-
served in high ionic strength solution, the steric inhibi-
tion effect caused by the immobilization of single-
strand morpholino in a nanochannel was also studied.
In a high ionic strength solution, the modification of
morpholino in the 20 nm nanochannels does not show
a distinguishable effect on the Fe(CN)6

3� transport (Sup-
porting Information, Figure S5). Because of the similar
backbone structure of DNA and morpholino, it is rea-
sonable to assume that morpholino molecules have a
similar contour length with the DNA molecules which
bear the same number of bases. Therefore, the 25mer
morpholino used in the present research is about
6.25�11.00 nm long.26 If the morpholino inside the
nanochannels takes a stretched conformation, an obvi-
ous decrease of the steady-state current caused by the
steric effect should be seen after the morpholino at-
tachment. This phenomenon suggests that the mor-
pholino inside the nanochannels have a conformation
not extending to the solution but laying on the inner
wall of the nanochannels. Such deduction is supported
by researches reporting that ssDNA bases can adsorb
on materials such as gold, carbon nanotube, and
graphene.27�30 Bearing such a conformation inside
PAA nanochannels, it is not surprising that the steric in-
hibition effect of morpholino cannot be observed in
20 nm morpholino-modified nanochannels. This result
confirms our initial hypothesis that interactions be-
tween the morpholino-modified nanochannels and
transporting Fe(CN)6

3� is negligible. To observe the
steric effect dominated inhibition effect, much smaller
pore size is required and a single nanochannel may give
more detailed information on molecule conformation
inside the confined space.

For further quantitative illustration of the steric and
electrostatic repulsion effects, different charged electro-
active probes were investigated for DNA hybridization

analysis (Figure 4). It can be found that the � value of
neutral charged hydroquinone (HQ) and negatively
charged ferricyanide ion are about 4% and 33.3%, re-
spectively. These results further confirm that the elec-
trostatic repulsion effect is dominant over the hin-
drance process for the negatively charged probe. On
the contrary, for positively charged probe Ru(NH3)6

3	,
� � �7% is obtained, indicating the probe flux in-
creases after hybridization. This can be ascribed to the
fact that the negatively charged DNA�morpholino
nanochannel selectively allows the positively charged
ions to permeate preferentially for maintaining the elec-
troneutral condition in the nanochannel.31 This demon-
strates that the selection of K3Fe(CN)6 as an electroac-
tive probe can increase the detection sensitivity.

Under optimal conditions of 0.5 mM buffer, the fea-
sibility of the present nanochannel array-based sensor
for quantitative DNA analysis was evaluated. Different
concentrations of complementary single-strand DNA
were used to hybridize with the morpholino-modified
nanochannel array. The chronoamperometric tech-
nique always gives a decreasing current because the
charging current occurring at the electrode/solvent in-
terface decreases exponentially with time, but with
time extension, a relatively steady-state current can be
obtained. As shown in Figure 5, the steady-state current
of Fe(CN)6

3� gradually decreases with the concentra-
tion of the cDNA increasing from 0.1 nM to 100 nM.
Such a response indicates that more DNA�morpholino
double strands are formed inside the nanochannels
with the increase of the DNA concentration. The in-
crease of the surface charge density, though not chang-
ing the Debye length, increases the possibility of
Fe(CN)6

3� ions being repelled by the negatively charged
DNA�morpholino double strands inside the nanochan-
nels.32 Accordingly, a low steady-state current is ob-
tained. A 90% current decrease is achieved upon hy-
bridizing in 100 nM of cDNA solution; however, no
signal change is observed after hybridizing in non-
cDNA solution. These results show that the present
morpholino-functionalized nanochannel arrays are

Figure 3. (A) The influence of ionic strength on current response of Fe(CN)6
3� transporting through morpholino-

functionalized PAA membrane (20 nm) before and after hybridization with 100 nM ssDNA. The adjustment of ionic strength
was performed by varying concentrations of NaCl. Other conditions were the same as in Figure 2. (B) The relationship of �
with ionic strength; data are obtained from Figure 3A.
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highly selective as a DNA biosensor. Therefore, it is pos-
sible that the flux of Fe(CN)6

3� will be completely
blocked (switch off state) if higher DNA surface density
can be obtained or a smaller nanochannel is used. After
the membrane is treated with 9 M urea, the current sig-
nal recovers to the initial value (switch on state, Figure
5B). In this case, the DNA sensor behaves like a nano-
valve for specific ions,2 and the extent of switch can be
modulated by the concentrations of incubated cDNA.
However, because of the strong binding force of
morpholino�DNA, it is always difficult to fully make
the membrane dehybridization. Therefore, with repeat-
ing denaturing processes, the membrane is hardly re-
newed to its initial properties. But if a longer time for
dehybridization process is used, a relatively similar be-
havior of ion transport as that without hybridization can
be achieved.

For nanochannel array-based biosensors that bear
low pore density, the anchored bioprobes on the outer
surface of membrane are also a limitation factor for de-
tection of low concentrations of target analyst. Be-
cause analytes that react with the bioprobes which are
attached on the outer surface of the membrane do not
contribute to signal change.20 However, for well-
fabricated anodic aluminum oxide membranes, it pos-

sesses a much higher pore density up to �1011 pores/

cm2 and a narrower distribution of channel diameters.10

For a 20 nm PAA membrane, it can be estimated that

the internal surface area is about 104 times larger than

the area of its outer surface. Therefore, the amount of

bioprobes immobilized on the outer surface is negli-

gible compared with the ones incubated inside the

nanochannels. Thus, in our experiment, even with low

concentrations of cDNA (0.1 nM), significant change in

steady-state current can be observed in the 20 nm

nanochannel array.

Fast response speed and low detection limit are de-

sired features for a good sensor. In most of the

nanochannel array-based researches, the probe mol-

ecules were detected in the receiving cell instead of di-

rectly detected inside the nanochannels. In such a case,

the probe concentration is greatly diluted by the buffer

solution before being detected.33,20 Therefore, these

methods have a higher detection limit and longer re-

sponse time34 (10 min in ref 20, for example). Compared

with these detection methods, our real time electro-

chemical detection method is more convenient, sensi-

tive, and bears a fast response speed (about 50 s) thanks

to the good positioning of the detector which was di-

rectly integrated at the end of the nanochannels. As

soon as Fe(CN)6
3� ions diffuse across the nanochannel,

they can be immediately detected on the Au film elec-

trode. The reliable detection limit of this DNA sensor is

10�10 M (as shown in Figure 6), which is comparable to

the optical method with PNA as the recognition site in

14 nm Au nanotubes. We believe such a low detection

limit also profits from the high valence Fe(CN)6
3� probe,

which leads to strong electrostatic interactions with

DNA-functionalized nanochannels based on Donnan

exclusion model.25,35 On the other hand, the nearly zero

charged surface of morpholino-functionalized

nanochannels provides a blank background, which

also improves the detection sensitivity for sensing

DNA�morpholino hybridization. In principle, a further

decreasing of the nanochannel diameter of PAA mem-

Figure 4. The current change of different charged probes
through a morpholino-functionalized PAA membrane after
hybridizing with 10 nM cDNA for 1 h. A final concentration of
0.03 mM of the probe was added in the feeding cell filled
with 0.5 mM Tris-HCl (pH8.0) against a plain buffer solution
in the receiving cell.

Figure 5. The steady-state current response of the morpholino-functionalized nanochannel array after hybridizing in differ-
ent concentrations of cDNA (A) and before and after denaturation of double strand in 9 M urea (B). A 20 nm PAA nanochan-
nel array was used. Other conditions were the same as in Figure 2.
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branes can also improve the detection sensitivity and
detection limit.

CONCLUSIONS
We demonstrate a real time electrochemical system

for detecting the interactions between

DNA�morpholino-modified nanochannels and ferricy-
anide probe ions. Our results show that these interac-
tions can effectively modulate the transport properties
of negatively charged Fe(CN)6

3� ions flowing through
the nanochannels. Based on these observations, a label-
free DNA sensor has been successfully constructed.
The steady-state current caused by the diffusion of
Fe(CN)6

3� shows strong dependence on ionic strength,
nanochannel diameter, charge property of the probe
molecule, and DNA concentration. The performance of
the present DNA sensor would be further improved if
the detection conditions are optimized, including in-
creasing the cDNA length, decreasing the pore diam-
eters of the PAA membrane, or miniaturization of the
present system. The present nanochannel array-based
DNA senor will lay out prospects for clinical diagnostics
and life science research. We believe the present sys-
tem will have multiple applications in the bioanalytical
field.

METHODS
Surface Modification. Porous anodic alumina (PAA) membrane

from Whatman with 20 nm pore diameter and 60 �m thickness
was first cleaned as described elsewhere.36 The cleaned PAA was
then immersed into a 10 mL acetone solution containing 2.5%
3-aminopropyltriethoxysilane (APTES) for about 1 h with graft-
ing aminopropyl functional groups. After that, excess silane solu-
tion was removed from the PAA nanochannels by rinsing with
copious amounts of acetone, followed by deionized water wash.
The sample was then dried under a stream of nitrogen to re-
move any impurities and fluid. The remaining modifications
(originating on the surface-bound amines) were performed after
sputtering an Au film at the 200 nm side of the commercial
PAA membranes and the membranes were assembled in the de-
tection cell.

Fabrication of Au Film Working Electrode on PAA Membrane. An Au
film working electrode on PAA membrane was fabricated as fol-
lows. A 100 nm thick Au film was sputtered on the 200 nm side of
the commercial PAA membrane. The Au film sputtering was per-
formed using a current of 15 mA in a vacuum chamber with a
pressure of 5 
 10�4 mbar (Ar plasma) for 700 s. To dispose the
Au film electrode with ease, the Au film-coated PAA membrane
was sandwiched between two poly(ethyleneterephthalate) (PET)
sheets (100 �m thick, DIKA Official Limited Company, Suzhou,
China) with prepunched 2 mm holes. The holes defined the area
of the membrane exposing to the solution phases. Then, a 0.2
mm diameter of Cu wire was placed in electrical contact with the
Au film coated PAA membrane by Ag conductive epoxy. Extra
care has to be taken so that the Ag conductive epoxy must not
touch the exposing area in case it blocks the nanochannels. Fi-
nally, the membrane assembly was laminated together by a
heating laminator (Zhejiang Huada Limited Company, Zhejiang,
China) at 150 °C with the two prepunched holes well aligned.

Cell Assembly and Electrochemical Measurements. The APTES-grafted
PAA membrane with an Au film electrode was further function-
alized by overnight treatment with 2.5% glutaraldehyde, fol-
lowed by copious amounts of rinsing and subsequent drying.
After the above treatments, glutaraldehyde was successfully co-
valently coupled onto the surface amine functional groups on
PAA, which was further used to covalently bind amine groups of
nucleic acid.2 Then, the membrane was left in a buffer solution
for at least 30 min to ensure complete wetting. Then, the fabri-
cated PAA membrane was clamped between two thin poly(dim-
ethylsiloxane) (PDMS) films and then placed between two 2 mL
homemade half cells for transport experiments. The two holes of
both half cells were aligned to the exposed holes of the PAA

membrane (effective transport area, 3.14 mm2). Importantly, the
Au film coated side of the PAA membrane was connected with
the permeate cell. The Au film working electrode on the PAA
membrane and a Pt wire counter electrode and the Ag/AgCl ref-
erence electrode in the permeate cell form a three-electrode
electrochemical system for electrochemical detection.

After the two cells (feeding and permeating cells) were filled
with 2 mL of 0.5 mM Tris-HCl (pH 8.0) solution, a constant mag-
netic stirring was applied to the feeding cell. Meanwhile, a po-
tential of 0 V for electrochemical detection of Fe(CN)6

3� was ap-
plied to the Au film working electrode using a CHI 900
electrochemical workstation to monitor the current response of
the transported Fe(CN)6

3� ions. As soon as 0.03 mM of Fe(CN)6
3�

was added in the feeding cell, a significant current increase can
be observed because of Fe(CN)6

3� flowing through the
nanochannel to the Au film electrode surface. From the signal
change after hybridization the target DNA concentration can be
recognized.

Immobilization of Nucleic Acid. After the membrane was as-
sembled into the cell, 2 mL of solution was filled into the perme-
ating cell and sealed from leakage. Then, a 20 �L solution of am-
inated morpholino (5=NH2-GCT TAG GAT CAT CGA GGT CCA
ACC A, ordered from Gene Tools LLC), at a concentration of 100
�M prepared in 20 mM PBS (pH 8.0) was dripped on the exposed
20 nm side of PAA surface in the feeding cell for overnight. This
technique prevents a small quantity of morpholino solution from
evaporation. After the reaction of aminated morpholino with
PAA surface (Supporting Information, Figure S1), the remaining
aldehyde group was blocked with 0.2% propylamine solution.
After that, the membrane was washed with 0.1 M NaCl and sub-
sequently with deionized water.

Hybridization and Regeneration of DNA Chip. The DNA hybridiza-
tion was carried out with 30 �L cDNA (5= TGG TTG GAC CTC
GAT GAT CCT AAG, order from shanghai shenggong in China)
at various concentrations in 5 
 SSC (salt-sodium citrate) buffer
solution incubated at morpholino-functionalized membrane for
1 h at room temperature. Later on, the membrane was washed
with copious amounts of 0.1 M NaCl to remove unhybridized
DNA before performing the electrochemical measurements. The
regeneration of the DNA detection device can be achieved by
treatment with 9 M urea, followed by buffer solution rinsing.

Characterization. The morphology of PAA was characterized
by scanning electron microscopy (SEM, Hitachi, S-4800, 15 kV).
X-ray photoelectron spectroscopy (XPS) was used to character-
ize the immobilization of morpholino in the porous alumina
membrane.

Figure 6. Dependence of current response for Fe(CN)6
3� on

the cDNA concentration. Other conditions are the same as in
Figure 5.
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