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In  this  study,  based  on  ion-current  rectification  in  the  conically  shaped  nanochannel  embedded  in
polyethylene  terephthalate  (PET)  membrane,  we  have  selectively  discriminated  three  small  biomolecules.
Because  three  positive  biomolecules  (Hoechst  33342,  Propidium  and  Bupivacaine)  have  different
hydrophobicities,  their  interactions  with  inside  wall  of  the  conical  nanochannel  are  different  and  their
binding  affinities  can  be  derived  from  Langmuir  absorption  model.  Therefore,  we  can  successfully  dis-
criminate  these  small  biomolecules.  The  highest  binding  constant  was  obtained  for  the  small  molecule
eywords:
on current rectification
onically shaped nanochannel
iomimetic
olymer membrane
ensors
mall hydrophobic biomolecules

with  highest  hydrophobicity.  Another  interesting  result  is  that the  detection  limit  for  the  small  molecule
with  the highest  binding  constant  shifts  to submicromole.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Synthetic nanochannels [1–27] embedded in polymer mem-
rane have attracted great attention due to their facile fabrication
nd easy functionalization. As an alternative to biological coun-
erpart [28–31],  nanochannel in solid-state film can be adjusted
o various nanochannel sizes, which is extremely important for
elective detection of specific target. Until now, there are two
asic methods for target analysis via conically shaped nanochannel:
esistive-pulse sensing [3,4] and ion-current rectification [12,27].

Comparatively, biosensor based on ion-current rectification
s much less sensitive to the physical properties of nanochan-
el tip than resisitive-pulse sensing. The sensor element in this
ase is a single conically shaped nanochannel in a polyethylene
erephthalate membrane [11]. The sensing paradigm entails plac-
ng electrolyte solutions on either side of the membrane and
sing electrodes in each solution to scan the applied transmem-
rane potential and measure the resulting ion current flowing
hrough the nanochannel. As has been discussed in detail by

thers [3,4,6,7,9,10,32–35], conically shaped nanochannels with
xcess surface charge on the pore walls, and sufficiently small tip
penings, show non-linear current voltage curves; i.e.,  such pores

∗ Corresponding authors. Tel.: +86 431 85262003; fax: +86 431 85689711.
E-mail addresses: jhwang@ciac.jl.cn (J. Wang), ekwang@ciac.jl.cn (E. Wang).

039-9140/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2011.12.022
possess ion-current rectifying ability. Because the nanochannels in
PET used here have excess anionic surface charge, rectification is
observed at applied transmembrane potentials [27].

It has been reported [27] previously that when the nanochan-
nel is exposed to a very hydrophobic, yet cationic small molecule,
adsorption of this molecule on the pore walls of polyimide (Kap-
ton) neutralizes the excess negative surface charge. Inspired by
this interesting discovery, we are seeking to explore whether
nanochannel fabricated from other polymer material can selec-
tively discriminate different small hydrophobic biomolecules due
to their inherent hydrophobicity. PET materials were selected to
fabricate conically shaped nanochannel because of its easy fabrica-
tion as compared to Kapton membrane. Here, by choosing Hoechst
33342, Propidium iodide and Bupivacaine as typical examples,
we demonstrated the conically shaped nanochannel embedded in
PET membrane can be used to selectively discriminate cationic
hydrophobic biomolecules by utilization of ion-current rectifica-
tion. Hoechst 33342 is much more hydrophobic and Propidium
iodide and Bupivacaine are less hydrophobic. The reason why
we choose these molecules is because that Hoechst 33342 has
similar planar structure as Hoechst 33328, which can help us
to better understand the mechanism behind the absorption of

small molecules onto the membrane. Furthermore, these positive
molecules have significant difference in hydrophobicity and the
structures of these molecules have different level of planarity which
may  clarify the role of aromatic stacking interaction.

dx.doi.org/10.1016/j.talanta.2011.12.022
http://www.sciencedirect.com/science/journal/00399140
http://www.elsevier.com/locate/talanta
mailto:jhwang@ciac.jl.cn
mailto:ekwang@ciac.jl.cn
dx.doi.org/10.1016/j.talanta.2011.12.022
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. Experimental

.1. Chemicals and materials

PET (poly(ethylene terephthalate)) membranes (diame-
er = 3 cm,  thickness = 12 �m)  that had been irradiated with a
eavy ion of 2.2 GeV kinetic energy to create a single damage
rack through the membrane were obtained from GSI, Darmstadt,
ermany and referred to as the “tracked” membranes. The surfac-

ant DOWfax 2A1 was purchased from DOW Chemical. Sodium
hloride (NaCl) and potassium chloride (KCl) were purchased
rom Beijing Chemical Reagent Company (Beijing, China). Hoechst
3342, Propidium iodide, Bupivacaine (Fig. 1) were purchased
rom Sigma–Aldrich and used as received. Tris–HCl used to prepare
he buffer solutions, was also obtained from Aldrich. All of the
hemicals were of at least analytical grade. Purified water was
repared by passing house-distilled water through a Millipore
illi-Q water purification system.

.2. Fabrication of asymmetrical nanochannel

Each side of the tracked PET membrane was irradiated under
V light (365 nm)  for 1 h, and then the membrane was  mounted

n a two-compartment cell such that electrolyte solution could
e placed on either side of the tracked membrane. The tem-
erature during etching was maintained at 40 ◦C. Each half cell
ontained a Pt wire (dia = 0.1 cm,  length ∼ 5 cm), and a Keithley
536A picoammeter/voltage-source (Keithley Instruments, Cleve-

and, OH) was used to apply a transmembrane potential of 1 V
uring etching and measure the resulting current ionic flowing
hrough the nascent nanochannel. Nanochannels with the tip diam-
ter of 22 nm was fabricated with surfactant-protected one-step
tching method described by Ali for preparing conically shaped
anochannels in tracked poly(ethylene terephthalate) membranes
36]. Protecting solution (6 M NaOH + 0.07% 2A1) was placed on
ne side of the membrane, 6 M sodium hydroxide solution was
laced on the UV-treated side to control the diameter of big
pening of the nanochannel. When desired current was reached,

 M HCl solution was placed on both side of the membrane to
top the etching process. According to previous procedure [36],
he diameter of the base opening was determined by obtaining
canning electron micrographs of the base side of multi-tracked
ET membranes (1 × 108 tracks cm−2) etched under the same
onditions (Fig. 2A).

The tip diameter (d) after the second etching was measured
sing the electrochemical method described in detail previ-
usly [37,38]. The following equation was used to calculate tip
iameter:

 = 4LI

�DkV

here L is the membrane thickness, k is the conductivity of the
lectrolyte, V is the transmembrane voltage, and I is the ionic cur-
ent. The equation provides a solution to obtain the tip diameter
f ideal conically shaped nanochannel. However, the tip diameter
annot be directly imaged by current techniques; therefore, a rough
stimation of tip diameter has to be used.

.3. Sensing the analyte biomolecules

The membrane containing the conically shaped nanochannel
as mounted in the two-compartment cell, and a solution con-
aining the desired analyte molecule (Fig. 1) was placed in the
ompartment facing the tip opening of the membrane. This solution
as prepared in 10 mM Tris buffer (pH = 7.0) containing 100 mM
Cl, and the same buffer solution, devoid of the analyte, was  placed
 (2012) 253– 257

on the opposite side of the membrane. Ag/AgCl electrode was
placed into each solution, and the Keithley 2536A was used to
obtain a current–voltage (I–V) curve associated with ion transport
through the nanochannel. The working Ag/AgCl electrode was  in
the half-cell facing the base opening, and the potential of this elec-
trode was  controlled relative to the counter Ag/AgCl electrode in
the opposite solution. The I–V curve was  obtained by scanning the
potential from −2 V to +2 V.

3. Results and discussion

3.1. Selection of proper polymer material for fabrication of
conically shaped nanochannel

Among those investigations focusing on nanochannels in poly-
mer  membranes [1,8,9,18,20,24,39], PET membrane has been
used to investigate physical foundation of ion transport across
biomimetic nanochannel embedded in the membrane due to its
dramatic advantages as compared to others. Firstly, etching heavy
ion track in the PET membrane only entails placing sodium hydrox-
ide either on one side [38] or on both sides of the membrane [36].
Secondly, the small opening of the nanochannel can be adjusted
at will by stopping the etching process at desired current value,
which can be used to estimate the tip size of conically shaped
nanochannel. Finally, the surface of PET after etching using high
concentration of sodium hydroxide is ended with carboxyl group,
which facilitates further functionalization of the inner channel wall.
In combination with other various tools, various methods have
been reported to chemically modify the surface wall of nanochan-
nel to tune the ion transport.

3.2. Ion-current rectification by conical nanochannel

As shown in Fig. 3A (Figs. 4A and 5A), I–V curves for a conical
nanochannel in a PET membrane with and without the ana-
lyte demonstrate dramatic difference. In the absence of these
small molecules, the I–V curves are non-linear, indicating that the
nanochannel with negative surface charge strongly rectifies the
ion current flowing through it [7,10,12,24]. Several comprehensive
simulations [7,8] have been accomplished to explain the ion cur-
rent rectification. Ion current rectification through conically shaped
nanopore requires that surface charge density is asymmetrically
distributed along the nanochannel and the diameter of the tip open-
ing is in proper relationship with the thickness of the electrical
double layer extending from the pore wall.

The ion-current rectification phenomenon can be described by
defining “on” and “off” states for the nanochannel rectifier [40].
Figs. 3A, 4A and 5A show that in the absence of each analyte, the
“on” state occurs at negative potentials and the “off” state at posi-
tive potentials. These indicate that rectification is caused by fixed
anionic (carboxylate) groups on the pore wall. The extent of recti-
fication can be quantified by the rectification ratio defined here as
the absolute current at −2.0 V divided by the absolute current at
+2.0 V (Fig. 2B).

3.3. Effect of three cationic hydrophobic biomolecules on
rectification

Several key observations reproduced by Hoechst 33342 are
the followings: as Hoechst 33342 is added, the extent of rec-
tification decreases (Fig. 3A); the extent of rectification scales

inversely with the concentration of Hoechst 33342 (Table 1); ulti-
mately at high small molecule concentrations, the rectification is
reversed (Fig. 3A). This reversal in rectification is signaled by the
fact that at high small molecule concentrations the “on” state is at
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Fig. 1. Molecular structure of small biomolecules.

Fig. 2. Scanning electron micrograph of multipore etched in PET polymer under the same etching conditions as that for single-tracked nanochannel.

Fig. 3. (A) I–V curves for a conical nanochannel sensor (tip diameter = 22 nm,  base diameter 200 nm) in the presence of the following concentrations of Hoechst 33342: 0 nM
(  (dark
c ns: 10
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black  square), 2 �M (red circle), 3 �M (blue triangle), 4 �M (green triangle), 5 �M
oncentration of Hoechst 33342. Red line is the fitting curve. Experimental conditio
easurements. (For interpretation of the references to color in this figure legend, th

ositive potentials and the “off” state is at negative potentials.

igh small molecule concentration drives the rectification ratio

o be less than unity (Table 1). Reversal of ion current recti-
cation also indicates that the membrane becomes positively
harged due to excess adsorption of cationic small biomolecule.

able 1
ectification ratios corresponding to three small biomolecules at transmembrane potenti

Hoechst 33342 (�M) Rectification ratio Propidium iodide (�M) 

0 4.80 0 

2  2.09 20 

3 0.43  200 

20  0.0079 1000 
 yellow triangle), 20 �M (pink triangle). (B) Plot of surface coverage (theta) versus
 mM Tris buffer (pH = 7.0) with 100 mM in KCl; Error bar from three experimental

der is referred to the web version of the article.)

As compared to Hoechst 33342, the change of ion current recti-

fication in presence of other two small biomolecules (Propidium
and Bupivacaine) has similarity and dissimilarity to that corre-
sponding to Hoechst 33342. The similarity is that along with
increasing the concentration of small molecule, the ion current

al difference of 2 V.

Rectification ratio Bupivacaine (�M) Rectification ratio

5.4 0 5.2
3.62 400 4.07
2.40 3000 2.48
1.09 20,000 1.51
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Fig. 4. (A) I–V curves for a conical nanochannel sensor (tip diameter = 22 nm,  base diameter 200 nm)  in the presence of the following concentrations of Propidium iodide:
0  nM (black square), 10 �M (red circle), 20 �M (blue triangle), 80 �M (green triangle), 400 �M (pink triangle), 1000 �M (dark yellow triangle). (B) Plot of surface coverage
(theta)  versus concentration of Propidium iodide. Red line is the fitting curve. Experimental conditions: 10 mM Tris buffer (pH = 7.0) with 100 mM in KCl; error bar from three
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xperimental measurements. (For interpretation of the references to color in this fi

ectification gradually decreases. Nevertheless, the ion current rec-
ification is not reversed at much high concentration of Propidium
Bupivacaine).

The similarity of molecular structures between Hoechst 33258
nd Hoechst 33342 tell us that the interaction of Hoechst 33342
nd nanochannel wall in PET can also be explained by hydrophobic-
ty which was used to explain the interaction mechanism between
oechst 33258 and nanochannel wall in Kapton [27]. Nonetheless,
ther weak forces like electrostatic interaction, hydrogen-bonding,
romatic stacking interaction, etc., still can not be fully ignored in
his case. Electrostatic force is not the dominant force since Hoechst
3342 continue to be adsorbed onto the nanochannel wall after
xcess positive charge exists on the surface. For example, the less-
han-unity ion current rectification indicates that the nanopore
urface has net positive charge in the presence of 3 �M Hoechst
3342 (Table 1); increasing the concentration of Hoechst 33342 up
o 20 �M can further decrease the ion current rectification, indi-
ating that more molecules are absorbed. We  reason that aromatic
tacking interaction may  play a significant role in the excessive
dsorption of Hoechst 33342, which tends to aggregate due to its

at aromatic plane at high concentration. In contrary, Propidium
nd Bupivacaine do not have this capability, which may  be used
o explain why the ion current rectification is not reversed at high
oncentration.

ig. 5. (A) I–V curves for a conical nanochannel sensor (tip diameter = 22 nm,  base diame
black  square), 50 �M (red circle), 200 �M (blue triangle), 800 �M (green triangle), 1500
theta)  versus concentration of Bupivacaine. Red line is the fitting curve. Experimental c
xperimental measurements. (For interpretation of the references to color in this figure l
egend, the reader is referred to the web version of the article.)

3.4. Analysis of the small molecule adsorption data via Langmuir
model

For Langmuir adsorption of a molecule to a surface, the following
general equation was used [27]

� = KC

1 + KC
(1)

where � is the fractional coverage of the molecule on the surface, K
is the binding constant with units of L mol−1 and C is the concen-
tration of the small molecule in the contacting solution phase. � is
also given by

� = moless,i

moless,max
(2)

where moless,i is the moles of molecule on the surface when the
surface is exposed to some concentration of small molecule i and
moless,max is the maximum adsorption capacity of the surface
obtained at some very high concentration of the molecule.

At very high concentration of the molecule, the surface adsorp-

tion reached the maximum capacity and the corresponding ion
current was referred to as Imin; At the absence of the molecule,
the ion current was I0. Moless,max is proportional to the difference
I0 − Imin.

ter 200 nm)  in the presence of the following concentrations of Bupivacaine: 0 nM
 �M (pink triangle), 20,000 �M (dark yellow triangle). (B) Plot of surface coverage
onditions: 10 mM Tris buffer (pH = 7.0) with 100 mM in KCl; error bar from three

egend, the reader is referred to the web version of the article.)
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Similarly, if the current observed at some intermediate small
olecule concentration was Ii, moless,i is proportional to the dif-

erence I0 − Ii. This allows us to calculate surface coverage for any
oncentration of small molecule via

 = I0 − Ii
I0 − Imin

(3)

By fitting the experimental data with Eq. (1),  the value of the
inding constant K can be obtained. Fig. 3B shows the experimen-
al and calculated plots and a value of K = 2.534 × 106 was obtained
rom the best fit. This K quantifies what the experimental data
lready taught us – Hoechst 33342 binds very strongly to the PET
urface.

.5. Fitting the experimental data with Langmuir model

Propidium and Bupivacaine are much less hydrophobic than
oechst 33342. The first and second key experimental observa-

ions for Hoechst 33342 can be reproduced by Propidium and
upivacaine (Table 1). As Propidium or Bupivacaine was added,
he rectification was decreased (Figs. 4A and 5A); the rectification
caled inversely with the concentration of Propidium or Bupiva-
aine. The rectification was not reversed and still above unity even
he concentration of Propidium or Bupivacaine was  beyond 1 mM
Table 1). It meant that the surface charge of PET membrane had not
een reversed even the maximum coverage of the small molecule
as reached. Although Propidium have four aromatic rings, the tail

ttached to the ring could impede aromatic stacking interaction;
upivacaine do not have planar molecular structure, which may
revent further adsorption via aromatic stacking.

Propidium was much more hydrophobic than Bupivacaine
lthough there just has a slight difference in the molecular weights
f Propidium and Bupivacaine. Bupivacaine presents two additional
pportunities for hydrogen bonding with water: the lone pairs on
he carbonyl group and the lone pair of the nonprotonated nitro-
en. It was expected that the interaction between Bupivacaine
nd PET nanopore wall is the weakest one among the three small
iomolecules. The bind constant (5.91 × 103 L/mol, Fig. 5B) for Bupi-
acaine to the nanochannel wall in PET membrane is lower than
hat for Propidium (2.85 × 104 L/mol, Fig. 4B) and that for Hoechst
3342 (2.53 × 106 L/mol, Fig. 3B).

The limit of detection (LOD) is defined as the concentration
orresponding to the surface coverage at three times standard devi-
tion of blank without analyte. The limit of quantification (LOQ) is
efined as the concentration corresponding to the surface cover-
ge at 10 times standard deviation of blank without analyte. For
oechst 33342, the LOD and LOQ are 150 nM and 500 nM,  respec-

ively; for Propidium, the LOD and LOQ are 1.93 �M and 6.42 �M,
espectively; For Bupivacaine, the LOD and LOQ are 6.33 �M and
1.1 �M,  respectively. The highest binding constant is obtained for
he small biomolecule with highest hydrophobicity. Another inter-
sting result is that the detection limit for the small molecule with
he highest binding constant shifts to submicromole.

. Conclusions

The sensor we developed here has great selectivity toward
ydrophobic cationic small biomolecules. More hydrophobic
ationic small molecule can be easily discriminated from those less
ydrophobic cationic small biomolecules. The highest binding con-

tant of Hoechst 33342 toward nanochannel wall in PET membrane
ffers lowest detection limit. In the future work, we  will focus on
xtend the application of sensor based on ion current rectification,
or example, immobilize negative (or positive) charged molecular

[

[

[
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recognition agent onto the pore wall of conical nanotube for sensing
positive (or negative) analytes.
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