Chapter 2
Ions Responsive Asymmetric Conical
Shaped Single Nanochannel

2.1 Introduction

Potassium is especially crucial in modulating the activity of muscles and nerves,
cells of which have specialized ion channels for transporting potassium. Normal
body function extremely depends on the regulation of potassium concentrations
inside the ion channels within a certain range. For life science, undoubtedly, it is
significant and challenging to study and imitate these processes happening in
living organisms with a convenient artificial system. In this chapter, I introduce a
novel biomimetic nanochannel system which has an ion concentration effect that
provides a nonlinear response to potassium ion at the concentration ranging from 0
to 1500 M [1]. This new phenomenon is caused by the G-quadruplex (G4) DNA
conformational change with a positive correlation with ion concentration. In this
work, G4 DNA was immobilized onto a synthetic nanochannel, which undergoes a
potassium-responsive conformational change and then induces the change in the
effective channel size. The responsive ability of this system can be regulated by the
stability of G4 structure through adjusting potassium concentration. The situation
of the grafting G4 DNA on a single nanochannel can closely imitate the in vivo
condition because the G-rich telomere overhang is attached to the chromosome.
Therefore, this artificial system could promote a potential to conveniently study
biomolecule conformational change in confined space by the current measurement,
which is significantly different from the nanopore sequencing. Moreover, such a
system may also potentially spark further experimental and theoretical efforts to
simulate the process of ion transport in living organisms and can be further gen-
eralized to other more complicated functional molecules for the exploitation of
novel bio-inspired intelligent nanochannel machines.

Inspired by the biological ion channel, a synthetic film with a single nano-
channel structure was prepared as described by Apel et al. [2]. Unlike the fragile
lipid-bilayer membrane in which most natural ion channels are embedded, this
synthetic film is mechanically and chemically robust. Recently, Martin and Siwy

X. Hou, Bio-inspired Asymmetric Design and Building 61
of Biomimetic Smart Single Nanochannels, Springer Theses,
DOI: 10.1007/978-3-642-38050-1_2, © Springer-Verlag Berlin Heidelberg 2013



62 2 Ions Responsive Asymmetric Conical Shaped Single Nanochannel

et al. [3, 4]. reported DNA-nanotube artificial ion channels systems which helped
us to better understand the role of an electromechanical gate which responds to the
applied voltage, and they also developed the function of this system with DNA
single-base mismatch selectivity. J.E ten Elshof et al. reported a system using the
nanometer-sized pores of membrane gates to achieve the surfactant-modulated
switching of molecular transport [5]. Letant et al. reported localized functionali-
zation of single nanopores [6]. Bashir et al. developed solid-state nanopore
channels with DNA selectivity [7]. Jiang et al. reported the gating of single syn-
thetic nanochannels by proton-driven DNA molecular motors [8]. Azzaroni and
Ali et al. reported supramolecular bioconjugation in single nanochannel as a
biosensor and the

pH-tunable rectifying characteristics of the single conical nanochannels [9-11].
Although ion channels in living organism have been studied by a mimic method
using synthetic nanochannels during the past several decades, how to endow these
synthetic nanochannels with intelligence is still a challenging task.

In this work, I further extend the function molecules-nanochannel system by
using G4 DNA [12-19]. In this biomimetic nanochannel system (BNCS), there is
an ion concentration effect, which is a very important phenomenon in living body
while other systems do not have. This system is also different from the previous
systems [3] utilized the different chain length of non-responsive DNA oligomers,
which chemisorbed on the channel walls and surface of the membrane. According
to the pH influences on the nanochannel, the previous work about pH responsive
i-motif DNA-nanochannel system focused on the permeability ratios of the single
nanochannel between two different pH values [8]. The present work is different,
because this novel biomimetic nanochannel system was responsive to potassium
ion (K*) within a certain concentration range and simulated these processes in pH
neutral environment as in a natural organism [20].

G-quadruplexes are highly ordered DNA structures derived from G-rich
sequences formed by tetrads of hydrogen-bonded guanine bases. Among the
quadruplex-forming sequences, the human telomeric sequence d[AGGG
(TTAGGG);] has attracted tremendous interest due to its importance at telomere
maintenance and cell aging or death [14]. Recently, there are many researches on
the conformational change of this biomolecule [16, 18, 21-23] and its applications
in artificial ion channels [24-29] and biosensors [30-33]. Here we selected the
G-rich human telomere strand [12, 13, 22, 34] due to the possibility of forming the
intramolecular four-stranded quadruplex topologies, and this process is dependent
on the alkali metal ion concentration. Considering the efficiency at stabilizing G4
DNA, K* is much more effective than other alkali metal ions in promoting the
formation of the G4 structures, whereas lithium ion (Li") is ineffective in all cases
[16, 35]. Therefore, these two ions mentioned above were selected as control to
investigate the ion responsive properties of the BNCS.

We prepared a single nanochannel membrane with the well-developed ion-
track-etching technique [36-39]. The nanochannel (Fig. 1.6) was embedded in a
track-etched polyethylene terephthalate membrane (PET, Hostaphan RN12 Hoe-
chst, 12 wm thick, with single ion track in the center). The track-etching technique


http://dx.doi.org/10.1007/978-3-642-38050-1_1

2.1 Introduction 63

OH

OH .
EDC + NHSS

OH

\/[]n\
NH,-DNA \/"\/
\J\

=

BEI o

Fig. 2.1 Immobilization of G4 DNA onto the inner wall of the nanochannel by a two-step
chemical reaction. Reprinted with the permission from Ref. [1]. Copyright 2009 American
Chemical Society

allows control over the shape of the channels, and in this work the etched single
nanochannel is cone-like. Diameter measurement of the single conical nanochannel
was conducted with a commonly used electrochemical method [37, 39]. Its wide
opening (base) is usually several hundred nanometers, and narrow opening (tip) is
~20 nm. During the etching process, negatively charged carboxyl groups, which
were attached to flexible polymer chains, were created on the channel surface.
Then, the amino single-stranded G4 DNA was immobilized onto the inner wall of
the nanochannel by a two-step chemical reaction [8] (Fig. 2.1). After grafting G4
DNA on a conical nanochannel wall, the DNA underwent a potassium-responsive
conformational change between a random single-stranded structure (without
presence of K*) and a four-stranded G4 structure (with presence of K*), as shown in
Fig. 2.2a, b. This conformational conversion could well induce a change in the
effective channel size of the nanochannel, and thus realized K*-responsive ion
transport properties of the BNCS.

2.2 Materials and Methods
2.2.1 Materials

See Tables 2.1 and 2.2.

2.2.2 Instruments

See Table 2.3.
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Fig. 2.2 G4 DNA was immobilized onto the inner surface of a single nanochannel. a There is no
K*; the G4 DNA relaxes to a loosely packed single-stranded structure. b Presence of K*; the G4
DNA folds into densely packed rigid quadruplex structures that partially decrease the effective
channel size of the nanochannel. ¢ After adding complementary DNA strands, G4 DNA forms a
closely packed arrangement of double-stranded DNA on the single nanochannel. Before
modification, the etched funnel-shaped single nanochannels are around 20 nm wide at the
narrowest point. Reprinted with the permission from Ref. [1]. Copyright 2009 American
Chemical Society

Table 2.1 Samples used in the experiments

Sample Purity and related parameters Provider
Polyethylene terephthalate 12 pm thick, with single ion track GSI, Germany
(PET) membrane in the center
PET membrane 12 pwm thick, with multi-ions track
in the center (107/cm2)
PET membrane 12 pm thick, without any treatment Hostaphan RN12 Hoechst,
Germany
DNA probe (our design) HPLC TAKARA Biotechnology

Primed DNA (our design) PAGE (DaLian) Co., Ltd., China
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Reagent Purity quotient Provider

KCl AR. Beijing Chemical Works

LiCl AR. Beijing Yili Fine Chemical Co., Ltd.

HCl AR. Beijing Chemical Works (Contents 36-38 %)
Tris AR. Made in China

NaOH AR. Beijing Chemical Works

HCOOH AR. Beijing Chemical Works (Contents >88 %)
EDC >99.0 % AT Fluka

NHSS >98.5 % HPLC Fluka

Filamentary silver 99.99 % Made in China

Platinum filament 99.99 % Made in China

Table 2.3 Instruments used in the experiments

Instrument

Producer

Water purification system (water, 18.2 MQ)
KEITHLEY 6487 picoammeter
ZF-7 Uviol lamp

Model PHS-25 pH meter instruction

Jasco J-810 circular dichroism (CD)
spectropolarimeter

Field emission scanning electron microscope,
JSM-6700F

X-ray photoelectron spectroscopy,
ESCALab220i-XL

Homemade PTFE electrolyzer

Homemade plexiglass electrolyzer

Hot plate clarkson H3400-HS07

Stopwatch timer

Electronic thermometre

Milli-Q, Millipore Corporation, USA

Keithley Instruments, Cleveland, OH, USA

Shanghai Gucun Optic Instrument Factory,
China

Shanghai Precision & Scientific Instrument
Co. Ltd

JASCO Corporation, Japan

JEOL, Japan
Thermo VG Scientific Ltd., UK

ICCAS, China
ICCAS, China
1IKA, USA

Made in China
Made in China

2.2.3 Solvent Preparation

Track etching solution for the nanochannel preparation: 9 M NaOH
Stopping solution for the etching solution: 1 M KCI + 1 M HCOOH
CD test solution: Tris (5 mM) + HCl (4.5 mM) + DNA (1 pM)

Transmembrane current test solution:

Tris (5 mM) + HCI (4.5 mM) + KCI or LiCl (0-1500 pM).
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2.3 Experiment Operation
2.3.1 Ag/AgCl Electrode Preparation

The characteristics of the silver/silver chloride (Ag/AgCl) electrode:

1. Reversibility: According to the electrochemical reaction, Ag/AgCl electrode
could conduct in two directions.

2. Consuming: After the prolonged current conduction, especially in the high
current case, the cathode of AgCl will be consumed, therefore it should be
regularly plated.

3. CI' dependence: In order to achieve good conductivity, Ag/AgCl electrode
must be immersed in a solution containing Cl (at least 10 mM).

Both a clean platinum wire and a clean silver wire (after the surface cleaning
process, the platinum wire electrode is used as a cathode; after sanding smooth
process, the silver electrode is used as an anode) are inserted into the 0.1 M HCI
solution, and the electroplating by the external direct current power supply can be
controlled by the adjustable resistance. Controlling the current density about
5 mA cm ? for 5 min (at the same current density, there is a positive correlation
between the plating time and the AgCl coating thickness. Generally, lower current
density and longer plating time will produce the AgCl electrode with better
quality), the surface of the silver wire as the anode is coated with AgCl (grayish
black). Next, the AgCl electrode can be connected by a conducting wire with the
insulating package. AgCl electrode is difficult to preserve, due to the photode-
composition. In addition, the AgCl coating will fall off when it dries. Therefore,
after the experiment, the AgCl electrode needs to be washed with the deionized
water and then is immersed in KCI solution for next use.

2.3.2 Ion Transport Measurement System

As shown in Fig. 2.3, the homemade transmembrane ion transport measurement
equipment is a two-electrode system. The platinum electrode is used in the
preparation of nanochannels, and the Ag/AgCl electrode is used for the ion
transport experiments. Homemade polytetrafluoroethylene (PTFE) electrolyzer is
mainly used in the preparation of nanochannels, because PTFE could be well
suited for strong acid and alkali (Fig. 2.3a). PTFE three-cell system is used for the
parallel etching experiments to get the single channel and multiple channels at the
same time (Fig. 2.3b). PTFE two-cell system is individually used in the prepara-
tion of the single channel or multiple channels. Homemade plexiglass electrolyzer
is used for the ion transport experiments, the advantage is that it can be well
observed whether there is a generation of bubbles during the test, which will affect
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tests. Figure 2.3c shows the photo of ion transport measurement system. The red
line is the output of the positive electrode, and the black line is the negative
electrode. The electrode for the output voltage is also a test current electrode. The
operating system of the instrument is Keithley Instruments ExceLINX software for
the Model 6487, and test voltage range is between —10 and +10 V. Keithley 6487
can be used to conduct a variety of testings, such as potentiostatic tests and triangle
scanning field tests.

, Plexiglass electrolyzer

PET film with single nanochannal

(c)

Fig. 2.3 a Schematic image of PET film with a conical nanochannel and the cell used for etching
and to make all current measurements. b The cells. ¢ The current measurement apparatus
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2.3.3 Preparation of the Conical Shaped Single Nanochannel

The single conical nanochannel investigated here was produced in polymer films
using the ion-track-etching technique. This method, which has become well
established to create very uniform channel in insulator, is based on the following
process (Fig. 1.6): when a swift heavy ion passes through the film, it deposits its
energy along its trajectory, thus creating a cylindrical damage zone, i.e., the latent
track. By the suitable wet etchants, the damaged material along the track can be
removed more quickly than the bulk material, thus developing the tracks into
nanochannels. Under the suitable conditions, channels down to a few nanometers
in diameter can be produced. During the etching process, negatively charged
carboxyl groups, which were attached to flexible polymer chains, were created on
the channel surface.

Polyethylene terephthalate (PET, Hostaphan RN 12, Hoechst, thickness 12 ptm)
is a good candidate to prepare ion track channels with high aspect ratio in free-
standing films [37-39]. PET is better suited for applications requiring very narrow
channels. Before the chemical etching process, each side of the sample was
independently exposed to the UV light for 1 h [36]. To produce a conical nano-
channel, etching was performed only from one side, the other side of the cell
contains a solution that is able to neutralize the etchant as soon as the channel
opens, thus slowing down the further etching process. To additionally stop the
etching, the voltage used to monitor the etching process was applied in such a way
that the negatively charged ions of the etchant were drawn out of the channel tip
(Fig. 1.6). This twofold automatic stopping was mandatory for the controlled
production of nanosized channels. The following are the etching and stopping
solutions for the etching of PET: 9 M NaOH for etching, 1 M KCI + 1 M HCOOH
for stopping. The large opening of the conical nanochannel was called base, while
the small opening was called tip. The diameter of the base was estimated from the
bulk etch rate measured in the parallel etching experiments (Figs. 2.4, 2.5). The tip
diameter was evaluated by the current measurement of the ion conductance of the
nanochannel filled with 1 M potassium chloride solution as electrolyte via the
following equation:

4L1

dip = ———
7 k(c)UD

(1)
where dy, is the tip diameter, D is the base diameter, and k(c) is the special
conductivity of the electrolyte. For 1 M KCI solution at 25 °C, k(c) is 0.11173
Q 'em™'. L is the length of the channel, which could be approximated to the
thickness of the membrane after chemical etching. U and I are the applied voltage
and the measured ion current in the channel conductivity measurement, respec-
tively. In this work, the base diameter was usually several hundred nanometers and
the tip diameter was around 20 nm.
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5.0pm-

Fig. 2.4 The SEM of the profile of nanochannels, X8000. Scale bar, 5 wm

Fig. 2.5 The SEM of base sizes of nanochannels. a X5000. b X10000. ¢ X20000. Scale bars,
1 pm

2.3.4 CD Spectroscopy Measurements

CD spectra were collected on a JASCO J-810 CD spectrometer. CD spectra were
measured at 23 °C, as maintained by the temperature-control units affiliated to the
spectrometers. Wavelength scans were performed between 220 and 320 nm.
Quartz cells with a path length of 1 mm were used for DNA and tris solutions. The
DNA was dissolved in a Tris buffer solution (pH = 7.2) containing Tris (5 mM)
and HCI (4.5 mM) to give the DNA-Tris buffer solution a final concentration of
1 pM in a quartz cell. CD-melting profile recorded at 290 nm. The temperature
increased from 10 to 90 °C. The average heating rate was about 1 °C/min.
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2.3.5 DNA Immobilization

The amino single-stranded G4 DNA (5-(NH,)-(CH,)s-AAA AAA AAA AGG
GTT AGG GTT AGG GTT AGG G (Bodipy493/503)-3) on 5’ end (Fig. 2.2) and
poly-A DNA(5'-(NH,)-(CH,)s-AAA AAA AAA AAA AAA AAA AAA AAA
AAA AAA A (Bodipy493/503)-3’) on 5’ end were immobilized onto the PET
surface and inner channel wall by a two-step chemical reaction, as illustrated in
Fig. 2.1. The NHSS ester was formed by exposure of the single-channel contained
PET film to an aqueous solution (1 ml MilliQ water, 18.2 MQ) of 15 mg EDC and
3 mg NHSS for 1 h at 23 °C. These PET-NHSS ester monolayers were reacted for
2 h with a solution of 1 uM amino DNA in MilliQ water at 23 °C. Then, the PET
film had been stored for one day in Tris buffer (pH = 7.2, 23 °C) containing Tris
(5 mM) and HCI (4.5 mM) before further experiments. The chemical covalent
modification in this system is irreversible.

2.3.6 Current Measurement

The nanochannel conductivity and the ion responsive properties of the DNA
molecules were studied by measuring ion current through the unmodified nano-
channels or DNA-modified nanochannels. Ion current was measured by a Keithley
6487 picoammeter. A single-channel PET membrane was mounted between two
chambers of the etching cell mentioned above (Fig. 2.3a). Ag/AgCl electrodes
were used to apply a transmembrane potential across the film. Forward voltage
was the potential applied on the base side (Fig. 1.6). The main transmembrane
potential used in this work was a scanning voltage varied from —2 to +2 V with a
40 s period. Current measurement on the sample treated with Tris solution con-
taining different concentration of alkali metal ions for 1 h before data collection at
23 °C. Each test was repeated five times to obtain the average current value at
different voltage.

The previous work has discussed the relationship between positive and negative
voltage for the transmembrane potential [8]. It was noticed that ion current signals
of the conical nanochannel at low voltages were difficult to distinguish the change
of ion transport properties under the little change of ion concentration of the
electrolyte solution. Moreover, the electrode might be destroyed at high voltage.
Therefore, in this work, the effect of ionic transport properties with different K*
concentration on the BNCS is studied at a specific potential in one direction (2 V,
anode facing the tip of nanochannel).
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2.3.7 XPS Testing

X-ray photoelectron spectroscopy (XPS) analysis was utilized to detect the content
of fluorine contained in the fluorescent group at 3’ end of the attached DNA
molecule, in order to confirm that the DNA was successfully immobilized on PET
surface, which was treated by Tris solution after immobilization (pH = 7.2,
296 K). XPS data were obtained by an ESCALab220i-XL electron spectrometer
from VG Scientific using 300 W Al Ka radiation, and the base pressure was about
3 x 10"° mbar. The binding energies were referenced to the Cls line at 284.8 eV
from adventitious carbon. The XPS test was performed on a separate DNA
attached PET surface, which was pretreated by 9 M sodium hydroxide before
grafting DNA.

2.4 Results and Discussion

The conformational change of G4 DNA was determined by CD spectroscopy
measurements. Control experiments showed that Li* had no obvious CD signal
within the measured range when the concentration of Li* increased from 0 to
10 mM (Fig. 2.6a). As shown in Fig. 2.6b, when the concentration of K* increased
from 0 to 10 mM, G4 DNA showed a positive peak near 290 nm, a crossover at
around 260 nm, and weak negative peaks near 255 and 235 nm, thereby indicating
a typical G4 conformation [22, 40]. According to the positive peak near 290 nm,
when the concentration of K* increased up to 100 mM, the CD signal did not
change significantly. It indicated that the major structure of this DNA was G4
conformation within the concentration range from 0 to 10 mM. Considering that
the BNCS was realized by folding and unfolding of the G4 DNA, K* concentration
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Fig. 2.6 CD spectra of G4 DNA (5'-GGG TTA GGG TTA GGG TTA GGG-3') conformations in
the different concentration of alkali metal ions. a The concentration of Li* of 0 uM (O, black),
100 uM (O, red), 10 mM (~|—, blue). b The concentration of K* of 0 uM (O, black), 10 LM (A,
green), 100 pM (O, red), 1 mM <, cyan), 10 mM (—I—, blue), 100 mM (X, magenta) in Tris-HCI
(5 mM, pH 7.2 at 23 °C). Reprinted with the permission from Ref. [1]. Copyright 2009 American
Chemical Society
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range was determined by G4 conformational change. Thus, this K* concentration
range was considered as the maximum range for the BNCS current measurements.

In addition, owing to the molecules of fluorin contained in the fluorescent group
Bodipy493/503 (green circle, Fig. 2.2) at 3’ end of the attached DNA molecule,
DNA-modified surface of the PET films were also determined by the X-ray
photoelectron spectroscopy analysis. Table 2.4 shows the PET surface without any
DNA modification, and PET surface was treated by Tris solution at the same
conditions. As the control experiments, it did not contain F1 s signal. Tables 2.5
and 2.6 show the fluorescent groups (Binding Energy of F1 s), indicating the PET
surface attached with G4 DNA and poly-A DNA. The PET surface modified by G4
DNA or poly-A DNA did not show obvious difference at Fls signal.

Ion transport properties of the nanochannel were examined by current mea-
surements. Some previous studies related to PET nanochannels have shown that
there were two major influencing factors bringing the change of measuring current
at the same voltage: ion concentration of the electrolyte solution [38, 41-47] and
the effective channel size of the nanochannel [8]. It was assumed that the effective
channel size of the nanochannel was determined by two aspects in this BNCS, i.e.,
the change of physical block and charge density caused by the biomolecular
conformational change. In our strategies, the physical block and charge density
would change simultaneously because the responsive DNA molecules were highly
negatively charged in the pH neutral environment. In the following experiments,
these two factors were integrated to investigate the ‘effective channel size’ change,
which could more comprehensibly explain the new phenomenon in this BNCS.
According to the fact that the nanochannel wall [9-11, 48] before and after G4
DNA modification is negatively charged under the neutral conditions, the elec-
trolyte solutions in all the experiments were buffered to a pH value of 7.2 using
5 mM Tris-HCI at 23 °C in order to avoid the influence of pH.

Figure 2.7a shows a positive correlation between Li* concentration and the
current before G4 DNA modification, which means that the current increased with
Li* concentration from 0 to 1,500 uM at 2 V (anode facing the tip of nano-
channel). After modification, the currents also showed a similar increasing trend
but they were lower than that before modification at the same concentration, which
could be attributed to the covalently attached DNA molecules that induced a
relative reduction of the effective channel size [6]. Whereas the hybridization of
the complementary DNA strands with G4 DNA resulted in a sharp decrease in the
currents, it still kept an increasing trend.

Table 2.4 The XPS data from PET film before DNA immobilization and treated with Tris
solution at pH 7.2 at 23 °C

Name (eV) Start BE Peak BE End BE Height counts FWHM eV Area (P) CPS.eV At. %

Cls, 284.8 291.89  284.8 281.2  19890.06 1.89 51689.91 78.11
Ols, 532.2 537.03 53233 5279  10597.05 2.97 32997.46 20.88
Nls, 399.5 404.29 399.52  396.89 429.48 0.73 1093.24 1.01

Reprinted with the permission from Ref. [1]. Copyright 2009 American Chemical Society



2.4 Results and Discussion 73

Table 2.5 The XPS data from PET film after G4 DNA immobilization and treated with Tris
solution at pH 7.2 at 23 °C

Name (eV) Start BE Peak BE End BE Height counts FWHM eV Area (P) CPS.eV At. %

Cls, 284.8 293.2 284.81 281.34 13131.78 1.74 34589.26 73.73
Ols, 531.9 536.66 531.85 527.6 8545.3 1.91 27173.69 24.25
Nls, 399.7 405.49 399.68 395.37 518.66 1.36 1314.36 1.71
Fls, 689. 1 692.55 689 684.69 157.11 0 442.14 0.31

Reprinted with the permission from Ref. [1]. Copyright 2009 American Chemical Society

Table 2.6 The XPS data from PET film after poly-A DNA immobilization and treated with Tris
solution at pH 7.2 at 23 °C

Name (eV) Start BE Peak BE End BE Height counts FWHM eV Area (P) CPS.eV At. %

Cls, 284.8 29326 284.79  281.14 10023.19 1.81 27783.84 70.06
Ols, 532.2 536.72 531.93 527.65  8329.17 3.01 26007.9 27.46
Nls, 400.1 405.05 399.89  396.03 364.1 0.09 1263.26 1.95
Fls, 688.8 692.05 688.6 685.13 253.15 0.27 653.34 0.53

Reprinted with the permission from Ref. [1]. Copyright 2009 American Chemical Society

Figure 2.7b shows the current change of the nanochannel via the concentration
at different states upon the addition of K*. Before G4 DNA modification and after
the hybridization, the currents indicated an increasing trend similar to that in
Fig. 2.7a. It is worth specially mentioning that there was a remarkable difference
after DNA modification. The currents first started to drop with K™ concentration
increasing from O to 500 uM, and then the currents changed a little at the con-
centration range from 500 to 750 wM. Afterward, the concentration further
increased from 750 to 1,500 pM, and the currents showed an increasing trend
again. This unusual phenomenon could be attributed to the formation of G4
structures that induced the relatively dense packing of DNA molecules on the inner
wall of the nanochannel, resulting in an efficient decrease of the effective channel
size and thus the current change. These results coincided with the previous studies
on the four-stranded i-motif structure [8]. Before the formation of G4 structures,
G4 DNA with the single-stranded structure loosely packing on the nanochannel
wall could not efficiently reduce the effective channel size, leading to the currents
increasing with Li* concentration changing from 0 to 1,500 pM (Fig. 2.7a).
However, the hybridization of the complementary DNA strands with G4 DNA
formed the rigid duplex structure of DNA, and thus created a closely packed
arrangement of double-stranded DNA structure that was more stable than G4
structure (Fig. 2.2¢). Therefore, G4 DNA conformation could not change with K™
concentration increasing. This deduction was strongly supported by further
experimental data from the CD method.

As shown in Fig. 2.8, after adding the complementary DNA strands, the rigid
duplex structures of DNA formed. No change could be observed in CD spectra
when K concentration changed from 0 to 1,500 pM, which meant the double-
stranded DNA conformation was more stable than that at other states.
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Fig. 2.7 Current-concentration (/-C) properties of a single nanochannel embedded in a PET
membrane before and after G4 DNA molecules attached onto the channel wall in Tris-HCl
(5 mM, pH = 7.2, at 23 °C). a Presence of different Li* concentration. b Presence of different K+
concentration. Before G4 DNA modification (M, blue); after G4 DNA modification (@, red); after
the addition of the complementary DNA strands (5'-CCC TAA CCC TAA CCC TAA CCC-3')
(A, green). Before modification, the diameter of the tip and base are about 18 and 420 nm,

respectively. Reprinted with the permission from Ref. [1]. Copyright 2009 American Chemical
Society

To exclude the possible effect of regular DNA of which conformation was not
responsive to K, poly-A DNA [8] was selected in this study. From Fig. 2.9, when
the system was at its initial state without the alkali metal ions, poly-A DNA
showed a negative peak near 247 nm. No change could be observed in CD spectra
when the concentration of both K* and Li™ of the buffer solution changed from 0
to 10 mM (G4 conformation appeared at the same K' concentration), which
indicated there was no distinct conformational change, strongly suggesting that the
conformation of poly-A DNA was not responsive to K or Li*.

Figure 2.10 shows the current change of a conical nanochannel upon the
addition of Li" or K" before and after poly-A DNA modification under the same
conditions, respectively. The ion transport properties of the nanochannel at dif-
ferent states also showed the increasing trend. It was reasonable that poly-A DNA
with single-stranded structure loosely packing on the channel wall could not
efficiently reduce the effective channel size, leading to the current increase at the
ion concentration ranging from 0 to 1,500 M. These results again verified that the
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Fig. 2.8 CD spectra of G4 DNA (5-GGG TTA GGG TTA GGG TTA GGG-3'), the
complementary DNA strands (5'-CCC TAA CCC TAA CCC TAA CCC-3’) and double-stranded
DNA (G4 DNA and the complementary DNA strands). G4 DNA in Tris-HCI, (O, black); the
complementary DNA strands in Tris-HCI, (O, red); double-stranded DNA in the different
concentration of K™ ions, (0 uM, A, blue); (750 pM, O, green); (1500 M, -|—, magenta).
Reprinted with the permission from Ref. [1]. Copyright 2009 American Chemical Society
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Fig. 2.9 CD spectra of poly-A DNA (5-AA AAA AAA AAA AAA AAA AAA-3)
conformations in the different concentration of alkali metal ions. a Li*. b K*. 0 uM (O, black),
100 M (O, red), 10 mM (—|—, blue) in Tris-HCI (5 mM, pH 7.2 at 23 °C). Reprinted with the
permission from Ref. [1]. Copyright 2009 American Chemical Society

new phenomenon of the current change for K* after G4 DNA modification was
mainly due to the conformation change of G4 DNA.

In this work, the diameter of the tip around 20 nm was selected to study this
BNCS as the optimized channel size discussed in the previous work [8]. As shown
in Fig. 2.11, all the nanochannels before modification, of which the tip diameters
range from 17 to 24 nm, had the current ratios higher than 1, and exhibited the
synthetic nanochannel original property that the current measurements had a
positive correlation with alkali metal ion concentration. After the nanochannels
were modified with G4 DNA, their current ratios showed the same trend for Li™,
but a totally different trend for K+, which had the current ratios less than 1.
Compared to the original nanochannel, the nanochannels modified with poly-A
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Fig. 2.10 /-C properties of a single nanochannel before and after poly-A DNA molecules
attached onto the inner channel wall. a Lit. b K'. Before modification (M, blue); after
modification (@, red). Before modification, the diameter of the tip and base are about 17 and
400 nm, respectively. Reprinted with the permission from Ref. [1]. Copyright 2009 American
Chemical Society
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Fig. 2.11 Current ratio of the nanochannels under the absence and presence of 750 pM alkali
metal ions before and after DNA modification. a Li™, b K*. Before modification (M, blue), after
G4 DNA modification (¥, red), after poly-A DNA modification (A, green). The diameters of the
tip and base are about 20 and 400 nm (Samplel, ~17, ~400 nm; Sample2, ~ 18, 420 nm;
Sample3, ~21, ~400 nm; Sample4, ~24, ~410 nm). Reprinted with the permission from Ref.
[1]. Copyright 2009 American Chemical Society

DNA showed the similar increasing trend for both Lit and K. Therefore, the
conformational change exhibited in G4 DNA molecules indeed contributes to this
new phenomenon in the BNCS.
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To explore the phenomenon observed in Fig. 2.7b that the currents first
decreased and then increased with changes of K* concentration, the CD melting
method was utilized [21, 23]. It is well-known that G4 DNA melting reveals the
ratio of folding and unfolding of G4 DNA, and corresponds to the stability of the
G4 structures [21]. Figure 2.12 indicated that the stability of the G4 structures
increased with K concentration increasing. The cyan horizontal dot line repre-
sents the temperature (7, for the current measurement. When K* concentration
exceeded C,, (the corresponding concentration of the intersection point between
the black curve and the cyan horizontal dot line), the G4 structures became more
and more stable with K concentration increasing. With the stability of structures
further enhanced, however, the change of the DNA melting rate showed a type of
“L” curve (Fig. 2.12, inserts), which means that, for this kind of G4 DNA, K*
concentration reached a certain level, the stability of the G4 structures nearly kept
unchanged. It was found that the most prominent stabilizing of the G4 DNA
structure appeared below K* concentration of 750 pM.

Based on the above analyses, it can be concluded that enhancing the stability of
the G4 structures by increasing K™ concentration could gradually decrease the
effective channel size of the nanochannel within a certain ion concentration
ranging from 0 to 750 WM. On the other aspect, K* concentration exhibited a
positive correlation with the currents change (Fig. 2.7b). Therefore, this new
phenomenon of the ion transport properties of the nanochannel modified with G4
DNA was explained by the competition between these two factors, i.e., the sta-
bility of G4 structures and ion concentration. To be clearer, when the stability of
G4 structures dramatically increased with K™ concentration increasing, it played a
prominent role in changing ion transport properties of the nanochannel by
adjusting the effective channel size, while when the increase rate of the stability of
G4 structures gradually decreased, the ion concentration started to exert main
influence.
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Fig. 2.12 DNA melting—Ion concentration curve of G4 DNA (5'-GGG TTA GGG TTA GGG
TTA GGG-3'). The inserts represent the stability of G4 structure under different K"
concentration at the fixed experimental temperature, and influence of different K* concentration
on the slope of G4 DNA melting and K* concentration. Reprinted with the permission from Ref.
[1]. Copyright 2009 American Chemical Society
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2.5 Conclusions

In summary, we experimentally demonstrate a novel biomimetic nanochannel
which can achieve a K™ response within a certain ion concentration range. The
situation of the grafting G4 DNA on a single nanochannel can closely imitate
the in vivo condition [21], because the G-rich telomere overhang is attached to the
chromosome. Therefore, this artificial system could promote a potential to con-
veniently study biomolecule conformational change in confined space by the
current measurement which is significantly different from the nanopore sequencing
[49]. Moreover, such a system as a basic platform could potentially spark further
experimental and theoretical efforts to simulate the process of ion transport in
living organism and boost the development of bio-inspired intelligent nanochannel
apparatus such as biosensors [50, 51], nanofluidic devices [52] and molecular
filtration [53].
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