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ABSTRACT: Inspired from the funtioning and responsiveness
of biological ion channels, researchers attempt to develop
biosensing systems based on polymer and solid-state nano-
channels. The applicability of these nanochannels for detec-
tion/sensing of any foreign analyte in the surrounding
environment depends critically on the surface characteristics
of the inner walls. Attaching recognition sites to the channel
walls leads to the preparation of sensors targeted at a specific
molecule. There are many nanochannel platforms for the
detection of DNA and proteins, but only a few are capable of
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detecting small molecules. Here, we describe a nanochannel platform for the detection of hydrogen peroxide, H,O,, which is not
only a toxic waste product in the cellular systems but also a key player in the redox signaling pathways. The sensor is based on single
conical nanochannels fabricated in an ion tracked polymer membrane. The inner walls of the channel are decorated with horseradish
peroxidase (HRP) enzyme using carbodiimide coupling chemistry. The success of the HRP immobilization on the channel surface is
confirmed by measuring the pH-dependent current—voltage (I—V) curves of the system. The reported HRP-nanochannel system
detects nanomolar concentrations of H,O, with 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonate) (ABTS) as the substrate. The
immobilized HRP enzyme is thus capable of inducing redox reactions in a subfemtoliter volume of single nanochannels. We
demonstrate that functioning of the designed biosensor is reversible and can be used multiple times to detect H,O, at various

concentrations.

ature has inspired scientists and engineers to miniaturize
Nelectrochemical devices having applications in various sen-
sing and separation processes, including manipulation of single
molecules." ' Ton channels in a cell membrane regulate the flow
of ions and molecules across the cell boundaries."* Many bio-
logical channels are selective for a given ion or molecule and are
responsive so that the transport is regulated by changes in the
electrical potential difference/pressure or by the binding of a
chemical to the channel structure. Biological channels have also
become a model system to investigate transport phenomena at
the nanoscale.'*'® The first sensor for DNA and proteins was
based on the bacterial channel a-hemolysin.>'¢~'¢
Synthetic nanochannels have recently attracted a great deal of
interest because their geometry and surface chemistry can be
fully controlled. They also feature excellent mechanical robust-
ness and compatibility with various electronic measurement sys-
tems. Synthetic nanochannels fabricated in polymer and silicon-
based films as well as glass nanopipettes have already been
applied for the detection of DNA and protein analytes.”' >
Solid-state nanochannels functionalized with suitable recogni-
tion elements (e.g., antibody or DNA strands) have been
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demonstrated as a sensor targeted at a given molecule (e.g.,
antigen).s’m’zs_29 Translocating molecules bind with the recog-
nition chemical groups on the channel walls, which are detected
as a change of transport properties of the system.

Here, we would like to present another type of nanoporous
hydrogen peroxide (H,0O,) sensor based on single conical
polymer nanochannels whose walls are functionalized with the
horseradish peroxidase (HRP) enzyme. The immobilized en-
zyme remains active in redox reactions that occur inside a single
nanochannel in the presence of even nanomolar concentrations
of H,O,. Monitoring the redox reactions via changes of the
nanochannel transport properties offers an easy method to detect
H,0,. Hydrogen peroxide has been recognized as an agent
whose quantitative monitoring would be important for medical
diagnostics. It is because accumulation of H,0, in the mitochon-
dria, for example, can lead to cancer as well as neurodegenerative
diseases such as Alzheimer’s, Parkinson’s, and Huntington’s
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diseases.>****> On the contrary, H,O, has also been identified as a
messenger in various signaling pathways.**

A variety of quantitative methods have already been developed
for the detection of H,O,. The most commonly used approaches
include chemical and biological techniques, based on spectro-
metry, > chemoluminescence, ** amperometry,” ** and
electrochemistry.>®>° The conventional spectrometric and che-
moluminescence methods are generally time-consuming; they
require expensive reagents (e.g., fluorescent tags) and equip-
ment. Many of the electrochemical techniques to detect H,O,
rely on the direct oxidation of the molecule using metal, e.g,, Pt
electrodes. These systems do not always offer optimal conditions
for the H,O, detection due to their poor selectivity, low sen-
sitivity and electrode fouling.’**® In addition, oxidation of
H, 0, requires overpotentials at which other electroactive species
might interfere with the detection. Another electrochemical
method to detect H,O, involves redox-active mediators, but in
some cases, the observed electrochemical response cannot be
easily correlated with the H,O, concentration. Lyon and Ste-
venson used an indicator molecule (Amplex Red) that becomes
electrochemically active only when chemically oxidized by H,O,
in the presence of HRP enzyme.*” HRP catalyzed the decom-
position of H,0, to peroxy radicals which subsequently were
reduced to water via chemical oxidation of Amplex Red to
resorufin. Resofurin was then electrochemically detected at the
electrode. The system, although offering an excellent detection
limit of ~10 pM, was susceptible to electrode fouling and re-
quired cleaning the electrode between measurements. The
electrochemical biosensors typically involve an electrode material
onto which HRP***?% or cytochrome ¢ enzymes are immo-
bilized. Direct contact between the enzyme and the electrode
was, however, found to cause potential structural and functional
changes of the enzymes, which also influenced the detection.®>**
Leaching of the enzymes from the electrode is another important
issue which seriously imparts a sensor function. To mitigate these
problems, Peng et al.>* used a mixed monolayer of ferrocenylalk-
anethiol and encapsulated horseradish peroxidase (HRP) at a
gold electrode which prevented the enzyme leaching and avoided
a direct contact of the enzyme with the electrode.

Confining the sensing reaction into a volume of a single-
nanochannel offers a simple method to detect H,O, and solves
many of the challenges of the previous H,O, sensors. The advan-
tages of the nanoporous sensors include easiness of the HRP
attachment and excellent detection limit and sensitivity, as well as
the possibility to follow a function of a single or a few enzyme
molecules. The sensor would not be susceptible to fouling
because the products of the redox reaction could be designed
to be removed by the applied electric field. In the proposed
system, the detection signal would also be very easy to follow by
simply using a picoammeter and voltage source. Here, we demon-
strate a system in which H,O, is detected via a redox reaction
induced by the H,O, molecules in a single conical nanochannel
fabricated in ion tracked polymer membranes. The HRP enzyme
was covalently attached to the inner walls of the nanochannels by
amide linkage to the inherent carboxyl (—COOH) groups gen-
erated on the surface of as-fabricated nanochannels. The success-
ful enzyme immobilization was confirmed by measuring the pH-
dependent current—voltage (I—V) characteristics before and
after the HRP attachment. I—V curves of conical nanochannels
strongly depend on the surface charge of the channel walls, which
became modified upon HRP attachment. Addition of H,O, to the
electrolyte solution led to further changes of the transmembrane

current induced by the formation of charged products of the
redox reaction.

The following redox system with HRP and H,O, was realized
inside a single conical channel. In the presence of H,O,, the HRP
enzyme immobilized on the channel walls is rapidly converted
into an oxidized peroxidase form known as compound I
(oxidation state: +S5), containing oxy-ferryl heme (Fe*=0)
and a porphyrin cation radical (reaction 1 below). The porphyrin
cation radical in compound I accepts one electron from the
reducing substrate molecule to generate compound II (oxidation
state: +4) which retains the heme in the ferryl (Fe*"=0) state
(reaction 2). Subsequently, compound IL is reduced back to the
resting enzyme via one electron transfer from another substrate
molecule (reaction 3).°%%° This catalytic reaction induces the
oxidation of the substrate to its corresponding radical cation
species. As a substrate, we used 2,2-azino-bis(3-ethylbenzothia-
zoline-6-sulfonate) (ABTS) substrate, expecting the formation of
ABTS"" product.

HRP(Fe**)Porp + H,0, — HRP(Fe**=0)Porp’" + H,0
Compound I
(1)

HRP(Fe*"=0)Porp"" + AH — HRP(Fe*"=0)Porp + A"
Compound II
(2)

HRP(Fe*'=0)Porp + AH — HRP(Fe*")Porp + A* + H,0
(3)

The cationic products of the redox reactions accumulated in a
single nanochannel and caused changes in the transmembrane
ionic transport monitored by measuring the I—V curves and
signals of ion current in time. Due to the subfemtoliter volume of
single nanochannels, small nM amounts of H,O, could already
be detected.*~®® This contribution also indicates the possibility
of studying functionality of enzyme molecules inside a single
nanochannel.

B RESULTS AND DISCUSSION

Single conical nanochannels were fabricated in 12 ym thick
films of polyethylene terephthalate (PET) by the track-etching
technique. The technique is based on first irradiating polymer
films with single swift heavy ions, followed by the selective
chemical etching of the damage trails caused by the ions
along their trajectories. The conical shape of the channels
resulted from the asymmetric development of the damaged
tracks in a concentrated sodium hydroxide (NaOH)
solution.”””® The chemical etching process as well as electro-
chemical characterization of fabricated nanochannels were per-
formed in a two-chamber conductivity cell. As a result of the
heavy ion irradiation and chemical etching, carboxyl (—COOH)
groups are generated on the membrane surface and the channel
walls with a density of ~1 group per nm”.”" These inherent
—COOH groups can be used as a starting point for introduction
of other functionalities to the channel walls using the amide
linkage between —COOH groups and amines. Here, we present
linkage of the —COOH groups with primary amines of the
HRP enzyme. The reaction was performed from a water
solution of N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide
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Figure 1. Performing redox reactions in a single conical nanochannel. (a) Schematic representation of a covalent attachment of the horseradish
peroxidase (HRP) enzyme to carboxyl groups in a single conical nanochannel via carbodiimide coupling chemistry. (b) Scheme of the biocatalyzed redox
reaction of the immobilized HRP enzyme leading to the conversion of ABTS into respective radical cation product in the presence of hydrogen peroxide.
The crystal structures of horseradish peroxidase (HRP) enzyme was obtained from Protein Data Bank (ID: 1H5M.pdb).”*

HCl (EDC) and N-hydroxysulfosuccinimide (sulfo-NHS).”>
The EDC reagent first activated the —COOH groups into a
highly reactive o-acylisourea intermediate. This intermediate
was further converted into a more stable sulfo-succinimidyl
amine-reactive ester in the presence of excess sulfo-NHS ester
molecules. Subsequently, the succinimidyl intermediate was
covalently coupled with the e-NH, of lysine residues in HRP
molecules to form stable amide bonds (Figure 1).

The success of the functionalization procedure was confirmed
by measuring the current—voltage (I—V) characteristics of a
single conical nanochannel prior to and after the enzyme immobil-
ization (Figure 2). The recordings were performed in symmetric
electrolyte conditions on both sides of the membrane using
0.1 M KCI solution as an electrolyte, buffered to different pH
values as indicated in Figure 2. It is well-known that conically
shaped nanochannels at pH > 4.0 are cation selective and rectify
the cation current with the preferential direction of the ion flow
from the narrow opening to the wide opening of a cone.””” "> In
our electrode configuration, higher currents are recorded for
positive voltages. For negative voltages, the cations flow from the
wide opening toward the narrow tip of the cone, and the negative
currents are lower. Rectification properties of the nanochannels
can be quantified by calculating the rectification degree (f...)
defined as the ratio of absolute values of ion currents measured at
voltages of the same amplitude but opposite polarities. Rectifica-
tion degree at pH 6.5 for the nanochannel presented in Figure 2a
is ~13 at 2 V. It is important to mention that ion current
rectification properties are only pronounced at conditions at
which the nanochannel behavior is influenced by the presence of
the electrical double layer.”>””> Well-defined ion current recti-
fication behavior, presented in Figure 2a, confirms nanoscale
opening of the channel.”*™%

Ion current rectification is strongly dependent on the surface
charge of the channel walls, which can be regulated by the solu-
tion pH.*” Lowering pH from 6.5 to 4.5 diminished the positive
current of the nanochannel at +2 V from 3.9 to 2.6 nA (Figure 2),
while the negative currents remained unchanged. Eventually, at
pH = 3.0, the same channel behaved like an ohmic resistor
indicating that the net surface charge on the channel walls was
zero (Figure 2a). 81783 Change of the ion current rectification
with pH were explained before via pH-dependent ionic concen-
trations in the channel.”* %

As expected, immobilization of the HRP enzyme caused
partial blockage of the channel observed as lowering of the
transmembrane ionic current (Figure 2b). It is known that HRP
has a molecular weight of approximately 44 kDa and is ~3.6 nm
in diameter;** thus, its attachment into our ~20 nm in diameter
channel was expected to diminish the effective channel opening.
Ion current for +2 V dropped from 3.9 nA before to ~1 nA
after the HRP attachment. Similarly, ion current measured at the
reverse bias, i.e, —2 V, also decreased from 300 to ~100
pA (Figure 2b). The decrease in the recorded current could
also occur due to the change in the surface charge density
induced by the HRP attachment, which we studied at different
pH values.

The rectification degree at pH 6.5 and 2 V of the HRP-
nanochannel system (f,.. = 11) is similar to the value of f...
calculated prior to the HRP attachment (f;.. = 13). This observa-
tion suggests that, at pH 6.5, the HRP molecules did not
significantly alter the average surface charge density of the
system.

Due to the amphoteric character of the HRP enzyme, the
HRP-nanochannel system exhibited a strong dependence of
its transport properties on the solution pH. At pH = 6.5, the
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Figure 2. Current—voltage (I—V) characteristics of a single conical
nanochannel in 0.1 M KCl buffered to different pH values as indicated in
the (a) before and (b) after functionalization of the channel walls with
HRP enzyme. The diameter of the channel tip before HRP immobiliza-
tion was ~19 nm. The inset in (b) summarizes the changes of ion
currents with solution pH at +2 V (black symbols) and —2 V (red
symbols) for the HRP-modified system. The pH value at which positive
and negative currents have the same magnitude indicates pI of the HRP
enzyme.

HRP-decorated channel still showed an asymmetric I—V curve
with positive currents higher than the negative currents. How-
ever, in an acidic solution (pH = 3.0), the current—voltage curve
is flipped so that the values of negative currents became higher
than those of positive currents (Figure 2b). This qualitative
change in the I=V curve for the modified channel indicated
the switching of the surface charge from negative at pH 6.5
to positive at pH 3.0. The surface charge switch is indeed
expected in the case of a successful HRP attachment, since at
acidic pH the enzyme becomes positively charged due to the
protonation of the terminal ¢ —NH, of lysine residues and
N-termini in the enzyme molecules. In acidic conditions, the
inner walls of the HRP-modified channel are thus positively
charged, resulting in the anionic selectivity of the channel as well
as in the inversion of rectification characteristics. The rectifica-
tion degree at pH 3 calculated as I(—2 V)/I(+2 V) was 6.3.

Therefore, the shape of I—V curves acts as an indicator for the
surface charge polarity.””*

At pH values between 6.5 and 4.5, the HRP-modified channel
showed rectification with positive current values higher than
negative currents, indicating the net negative surface charge of
the channel walls. Rectification degree at pH 4.5, calculated as
I(+2V)/I(—2V), was equal to 6.3. At pH 4.0, however, the [=V
curve reversed and the rectification degree determined as I(—2V)/
I(4+2 V) was only 1.8. This significant loss in rectification dis-
played by the channel indicated that pH 4 was close to the
isoelectric point (pI ~ 4.3) of the amphoteric immobilized HRP
isozyme (inset to Figure 2b). It is well-known that HRP enzymes
have at least seven isozymes whose isoelectric Spomts can be very
different in the range between 3.0 and 9.0. Studying I-V
curves of HRP-modified channels at a wide range of pH values
provides the possibility to determine the pI value of the particular
isozyme used in the experiments by finding a solution at which
the nanochannel does not rectify the current.”®””*!

The pH-dependent behavior of the rectifying I—V curves,
measured for the HRP-nanochannel system, provided evidence
for the successful enzyme immobilization on the nanochannel
walls. As the next step, we investigated that the immobilized
enzyme was active in redox reactions performed in the confined
volume of a single nanochannel. The immobilized HRP enzyme
was tested in a system containing 2,2'-azino-bis(3-ethylben-
zothiazoline-6-sulfonate) (ABTS) as a substrate along with
hydrogen peroxide (H,O,) as an analyte. Figure 3 shows the
transmembrane current through a single HRP-modified channel,
recorded in the presence of the substrate ABTS (1.5 mM)
dissolved in 0.1 M KClI (pH = 6.5) prior to and after the addition
of H,O,. In the absence of H,O,, I—V curves were smooth and
very similar to those recorded in just KCI solution (Figure 2b).
Addition of 0.5 mM H,O, induced a significant decrease of
positive currents, which also became more unstable. For positive
voltages, the measured I—V curves additionally exhibited a
hysteresis: the currents for voltages increasing from 0 V to +2V
were significantly higher than the recordings for the voltage
sweep from +2 to 0 V (Figure 3a). We attributed the current
changes to the appearance of cationic products of the redox
reaction that occurred in the presence of HRP, ABTS, and
H,0,.5®® The measurements also indicated that the reaction
products obstructed the ion current flow through the channel, as
it is discussed later.

When designing a sensing platform, it is very important to
demonstrate its reversibility as well as sensitivity to low concen-
trations of an analyte. Therefore, we repeated the measurements
of I—V curves using the same electrolyte (0.1 M KCI + 1.5 mM
ABTS) solution in the presence or absence of H,O, analyte. The
recordings were performed by manually changing the solutions
in the conductivity cell used for the ion current measurements.
Figure 3b presents the reversible variation of the transmembrane
ionic current measured at +2 V without and in the presence of
H,0,. The measurements confirmed excellent reversibility of the
sensor: the same nanochannel could indeed be used for multiple
sensing experiments without any loss of the sensing signal and
with very good reproducibility (Figure 3b).

Figure 4 presents current—voltage curves of the HRP-nano-
channel system in the presence of ABTS and various concentra-
tions of H,O, in the background electrolyte solution. The
current scales with the H,O, concentration in a linear fashion;
thus, the presented platform also gives quantitative information
on the H,0, concentration down to nanomolar (Figure 4). The
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Figure 3. Response of the HRP-nanochannel system to H,O,. (a)
Current—voltage (I—V) characteristics of a single HRP-modified chan-
nel recorded in the absence (M) and in the presence (blue ®) of 0.5 mM
hydrogen peroxide in 0.1 M KCl solution containing 1.5 mM ABTS
substrate. (b) Reversible variation of the transmembrane ionic current
measured at +2 V with 0.1 M KCl containing 1.5 mM ABTS with (blue
@) and without (M) 0.5 mM hydrogen peroxide. The solutions were
exchanged manually. The diameter of the narrow opening of this
channel before HRP attachment was 19 nm.

slope of the linear dependence is ~1.5 &£ 0.2 pA per 1 nM of
H,0,. Our experimental setup to measure ion current can easily
recognize a 10 pA change in the current flowing across the
membrane. The presented platform is therefore expected to
measure H,O, concentration with ~10 nM precision.
However, the question still remains: what makes the HRP-
nanochannel system respond to different H,O, concentrations?
We think that the ion current decrease together with the current
instabilities observed with the HRP-modified channel are caused
by the products of the redox reactions occurring in the nano-
channel in the presence of H,O, and ABTS as the substrate.
Addition of H,O, initiated oxidation and reduction reactions
between HRP and ABTS analyte molecules,*® resulting in the
generation of the cationic radicals (ABTS ") product. We would
like to mention two possible scenarios of how the redox reaction
products can affect the transmembrane current. (1) At pH 6.5,
the cationic radicals (ABTS"") electrostatically interact with the
negative surface charges of the walls, causing fluctuations of the
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Figure 4. (a) Applied voltage and measured current signals in time
together with (b) the corresponding current—voltage (I—V) character-
istics of a single asymmetric nanochannel functionalized with the HRP
enzyme. The recordings were performed in an electrolyte solution
containing 1.5 mM ABTS and various concentrations of hydrogen
peroxide: 0 nM (black), 10 nM (green), SO0 nM (blue), and 1.0 uM
(pink), respectively. The tip diameter of the nanochannel before HRP
functionalization was 26 nm. The inset summarizes the changes of ion
currents versus H,O, concentration at +2 V.

surface charge density. It was reported that transient changes of
the charge of channel walls were responsible for ion current
fluctuations in PET nanochannels.*””® Higher concentrations of
H,O0, resulted in the generation of a larger amount of ABTS'T,
which ultimately enhances the transient neutralization of the
charges on the channel surface and consequently lowers the ionic
currents.””” 7" (2) The cationic products of the redox reaction
ABTS ! might also cause steric obstruction of the nano-
channel, which will be more pronounced at higher concentra-
tions of H,O,. The radical cation (ABTS"") molecules might
compete with K ions during their translocation through the
narrow opening of the nanochannel so that there is an elevated
concentration of ABTS"" at the channel tip region. The ABTS"*
concentration is additionally enhanced by the applied voltage. It
is known that, for conically shaped nanochannels with negative
surface charges and external voltages that drive cations from the
tip toward the wide opening of the cone, the cation concentration
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Figure S. Examples of time series of ion current recorded through a
single conical nanochannel modified with HRP enzyme. The recordings
were performed in a solution of 0.1 M KCl at pH 6.5, containing 1.5 mM
ABTS and 0.5 mM H,O,. Diameter of this conical nanochannel before
the HRP attachment was 12 nm.

at the tip is at least several times higher than the bulk con-
centration.”*** For voltages of the opposite polarity, the tip
region of the channel contains depleted cation concentration,
which explains the lack of effect of the redox reactions for
negative voltages.

It is also possible that electrostatic and steric effect of ABTS"™
molecules can act in concert to produce the observed ion current
changes. Electrostatic adsorption of ABTS"" to the channel walls
would additionally enhance the radical concentration in the
channel and at the same time cause a decrease of the effective
surface charge density of the channel walls and channel obstruc-
tion.””> Both effects will result in the decrease of the current.
Driving the accumulated ABTS™" out of the channel does not
happen instantaneously as indicated by the current hysteresis on
ramping the voltage down from +2 to 0 V.

The instabilities of ion current in the HRP-nanochannel
system, in the presence of H,0O, (Figure 4a), prompted us to
investigate the transient recordings of the ion current for a
constant voltage. The stability of the current signal is important
in building a reversible and reproducible sensor system. We also
expected that, for sufficiently narrow nanochannels, one could
potentially observe discrete current openings and closings due to
the presence of a small number of the cation radical ABTS"™"
blocking the channel. Figure S shows the transient ion current
recordings through a single conically shaped nanochannel with
HRP, in the presence of ABTS and H,0,. The observed
fluctuations did not exceed 20% of the signal and were rather
slow (Figure S). We observed several occurrences of the current
switching in a 2 min recording. The sensing signals induced by
the addition of H,0, showed much larger current changes than
the current instabilities (e.g, 1 uM H,0O, induced ~5-fold
decrease of ion current at -2 V for a channel with tip diameter

~26 nm used in present study (Figure 4b)). These measure-
ments confirm the sufficient stability of the current signal and
suggest that the observed current changes most probably con-
stitute a collective effect of many ABTS"" molecules being driven
through the channel.

B CONCLUSIONS

In conclusion, we have presented a single nanochannel system
whose walls were decorated with covalently linked enzyme HRP.
The function of the immobilized enzyme in a single nanochannel
as an H,0, sensor was confirmed by studying products of the
redox reactions occurring in the presence of the substrates ABTS
and various concentrations of H,O,. We found that the cationic
radical ABTS " reduced the ion current in the HRP-nanochannel
in a voltage-dependent fashion, consistent with voltage-dependent
concentrations of ions in conical nanochannels. The magnitude
of the current blockage was correlated with the H,O, concentra-
tion in the solution. The current response scaled linearly over a
wide range of the H,O, concentrations from micromolar to
nanomolar. The sensor sensitivity is predicted to reach the level
of ~10 nM, which is superior over many existing H,O, sen-
sors*>>* but lower than the best electrochemical sensing devices
presented thus far (~10 pM).>**® Our nanoporous system,
however, is simple to prepare, is not susceptible to fouling, and
can be used multiple times without the loss of the sensing signal.
The covalent HRP attachment prevents the enzyme leaching. We
also expect that using narrower pores will allow lowering the
detection limit and improve the sensor sensitivity. We also showed
that studying current—voltage curves of the HRP-nanochannel
at solutions of different pHs gives information on the isoelectric
point of the enzyme.

The presented HRP-nanochannel allows studying the func-
tion of the enzyme in a subfemtoliter volume of a single nano-
channel. The small volume induces accumulation of the redox
reaction products in the channel, which helps to improve the
detection limits. Using nanochannels of even smaller diameter
might allow us to detect redox reaction products of only one
HRP molecule. The detection signal relies on I—V curves, which
are much less susceptible to external noise than the time-resolved
detection of molecules.’ The detection can also be observed with
off-the-shelf electronic equipment.

Bl MATERIALS AND METHODS

Polymer Foils and Chemicals. Polymer films of polyethy-
lene terephthalate (PET; Hostaphan RN 12, Hoechst) of 12 ym
thickness were irradiated at the linear accelerator UNILAC (GSI,
Darmstadt) with single swift heavy ions (Pb, U, and Au) having
an energy of 11.4 MeV per nucleon.

Chemicals. N-(3-Dimethylaminopropyl)-N'-ethylcarbodii-
mide hydrochloride (EDC, 98%, Fluka), N-hydroxysulfosucci-
nimide (sulfo-NHS, 98.5+ %, Aldrich), peroxidase from horseradish
(HRP, Sigma), 2,2-azino-bis(3-ethylbenzthiazoline-6-sulfonic
acid) (ABTS, 98.5+ %, Sigma), hydrogen peroxide (H,O,, 30%,
SL Labor-Service), potassium chloride (KCl, 99.99%, Merck),
and the surfactant Dowfax* 2A1 (Dow Chemical) were used as
received.

Fabrication of Asymmetric Nanochannels. The fabrication
of single nanochannels in 12 um thick PET films was performed
by the track-etching technique. After irradiating the films with
energetic single ions, one side of the films was treated with soft

1678 dx.doi.org/10.1021/ac102795a |Anal. Chem. 2011, 83, 1673-1680



Analytical Chemistry

UV light for 35 h. We used a UV source that provides light
intensities of ~1.5 and 4 W m™ > in the wavelength ranges of
280—320 nm and 320—400 nm, respectively. Subsequently, the
film was placed between two halves of a conductivity cell with the
seal resistance exceeding 100 GQ2. The UV-sensitized side of the
membrane was in contact with a pure etchant (6 M NaOH),
while the other side of the membrane was in contact with a
protecting solution containing 4 M NaOH and 0.02% v/v
surfactant. The etching process was carried out at 60 °C under
the applied voltage of —1 V.%*”° The etching current remained
zero as long as the channel was not etched through (~30s), and
after the breakthrough, an increase of ionic current through the
nascent channel was observed. The etching process was stopped
when the current reached a value of ~10 nA. The channel was
washed first with 1 M HCI in order to quench the etchant,
followed by rinsing with deionized water.

After etching, the diameter of the large opening (D) of the
channel was determined by field emission scanning electron
microscopy (FESEM). For this purpose, a PET sample contain-
ing 10 channels cm ™ > was etched simultaneously with the single
channel under the same conditions. The diameter of the small
opening (d) was estimated by assuming a conical geometry of the
channel using the following relation®

d = 4LI/nDKV

where L is the length of the channel which could be approxi-
mated to the thickness of the membrane, d and D are the small
and large opening diameters of the channel, respectively, « is the
specific conductivity of the electrolyte (1.313 S/m for 0.1 M KCl
at 26 °C), V'is the voltage applied across the membrane, and I is
the measured current.

Functionalization with HRP Enzyme. The solutions used
for the chemical modification of the channel surface were pre-
pared in 0.1 M MES buffer [2-(N-morpholino) ethanesulfonic
acid], pH = S.5. Functionalization of nanochannel walls with
HRP was carried out in the same conductivity cell that was used
for etching of tracked polymer films. The carboxyl groups of the
channel walls were first activated into sulfo-NHS-esters in a
10 mM solution of N-(3-dimethylaminopropyl)-N'-ethylcarbo-
diimide hydrochloride (EDC) and 20 mM N-hydroxysulfosuc-
cinimide (sulfo-NHS) for 30 min. After the activation, the foil
was washed with the MES buffer solution. As the next step, the
amine-reactive sulfo-NHS-esters were covalently coupled with
the primary amine groups present in the horseradish peroxidase
molecule (HRP, 1 mg/mL) in a reaction carried out overnight.
Finally, the modified channel was washed thoroughly with buffer
solution.

lon Current Measurements. Single nanochannel mem-
branes were mounted between two halves of the conductivity
cell and both halves of the cell were filled with 0.1 M KCl solution
buffered to pH values between 6.5 and 3.0. An Ag/AgCl elec-
trode was placed into each half-cell solution, and a picoammeter/
voltage source (Keithley 6487, Keithley Instruments, Cleveland,
OH) was used to apply the desired transmembrane potential and
measure the current. The ground electrode was placed at the side
of the membrane with the big opening of the channel. In order to
record current—voltage curves, a scanning triangle voltage signal
from —2 V to 42 V was used. Ion current signals in time were
recorded using the amplifier Axopatch 200B connected to the
computer via the analog-to-digital converter Digidata 1322A
(Molecular Devices, Inc.).
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