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ABSTRACT

Single cylindrical submicron pores in PMMA polymer membranes are micropatterned by electron beam lithography and
integrated into all PMMA-based electrophoretic flow detector systems. Pore dimensions are 450 nm in diameter and 1 um
in length. The pores are electrically characterized in aqueous KCl electrolyte, exhibiting a stable time-independent ionic
current through the pore with a noise level of less than 1% of the open-pore current. The current-voltage curves are linear
and scale with electrolyte concentration. The negative surface charge of the membrane over-proportionally decreases pore
conductance at low electrolyte concentrations (0.1 M) that are still beyond those typically applied in biological ex-
periments. Pores do not exhibit rectification of current flowing through them, allowing for operation with either polarity.
To allow for detection of yet much smaller particles, the described PMMA-based system also was successfully equipped
with pores of 1.5 nm instead of 450 nm in diameter. This was achieved by introducing naturally occurring biological pro-
tein pores of a-hemolysin on a lipid bi-layer into the pre-patterned PMMA membrane of an assembled PMMA-based elec-
trophoretic flow detector system. Characteristics of translocation events of single-stranded linear plasmid DNA molecules
through the pores were recorded, and ionic current deductions during biomolecule translocation were clear and distin-
guished. Based on the presented submicron scale open pore ionic current transport properties, as well as the observed pas-
sage of DNA molecules through protein pores inserted into PMMA membranes, our current research proposes that all
PMMA electrophoretic flow detectors exhibit an excellent potential for future use as biomedical resistive-pulse sensors, as
long as pore dimensions match those of biomolecules to be detected.
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1. Introduction tion regarding the particle size and even its morphology,
concentration in the electrolyte, and affinity for the pore
[6,7]: pulse amplitudes in the ionic current through the
pore are proportional to the volume of the passing parti-
cles, the frequency of pulses is related to the concentra-
tion of particles in a sample flowing through the pore,
and the residence time of a particle in the pore is related
to its structure, affinity towards the pore, as well as its
velocity.

Biological ion channels are naturally occurring trans-
membrane proteins that connect intra- and extra-cellular
regions of a cell and control permeation of ions and small
molecules from one side to the other. lon channel pro-
teins have been applied as resistive-pulse sensors or
Coulter counters for ions and small molecules with di-
“Corresponding author. mensions comparable to the channels, typically a few

Resistive-pulse sensing (Coulter counting) is a powerful
method for detection and characterization of micro- and
nano-scale particles and biomolecules such as viruses,
DNA molecules, and proteins [1-5]). The particles to be
identified are added to an aqueous electrolyte in one of
the two reservoirs separated by a thin membrane con-
taining a single micro/nano pore. One electrode is placed
in each reservoir, and an outer electric field induces an
open-pore ionic current (/open) through the pore dragging
the particles with itself. Transient changes in /o, (tem-
porary I, blockade events) will occur when a particle
slightly smaller than the pore traverses (translocates).
This resistive-pulse can be analyzed to derive informa-
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nanometers [2,8,9]. The most commonly used protein
nano pore is a-hemolysin [3,10]. However, the range of
operating conditions and the lifetime of protein pores and
biological membranes (lipid bi-layers) are limited [11].
Electrical leakage currents and physical instability are
frequently observed in such membranes [12]. Further-
more, they cannot endure a wide range of pH-values,
temperatures, applied trans-membrane potentials, or sol-
vents, and they are sensitive to vibrations [10].

To overcome the disadvantages, considerable effort
has been recently devoted toward the development of
artificially micropatterned apertures in engineered inor-
ganic membranes. These offer several advantages over
their biological counterparts including size control over a
wide range, increased chemical, electrical, mechanical,
and thermal stability, tunable surface properties, and a
potential for integration into different devices [13,14]. A
variety of techniques has been used to fabricate single,
synthetic micro/nano pores in solid-state membrane ma-
terials. The most widely used methods employ ion or ele-
ctron beams to create pores in silicon nitride or silicon
oxide membranes [13-15]. Such silicon-based membrane
materials have been chosen for decades of fabrication
experience (etching or sculpting processes) and general
operations considerations (biocompatibility and mecha-
nical, chemical and thermal stability). However, such
pores usually poorly wet due to the comparatively hy-
drophobic nature of the structured membrane material,
and the pore structure quality and reproducibility are also
often limited.

Due to the aforementioned drawbacks, carbon-based
membranes are recently getting increased attention (e.g.
polyethylene terephthalate (PET), polyimide (PI), and
graphene). Such polymer membranes offer increased
hydrophilicity, and are also well adapted to microfluidic
systems due to their low cost, flexibility, and ease of use
in mass production [16,17]. These membrane materials,
however, often create increased noise levels and are only
a few percent successful in biomolecule detection experi-
ments [18]. We now propose polymethyl meth acrylate
(PMMA) as a novel membrane material for this kind of
applications. PMMA can directly be patterned by litho-
graphic techniques and has proven excellent structure
quality and resolution when patterned by electron beam
lithography (EBL) as well as X-ray lithography (XRL). It
is a transparent thermoplast, allowing for an optical feed-
back during fabrication (alignment steps) and operations
(filling of reservoirs, electrode positioning, etc.). This is
a benefit almost exclusive to PMMA when compared to
competing materials. PMMA is rated excellent for its
biocompatibility, has therefore been used in many bio-
medical applications and microchip electrophoresis sys-
tems [19], and is a property advantageous for the current
application as well. The comparatively high hydrophilic-
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ity of PMMA (contact angles with de-ionized water were
reported to be between 71.7 £ 1.5 and 73.7 = 1 for com-
parable PMMA grades by our group, [20] supports wet-
ting properties in the micro fluidic domain. Finally,
PMMA membranes offer typical advantages of thermo-
plasts, such as mechanical and thermal shaping, good
electrical resistance, and long-term stability. This opens
up the possibility to build the entire detector device (not
only the membrane) of a single material, PMMA (also
referred to as acrylics). This is a strategic advantage over
hybridly integrated systems: potentially unbearable stress
on the thin membrane induced by unmatched thermal
expansion while heating during fabrication and/or opera-
tion is fundamentally eliminated. However, PMMA like
most micropatterned polymers tends to build up a nega-
tive surface charge (likely to a larger extent than ob-
served in silicon-based materials) which could be dis-
advantageous for the intended use. Eventually this sur-
face charge might have to be addressed with additional
processing steps (surface modifications, electrolyte mo-
difications). Also, micropatterning sequences for PMMA,
while being very precise, can be quite costly.

Based on the references given for this paper as well as
verbal communications from various biochemists work-
ing with electrophoretic detectors, Table 1 tries to sum-
marize major advantages and disadvantages of the dif-
ferent device concepts.

We believe the potential benefits of introducing
PMMA as a membrane material for all-lPMMA electro-
phoretic flow detectors aimed for future use as resistive-
pulse sensors for biomedical applications are very pro-

Table 1. Summary of major advantages and disadvantages
of the different device concepts.

Device Concent Protein Por Silion-Based PMMA-Based
© oncep otemn Fores Membrane Membrane
. Etching Direct
Nanopatterning Self assembly sculpting lithography
?aillasrtfcl;ion Well Well Novel
. established established
experience
Single-material No Not usually Yes
integration
Optical No No Yes
transparency
Pore size . .
rang/tunability Zero wide wide
Minimum
. Nanometers Nanometers Nanometers
pore size
Life time Hours single use Not reported Months multi-use
demonstrated
Tolgrable Wettability Minimum pore
Known environment . .
Noise levels size demonstrated
drawbacks (e.g. temperature

PH) Reproducibility Surface charging
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mising and outweigh the concerns mentioned above. We
therefore chose to use EBL patterning as a rapid proto-
typing approach to prove the concept. Eventually, XRL
could be applied for parallel, scaled-up fabrication of
proven layouts. Recently we reported about the detailed
layout of the membrane, including its mechanical proper-
ties, and initial fabrication steps [21].

Now, we give a concise overview over the EBL mi-
cropatterning and assembly sequence, complement EBL
by self assembling a protein pore into the PMMA detec-
tor as a rapid prototyping approach to extend the area of
applications by decreasing the pore size two orders of
magnitude, electrically qualify and characterize the sub-
micron pores, and report the first resistive-pulse sensing
data on the transport of single stranded (SS) linear plas-
mid DNA molecules across a PMMA membrane of an all
polymer electrophoretic flow detector system.

2. Membrane Micro/Nano-Patterning and
Detector System Assembly

2.1. Electron-Beam-Based Sub-Micron-Sized
Pores

Sacrificial silicon wafer substrates are cleaned with ace-
tone and spin-coated (2500 rpm for 45 seconds) with a 1
pm-thick layer of MicroCHEM PMMA950AS8 (molecu-
lar weight M,, = 950,000 g/mol), followed by baking in a
convection oven at 170°C for 30 minutes. This PMMA
layer will later form the membrane freely suspended on a
1 mm diameter. The thickness of 1 pm is a compromise
between patterning resolution (electron beam lithography
(EBL) patterning with nanometer resolution requires as
thin a layer as possible) and membrane mechanical sta-
bility for fabrication and operation [21]. In the subse-
quent lithography step, the layer is patterned by EBL
(Raith 150 EBL system, University of Alberta NanoFab,
Canada) with an exposure dose of 315 uC/cm’® and dip
developed in methyl isobutyl ketone and alcohol (MIBK-
IPA 1:1) for 60 seconds. This sequence allowed to de-
liver a repeated test pattern with circular pores ranging
from 200 nm to 1 wm in diameter. The silicon wafer is
then diced and acrylic support rings of 300 um thickness
and 1 mm inner open diameter get aligned to each sub-
micron pore, using 100 um wide optical alignment mar-
kers which are also part of the EBL layout. The support
rings get mounted and hermetically sealed to the PMMA
layer using UV-initiated glue which we tested to be pro-
cess compatible (lithography, assembly), long-term (3
months and more) operations compatible (electrolyte im-
mersion), and biocompatible. The individual support
rings each with a micropatterned PMMA layer attached
are released by capillary forces from the silicon when
soaked in de-ionized water containing a drop of surface-
tant to decrease surface tension similar to the procedure
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recently published by Bae group in 2009 [22]. The water
temperature is cycled between 80°C (well below the
glass transition temperature of PMMA; T; > 100°C) for
10 minutes and room-temperature to facilitate capillary
release by gentle thermal expansion. This delivers freely
suspended, micropatterned PMMA membranes, each
protected by a support ring. To prevent membranes from
scratch similar support rings are glued to the other side of
the membranes. Finally, a conductivity cell is created by
UV-gluing two horizontally-oriented cylindrical reser-
voirs with an internal diameter of 6 mm and a length of
15 mm to each side of a supported micropatterned PM-
MA membrane unit. Each reservoir contains an upper
inlet, through which an Ag/AgCl electrode as well as ele-
ctrolyte solution (e.g. buffered potassium chloride, KCI)
will get introduced for operations in a way that minimum
differential geodetic pressure occurs across the mem-
brane. Figure 1 (left) gives an aerial impression of such
an assembled device with an overall length of approxi-
mately 30 mm. The right side of the figure depicts a
schematic of the fundamental electrochemical process to
take place in the device while operating.

Under the impact of an outer electric field induced by
the electrodes, an ionic current through the pore drags
molecules to be analyzed through the pore which par-
tially block the volume of the channel, resulting in an in-
creased impedance which can be detected by a pico am-
meter in a patch clamp setup.

2.2. Self Assembled Nanometer-Sized Protein
Pores

The pores fabricate by EBL to date have diameters of
several hundred nanometers, with research aiming at fur-
ther decreasing the size. As pore sizes determine the size
range of translocating particles to be detected, a distinc-
tively smaller pore size alternatively integrated into the
same all-PMMA system setup would greatly increase the
versatility of the system. In a rapid prototyping approach
we therefore introduce a-hemolysin proteins which have
a naturally occurring pore with 1.5 nm diameter into the
PMMA detector membrane. Such pores have previously
been applied in silicon-based systems, while we now
extend the technique to allow for their implementation in
a polymer microdevice. Such a process involves first
attaching a lipid bi-layer across a micro pore in pre-pat-
terned PMMA layer, followed by introducing the protein
nano pore directly into the suspended lipid bi-layer.
Forces involved in applying the lipid bi-layer across
the patterned PMMA layer mandate PMMA layer thick-
nesses comparable to the PMMA support ring (300 pm)
rather than the PMMA membrane (1 pm). In this process
sequence, the coated PMMA membrane is therefore
omitted. Instead, the support ring is prepared with a re-
duced inner diameter of 200 um (micro pore). Sharp
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Figure 1. Aerial view of a microfabricated and assembled all-PMMA electrophoretic flow detector system consisting of a sin-
gle submicron pore in a 1 pm thick PMMA membrane mounted between two support rings, sandwiched between two elec-
trolyte reservoirs. The membrane separates the two-halves of a conductivity cell (left). Schematic of the fundamental electro-
chemical process to take place in the device while operating: An ionic current induced by electrodes also drags molecules to
be analyzed through the pore, reducing the volume of the channel and resulting in an increased impedance (right).

edges stemming from the micropatterning sequence might
be detrimental to the lipid bi-layer. The micro pore sur-
face therefore gets optimized using surface tension under
the impact of broadband UV-exposure of the PMMA
layer (exposure dose of 3600 pC/cm’). As a side effect
this process also further reduces the micro pore diameter,
and the process is terminated when the pore size gets
close to a desired diameter of approximately 100 pum.
The shrinkage was determined according to an analytical
model originally presented by [14] for pores microfabri-
cated in silicon dioxide (SiO,) membranes that are ex-
posed to high energy electron beams. The model pro-
poses that, when exposed to high-energy beams and thus
high temperatures, all membrane materials have a physi-
cal characteristic to deform and lower their surface free
energy by changing their surface area. Changes in sur-
face area, in membranes containing a pore, will cause the
pore to either shrink or expand in diameter, while its
volume remains constant. As the proposed microfabrica-
tion sequence strongly depends on the smoothing and
shrinking effect induced by the UV-exposure, we will
briefly expand on the model as far as it pertains to the
current layout:

If y is the surface energy density of a membrane with a
constant uniaxial tension P, and the membrane contains a
single cylindrical pore of radius 7 and constant thickness
L at high temperatures, then the variation of total Gibbs
free energy at equilibrium is given by

9G =—PIL+@A=0

the change in free energy is obtained as:
PoL =904

In which
A=2wr*+2mrL and 9V =0

the surface energy density can then be written as:

Copyright © 2012 SciRes.

r= PL/ZTC(VL—}"Z)

The model describes that a membrane with a pore will
lower its surface free energy when exposed to high-
energy beams by reducing the pore radius if the pore had
an original radius of » < L/2, whereas the pore size in-
creases if the pore had an original radius size of » > L/2.

In agreement with the proposed model, the 300 um
thick PMMA layer with a micro pore of originally » =
100 um < L/2 will lower its surface energy density when
exposed to UV light by reducing its pore radius size dur-
ing a shrinking process.

The smooth-surface, 100 pm wide micro pore in the
300 um thick PMMA layer is subsequently integrated
into an electrophoretic flow detector device as explained
earlier for the support ring. Subsequently, a lipid bi-layer
(or membrane) across the micro pore is formed by dip-
ping a paintbrush into a lipid solution and painting across
the micro pore as described by [23]. This comparatively
forceful process is the reason why the PMMA layer has
to be much thicker in this sequence when compared to
the electron beam-based membrane microfabrication des-
cribed above. The lipid solution is purchased from Avan-
ti Polar Lipids Inc. (Alabaster, AL), vacuum-dried for 4
hours, and re-dissolved in decane to a final concentration
of 30 mg/ml of lipid. Formation of a stable lipid bi-layer
across the micro pore is identified by a complete block-
ade of I, through the micro pore in the PMMA layer
when tested in a patch-clamp setup. In the final step, this
lipid bi-layer will provide support for the protein nano
pore.

a-hemolysin pores purchased from Sigma-Aldrich (St.
Louis, MO) are prepared to a solution with the final con-
centration of 1.25 pg/ml. These a-hemolysin pores in
solution are then self-assembled into the prepared lipid
bilayer by injecting a total of 5 pl of protein nano pore
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solution adjacent to the micro pore in the PMMA layer.
If performed during patch clamp testing, protein pore
insertions are immediately detected by a characteristic
jump in the /., value. According to [23], each inserted
protein pore results in an /oy, value of approximately 100
pA when an external potential of +100 mV is applied
across the membrane.

3. Electrical Characterization of a Single
Cylindrical Electron-Beam-Based
Sub-Micron-Sized Pore PMMA Detector
System

A quantitative description of the steady-state ionic trans-
port through the EBL-based micro pores is presented to
prove the concept as a resistive-pulse sensor system for
future biomedical applications. In particular, we present
data on the long-term stability of the open pore current
Iopen and its associated noise level, current-voltage char-
acteristics of /,,en, impact of the electrolyte concentration
on Iy, as well as the conductance through a single cy-
lindrical submicron pore as a function of electrolyte con-
centration. We also benchmark our system against pre-
viously published synthetic and biological counterparts.

3.1. Patch Clamp Measurement Setup

Both detector reservoirs are filled with buffered pota-
ssium chloride (KCl) electrolyte. The concentration of
the aqueous electrolyte varies between 0.1 molar (M) and
0.75 M for the different experiments, representing typical
molarities used in many biotechnological experiments.
An Ag/AgCl electrode is introduced into the inlet of each
half-cell, approximately 5 mm from the membrane.

AgCl(s)+e” <> Ag(s)+CI (aq)

A transmembrane negative potential is imprinted by the
electrodes, inducing an open pore current /., through
the pore. The amounts of /e, and its eventual blockade
are measured by pico ammeters and amplified (Axopatch
200B amplifier, Axon Instruments, Union City, CA),
connected to a CV 203BU head-stage, and recorded by a
PC running PClamp 10 (Axon Instruments) for later
analysis. The entire measurement setup is located in a
Faraday cage to eliminate potential external noise.

3.2. Pore Geometrical Characterization

Prior to any analysis of the pore performance, its geome-
try needs to be verified. Scanning Electron Microscopy
(SEM) as the standard technique could not be applied in
this case, because it immediately thermally alters the
pore even at lowest acceleration voltages. This effect of
electron beams on insulating organic material is widely
known, and was also described for a similar case by [24].
However, I ., measured by the patch clamp system itself

Copyright © 2012 SciRes.

is a quick, accurate and elegant way to electrically deter-
mine the pore diameter if the layer thickness and elec-
trolyte conductivity are known. We recently described
this technique [21,25] and derived our EBL-patterned
pore dimensions to be consistently underestimated by
approximately 150 nm. A pore with a nominal diameter
of 300 nm, for instance, based its ionic conductance, is
actually approximately 450 nm. The mismatch of about
150 nm in the specific processing sequence described
above is attributed to EBL exposure and development
process parameters not yet fully optimized, as well as po-
tentially integration steps associated with membrane re-
lease. While such a diameter size deviation would cer-
tainly limit the use of our pore in actual sensing applica-
tions, and therefore needs to be optimised in future fab-
rication iterations, its subsequent electrical characteriza-
tion can be performed by simply assuming the actual
pore size of 450 nm.

3.3. Long-Term Stability of /,,., and Its Noise
Level

The pores exhibit a very stable time-independent /open,
with a very low level of noise over a wide range of ap-
plied voltages from 0 mV (control scenario) to 100 mV.
This proves that the membrane neither deteriorates over
time by excessive swelling, nor starts to leak. The level
of noise is better than 1% of /... Figure 2 demonstrates
sample recordings of /e, for 20 mV increments of the
applied voltage (20 mV to 100 mV) over a time period of
10 minutes. The magnified inset spans 25 - 30 pA (noise
level) around the average /ope, 0f 3.9 nA at 20 mV.

The current measured appears to be independent of the
exact distance between each electrode and membrane as
long as both electrodes are approximately placed in the
same distance from the membrane, which is guaranteed
by the system layout. Measurements are started 0.5 to 1
hour after filling the electrolyte to allow the pore to reach

20142 pA
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1 15964 pA

2 154 noise level

£ ] 25-30 pA _11868pA

5 10 ;

O ] noise level

51 35-40 pA
T T T T )
2 4 6 8 10
Time (min)

Figure 2. Patch clamp measurement of the open pore cur-
rent (I,pen, NA) through a single cylindrical submicron pore
in a PMMA membrane as a function of time (min), in the
presence of 0.1 M KCI and applied external voltages of 20
mV to 100 mV in 20 mV increments. Magnified inset de-
monstrates the noise level (approx. 1%).
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its steady-state /o, level. This setting time is usually
attributed to the dynamics associated with wetting of the
pore and removal of contamination layers: Contaminants
from previous measurements, as well as contaminants in
the electrolyte, would certainly add to the overall noise
level. Both should therefore be minimized, and the sett-
ing time addresses at least the first point. In the present
research, this setting time could be significantly reduced
when drying of the pore after experiments is avoided by
immersion into de-ionized water for storage immediately
after each experiment, avoiding solidified contaminants
in proximity of the pore.

The open pore current tests with various detector spe-
cimens also prove the hermetic seal of the system when
measuring zero I, for detector specimens that had no
pore patterned into the membrane: These control experi-
ments without a pore do not reveal any ionic flow, i.e.
exhibit infinitely large resistance, which demonstrates
that the submicron pores in the actual devices form the
only connection between the two half-cell detector com-
partments. The detector systems are tested for three
months (some even up to a year) to show their long-term
and multi-experiment stability. The measured time-inde-
pendent steady-state ionic transport through the pore is
reproducible within 10% - 15%, when a pore gets eva-
cuated, washed with de-ionized water, and re-examined
following the same procedure after a finite period of
time.

To our knowledge, to date no other artificial synthetic
micro/nano pore, patterned in either silicon-based sub-
strates or polymer membranes, has exhibited such a good
long-term stability with a low level of noise. The latter
would, of course, likely increase with significantly de-
creasing pore size, because the relative tolerance and
roughness would inevitably increase, polymer surface-
ion interaction and charging get more important, and
contaminants increase their relative importance.

The observed low noise level in the PMMA device
when compared to other polymer materials can in part be
attributed to micropatterning and material property mo-
dels previously derived by various research groups: Ion
transport properties of artificial micro/nano pores are
strongly influenced by the chemical structure of the
membrane as well as the microfabrication steps involved,
including beam exposure and other accompanying pore
development procedures [18]. For instance, the typical
behaviour of the ion current versus time recorded at a
constant voltage in the case of a polyethylene terephtha-
late (PET) membrane exhibited pronounced fluctuations
with a high level of noise. Likewise do nano pores in
polycarbonate (PC) foils present similar transport cha-
racteristics. In contrast, there was no fluctuation observed
for pores microfabricated in polyimide (PI) by the same
procedure of ion track etching [12,18]. The authors ex-
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plain this difference with material properties related to
imperfectly terminated polymer chains. Upon ion ex-
posure-induced scission of polymer chains and subse-
quent chemical etching, carboxylate end groups are
formed in, e.g., PET as well as in PI. In PET so called
dangling ends are created due to the presence of ethylene
components, which perform random movement, and thus
fluctuations, when being immersed in a solution. The
chemical structure of PI, on the other hand, is based on a
planar sequence of aromatic groups, rendering a strong
rigidity to the material, limiting the movement of PI
polymer chains and thus fluctuations when immersed
[18]. Smoothness and rigidity of the PI surface, thus,
seem to be the decisive factors for a stable current. Both
properties can be attributed to the submicron pore micro-
fabricated in a PMMA membrane as well, partially
explaining a low noise level.

3.4. Current-Voltage (I-V) Characteristics

As anticipated from above results, evaluation of open
pore current-voltage (I-V) characteristics demonstrates a
strong linear relationship. No saturation is observed for
higher driving voltages, such that a wide range of volt-
ages from 0 mV to +100 mV can be applied. Potassium
chloride (KCl) electrolyte concentrations cover a typical
range from 0.02 molar (M) to 0.75 M, with experiments
conducted for five different concentrations (0.02, 0.05,
0.1, 0.5, and 0.75 M) (Figure 3). Further increasing the
transmembrane potential to voltages beyond +100 mV
does not damage the PMMA membrane and further in-
creases the current through the submicron pore to higher
values. This is in contrast to protein nano pores such as
o-hemolysin, where a transmembrane potential of +100
mV produces a current value of approximately 100 pA
[26], but a higher potential will result in damage to the
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Figure 3. Patch clamp measurement of the open pore cur-
rent (Ipen, NA) as a function of the applied voltage (mV) for
0.02, 0.05, 0.1, 0.5, and 0.75 M KCI concentrations.
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lipid bi-layer membrane.

Figure 3 indicates that the I-V characteristics are not
only linear, but that no current is observed at zero driving
voltage. This relates to the transport mechanisms effe-
ctive in our specific device (no diffusive contribution)
and determines that reverse polarity device operation is
possible: Three different transport mechanisms can con-
tribute to the measured total steady-state ionic transport
through a specific pore: convection (i.e., electro-osmotic
flow driven by the electric field applied across a pore)
[27], electrophoretic ion migration (driven by the electric
field applied), and diffusion (driven by an electrolyte
concentration gradient). Diffusion is the only contribu-
tion independent of the applied voltage. The devices ex-
hibit zero current at zero voltage, indicating negligible
diffusive transport contributions. Therefore, the electro-
lyte does not exhibit a concentration gradient across the
pore for either of the tested molarities.

As a result, the same linear I-V relationship is main-
tained, when negative transmembrane potentials of 0 mV
to —100 mV are applied (this voltage range is not de-
picted in Figure 3). More accurately, the amount of cur-
rent measured through the pore at a certain negative
transmembrane potential is approximately the same as
that measured at a corresponding positive potential. Our
pores, therefore, do not exhibit any rectification of the
current flowing through them. Similar I-V relationships
have been reported by other groups working with cylin-
drical nano pores [5,27,28]. This observation has two im-
plications: First, the device can be operated in either di-
rection (or polarity), which is also referred to as dual
“on”-state, see below. Second, this indicates that our
pores are actually cylindrically shaped, as a conical shape
would typically exhibit rectification:

Asymmetric (non-cylindrical) pores such as basically
all protein pores and conically shaped artificial pores
exhibit current rectification. This can be explained by a
model focusing on electrostatic interactions between ions
passing through the pore and surface charge distribution
on the pore walls [29]. Almost all microfabrication pro-
cesses and their accompanying pore development steps
leave artificial nano pores in either polymer membranes
or silicon-based substrates with a net negative charge on
their surface and walls [18]. The surface charge creates
an asymmetric internal electrostatic potential inside the
pore with a profile dependent on pore shape. Conical
pores accumulate a much higher negative charge, and
thus formation of a strong electrostatic trap, on the pore
base compared to the pore tip. This electronic trap poten-
tial superposes with the applied trans-membrane poten-
tial induced by the electrodes, creating a preferred trans-
port direction for positively charged ions towards the
base [30-33]. As asymmetric nano pores reduce the ion
flow in one direction, but promote it in the other, they are

Copyright © 2012 SciRes.

said to be either in the “on” state with much higher cur-
rents flowing through the pores, or in the “off” state with
much less currents flowing through the pores. Artificial
conical nano pores could therefore be called “voltage-
gated”, resembling some of their biological counterparts.
The gated channels open and close in response to a spe-
cific chemical, mechanical, or electrical signal. This phe-
nomenon, however, does not occur in symmetric cylin-
drical submicron pores with a homogenous surface
charge distribution inside the pores, just like for the pores
presented in this paper. It is often considered an advan-
tage for such pores to be always in their “on” state of
function regardless of the polarity of the applied trans-
membrane potential.

3.5. Impact of the Electrolyte Concentration on
Iyyen and the Cross-Pore Conductance

The electrical characterization of the detector system is
expanded to the open pore current as a function of the
electrolyte concentration. Figure 4 shows that the current
monotonously increases with increasing concentration
(0.02 M to 0.75 M) in an almost linear relationship. Ap-
plied voltages range from +10 mV to +100 mV.

Although standard electrolyte concentrations for bio-
logical experiments only range down to 0.1 M, we have
still measured the current through our nano pore for the
two additional electrolyte concentrations of 0.02 and 0.5
M. In accordance to the previous studies [29], we also
identified that the dependence of the ionic current
through a single artificial nano pore on the electrolyte
concentrations deviates to a curve with a steeper slope at
all the voltages applied as the electrolyte concentration is
lowered to values below 0.1 M (Figure 4).

The observed phenomenon has been attributed to two
effects: To an incomplete dissociation of the electrolyte
at higher concentrations, and to the formation of an
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Figure 4. Patch clamp measurement of the open pore cur-
rent (nA) as a function of the KCI concentration for applied
voltages ranging from 10 mV to 100 mV.
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“electric double-layer”.

The negative surface charge on the PMMA membrane
due to the formation of carboxylate end groups attracts
K" ions from the electrolyte to the pore surface and walls,
forming an electric double-layer [4,29]. This double layer
reduces the effective charges/potential available for the
electrochemical transport mechanism. Its thickness de-
pends on the salt concentration of the electrolyte close to
the membrane: At lower salt concentrations, the relative
concentration of K ions on the pore surface and walls is
much greater compared to that in the bulk electrolyte
area, determining a thicker double-layer, and therefore an
elevated conductivity gradient or higher conductance.

Figure 5 illustrates this effect as it shows the measured
conductance (reciprocal of the steady-state pore resis-
tance, 1/R,, nS) as a function of the electrolyte concen-
tration. In agreement with the I-C data and theoretical
model presented above, the pore conductance overpro-
portionally increases with increasing electrolyte concen-
tration at low concentrations. Our results are in close
agreement with the data reported by other researchers
fabricating cylindrical and conical nanopores in surface
charged membranes [28,29].

As a remedy to this effect, the negative surface charge
can be minimized or even neutralized by temporarily
protonating the membrane surface which offers addi-
tional positive charge carriers, or by modifying the sur-
face properties themselves for intermediate terms or per-
manently. Temporary protonation can be achieved by
adjusting the electrolyte pH-value [18] to an acidic re-
gime. We observed a pH-value of approximately 3 to
neutralize the aforementioned effects. Whether such an
approach would be compatible with the biological ex-
periments might need further clarification.

Besides, the surface properties of the membrane can be
modified for longer terms by either inducing chemical
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Figure 5. Patch clamp measurement of the conductance (nS)
through single cylindrical submicron pores as a function of
KCI concentrations of 0.02, 0.05, 0.1, 0.5, and 0.75 M.
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reactions based on oxygen plasma treatment or by photo-
chemical modifications involving UV surface exposure
[33,34].

Besides these anormalities related to very low electro-
lyte concentrations, additional effects have been reported
in literature at very high cocentrations for protein nan-
opores. These usually saturate, reaching a conductance
plateau when the concentration is raised above a certain
physiological level, which has been attributed to a li-
mited binding-unbinding capacity. In comparison, artifi-
cial nanopores in solid-state membranes do not exhibit
such saturated conductance patterns, allowing an applica-
tion in a broader concentration range.

4. Biological Detector Testing: Transport of
Single-Stranded Linear Plasmid DNA
Molecules through a-Hemolysin Protein
Pores Inserted into PMMA Membranes

The electrical characterization results of 450 nm wide
EBL-based pores described in Section 3 are very pro-
mising for future detector applications and are considered
a proof of principle for the all-PMMA detector approach.
We are currently starting to test those pores with nano-
spheres of 100 nm diameter to verify the current block-
ade properties. First successful measurements have been
performed, with resistive pulses in the 3.5% range.

Since the EBL-based pores do not yet allow to cover
the full range of targeted particles in biomedical sensing
applications, our present research also aimed at a rapid
prototyping approach to extend the pore sizes available
to a PMMA detector system down by two orders of mag-
nitude, while in parallel optimizing the EBL nanopattern-
ing capabilities. In this paper we report, for the first time,
about inserting 1.5 nm wide nano pores naturally occurr-
ing in a-hemolysin proteins (compare Section 2.2) and
their application in biomolecule detection. The fixed dia-
meter of 1.5 nm happens to be slightly bigger than many
DNA-based biomolecules, and therefore is a very inte-
resting size for bio detectors. Figure 6(a) depicts a time-
independent steady-state stable open pore current /o, of
approximately 800 pA through a-hemolysin protein
pores inserted into a PMMA membrane at an applied
voltage of +100 mV. This current indicates the presence
of eight protein pores in the PMMA membrane at the
same time, as a successful insertion of a single a-hemoly-
sin pore corresponds to an /e, of around 100 pA. When
no biomolecules are added to the electrolyte solution,
Iopen Temains constant and displays no significant devi-
ations or deductions to lower or higher current values.
Upon addition of single stranded linear plasmid DNA
molecules to the negatively biased reservoir, numerous
short temporal current blockade events occur. Individual
resistive pulses for the eight pores combined are about
10% of Iypen, (Figure 6(b)), which can be extrapolated to
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Figure 6. Patch clamp measurements of the open pore
current (a) and current blockades/resistive pulses caused by
translocation events of single stranded linear plasmid DNA
molecules (b) through eight cylindrical protein pores in the
PMMA detector at an applied external voltage of +100 mV.

a single pore resistive pulse of about 80%. After flushing
out the molecules, the resistive pulses disappear. The
observed events are therefore identified as translocation
of DNA molecules through protein pores inserted into
the PMMA membrane via a bi-layer.

5. Conclusions

In this paper, we have characterized the ionic flow
through a novel PMMA membrane-based single cylindri-
cal submicron pore patterned by electron beam litho-
graphy (EBL) integrated into an all PMMA electro-
phoretic flow detector. Experiments indicate that PMMA
as the membrane material can help to overcome some of
the drawbacks associated with lipid bi-layer or silicon- or
glass-based membranes, such as life time, wettability,
opaqueness, and micro/nano patterning capabilities. The
all-PMMA device approach further eliminates thermally
induced stress. The pores described here are 450 nm in
diameter, cutting across a 1 um thick membrane. They
exhibit open-pore ion transport properties that make them
well suited for future resistive-pulse sensing applications.

Besides micropores patterned by EBL, we also report

Copyright © 2012 SciRes.

on the fabrication of nano pores two orders of magnitude
smaller, in the same all-PMMA device. A combination of
mechanical microfabriation, UV-exposure, and self-ass-
embly of naturally occurring pores of 1.5 nm diameter in
the protein a-hemolysin allowed for an investigation of
translocation of single stranded linear plasmid DNA
molecules. These experiments proved, for the first time,
that a PMMA membrane is able to support the transport
of biomolecules through micro- or nanofabricated pore,
if pore dimensions are compatible to those of expected
biomolecules to be detected.
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