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ABSTRACT: Polydimethylsiloxane (PDMS) is commonly
used in research for microfluidic devices and for making
elastomeric stamps for soft lithography. Its biocompatibility
and nontoxicitiy also allow it to be used in personal care, food,
and medical products. Herein we report a phenomenon
observed when patch clamp, a technique normally used to
study biological ion channels, is performed on both grooved
and planar PDMS surfaces, resulting in stochastic current
fluctuations that are due to a nanopore being formed at the

Micropipette tip

Formation of nanoscale pores

interface of the PDMS and glass surfaces and being randomly blocked. Deformable pores between 1.9 + 0.7 and 7.4 + 2.1 nm in
diameter, depending on the calculation method, form upon patching to the surface. Coulter blocking and nanoprecipitation are
ruled out, and we instead propose a mechanism of stochastic current fluctuations arising from transitions between vapor and
liquid phases, consistent with similar observations and theory from statistical mechanics literature. Interestingly, we find that
[Ru(bpy);]**, a common probe molecule employed in nanopore research, physisorbs inside these hydrophobic nanopores
blocking all ionic current flow at concentrations higher than 1 X 107* M, despite the considerably larger pore diameter relative to
the molecule. Patch clamp methods are promising for the study of stochastic current fluctuations and other transport

phenomenon in synthetic nanopore systems.

B INTRODUCTION

There is significant interest in the use of isolated, synthetic
nanopores for separation and analytical applications.'™* It is of
particular interest to study the voltage-driven transport proper-
ties of these nanopores through a voltage-clamp apparatus, as this
allows high-fidelity electronic readout corresponding to the
current moving through the pore. These measurements have
demonstrated several interesting transport properties and
regimes found inside nanopores, including stochastic ion pore-
blocking,>~” nanoprecipitation, and electric field-induced
wetting/dewetting.” Nearly all of these isolated, synthetic
nanopores consist of the following materials systems: carbon
nanotubes,” SiN or SiO, nanopores,” and track-etched polymer
membranes."’

Patch clamp is a widely used technique in electrophysiology to
monitor jonic currents and the kinetics of channel opening
through biological ion channels in cell membranes. In this
technique, a micropipet is patched onto a very small section of
the cell membrane under voltage clamp conditions."" However,
its application to synthetic nanopores has been investigated only
in a few cases.'>'® The stochastic nature of biological ion channel
gating has been studied extensively in the literature and is usually
attributed to a conformational change in the protein ion channel;
various ion channels can be activated by transmembrane
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potentials, ligands binding to receptors on ion channels, and
other stimuli. Recent developments involving patch clamp have
included very precise electrochemical imaging'* and high
throughput planar patch clamp methods."

Because the gating described previously for biological ion
channels is only thought to exist due to conformational changes,
only a few studies have performed patch clamp on synthetic
membranes, since no stochastic behavior would be expected for
passive pores. These studies have shown anomalous fluctuations
when patching onto track-etched membranes or flat PDMS
surfaces, but the cause of these fluctuations in the absence of well-
defined blocker molecules has not been satisfactorily ad-
dressed."”'*'%!” Proposed mechanisms for these fluctuations
have included changes in surface charge at the pore wall,'®
thermal fluctuations that pinch off thin strands of water between
the glass tip and PDMS,'* and internal adsorption of ions which
can result in chaotic behavior of ion concentration over time."?

In this work, we apply the patch clamp technique to study and
understand ion transport through nanopores specifically
patterned or otherwise in PDMS allowing for their character-
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ization. Anomalous events can occur in new situations that are
entirely unexpected, so very thorough control experiments are
necessary before making conclusions in any new platform. The
observed fluctuations studied in this work are shown to be
distinct from our recent observations™® in single-walled carbon
nanotube pores. In our recent carbon nanotube work, the
duration of the fluctuations in the off state (the dwell time) is
inversely related to the applied potential and varies with the type
of cation in the system, indicating a well-defined, charged
blocking event. In contrast, this work studies a mechanism that
appears to be invariant with the applied electric field.

B EXPERIMENTAL METHODS

We set up a patch clamp system using a Multiclamp 700B
amplifier and Digidata 1440A digitizer from Molecular Devices.
Glass pipets were freshly pulled before experiments using a
Sutter pipet puller (Sutter P-1000) using 1.5 mm o.d. and 1.1 mm
i.d. fire-polished borosilicate glass capillary tubing such that the
inner tip diameter was 1.2 ym and a wall width of 170 nm, as
verified by scanning electron microscopy (SEM). The tip and
bath were filled with electrolyte solutions, and subsequent
solutions were perfused through shielded polyethylene tubing
using a syringe pump for infusion and an aspirator for withdrawal.
The electrolyte solutions of a wide concentration range were
prepared through serial dilution using Milli-Q_deionized water.
The entire setup was housed in a grounded Faraday cage. A
detailed description of the setup can be found in the Supporting
Information.

The PDMS surfaces were prepared using Sylgard 184 from
Dow Corning. The base and curing agent were mixed in a ratio of
10:1 by mass, followed by 30 min of degassing under vacuum.
The PDMS was then drop-cast onto a silicon chip and heat-cured
on a hot plate at 180 °C for 15 min. Grooved PDMS surfaces
were made using unwritten CD-R and DVD-R discs as templates
using a procedure described in detail elsewhere.'"® AFM images
showed CD-R templated PDMS had a groove depth of 73.1 + 6.3
nm, with a groove spacing of 1.48 + 0.03 ym; DVD-R templated
PDMS had a groove depth of 75.8 + 2.7 nm, with a grooved
spacing of 0.73 + 0.02 ym.

B RESULTS AND DISCUSSION

Patch clamp experiments on both grooved and flat PDMS
surfaces yielded stochastic current fluctuations, as shown in
Figure 2. Current fluctuations were observed with solutions of
LiCl, NaCl, KC], CsCl, and CaCl, of concentrations ranging
from 1 X 107% to 3 M. Persistent experimental artifacts were ruled
out as the cause because these stochastic current fluctuations
were observed in <30% of the flat PDMS samples and <50% of
the grooved PDMS samples. PDMS samples were rinsed
thoroughly with DI water and dried with nitrogen gas before
patching onto them. AFM images generally showed a clean, flat
surface so contamination is not thought to be an issue (see Figure
S2 in the Supporting Information). Furthermore, the fluctuations
disappear as the seal is tightened significantly past the point of a
reasonable seal, indicating that electrical or grounding artifacts
are not the cause. There are also no fluctuations observed when
the pipet is just inmersed in the bath solution, indicating that the
patch itself is contributing to these fluctuations.

After patching onto the surface of flat PDMS samples and
observing these fluctuations, many of them indicated the
presence of a single pore (two Coulter states). To confirm that
the conduction path in these cases exists within the PDMS itself,
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Figure 1. Schematic of patch clamp experiment on PDMS surface. The
glass micropipet is pressed into the PDMS to form a seal between the
solution in the tip and the bath. Infusion and withdrawing lines in the
pipet tip and bath allow solution exchange on the same patched spot
without affecting the seal.

grooved PDMS surfaces were made by templating PDMS using
unwritten CD-R and DVD-R disks, which have tracks spaced 1.6
pum and 740 nm, respectively. Figure 3 shows an AFM image of a
grooved PDMS surface made using a CD-R template, and
outlines showing possible random placements of the tip onto the
PDMS surface. Patching onto a grooved PDMS surface forms 0,
1, or 2 nanopores on the surface as shown. Overall, 16 out of 33
(48%) of grooved PDMS samples produced stochastic current
fluctuations. In cases where no stochastic current fluctuations
were observed, it is difficult to know whether a pore was formed
or not since it is possible that the nanopore remains in a high
conducting state or a low conducting state; this experiment can
only distinguish the nanopore current from leakage current when
there are fluctuations between the two conductivity states.

For example, two pores that switch conductivity states
independently result in 3 or 4 current states. Three current
states are observed when two independent pores are formed that
have the same conductivity change when switching from an open
to a closed state. Thus, the current state associated with a single
pore being open is degenerate. Four current states are observed
when two independent pores are formed which each have
different conductivity changes when switching between open and
closed states. Thus, there are two nondegenerate current states
when a single pore is open and the other closed.

To further confirm that the pore was due to nanochannels
made by the interface of PDMS and glass, the baseline and
magnitude of stochastic current fluctuations were monitored as a
function of tip penetration depth into the PDMS surface, as
depicted in Figure 4. It should be noted that the distance of
penetration was recorded from the stage micromanipulator,
which is not an accurate measure of actual penetration depth
since the pipet tip can be pushed back into its pipet holder.
However, it is clear that the pore that is causing fluctuations can
be compressed and made smaller, resulting in lower blockade
currents. The baseline current is seen to go toward an asymptote
around 25 pA, which may represent the inherent porosity of the
PDMS substrate. This experiment confirms that the pore is due
mainly to channels at the PDMS—glass interface rather than
through defects in the glass, for example. Defects right at the
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Figure 2. Representative current traces showing discrete stochastic current fluctuations when patch clamping onto flat PDMS surfaces. Negative
currents imply a negative polarity being applied (the electrode inside the micropipet is at a negative bias with respect to the bath solution).

pipet tip could possibly contribute to forming part of the channel
at the PDMS—glass interface, although SEM images of the tip
show a surface smoother than that of the grooved PDMS samples
(see Figure S1), making this possibility unlikely. While PDMS is
known to be an inherently porous material for gases and
liquids,"”*® which would contribute slightly to the leakage
current, the diffusive transport of electrolyte through the free
volume of the polymer is not expected to give rise to clear,
discrete current states. On the other hand, pores formed at the
grooved PDMS—glass interface have a much likelier possibility of
forming discrete, straight-line pores that could be individually
blocked.

Unlike previous work in our group studying stochastic pore-
blocking from ions in single-walled carbon nanotubes (SWNT),
where the majority charge carriers were found to be protons,™
concentration experiments confirmed that the majority carriers
in these PDMS nanochannels were the electrolyte cations and
anions (see Figure 4c,d).

The relationship between pore diameter and conductivity can
be obtained using full molecular dynamics (MD) simulations
which can be very computationally intensive.”* Another method
employs a multiscale approach—using MD simulations to
generate ion mobilities inside the nanopore and continuum
models (Navier—Stokes and Poisson—Nernst—Planck equa-
tions) to simulate the electrohydrodynamics.>* These sophisti-
cated models are most necessary when the pore diameter is <1
nm, and the Debye length is comparable with the pore
radius.*"** In this case, where the pore geometry is less well-
defined and diameter unknown beforehand, simpler analyses are
carried out to give a rough estimate of effective pore diameters.

A simple model relating pore conductance with the effective
pore diameter, assuming a cylindrical pore geometry and a
charged layer of zero thickness adjacent to the oppositely charged
surface (similar to the Helmholtz double layer approximation of
zero thickness), is provided by eq 1,>* which shows that the pore
conductance is
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where G is the pore conductance (A/V), d,,.. is the diameter of
the pore (m), Lyore is the length of the pore m), i, and y_ are the
ion mobilities of the cation and anion, respectively (m*/(V s)),
Relectrolyte 18 the number density of the electrolyte species (no./
m?), e is the elementary charge (1.602 X 107 C), and o is the
negative surface charge density of the nanopore (C/m?). The
Supporting Information provides calculations that show a
relatively weak surface charge of roughly —0.015 C/m? (or 11
nm?/e”) for native PDMS. The length of the pore can be
assumed to be the thickness of the micropipet tip (170 nm).

A second relationship that better accounts for the diffuse
double layer of finite thickness inside the nanopore is

T (dpore - ZKD)Z
- (/’ﬁ_ + ﬂ_)nelectrolytee

4 Lpore
ny 40dpore
K 2
(dpore - 2KD) (2)

which assumes that within the Debye length (kp (nm) = 0.304/
(I(M))"?) from the negatively charged pore walls there is a
concentration of cations that cancels out the surface charge
(assuming anion concentration is negligible in this region);
outside of this diffuse double layer is the bulk ion concentration.

Third, if the mechanism of blocking is due to a phase
transition, as will be postulated later, the fractional change of
mean ion density inside the nanopore relative to the bulk ion
density, denoted Ak, is only about 0.15.>* As the mean ion
density accounts for variation due to the charged surfaces, the
surface charge term is not needed, and eq 3 can be used to
represent the change in conductance between the high- and low-
conducting states. This calculation results in a larger calculated
diameter since a larger nanopore is required to produce the same
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Figure 3. Patch clamp on grooved PDMS surfaces. (A) An AFM image of PDMS grooves formed using a CD-R disk as a master. The red circle depicts
the outline of a 1.2 um diameter pipet tip, and random placements on the surface will yield preferentially 0—2 expected channels between the glass tip
and PDMS surface. (B) A schematic of patching onto a grooved PDMS surface preferentially forming 2 nanopores. (C) Current traces from patching
onto grooved surfaces using 0.1 M NaCl demonstrate that 3 or 4 Coulter states appear, indicating the presence of two channels. (D) The all-points

histograms verify the presence of multiple states.

conductivity change if the density change is a fraction of that of
the bulk.
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The diameters for 10 samples were calculated using these three
methods. The first two methods assume that the pore is
completely empty in the low-conducting state and so G is
replaced by AG, the total change in conductance between the
two states as determined by the blockade current. Figure S shows
the diameter distributions using these different calculation
methods. In the first case, the diameters range from 0.6 to 3.2
nm (1.9 + 0.7 nm); the second case yields diameters from 0.8 to
4.6 nm (2.8 + 1.1 nm); the third case yields diameters from 3.6 to
11.2 nm (7.4 + 2.1 nm). In all cases, the pore diameter is on the
order of several nanometers. However, it is not possible to
characterize the pores directly because their existence depends
on the contact of the patch clamp tip with the PDMS surface.

To further confirm the presence of nanometer-sized, hydro-
phobic pores, experiments were performed using anionic and
nonionic surfactants. The results, shown in Figure 6a,
demonstrate that increasing concentrations of sodium dodecyl
sulfate (SDS), an anionic surfactant, leads to an increase in
baseline conductance. The same concentration experiment with
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Triton X-100, a nonionic surfactant with only polar head groups,
shows the opposite trend of decreasing conductance. In both
cases, the baseline conductance flattens out past the critical
micelle concentration (cmc). The cmc represents the point at
which adding more surfactant results in mostly forming micelles.
Assuming there is equilibrium between free monomer surfactant
in bulk solution and adsorption inside the nanopore, one would
expect any effect of surfactant concentration on nanopore
transport would diminish past the cmc, which is indeed observed.

Assuming the pore is hydrophobic, the aliphatic part of the
surfactant molecule will to adsorb to the hydrophobic pore
surface. For a nonionic surfactant, surface adsorption will only
decrease the cross-sectional area of the pore in theory and result
in lower pore conductance. However, a significant decrease in
pore conductance only occurs if the pore diameter is small,
commensurate in scale with the thickness of the adsorbed layer.
Assuming that the entire baseline current moves through
approximately a single pore and Triton X-100 (~2 nm in
length) coats uniformly around a cylindrical pore, the original
pore diameter is calculated to be about 6.7 nm. However, if the
pore is slit-shaped, the calculated pore height is around 4.8 nm.
These estimates agree closely with those made directly from the
pore conductance equations in the previous section.

dx.doi.org/10.1021/jp312659m | J. Phys. Chem. C 2013, 117, 9641-9651
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For an anionic surfactant, like SDS, the pore surface will
become more charged, which will significantly enhance transport
only if the pore is small (the surface transport term in eq 1 is
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inversely proportional to diameter). There are two competing
effects upon addition of SDS surfactant: the pore diameter will
decrease which reduces bulk transport, but the surface charge will
increase which enhances surface transport. The Supporting
Information provides a calculation showing that for a 6.7 nm
diameter pore the observed overall increase in conductance upon
addition of SDS can be achieved with a physically reasonable
surface charge density (0.28 C/m* or 0.57 nm*/e”) which is
provided by the surfactant molecules.

There have been several studies performing voltage clamp on
nonbiological nanopores that observe stochastic current
fluctuations or resistive pulses. There have been several
mechanisms proposed to explain these discrete fluctuations, all
of which may be accurate for the specific system in study:
blockage by a charged ion or molecule,”~”** nanoprecipitation, >’

dx.doi.org/10.1021/jp312659m | J. Phys. Chem. C 2013, 117, 9641-9651
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Figure 6. Effect of surfactant on pore properties. (A) The conductance increases upon addition of anionic SDS surfactant, and the change in
conductance decreases as the concentration increases past the critical micelle concentration (cmc). (C) As shown in the schematic, an increase in pore
conductance can be attributed to the increase in surface charge transport due to the presence of charged groups inside the pores which causes a buildup
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surfactant, and this change flattens out past the cmc. (D) The schematic shows that adsorption of nonionic surfactant does not increase surface charge
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increases the amount of free monomer in solution, which will increase the surfactant adsorption into the PDMS nanopores. (D) Past the cmc, increasing
surfactant in solution serves mainly to increase micelle concentration. Thus, the PDMS nanopore becomes saturated with surfactant molecules past the

cmc.

and complete wetting/dewetting of the nanopore (e.g., the
presence of a nanobubble).>*

To ensure that the observed stochastic current fluctuations are
not due to nanoprecipitation effects inside the PDMS nanopore,
precipitation was forced to occur by adding CaCl, on one side
and KH,PO, on the other side. A similar experiment by Powell et
al.® demonstrated stochastic current fluctuations in track-etched
PET membranes due to transient precipitates blocking the pore,
followed by redissolution caused by the applied voltage. In our
experiment, an electrical bias was applied such that calcium and
phosphate ions would be driven toward the nanopore and
precipitate to form CaHPO,. As Figure 7 shows, prior to addition
of KH,PO, to the bath side, there were no fluctuations observed.
However, once KH,PO, was added, there were immediate
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stochastic current fluctuations that were more asymmetric and
triangular-shaped compared to typical current traces observed
when just simple electrolytes (e.g, KCl or NaCl) are used, as
shown in Figure 2. This asymmetry is in agreement with previous
observations of nanoprecipitation.25 Hence, the mechanism
responsible for the current fluctuations that is the focus of this
work is distinct from nanoprecipitation.

Stochastic pore blocking of the nanopore by the ions
themselves was ruled out since the blockade current increases
with electrolyte concentration, showing that the ions are the
majority charge carriers. Also, pore blocking was not observed in
the presence of larger charged molecules, such as DNA, ruling
out blocking by a molecule passing through the pore. To further
distinguish between blockage by any charged species (the

dx.doi.org/10.1021/jp312659m | J. Phys. Chem. C 2013, 117, 9641-9651
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both cases indicates that the blocked current is carried by charged species. These charged species are believed to be protons in the SWNT nanopore case

and electrolyte ions in the PDMS case.

Coulter effect) and a phase transition, the blockade currents and
dwell times were tabulated as a function of applied voltage in
Figure 8. Pore-blocking data were collected and analyzed from
devices made using our previous platform for studying transport
through single-walled carbon nanotubes—the blocking phenom-
enon in these cases was confirmed to be caused by ions blocking
an otherwise stable proton current.’ This blocking mechanism
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involves a charged blocker moving through the pore, interrupting
a baseline current carried by charged particles resulting in a dwell
time that decreases as a function of the applied voltage and a
pore-blocking current that scales linearly with the applied
voltage. As with SWNT nanopores, the PDMS nanopores also
demonstrated pore-blocking currents that increase linearly with
applied voltage. However, the PDMS nanopores showed a widely

dx.doi.org/10.1021/jp312659m | J. Phys. Chem. C 2013, 117, 9641-9651
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(PBC), which varies depending on the deviation from a circular pore cross section. (D) The experimental pore-blocking currents fall within this

envelope for f < 3.

variable dwell time distribution that was not affected by the
applied voltage. We conclude that the current blocker is
uncharged and therefore not affected by the electric field in the
pore.

These results suggest an uncharged “blocker” with a baseline
current carried by ions. We explored the theory that there is a
phase transition occurring inside the nanopore which causes an
ionic concentration change inside the nanopore, such that the
pore is rendered nonconducting due to water vapor blocking the
pore. This mechanism has been studied theoretically for short
hydrophobic/weakly charged nanopores®****” and observed
experimentally in track-etched PET nanopores with the interior
functionalized with hydrophobic groups.® This work provides
further evidence that this phenomenon is occurring by
demonstrating that dwell times are invariant with applied voltage.

To further confirm the existence of a phase transition as the
cause of stochastic current fluctuations, we sought out a theory
from the literature that offered predictive estimates of the pore-
blocking currents and dwell times. Palmeri et al.** have
developed a model using variational field theory that predicts
phase transitions to occur for electrolyte solutions confined to
neutral and weakly charged cylindrical nanopores. Their model
considers the diameter of the pore, the dielectric constants of the
solution and pore walls, surface charge on the pore walls, the
effective Donnan potential inside the pore, and bulk ionic
concentration. The major assumptions of Palmeri’s model are as
follows: (1) a perfectly cylindrical pore surface, (2) uniform
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surface charge density, (3) constant electrostatic potential inside
the pore, and (4) no steric effects of ions (ions act as point
charges). In reality, the pores studied here are noncylindrical,
may not have uniform charge density along the length of the
pore, the electrostatic potential is not constant as we are applying
avoltage across the pore, and ion size may indeed have significant
effects at the nanoscale; thus, while we can compare experiment
and theory, one would not expect numerically equivalent results.
Their model predicts that at low enough pore diameters there
exists a bulk electrolyte concentration around which the partition
coefficient exhibits an abrupt change, where the partition
coefficient is defined as k = {p)/py, where (p) is the average
ionic concentration inside the pore (mol/L) and py, is the bulk
ionic concentration (mol/L). Thus, there exists a high
conductivity liquid (L) phase and a low conductivity vapor (V)
phase. If the stochastic current fluctuations are due to fluctuating
between these V and L phases, the difference in partition
coefficients provides a way to estimate the magnitude of pore-
blocking currents, given an applied voltage and pore length, using

p) = Pb(kL - kv) (6)
Al=1 +1_= (], +])A = q{p)uA

= q(p)(y, + pu)EA (7)
AT = gpy e~ k) + 102V A ®
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where k; and ky are the partition coeflicients of the liquid and
vapor phases, respectively, Al is the predicted pore-blocking
current (A), I, and I_ are the currents associated with positive
and negative ions (A), J, and J_ are the current densities (A/m?),
A is the pore cross-sectional area (m?), Vqyg 18 the average velocity
of the ions (m/s), i, and y_ are the ion mobilities of the cations
and anions, respectively (m?/(V s)), E is the electric field across
the pore (V/m), AV is the voltage applied across the pore (V),
and L is the length of the pore (m). The area of the pore is given
by

A= fﬂa2 (9)

where a is the radius of the nanopore (m) and f is some factor
that accounts for the noncylindrical shape of the pore which is
unknown. It is possible that the pore may be a wide slit-shaped
pore, for example. The model predicts a difference in partition
coefficients, Ak, roughly from O to 0.15 for neutral nanopores,
which changes slightly depending on the bulk concentration,
pore diameter, and surface charge. The diameter distribution of
samples tested for this study were presented earlier in Figure SB,
assuming a cylindrical pore (f = 1) and Ak = 0.15.

To compare with our experiments, we used p, =0.1 M, a =1
nm, §, = pin, = 51.9 X 1077 m?/(V's), u, = pier- = 79.1 X 107°
m*/(V's), AV=1.0V, and L = 170 nm to get an envelope of
predicted pore-blocking currents. The predicted pore-blocking
current has a maximum value around 40—120 pA depending on
the value of f used, where fis a factor accounting for noncircular
pore cross sections (f = 1 for circular cross section). In Figure
9A,B, we compared these predicted pore-blocking currents with
experiments made under similar conditions (p, = 0.1 M NaCl,
AV =10V, and L = 170 nm) and find very good agreement for
low values of f < 3.

The model also predicts the thermodynamic stability of each
phase in a region of coexistence. Over small differences in surface
charge, there is predicted to be a wide range of ratios of residence
times (7,/7y), that is, the time spent in the high-conducting state
versus the time spent in the low-conducting state. For the
particular example presented in their study (p, = 1 mol/L, a =
0.617 nm), it was predicted that as the surface charge varied from
6.5 X 107*to 7.5 X 10™* C/m?, the 7, /7y varied roughly from
0.01 to 100, thus showing that slight deviations in surface charge,
keeping ionic concentration and diameter constant, can result in
significant changes in these residence time ratios. The surface
charge explored in Palmeri’s study is very weak (roughly 1 charge
per 230 nm?), although within the same vicinity as the surface
charge for the PDMS surfaces (roughly 1 charge per 10—20
nm?). We assume that whenever the conditions (diameter,
concentration, and surface charge) are such that fluctuations
between a high- and low-conducting state are observed, slight
deviations in any of these parameters will also result in significant
sample-to-sample variation in the ratios of residence times
similar to the specific case (p, = 1 mol/L, a=0.617 nm, 6= (6.5—
7.5) X 107 C/m?) studied by Palmeri et al.”* It could be
expected that among the samples that do demonstrate stochastic
current fluctuations, there will be a distribution of actual surface
charge values for each patch area so that one would expect to
sample from the wide range of possible residence time ratios.
Figure 9 shows that experimentally the high-conducting state can
occur more often or less often by factors as high as 25, in line with
the qualitative predictions by the model. It should be noted that
at very high or very low 71 /7y ratios, it would be difficult to realize
that rare stochastic current fluctuations were actually occurring as
opposed to random, rare noise artifacts. In summary, the
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comparisons of pore-blocking currents and residence time ratios
with the model proposed by Palmeri et al,>* along with dwell
times that are invariant with applied voltage, provide evidence
that the observed stochastic current fluctuations are due to
switching between high-conducting liquid and low-conducting
vapor phases.

However, it is acknowledged that there are some possible
drawbacks of applying this model to the PDMS nanopores. For
example, the model considers a pore in thermal and chemical
equilibrium with the bulk, and it is assumed in the model
derivation that the Donnan potential is constant within the pore.
However, the applied voltage ensures that the system is not in
equilibrium and the potential across the pore is not uniformly
varying. It is unclear if the qualitative results of the model hold
under these conditions. Furthermore, the model predicts that the
bulk concentration at which phase coexistence occurs varies
inversely with the pore radius. Thus, one would expect that if the
pore diameter remains constant, there would be only one bulk
concentration where fluctuations are observed; in actuality, there
is a wide range of ionic concentrations where fluctuations are
observed for a single patch. It is possible that the pore geometry is
noncylindrical, resulting in different sections of the pore of
varying dimensions which are active depending on the bulk
concentration. Further experiments with well-defined pores and
surface charge are needed to more completely confirm the
existence of liquid/vapor transitions as the cause of stochastic
fluctuations in these types of pores.

Experiments varying the temperature of the system were
performed to confirm whether a phase transition was occurring,
but the results were inconclusive; detailed results of these
experiments are provided in the Supporting Information.
Theories that assert that stochastic fluctuations occur at the
phase boundary between high and low conducting states as a
first-order transition suggest that increasing the temperature and
keeping all other parameters constant should halt the
fluctuations. As one moves into the single phase region, for
example, either the high or low conductance state should persist.
However, stochastic events were observed as the temperature
was steadily ramped from room temperature up to 42—62 °C in
three trials; eight other trials showed no events at all through the
temperature increase. In one case, the events disappeared above
60 °C, although this occurred just before the bath solution
evaporated. The other two cases did not go above 42 and 57 °C,
and events persisted from room temperature through the
maximum temperature. As shown in the Supporting Information,
the pore-blocking current is not well-correlated with temper-
ature. This may be due to the fact that changing temperature has
other effects such as changing the pore size, solution viscosity,
solution concentration through evaporation, surface charge, etc.
It is possible that as the temperature changes, the changing pore
geometry and solution conditions allow it to remain on or
otherwise traverse the phase coexistence curve. Carefully
controlled temperature experiments will be needed to fully
verify the presence of phase transitions in these systems.

In attempts to further characterize the shape of these PDMS
nanopores, we introduced [Ru(bpy);]** (1.2 nm in diameter) to
the system. Among other uses, this molecule is often employed as
a probe molecule for transport measurements to determine steric
selectivity in pores commensurate in size to its diameter.
However, upon addition of this molecule in concentrations >5 X
107 M there is reduction in overall conductance, and for
concentrations >1 X 10™* M, there is complete shutdown of any
ionic transport even though relatively high concentrations of
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Figure 10. (A) Experimental IV curves showing that a simple electrolyte solution (0.1 M NaCl) in the pipet tip and bath results in a linear IV curve, while
addition of 50 mM [Ru(bpy);]*" to the salt solution to one side of the bath causes complete current shutdown when the polarity is such that the
[Ru(bpy);]** ion is driven toward the pore, and complete current blockage is observed when [Ru(bpy),]** is added to the salt solution on both sides at
sufficient concentrations. (B) The overall conductance as a function of [Ru(bpy);]** concentration. Conductance begins to decrease starting at $ X 10~
M [Ru(bpy),]**. Hence, the absence of conductance of this organometallic ion is not, itself, proof of steric rejection from a hydrophobic nanopore.

NaCl (0.1M) still exist in the pipet tip and bath, as Figure 10
demonstrates. If [Ru(bpy);]** is added to just one side, we find a
shutdown of both pore and leakage conductances if the polarity
of the applied voltage is such that the [Ru(bpy);]** ion is driven
toward the pipet tip/PDMS interface containing the nanopores.
These results strongly suggest that for relatively hydrophobic
pores of nanometer-sized dimensions, one can have [Ru-
(bpy);]** physisorbed on the interior of the pore, thus blocking
overall transport. Further experiments performed demonstrated
the reversibility and reproducibility of this [Ru(bpy);]**
physisorption.

The model proposed by Palmeri suggests that the presence of
divalent cations would decrease the negative surface charge
inside of the pore, which would cause the nanopore to switch
from a high-conducting to a low-conducting state. As mentioned
before, Palmeri’s model assumes ions behave as point charges,
with only Coulombic interactions present between ions.
[Ru(bpy),]**, however, is ~1.2 nm in diameter, and thus it
cannot shield surface charge as effectively as Mg*", for example.
Furthermore, there are significant van der Waals and dipole—
dipole interactions present in [Ru(bpy);]** that are not
accounted for by the model. From our observations, it seems
most likely that this ruthenium complex is adsorbing onto the
inside of the pore, and at sufficient concentrations, completely
blocks current through the pore. The conclusion from this set of
experiments is that careful analysis is needed to ensure that
transport results using probe molecules such as [Ru(bpy);]** are
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not due to pore blockage caused by condensation and
physisorption, especially in nanometer-scale hydrophobic pores.

B CONCLUSIONS

To summarize, we study a unique, stochastic phenomenon in
both grooved and flat PDMS substrates that would not be
expected to have any analogue to biological ion channels for
which patch clamp techniques are normally used. This
phenomenon was studied in depth to show the presence of
nanopores formed at the interface of PDMS and glass when a
patch is formed which imparts deformable properties to the pore.
Transport through PDMS nanopores was confirmed by
observing reproducible, multiple current states when patching
onto grooved PDMS surfaces. The mechanism for these
fluctuations is compared to Coulter blocking by ions in single-
walled carbon nanotubes and nanoprecipitation, showing that
the mechanism is fundamentally different. We compared our
results with a model in the literature that predicts the coexistence
of two phases at normal experimental conditions. Comparisons
of the pore-blocking currents and residence time ratios with the
model, along with the invariant nature of dwell times with applied
voltage, suggest the plausibility of the mechanism being
stochastic phase transitions inside the nanopore. Furthermore,
the estimated pore diameter (ranging from 0.6 to 11.2 nm,
depending on the calculation method) and surface charge
(—0.015 C/m?) are in line with those considered by the
proposed model. In this study we have demonstrated a simple
method for creating deformable, interfacial nanopores, with a
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potential application being the creation of arrays of deformable,
yet well-defined nanopores which could detect a variety of
differently sized molecules, as opposed to having a single, static
nanopore. Second, the observation of ionic fluid phase
transitions in these less well-defined nanopore structures shows
the possibility of experimentally observing phase transitions in
other interesting natural and synthetic porous systems, such as
rocks and concrete. Finally, we have evaluated several potential
mechanisms of stochastic pore-blocking in nanopores, including
phase transitions, Coulter blocking, and nanoprecipitation—
these experiments will be useful for characterizing future
nanopore systems.
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Details of the patch clamp setup, AFM images of flat PDMS
surfaces, surface charge density calculations for native PDMS,
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