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Abstract

Integration of dual-barrel membrane patch-ion channel probes (MP-ICPs) to scanning ion
conductance microscopy (SICM) holds promise of providing a revolutionized approach of
spatially-resolved chemical sensing. However, to fully exploit the MP-ICP platforms for
concurrent topography and chemical sensing, a comprehensive characterization of the analytical
performance of this newly-developed platform is needed.

In this report, a series of experiments were performed to further our understanding of the system
and to answer some fundamental questions, in preparation for future developments of this
approach. First, we constructed MP-ICPs that contained different types of ion channels including
TRPV1 and BK channels to establish the generalizability of the methods. Next, we proved the
capability of the MP-ICP platforms in single ion channel activity measurements, and demonstrated
that the channel behaviors can be faithfully obtained with this approach. In addition, we studied
the interplay between the SICM barrel and the ICP barrel. For ion channels gated by uncharged
ligands, channel activity at the ICP barrel is unaffected by the SICM barrel potential; whereas for
ion channels that are gated by charged ligands, enhanced channel activity can be obtained by
biasing the SICM barrel at potentials with opposite polarity to the charge of the ligand molecules.
Finally, a proof-of-principle experiment was performed and site-specific molecular/ionic flux
sensing was demonstrated at single-ion-channel level, which showed that the MP-ICP platform
can be used to quantify local molecular/ionic concentrations.

INTRODUCTION

Investigation of dynamic chemical events such as specific ion efflux/influx through ion
channels or exocytosis of neurotransmitters at cellular surfaces has attracted broad interest,
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as knowledge of such dynamic events is key to reveal mechanistic details of many biological
processes. Electrochemical approaches such as amperometry and fast scan cyclic
voltammetry have been widely-employed to measure exocytotic release of electroactive
species at single-cell level. In the pioneering work of Wightman and co-workers, detection
of stimulated secretion of catecholamines from chromaffin cells has been obtained via
carbon fiber microelectrodes (CFMES) positioned at micrometer distances from the cell of
interest. In such amperometric recordings, the potential applied to the CFME was biased at a
sufficient value to oxidize catecholamine at the CFME surface, resulting in a series of
current spikes with each peak representing a single exocytotic event.[1, 2] In subsequent
studies, electrochemical detection methods via CFMEs have been widely-used for real-time
measurements of cellular releasates including dopamine, serotonin, histidine, insulin, and
others, providing important insights into exocytosis processes.[3-8]

Powerful as such cellular measurement are, two major caveats exist for this approach. First,
a typical CFME has a diameter of 5 um, which is of similar size to the cells being measured,
rendering sub-cellular spatial resolution difficult to obtain. Second, the secretory analytes
must be electroactive to be detected, and, thus, only a limited number of transmitters are
amenable to analysis.

Alternatively, detection of acetylcholine (ACh) secretion from growth cones of single
neurons has been demonstrated with the so-called “sniffer-patch” technique.[9-11] In brief,
an isolated patch of receptor-rich (i.e., acetylcholine receptor, AChR) membrane was excised
from a donor cell in an outside-out patch configuration.[12] Receptors within the membrane
were used to measure the neurotransmitter release. In comparison to CFMEs, the use of ion
channel receptors as specific molecular sensors directly exploits the high affinity of ligand-
gated ion channels to their native neurotransmitters, expanding the detection regime to
molecules with little to no electrochemical activity.

However, the precision of manual probe control in the measurements with CFMEs or
“sniffer-patch” is unfavorable for high spatial resolution measurements. Ideally, the sensor
position needs to be controlled with nanometer-precision in x, y and z dimensions. In x-y
dimension, positional accuracy is vital to pinpoint discrete loci within the cell membrane to
obtain site-specific signals. In z dimension, the sensor should be positioned in proximity to
the site of release, as the concentration of the released molecules decreases sharply with
distance due to the diffusion smearing effects.[11, 13]

Numerous attempts have been undertaken to provide a spatially resolved view of chemical
events. For instance, integration of microelectrodes (i.e., carbon, Pt, Au) with scanning
electrochemical microscopy (SECM) has enabled concurrent topography and
electrochemical activity imaging in biological systems, albeit the detection range is still only
limited to electroactive analytes. Work here takes cues from nanopore platforms (i.e.,
biological nanopores or solid-state nanopores) that have been widely employed for various
sensing applications.[14] In an alternative route described by Zhou et al., ion channel probes
(ICPs), in which micropipettes modified with an artificial lipid bilayer that contained
multiple ion channels (i.e., alpha hemolysin, a-HL) have been integrated with SICM, and
preliminary results demonstrated the utilization of ICPs for topographical imaging.[15] In a
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following work, concurrent imaging and sensing of cyclodextrin with a similar micron-sized
probe was reported.[16] However, the major limitation in the aforementioned reports is that
the signal used for feedback and chemical sensing both came from the ion current through
the ion channels, and, thus, the feedback imaging and the chemical sensing were largely
coupled. As a result, the ion current either served solely as feedback for topographical
imaging as in Zhou et al.;[15] or only be used for chemical sensing as in Macazo et al.,
where the topography was collected in constant-height mode without any feedback.[16]

To decouple the current for feedback imaging and ion channel sensing, a new platform, dual-
barrel membrane patch-ion channel probes (MP-ICPs), comprised of two barrels, with an
open barrel used for SICM imaging and a barrel with a membrane patch containing ion
channels of interest for chemical sensing, has been developed. The open barrel (SICM
barrel) serves to measure the distance-dependent ion current for probe positioning and non-
invasive imaging viathe same feedback mechanism as in traditional SICM.[17, 18] The
second barrel in the probe supports the membrane patch (ICP barrel) and is used to study ion
channel activities. In our initial report, the mechanical and electrical stability of the
membrane patches, as well as the individual addressability of the two barrels have been
proven. Moreover, ion channel activity of a ligand-gated ion channel with respect to the
vertical distance between the channel and the ligand source was measured, and distinct
characteristics were observed when the probe was close to and far from the ligand source,
further highlighting the importance of robust probe position control in the studies of ion
channel activities.[19]

In theory, MP-ICPs can be employed to spatially map any signaling molecules provided if a
suitable ion channel can be found to be used as a sensor, which can significantly diversify
the biochemical systems and targets to be investigated. Additionally, this innovative platform
may offer orders-of-magnitude increases in the sensitivity, spatial, and temporal responses of
the measurements, and, thus, the analytical performance of this platform should be carefully
accessed.

To do so, we performed a series of experiments, detailed herein. First, to demonstrate the
generic nature of the MP-ICP platforms, probes with the ICP barrel containing excised
patches with different types of ion channels such as BK (large conductance Ca2*-activated K
*) channels[20] or TRPV1 (transient receptor potential vanilloid 1) channels[21] were
prepared. Amperometric current-time (I-T) recordings were performed to monitor the
channel activities at the ICP barrel, and ion current modulations resulting from the open/
close of single or multiple ion channels were clearly observed, which validated the single
channel recording capability of the system. Moreover, to fully understand the interplay
between the SICM barrel and the ICP barrel, the open probability (Pgpen) of the ion channels
within the ICP barrel was measured as a function of the potential applied to the SICM barrel.
The charge of the ligand molecules was found to be central to whether or not the potential at
the SICM barrel will influence the ICP barrel channel activities. Furthermore, a proof-of-
principle experiment was performed to demonstrate the feasibility of measuring site-specific
molecular/ionic flux (i.e., capsaicin or Ca2*) with single ion channels (i.e., TRPV1 channel
or BK channel).
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EXPERIMENTAL

Chemicals and Materials

Sodium chloride (VWR, Radnor, PA); potassium chloride (Macron Chemicals, Phillipsburg,
NJ); magnesium chloride hexahydrate (J. T. Baker, Phillipsburg, NJ); calcium chloride
dihydrate (Sigma-Aldrich, St. Louis, MO); ethylenediaminetetraacetic acid (EDTA) (Sigma-
Aldrich); ethylene glycol-bis(2-aminoethylether)-N, N, N”, N’ -tetraacetic acid (EGTA)
(Sigma-Aldrich) and 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) (HEPES) (Sigma-
Aldrich) were used to prepare the electrolyte solutions. Capsaicin (purity > 95%, Cayman
Chemical, Ann Arbor, MI) was dissolved in ethanol and stored at —20°C prior to use. On the
day of experiment, the ethanol solvent was removed and the capsaicin was dissolved in
aqueous recording buffers, and used for TRPV1 channel excitations. All chemicals were
used as received without further purification. Hydrochloric acid (EMD Millipore, Billerica,
MA) and aqueous solutions of potassium hydroxide (Mallinckrodt, St. Louis, MO) and
sodium hydroxide (EMD Millipore) were used for buffer pH adjustment. All aqueous
solutions were prepared with deionized water (resistivity = 18 MQ - cm at 25°C, EMD
Millipore) and were filtered with 0.22 pym PVDF filter membranes (EMD Millipore) prior to
use.

Cell Culture and Transfection

Human embryonic kidney 293 (HEK 293) cells were grown under standard tissue culture
conditions (5% CO, and 37°C) in Dulbecco’s Modified Eagle’s Medium (DMEM-high
glucose, D6429, Sigma-Aldrich, St. Louis, MO) supplemented with 10% (v/v) fetal bovine
serum (F4135, Sigma-Aldrich) and 1% penicillin-streptomycin (P0781, Sigma-Aldrich).

Preparation of Transient Transfected Cell Lines—The cDNAs encoding human BK
channel or TPRV1 channel were subcloned into pcDNA3.1 vector. The cDNA encoding
GFP protein was subcloned into pEGFP vector. Transfection grade vectors were purified
from Escherichia coli. The BK or TRPV1 vector was co-transfected with the GFP vector
into HEK293 cells with the calcium phosphate precipitation method.[22] The transfected
cells were cultured for 48 h to allow transgene expression and GFP visualization. In the
experiments, fluorescent cells were selected for patch-clamp measurements, where co-
expression of GFP was used as a marker of successful transfection of ion channels of
interest. In Figure 1a, an overlaid fluorescent and bright-field image of HEK 293 cells
transfected with GFP and TRPV1 channel is shown. The corresponding bright-field image
after formation of tight seal between the probe and the target cell is shown in Figure 1b, a
red arrow was added in Figure 1b to indicate the position of the dual-barrel probe for better
visualization.

Preparation of Stably Transfected Cell Lines—Wild type GFP-tagged human
potassium large conductance calcium-activated channel (KCNMAL, OriGene) was
transfected into HEK293 cells by the calcium phosphate precipitation method as described
previously (Xiao et al., 2008). After transfection for 5 h, the cells were washed with fresh
medium. After 48 h, antibiotic (G418, Geneticin; Cellgro, Herndon, VVA) was added to select
for neomycin-resistant cells. After 2—3 weeks in G418, colonies were picked, split, and
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subsequently tested for channel expression using whole-cell patch clamp recording
techniques.[23]

Instrumentation and Probe Construction

In Figure 1c, a scanning electron micrograph of a typical dual-barrel probe used in the
experiments is shown. We have found electrodes that are submicron in pore opening, but
hundreds of nanometers in dimension provide a good balance between patch formation,
probability of trapping single channels, and probe feedback/control in SICM. The
fabrication and characterization procedure of the dual-barrel pipettes used in our
experiments has been detailed in a previous report.[19] To realize MP-ICP-SICM, the dual-
barrel probe was mounted vertically on a piezoelectric positioner of a scanlC scanning ion
conductance microscope (lonscope Ltd., London, UK) and manipulated v/athe SICM
software. Figure 1d depicts the schematic illustration of the instrument setup of the MP-ICP-
SICM. Each barrel of the dual-barrel probe contained an individually-addressable Ag/AgCl
electrode, namely, WE1 and WEZ2, and the two electrodes shared a common reference
electrode (RE, Ag/AgClI) in the bath solution, which was held at ground. One of the two
barrels of the theta pipette (with WE1 back-inserted) was connected to the headstage of an
Axopatch 200 current amplifier (Molecular Devices, Sunnyvale, CA), termed as SICM
barrel. A second current amplifier (PC505B, Warner Instrument, Hamden, CT) was
employed to apply potential and monitor current of the second barrel (with WE2 back-
inserted), hereafter defined as ICP barrel.

The construction steps of a MP-ICP probe have been detailed in our previous work.[19] In
brief, after the formation of gigaseal (i.e., tight seal between cell membrane and the glass
wall) on both barrels, retraction of the probe away from the patched cell led to the formation
of inside-out patches on both barrels.[12] Next, electrically-induced breakdown was
performed v/athe application of pulse potentials to WEZ1 to break the membrane patch at the
SICM barrel. The two barrels are individually-addressable, and, as a result, the membrane
patch on the ICP barrel remained intact. In the final probe configuration, current flow
between the WEL in the open barrel and RE in the bath solution was used as feedback to
control the probe-substrate distance; and the ICP barrel contained a membrane patch with
ion channels of interest to sense specific chemicals through amperometric measurements.
Currents were low-pass filtered at 1 kHz (-3 dB, 4-pole Bessel) and sampled at either 4 kHz
(SICM barrel) or 50 kHz (ICP barrel). Data were acquired with Digidata 1440A (SICM
barrel) and Digidata 1550 4B (ICP barrel) digitizers (Molecular Devices).

lon Channel Recordings

Inside-out patch recordings from HEK 293 cells constructed with TRPV1 channels were
performed in equimolar Na* buffer in both the pipette and the bath. The pipette solution
consisted of 140 mM NaCl, 2 mM MgCl,, 1.1 mM EGTA and 10 mM HEPES (pH was
adjusted to 7.2 with NaOH). For each experiment, the bath solution was freshly prepared by
addition of capsaicin in the Na* buffer, and used the day of experiment.

Inside-out patch recordings from HEK 293 cells constructed with BK channels were
performed when the pipette was filled with solution consisted of 140 mM KCI, 5 mM NacCl,
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10 mM HEPES and 1.1 mM EGTA (buffered at pH = 7.2 with KOH). In the bath solution,
140 mM KCI, 5 mM NaCl, 2 mM MgCl,, 1 mM CaCl, and 10 mM HEPES were used an
the solution was buffered at pH = 7.4 with KOH.

In the experiments to investigate the influence of the SICM barrel potential on the channel
activities at the ICP barrel, the bias applied to the SICM barrel was held at =10 mV, =5 mV,
0 mV, +5 mV and +10 mV. Meanwhile, I-T measurements were performed at the ICP barrel
when the bias was kept constant, and the resultant I-T traces were used for further statistical
analysis to reveal channel activities (i.e., open probability).

To measure site-specific capsaicin or Ca2* flux, a nanopore or micropore within a polyimide
(P1) membrane separating two electrolyte-filled reservoirs was used as a capsaicin or Ca?*
source. The top reservoir was filled with extracellular buffer, whereas the bottom reservoir
contained extracellular buffer together with capsaicin (for TRPV1 channels) or Ca2* (for BK
channels), such that capsaicin molecules or Ca2* ions diffuse from the bottom reservoir to
the top reservoir through the nanopore under concentration gradient. First, a topography
image was obtained v/athe SICM barrel. Next, using the previous-obtained topography
image as a reference, the probe was navigated and positioned at different vertical or lateral
locations relative to the pore. Finally, at each locations, I-T measurements were performed
and used for statistical analysis.

RESULTS AND DISCUSSION

Single lon Channel Recordings

In our previous study, the electrical noise in the system when both the ICP barrel and the
SICM barrel were connected to their corresponding current amplifiers was measured to be
~10 pA, whereas the typical baseline noise level required for single channel recordings is ~2
pA. As required, digital noise cancellation was performed with the HumSilencer adaptive
noise cancellation function in the 1550 4B digitizer.

The pain receptor channel TRPV1 (i.e., the heat and capsaicin receptor) is primarily
expressed by primary afferent sensory neurons of the pain pathway, and plays an important
role in the detection of a wide variety of noxious stimuli, including heat (>42 °C) and
various noxious chemicals, such as eicosanoids, capsaicin (the active component of chili
peppers), protons and peptide toxins.[24—-33] The functional channel of TRPV1 consists of
four identical subunits that symmetrically arrange to form a central ion-conducting pore, as
proven in cryo-EM structures.[34] To elicit channel activation, capsaicin molecules bind to
vanilloid binding sites at the intracellular side of the cell membrane.[31] The Ca2*-activated
BK channels, comprised of four pore-forming subunits encoded by a single S/oZ gene,[35,
36] can be activated by membrane depolarization or intracellular Ca2*.[20, 37] Thus, in the
experiments here, ion channel recordings were all performed in inside-out patch
configurations and 1 uM capsaicin (for TRPV1 channels) and 1 or 50 mM Ca?* (for BK
channels) agonists were added in the bath solution. Of note, Ca?* was excluded from the
extracellular solution for TRPV1 channel experiments to prevent desensitization of TRPV1
channels.[21]

Small. Author manuscript; available in PMC 2020 January 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Shietal.

Page 7

In these experiments, potential applied to the SICM barrel was held at 0 mV after probe
position was fixed for simplification. Figure 2 shows the representative I-T traces (left) and
corresponding statistical graphs (right) of current amplitude vs. dwell time (Igpen-topen)
recorded viaa single TRPV1 channel at the ICP barrel. In the lopen-topen graphs, C
represents the closed state, and O represents the open state. The membrane potential (V)
was varied within the range of —100 mV to +100 mV. Two important factors for channel
characterization were studied, namely, the current amplitude (lopen) and the channel open
probability (Popen)- Both Igpen and Popen decreased at hyperpolarization potentials. In terms
of the lgpen, at positive Vyy, i.e., +40 mV to +100 mV, lgpen increased with increasing Vp,. At
+40 mV, the average open channel current was measured to be ~3.22 pA; while at +100 mV,
a current of ~9.81 pA was obtained. At negative Vi, i.e., =100 mV to 40 mV, lopen Was
observed to be smaller, and current increments were more gradual as compared to those at
positive membrane potentials, with ~2.87 pA at V, = =100 mV and ~1.68 pA at V, = —40
mV.

For TRPV channels, channel structure and gating mechanism lead to a well-known rectified
current-voltage response, while for BK channels a linear response is obtained, a feature that
can be used to further characterize the membrane patch,[20, 38] In Figure 3, the current-
voltage (I-V) relationship derived from single TRPV1 channel recording data is shown, and
a prominent outward rectification behavior was observed. From the slope of the positive half
and the negative half of the I-V curve, conductances of ~90 pS at positive membrane
potentials and ~30 pS at negative membrane potentials were calculated. The single channel
properties obtained from our measurements agree well with those reported in previous
literature,[21, 30-32] demonstrating the MP-ICPs’ capability in single ion channel
recordings under these conditions.

In addition, to demonstrate that the MP-ICP approach can be adapted for detection of
different analytes, we also performed single ion channel recording experiments with BK
channels. Figure 3b shows the I-V relationship obtained from the I-T traces, a unitary
conductance of ~190 pS was obtained for transient-transfected BK channels. The -V
relationship of a stably transfected BK channel is shown in Figure S1 (Supporting
Information), showing a unitary conductance of 206 pS, which is, again, in good agreement
with previous literature.[39-41] For |-V relationship shown here in Figure 3, at least three
measurements were repeated with good reproducibility.

Taken in total, results demonstrate the possibility of performing sensing experiments viaa
single ion channel in our system, and highlight the versatility of MP-ICP platforms.

Influence of the SICM Barrel Potential on lon Channel Activities

The next question that we want to address is: whether there will be any interference between
the two barrels ? Specifically, will the electrical field generated by the SICM barrel influence
the ion channel activities observed at the ICP barrel? And if so, how will the channel
activities be altered?

To understand the relationship between the two barrels, we held the ICP barrel potential
constant, and measured ion channel activities at the ICP barrel as a function of the SICM
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barrel potential. Both TRPV1 channels and BK channels were used for these experiments.
TRPV1 channels, which are activated by capsaicin, represent neutral ligand-gated channels,
as capsaicin is uncharged at physiological pH. On the other hand, BK channels, which are
triggered by Ca2*, represent positively-charged ligand-gated channels.

In Figure 4, statistical graphs of Iopen-topen for TRPV1 channels (left) and BK channels
(right), when the SICM barrel potential was varied from =10 mV to +10 mV with 5 mV
increment, are shown. The ICP barrel potential was kept at V,, = +60 mV. For TRPV1
channels, two well-defined populations, viz., open state and closed state, were observed. The
open state has an lopen amplitude of ~5.3 pA, corresponding to a unitary conductance of ~87
pS; while in the closed state, the current was presumably 0. When the SICM barrel potential
was ramped from =10 mV to +10 mV, no obvious difference was observed for the
distribution of the two populations, that is to say, the channel activities remained unaffected
by the SICM barrel potentials. Our working hypothesis for the inertness of TRPV1 channel
activities to SICM barrel potential is the uncharged nature of capsaicin molecules. First,
when there is no potential applied to the SICM barrel, capsaicin molecules stochastically
move towards and then activate the TRPV1 channels at the ICP barrel. Next, when a
potential is applied to the SICM barrel, an electric field will be produced at the SICM barrel,
which may pose either attractive or repulsive forces to the analyte molecules in proximity to
the tip, and, thus, impact local analyte concentrations at the ICP barrel. However, the
movement of capsaicin molecules near the tip will remain unaltered regardless of the electric
field at the SICM barrel, as capsaicin molecules are uncharged, and, thus, has zero
electrophoretic mobility.

To further investigate if the charge of the ligand molecule is the key factor to determine the
impact of SICM barrel potential on ICP barrel’s channel activities, we repeated the
aforementioned experiments, using a different type of ion channel, the BK channel, which is
triggered by positively-charged Ca2* ions. Similar to the results for TRPV1 channels, a
distinct two-state distribution was observed from the lopen-topen graphs for BK channels. At
open state, an lopen 0f ~11.1 pA was observed, which was corresponding to a unitary
conductance of ~190 pS; and at closed state, the current fluctuated around zero. However,
unlike the case of TRPV1 channel to different SICM barrel potentials, distinct features were
observed from the two-state distributions for BK channels at different SICM barrel
potentials. By comparing the two-state distributions at +10 mV and -10 mV, the open state
peak became more prominent at —10 mV, meaning the channel spent more time in the open
state as opposed to the closed state.

To better compare the behaviors of the two channels, Popen 0f TRPV1 channels (blue) and
BK channels (red) was plotted as a function of SICM barrel potential, as shown in Figure 5.
For TRPV1 channel, Popen remained the same at ~90%, despite the variations in SICM
barrel potentials. Whereas for BK channels, when SICM barrel was biased at +10 mV, a
Popen Of ~75% was observed, at =10 mV, on the other hand, we observed a Popen 0f ~95%.
The overall trend for BK channel is, as the applied potential at the SICM barrel becomes
more negative, the channels become more active at the ICP barrel.
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Results here demonstrate charge of ligand molecules is central to whether or not the
potential at the SICM barrel will influence the channel activities at the ICP barrel. For
TRPV1 channels, Popen remained stable at varying SICM barrel potentials. For BK channels,
higher Pqopen Was observed at more negative applied potentials, whereas Popen decreased
when the applied potential was positive.

Distance-dependent lon Channel Activities

Finally, to demonstrate the feasibility of using this approach to measure local molecular or
ionic flux, a proof-of-concept experiment was performed, and the response of a single
TRPV1 (or BK) ion channel at the ICP barrel was examined as a function of distance
between the probe and a diffusional source of capsaicin molecules (or CaZ* ions).

In the first experiment, a nanopore with a nominal diameter of ~700 nm within a synthetic
membrane mounted in a diffusion cell was used as a capsaicin source, where capsaicin
molecules diffuse from the bottom chamber to the top chamber under a concentration
gradient (i.e., in the bottom chamber, capsaicin and the Na* recording buffer were present;
while in the top chamber contained only the Na* recording buffer). SICM barrel potential
was held at 0 mV. ICP barrel was held at V, = +60 mV for ion channel recordings to
measure the flux of capsaicin. Figure 6 shows the representative 1-T traces and the
corresponding lopen-topen Statistical graphs, when the probe was directly held over a
nanopore (with zero lateral displacement relative to the pore) and laterally moved away from
the nanopore by -5, -2, +2 and +5 pm. A red dashed line was added to the left of the I-T
traces to indicate the closed state (C). The vertical distance between the probe and the
nanopore was identical for all the measurements, i.e., ~200 nm. In Figure 6, the current
amplitude at open state (O) remained the same regardless of the probe position relative to the
capsaicin source. However, the open probability was strongly dependent on the relative
distance between the probe and the pore. Specifically, the TRPV1 channel remained mostly
in open state when the probe was directly positioned above the nanopore, viz., the 0
position. As the probe was laterally moved away from the pore, the channel activities
decreased, as indicated by the decreased amount of channel opening events.

To provide a more direct view of the dependence of channel activity on the distance between
the ligand source and the probe, we plotted the Popen as a function of the lateral distance
between the probe and the nanopore, as shown in Figure 7. Relative position of the probe
with respect to the pore is illustrated in the cartoon schematic. The highest Popen, ~95%, was
observed when the probe was right above the nanopore. When the probe was = 2 um away
from the pore, a Pgpen 0f ~25% was measured. As the probe was moved farther from the
pore, £ 5 um, Popen decreased to ~15%. The decreased Popen Was reasoned to the decreased
agonist concentration experienced by the ion channels when the probe was farther away
from the agonist source.

The aforementioned results demonstrated the ability of the MP-ICP platform to measure
local molecular flux with precise distance control provided by SICM. Next, local ionic
diffusional flux was also analyzed with the ICP-SICM system, with BK channels. A similar
setup to that shown in Figure 7 was employed. The membrane patch on the ICP barrel
contained a single BK channel, and the pore in the PI membrane had a diameter of 1.9 um.
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The top and bottom chambers both contained the K* recording buffer for BK channel, while
50 mM Ca2* was added to the bottom chamber. lon current in the SICM barrel was used as
feedback for probe-substrate distance control, and once the probe was moved to a desired
position, the feedback was switched off to fix the distance, and the potential on the SICM
barrel was held at 0 mV. ICP barrel was held at V,, = +60 mV for ion channel recordings to
measure the diffusional flux of Ca2*. The probe was approached to the Pl membrane surface
after the following fixed-position measurements, and the current response of the SICM
barrel was recorded as a function of probe-sample distance (see Figure S2, Supporting
Information). The probe-sample distances during fixed-position measurements were
determined from the approach curve. The probe was first held above the pore center at
different vertical distances (0.33, 0.72, 1.44, 2.15, 2.96 and 3.39 um). Then the probe was
held at a constant vertical distance (171 nm) to the pore center, while moved laterally to
different positions (0, 1.56, 3.13, 4.69 and 6.25 um) relative to the pore center.

At each fixed position, 10-30 seconds of channel activities on the ICP barrel were recorded,
and the representative I-T traces and the corresponding Iopen-topen Statistical graphs are
shown in Figure 8a (vertical distance dependent) and Figure 9a (lateral distance dependent).
In Figure 8b, the open probability Popen of BK channel was plotted as a function of the
vertical distance between the probe and the pore center (red curve). When probe was held at
a closer vertical distance (0.33 um) to the pore center, Popen Was ~50%, and as probe was
retracted to higher distances, 0.72, 1.44, 2.15, 2.96 and 3.39 um, Popen decreased to ~39%,
~25%, ~21%, ~7% and ~0.4%, respectively. In Figure 9b, Popen Was plotted as a function of
the lateral distance from probe to pore center (red curve). When probe was held right above
pore center at a fixed vertical distance of 171 nm, Pgpen Was ~84%, and as probe was
laterally moved by 1.56, 3.13, 4.69 and 6.25 um from pore center, Pope, decreased to ~19%,
~17%, ~9% and ~0.4% respectively.

As proved by previous studies, Popen 0f BK channel at a fixed membrane potential increases
with higher intracellular [Ca2*],[41, 42] and thus different [CaZ*] due to ionic diffusion from
the pore gives rise to variations in Pqpen at different vertical distances. Previous reports have
described a straight-forward treatment for determining concentration profiles from a pore
relative to a collecting electrode at some distance. With limited knowledge of the geometry
of the patch at the tip of the electrode, this model serves as an adequate test of the
concentration-response profiles generated here. To assess the relationship between Pgpen and
the Ca?* ionic flux from the pore, we employed the previously derived geometric model to
describe the concentration profile from a disk-shaped source (i.e., the pore).[43, 44] In the
disk-shaped source model, the local ionic concentration C(r)at a radical distance rfrom the
source can be determined from egn (1):

C(r) = 255 tan™! 2a O
" \/ P +d>—ad)+ \/ P+ d =)+ 4P

Here C,represents the ion concentration at the pore surface, ais the pore radius and d'is the
vertical distance between probe and pore surface. To compare the Pgpen curve with the Ca?*
concentration profile, normalized concentration [CaZ*] was plotted versus vertical distance
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in Figure 8b and lateral distance in Figure 9b (black curves). By comparing the profiles in
Figure 8b and 9b, consistency between Popen and normalized [Ca%*] is observed in both x
and z dimensions. We are presently conducting optical microscopy and electrochemical
experiments to ascertain the dimensionality of the patch at the tip, which will allow more
detailed simulations to be used to predict the collection efficiency. These experiments further
demonstrate the feasibility of MP-ICP for local concentration measurement of ions and
molecules at submicron scales with the aid of precise positioning provided by SICM.

CONCLUSIONS

In this report, we characterized the analytical performances of the MP-ICPs to obtain a more
comprehensive understanding of the system for future developments. First, MP-1CPs
containing either TRPV1 channels or BK channels were constructed, which supported the
generic nature of the MP-ICP platforms. We then demonstrated measurement of channel
activities of both TRPV1 channels and BK channels in MP-ICP probes at the single-channel
level. Results revealed that the charge of the ligand molecules plays a key role in
determination of the impact of SICM barrel potential on the channel responses within the
ICP barrel. For ion channels gated by uncharged ligands, such as TRPV1, channel activities
were immune to the potential changes at the SICM barrel. For ion channels gated by charged
ligands, such as BK, enhanced channel activities were observed when the polarity of the
SICM barrel potential was opposite to the charge of the ligand molecules, and vice versa.
These effects may be used to selectively enrich or deplete ions at the probe tip. Enhancement
may be useful for low concentration analyte and depletion may be useful for ligand-gated
ion channels with high affinity where a constant on state can be avoided. Further, the choice
to intermittently disengage the SICM barrel potential may be selected. Finally, the capability
of the MP-ICPs in the detection of site-specific molecular/ionic fluxes was demonstrated. In
the proof-of-principle experiment, a single TRPV1 or BK channel was used as a sensor to
detect molecular flux of capsaicin or ionic flux of Ca2* through a pore, and the channel
activities were proven to be sensitive to variations in both the vertical and lateral distances
between the probe and the pore, and the Popen profiles correlate with the diffusional
concentration profiles.

In comparison to previous reports such as those performed in the “sniffer-patch”
configurations or via carbon electrodes, experiments performed here have two important
advances. First, the probe here is manipulated with high spatial precision in x, y and z
dimensions with a piezoelectric positioner, as opposed to the commonly-used manual probe
control viaa micromanipulator. Second, the use of ion channels as molecular specific
sensors bypasses the limitation encountered in electrochemical detection approaches, and the
analyte molecules no longer need to be electroactive to be detected, which holds promise in
significantly diversify the variety of detectable molecules. At present, a detailed finite
element simulation is being developed to better predict the MP-ICP response based on
dimension, analyte and pipette charge, and applied potential.

The combination of the accurate probe position control with nanometer-precision afforded
by SICM and the superior chemical specificity offered by the ion channels enables the study
of specific ion transport with high spatial resolution at surfaces, providing exciting
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opportunities to map specific molecular fluxes at cellular membranes and elucidate
underlying mechanisms of cellular communication processes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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To feedback

Figure 1.
(a) Overlaid fluorescence image and bright-field image of HEK 293 cells co-transfected with

TRPV1 and GFP; (b) bright-field image of the area seen in (a) after formation of tight seal
between the probe and the cell, with the position of the probe indicated by a red arrow for
better visualization. Scale bar = 50 pm; (c) scanning electron micrograph of a theta pipette
showing an end-on view; (d) instrumental set-up for the dual-barrel ICP-SICM
measurements.
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Figure 2.
Current-time (I-T) traces (left) and corresponding statistical graphs (right) of amplitude

(lopen) Vs. dwell time (topen) recorded viaa TRPV1 channel at different membrane
potentials. C: closed state; O: open state.
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Figure 3.
(a) Current-voltage (1-V) relationship TRPV1 channels derived from I-T measurements

from an inside-out membrane patch; (b) 1-V relationship of BK channels derived from I-T
measurements from an inside-out membrane patch.
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Figure 4.
Statistical graphs of lopen-topen for TRPV1 (left) and BK (right), when the potential applied

to the SICM barrel was held at =10 mV, =5 mV, 0 mV, +5 mV and +10 mV. V,, = +60 mV
for ICP barrel.

Small. Author manuscript; available in PMC 2020 January 12.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Shietal. Page 18

1.0+

0.9

BK
o
-]
L
L +
>I—Q\/ |
:/H
o—i
I° n
©
-TRPV

= o’
—e— BK
0.6 - —u— TRPV 10.8
-10 -5 0 5 10
SICM barrel potential (mV)

Figureb.

Plots of Pgpen vs. SICM barrel potential for TRPV1 (blue) and BK (red). Vi = +60 mV for
ICP barrel.
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Figure 6.
Representative I-T traces and corresponding statistical graphs of Iopen-topen recorded viaa

single TRPV1 channel at the ICP barrel, at varying lateral displacements between the probe
and the nanopore, i.e., the capsaicin source.
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Figure 7.
(Top) Cartoon illustration to show the relative position of the MP-ICP probe to the nanopore

during experiments; (bottom) plot of Popen vs. lateral displacement between the probe and
the nanopore obtained via a single TRPV1 channel held at V, = +60 mV.
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Figure 8.
(a) Representative I-T traces and corresponding statistical graphs of Iopen-topen recorded via

a single BK channel at the ICP barrel, at varying vertical distances between the probe and
the pore surface, i.e., the Ca2* source. (b) Popen profile (red) and normalized [CaZ*] profile
(black) calculated from the disk-shaped source model.

1duosnuepy Joyiny 1duosnuely Joyiny

1duosnue Joyiny

Small. Author manuscript; available in PMC 2020 January 12.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Shietal.

I p
6.25 — - - e c 12F
| | L o 1.0}
4.69 — WMWMWW ; c sl
. o £ osl
3.12 —| | =
c 04

Probe-pore lateral distance (um) m

e

—u— Normalized concentration [Ca*] -

==

1.56 — W ) 02
' c 0.0
0 — P o 0.2f
| ML || c 0

10pA|_

100 ms

Figure.

1 2 3 4 5 6
Probe-pore lateral distance (um)

7

Page 22

ormalized concentration [

&
N
N

(a) Representative I-T traces and corresponding statistical graphs of lopen-topen recorded via
a single BK channel at the ICP barrel, at varying lateral distances between the probe and the
pore center. (b) Pgpen profile (red) and normalized [Ca?*] profile (black) calculated from the

disk-shaped source model.
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