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ABSTRACT: Blockers of pore-forming toxins (PFTs) limit bacterial virulence by blocking relevant channel proteins. However,
screening of desired blockers from a large pool of candidate molecules is not a trivial task. Acknowledging its advantages of low cost,
high throughput, and multiplicity, DiffusiOptoPhysiology (DOP), an emerging nanopore technique that visually monitors the states
of individual channel proteins without using any electrodes, has shown its potential use in the screening of channel blockers. By
taking different a-hemolysin (@-HL) mutants as model PFTs and different cyclodextrins as model blockers, we report direct
screening of pore blockers solely by using fluorescence microscopy. Different combinations of pores and blockers were
simultaneously evaluated on the same DOP chip and a single-molecule resolution is directly achieved. The entire chip is composed
of low-cost and biocompatible materials, which is fully disposable after each use. Though only demonstrated with cyclodextrin
derivatives and a-HL mutants, this proof of concept has also suggested its generality to investigate other pore-forming proteins.

B INTRODUCTION single channel. Given that many PFTs such as a-HL (PFT of
Staphylococcus aureus),"* Mycobacterium smegmatis porin A
(MspA, PFT of Mycobacterium smegmatis),"> Cytolysin A
(ClyA, PFT of E. coli)'® and Aerolysin (PFT of Aeromonas
hydrophila)'” were previously applied as nanopores; general
methods to monitor nanopore activities can as well be applied
to screen blockers of PFTs. Patch-clamp electrophysiological
measurements provide rich sensing information by directly
resolving the opening and the closing states of individual
channels.'*™>* The event dwell time and the blockage depth
are also independent of the analyte concentration. However, its
throughput is low, which is inefficient to screen a large pool of
potential channel blockers. Although several parallel electro-

Bacterial infections can cause a variety of diseases, forming a
* mainly
act by damaging bacterial cell membranes, suppressing the
synthesis of necessities (e.g,, cell wall, proteins, DNA, and
RNA) or inhibiting core metabolism processes.” ® However,
drug-resistant strains have quickly emerged,”” generating an
urgent need of new antibiotic solutions. A novel strategy to
combat bacteria is by treating bacterial pore-forming toxins
(PETs) as therapeutic targets.”” As important virulence factors
of pathogens,”'’ PFTs form transmembrane pores in the host
cells to disrupt the plasma membrane barrier function and
cause ion imbalance.'"”'> Though a blocker of PFTs is not
generally considered an antibiotic, direct blockage to pores can

major threat to human health."” Existing antibiotics™

efficiently inhibit PFTs to reduce their pathogenic abil- Received: July 2, 2021
ities.”' "> However, screening of suitable PFT inhibitors is Accepted: October 4, 2021
not a trivial task to perform. Published: October 12, 2021

A widely applied method to screen PFT inhibitors is to
perform a cytotoxicity assay.'” However, this assay fails to
report details of channel blockage activities happening on a
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physiology platforms have been developed,” *" the require-
ment for complex electronics leads to a high cost and technical
barrier of operation. Alternatively, silicon chips containing
arrays of pores were designed for fluorescence-based analysis of
membrane channels.”” *' This strategy can detect the
fluorescence readout in parallel. However, it is impossible to
precisely address results from a single channel. A fluorescence-
based method termed optical single-channel recording (oSCR)
can monitor Ca?* flux through individual channels in droplet
interface bilayers (DIBs).>” " It can report the state of each
channel and a high-throughput is as well achieved. However, it
requires well-trained researchers to perform the task. The
requirement of electrodes also makes it difficult to achieve
multiplex measurements.

By omitting the need of electrodes, DiffusiOptoPhysiology
(DOP) was recently developed as a fluorescence microscopy-
based nanopore sensing platform.” Unlike the previous
methods that apply a transmembrane electrical potential,
DOP drives the analyte to move through the nanopore by
passive diffusion or by the generation of a directional osmotic
flow. It has the advantages of a single-molecule resolution, a
high throughput, a multiplicity, a low technical barrier, and a
low cost (<$1 in consumables for each use), suitable as a
platform to screen potential drug molecules targeting channel
proteins. Here, by taking different a-HL mutants as model
channels and different cyclodextrins as model channel blockers,
the feasibility of DOP to screen different blockers has been
thoroughly evaluated. The same principle may as well be
applied as a sensor chip to detect single-molecule analytes
without using any electrodes.

B EXPERIMENTAL SECTION

Materials and Reagents. Hexadecane, pentane, silicone
oil AR20, ethylenediaminetetraacetic acid (EDTA), and Triton
X-100 were from Sigma-Aldrich. Potassium chloride (KCI) and
calcium chloride (CaCl,) were from Aladdin. 4-(2-Hydrox-
yethyl)-1-piperazine ethanesulfonic acid (HEPES) was from
Shanghai Yuanye Bio-Technology (China). Fluo-8H sodium
salt (Fluo-8) was from AAT Bioquest. 1,2-Diphytanoyl-sn-
glycero-3-phosphocholine (DPhPC) was from Avanti Polar
Lipids. Low-melting point agarose was from Takara. A
precision plus protein marker and 12% polyacrylamide gels
were from Bio-Rad. Ethanol and acetone were from
Sinopharm. Trimethyl-f-cyclodextrin (TM-f-CD) was from
Tokyo Chemical Industry (China). S-Cyclodextrin (f-CD)
and 2,6-di-O-methyl-f-cyclodextrin (DM-$-CD) were from
Shanghai Acmec Biochemical Co., Ltd. (China). Hydrochloric
acid (HCl) was from Sinopharm (China). Dioxane-free
isopropyl-f-D-thiogalactopyranoside (IPTG), kanamycin sul-
fate, imidazole, tris (hydroxymethyl) aminomethane (Tris),
and sodium dodecyl sulfate (SDS) were from Solarbio. Luria—
Bertani (LB) broth and LB agar were from Hopebio (China).
E. coli strain BL21(DE3) was from BioMed (China).

Potassium chloride (KCI) buffer (1.5 M KCI and 10 mM
HEPES, pH 7.0) and calcium chloride (CaCl,) buffer (0.75 M
CaCl, and 10 mM HEPES, pH 7.0) were prepared with Milli-
Q water and membrane-filtered (0.2 gm, Whatman). The KCI
buffer was treated with Chelex 100 resin (Bio-Rad) overnight
prior to use.

Preparation of a-HL Proteins. The gene codings for
wildtype (WT) a-HL and a-HL MI113F were custom
synthesized and, respectively, constructed in pET-30a(+)
plasmid DNAs (Genescript, New Jersey). The nanopore

proteins were expressed with E. coli BL21(DE3) and purified
with nickel affinity chromatography as previously reported.”*
Without any further purifications, the prepared nanopores
were either immediately used or stored at —80 °C for long-
term storage. For the purpose of technology exchange and
validation, the plasmid DNA, respectively, coding for WT a-
HL (access code: MC_0068416) and a-HL M113F (access
code: MC_0101255) are shared on the Molecular Cloud
repository (https://www.molecularcloud.org/s/shuo-huang).
Citation is requested.

DOP Recordings and Data Analysis. DOP measure-
ments were performed similarly to that previously described.*
Briefly, a coverslip treated by oxygen plasma was spin-coated
(3000 rpm for 30 s) with molten agarose (1.0% w/v in Milli-Q
water) and stuck to the bottom of the plastic plate when the
device was filled with molten agarose (2.5% w/v in CaCl,
buffer). Five milligrams of dried film of DPhPC lipids was
dissolved in a 2 mL mixture (1:1, v:v) of hexadecane and
silicone oil to form the lipid/oil solution. The agarose-coated
surface was immersed in the lipid/oil solution to form a lipid
monolayer. Aqueous droplets (composed of 1.5 M KCl, 400
UM EDTA, 33 uM Fluo-8, 10 mM HEPES, pH 7.0 with a-HL
nanopores and analytes) were incubated in the lipid/oil
solution to form a self-assembled lipid monolayer. A droplet
interface bilayer (DIB) was spontaneously formed when the
droplet was in contact with the agarose substrate in the lipid/
oil environment.

An inverted microscope (Eclipse Ti-U, Nikon) equipped
with a 60X oil immersion objective (numerical aperture = 1.49;
Plan Apo TIRF, Nikon) was used to perform total internal
reflection fluorescence (TIRF) imaging. The fluorescence was
excited at 473 nm using a diode-pumped solid-state (DPSS)
laser (100 mW; Changchun New Industries Optoelectronics
Technology). The fluorescence images were acquired with an
electron-multiplying charge-coupled device (EM-CCD) cam-
era (iXon3 897, Andor) with the exposure time set at 30 ms.
The maximum field of view is 135 ym by 135 um.

The fluorescence traces were extracted by the Andor Solis
software. The fluorescence traces were normalized based on
our earlier work.”> The sensing events were detected by the
“threshold search” function of Clampfit 10.7 (Molecular
Devices). Histogram generation, curve fitting, and plotting
were performed by Origin 9.1. The 2D event—distribution
plots were generated by Python.

Electrophysiology Recordings and Data Analysis.
Electrophysiology measurements were performed as previously
reported.”® Briefly, the lipid bilayer composed of 1,2-
diphytanoyl-sn-glycero-3-phosphocholine (DphPC) divides
the chamber into the cis and the trans compartments. A pair
of Ag/AgCl electrodes is placed in each chamber. The
compartment that is electrically grounded is defined as the
cis side and the opposing compartment is defined as the trans
side. The cis compartment is filled with a KCI buffer (1.5 M
KCl, 400 yuM EDTA, and 10 mM HEPES, pH 7.0) and the
trans compartment is filled with a CaCl, buffer (0.75 M CaCl,
and 10 mM HEPES, pH 7.0). Protein nanopores and analytes
were added to cis. All measurements were performed with a
+20 mV continuously applied voltage. All electrophysiology
recordings were acquired with an Axopatch 200B patch clamp
amplifier and sampled by a Digidata 1550B digitizer
(Molecular Devices) at 25 kHz. The sensing events were
detected by the “threshold search” function of Clampfit 10.7
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Figure 1. Observation of WT a-HL blocking by different cyclodextrins. (a) DOP device during the measurement. Scale bar: 10 mm. (b) Diagram
of DOP. Left: the cartoon diagram of a DOP device as demonstrated in (a). Right: A cross-sectional view of a single DIB setup, the core
component of DOP sensing. The droplet and the agarose substrate spontaneously form a droplet interface bilayer (DIB) when brought together in
the lipid/oil environment. WT a-HL spontaneously inserts into the DIB. Afterwards, Ca®* diffuses through channels and binds Fluo-8, resulting in
fluorescence emission around the pore vicinity when excited using a 473 nm laser. (c—e) Chemical structures of (c) $-CD, (d) DM-#-CD, and (e)
TM-$-CD. Brown, yellow, and red cones, respectively, represent -CD, DM-f-CD, and TM-f-CD. The chemical structure differences were marked
with red characters. (f, g) Representative DOP results. Left: the schematic diagrams. Right: corresponding fluorescence traces acquired by DOP.
DM-f-CD or TM-f-CD was respectively added to cis with a final concentration of 10 or 89.3 mM. Representative frames corresponding to the
open and the blocked states of a nanopore are placed to the right of the corresponding trace. Scale bars: 4 ym. (h) Statistics of 7,4 acquired from
DM-f-CD or TM-$-CD blockage events during DOP recordings. The means and standard deviations (SD) are from three sets of independent
experiments (n = 3). Error bars represent the standard deviations of means acquired from three independent measurements. (i, j) Two-dimensional
(2D) event—distribution plot of log (dwell time) versus AF/F, for DOP sensing events acquired with (i) DM-f-CD or (j) TM--CD. (k)
Representative DOP trace when DM-$-CD and TM-f-CD were sensed in a mixture. DM-f-CD and TM-f-CD were simultaneously placed in the
droplet with 10 and 53.3 mM final concentrations, respectively. Yellow lines mark the events of DM-$-CD, while red lines mark the events of TM-
P-CD. (1) The 2D event—distribution plot of log (dwell time) versus AF/F, for blockage events acquired from a mixture of DM-4-CD and TM-f-
CD. All DOP recordings were performed with WT a-HL. The buffer in cis is composed of 1.5 M KCI, 400 yuM EDTA, 33 uM Fluo-8, and 10 mM
HEPES (pH 7.0) and the buffer in trans is composed of 0.7S M CaCl, and 10 mM HEPES (pH 7.0).

(Molecular Devices). The histogram generation, curve fitting, (Experimental Section). Details of the DOP device are
and plotting were performed by Origin 9.1. described in Figure S1. Briefly, the coverslip coated with
agarose (1.0% w/v in Milli-Q water) was stuck to the bottom

B RESULTS AND DISCUSSION of the DOP device when molten agarose (2.5% w/v in 0.75 M
Discrimination of Different Cyclodextrins’ Blocking CaCl,, 10 mM HEPES (pH 7.0)) was filled into the device. A
Ability to WT a-HL. The photograph and schematic diagram semipermeable membrane was formed between the aqueous

of a DOP setup are, respectively, shown in Figure lab droplet (1.5 M KCl, 400 uM EDTA, 33 uM Fluo-8, 10 mM

14163 https://doi.org/10.1021/acs.analchem.1c02775
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Figure 2. Multiplex DOP measurement in a DIB array. (a) Multiplex DOP device in microscopic operation. Scale bar: 10 mm. (b) Cartoon
diagram of multiplex DOP measurement. Left: the cartoon diagram of the device as demonstrated in (a). The coverslip coated with 1.0% agarose is
stuck to the bottom of the plastic plate when the device is filled with 2.5% molten agarose. The gel inlet and outlet holes for molten agarose are
shown, respectively. The extra hole on the outlet side helps air bubbles to escape during gel filling. A 60X objective is used for TIRF imaging. Right:
A schematic diagram of a DIB array for multiplex DOP measurement. Nine droplets, respectively numbered as 1—9, were placed in the same oil/
lipid containing well to form DIBs. Each droplet contains different combinations of pores and blockers. (c—k) Representative fluorescence—time
traces acquired by DOP from different DIBs correspond to those marked as 1—9. Panel (c) demonstrates DIB from a droplet containing no pore or
blocker (DIB 1). No blockage events were observed. (d, e) Fluorescence traces of a single WT a-HL pore (d, DIB 2) and a single a-HL M113F
pore (e, DIB 3). (f—h) Fluorescence traces of $-CD (f, DIB 4), DM--CD (g, DIB 5), and TM-$-CD (h, DIB 6) blockages to WT a-HL
nanopores. (i—k) Fluorescence traces of #-CD (i, DIB 7), DM-4-CD (j, DIB 8), and TM-$-CD (k, DIB 9) blockages to a-HL M113F. For
measurements with WT a-HL, f-CD, DM-f-CD, and TM-f-CD were added to cis with final concentrations of 6.7, 10, and 89.3 mM, respectively.
For measurements with a-HL M113F, -CD, DM-$-CD, and TM-f-CD were added to cis with final concentrations of 2.5, 0.5, and 33.3 mM,
respectively. Representative fluorescence images are placed to the right of each trace. Scale bars: 4 ym. (1) Comparison of 7. acquired from
fluorescence—time traces (c—k). The time constant 7. is derived from the single exponential fitting result (Figure 3). (m) Comparison of AF,/F,
acquired from fluorescence—time traces (c—k). The relative blockage depth AF,/F, is derived from the Gaussian fitting result (Figure 3). The
aterisk (*) represents that AF/F, of DM-f-CD blockage to WT a-HL does not follow Gaussian fitting. All DOP recordings were performed with
1.5 M KCl, 400 uM EDTA, 33 uM Fluo-8, and 10 mM HEPES (pH 7.0) in cis and 0.75S M CaCl, and 10 mM HEPES (pH 7.0) in trans.

HEPES (pH 7.0), and pores) and the agarose substrate when
the droplet was immersed in the lipid/oil environment.
Conventionally, the droplet is defined as the cis side and the
hydrogel substrate is defined as the trans side. A 1.5 M KCI

in trans spontaneously diffuses through the pore and binds the
Fluo-8 placed in cis, generating a bright spot around the pore
vicinity. Any analyte-caused pore blockage would restrict the

buffer in cis was selected since a higher osmolarity in cis was
reported to be helpful to reduce the lateral motion of pores in
the membrane.”* With a single pore inserted in the DIB, Ca®*

flow of the Ca>* flux, generating an immediate reduction of the
pore brightness. The whole measurement happens sponta-

neously and does not require any connection to the electrodes,

https://doi.org/10.1021/acs.analchem.1c02775
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Figure 3. Event statistics of multiplex DOP recordings. (a) Schematic diagram of DM-$-CD blockage to WT a-HL. (b) Corresponding histogram
of the event dwell time of DM-f3-CD blockage to a WT a-HL nanopore. (c) Corresponding event histogram of the relative blockade depth (AF/
F,) of DM-f-CD blockage to a WT a-HL. The relative blockade depth is widely distributed. (d) Schematic diagram of TM-4-CD blockage to WT
a-HL. (e) Corresponding histogram of the event dwell time of TM-f-CD blockage to a WT a-HL nanopore. (f) Histogram of the relative blockade
depth (AF/F,) of TM-f-CD blockage to WT a-HL. The peak value AF, ,/ Fo was derived from corresponding Gaussian fitting results. (g) Schematic
diagram of f-CD blockage to a-HL M113F. (h) Corresponding hlstogram of the event dwell time of #-CD blockage to a-HL M113F. (i)
Histogram of the relative blockade depth (AF/F,) of #-CD blockage to a-HL M113F. The peak value AF,/F, was derived from corresponding
Gaussian fitting results. (j) Schematic diagram of DM--CD blockage to a-HL M113F. (k) Corresponding hlstogram of the event dwell time of
DM-f-CD blockage to an a-HL M113F. (1) Histogram of the relative blockade depth (AF/F,) of DM-$-CD blockage to a-HL M113F. The peak
value AF,/F, was derived from corresponding Gaussian fitting results. (m) Schematic diagram of TM-f-CD blockage to a-HL M113F. (n)
Correspondmg histogram of the dwell time of TM-$-CD blockage to a-HL M113F. (o) Histogram of the relative blockade depth (AF/F;) of TM-
B-CD blockage to a-HL M113F. The peak value AF,/F, was derived from the Gaussian fitting results. The equation to perform Gaussian fitting is y
=y, + A Xexp (— (x — x.)%/(2*w?)), AF, '/ Fo = x.. All time constants 7, were derived from the corresponding single exponential fitting results,
following the equation y = a X exp ( — x/ T) All DOP recordings mentioned above were performed with 1.5 M KCl, 400 uM EDTA, 33 M Fluo-8,

and 10 mM HEPES (pH 7.0) in cis and 0.75 M CaCl, and 10 mM HEPES (pH 7.0) in trans.

suitable for screening channel blockers in a multiplexed
manner.

spiky events, suggesting that the channel blockage has an
extremely short dwell time. When TM-$-CD was added to cis

WT a-HL is the PFT of Staphylococcus aureus, a major
bacterial human patho§en that can cause a wide variety of
clinical manifestations.'* Cyclodextrins, which can bind to the
internal lumen of a-HL, are inhibitors of a-HL.>”*® B-CD
(Figure 1c), DM-B-CD (Figure 1d), and TM-3-CD (Figure
le) are three common types of cyclodextrms, with only slight
differences on each glucose unit.”’~*" To demonstrate the
feasibility of DOP to screen different channel blockers, WT a-
HL was applied as the model PFT. DM-4-CD (Figure 1d) and
TM-B-CD (Figure le) were applied as the model channel
blockers. The binding kinetics of f-CD to WT a-HL is,
however, too fast to be resolved by DOP, based on reported
literature studies.”””**

Experimentally, without the addition of any analyte, WT a-
HL appears as a continuously emitting fluorescent spot during
DOP measurements. The extracted fluorescence—time trace
appears stable with no spontaneous gating activities (Figure
S2). When DM-B-CD was added to cis with a final
concentration of 10 mM, spontaneous blinking of fluorescent
spots was immediately observed (Figure 1f). The correspond-
ing fluorescence—time trace shows that DM-B-CD reports

with a final concentration of 89.3 mM, fluorescence blockages
with a much-extended duration were observed (Figure 1g).
The extracted fluorescence—time trace shows that pore
closures caused by TM-f-CD blockages report longer event
durations and deeper event blockages, clearly distinguishable
from that caused by DM-f-CD. For the ease of comparison, all
fluorescence—time traces were normalized as described in our
previous work.*®

In order to quantitatively compare the blockage signals
between DM-f-CD and TM-$-CD during DOP recordings, we
analyzed the event dwell time (t.4) and the relative blockage
depth (AF/F,). F, is the open pore fluorescence intensity and
AF is the blockage fluorescence intensity (Figure S3). The
corresponding event histograms are shown in Figure S4.
According to the histogram results, the acquired event dwell
time follows a single exponential distribution and the mean
event dwell time (7.g) could be derived from the fitting results.
Quantitatively, the fitted time constant (7,4 of DM-B-CD
(Tof, D) s 49.16 ms. However, the 7,4 of TM-$-CD (7 1)
measures 694.44 ms, significantly larger than that of DM-f-
CD. According to results of Figure 1h, statistics of 7,g py and
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T Tv Show more clear differences between the two analytes.
Specifically, the mean 7.4 of TM-f-CD (661.66 + 49.59 ms) is
16 times that of DM-3-CD (41.52 + 8.80 ms). All means and
standard deviations (SD) were derived from three sets of
independent measurements (Tables S1 and S2). Figure lij
shows the two-dimensional (2D) event—distribution plot of
log (dwell time) versus AF/F, for DM-$-CD and TM--CD,
respectively. According to results of Figure 1i,j, blockage events
caused by DM-$-CD or TM-f-CD, respectively, report a single
population of events for each analyte type.

To further compare blockage events of DM-f-CD and TM-
P-CD, both analytes were evaluated as a mixture. Briefly, the
DIB was established with 1.5 M KCl, 400 uM EDTA, 33 uM
Fluo-8, and 10 mM HEPES (pH 7.0) in cis and 0.75 M CaCl,
and 10 mM HEPES (pH 7.0) in trans. To balance the
frequency of event appearance, the final concentrations of two
blockers were, respectively, set to 10 mM for DM-3-CD and
53.3 mM for TM-$-CD, when simultaneously added to cis.
The extracted fluorescence—time trace is displayed in Figure
1k, which clearly demonstrates two types of events. The spiky
events were caused by DM-4-CD channel blockages (marked
by yellow lines). Meanwhile, the deep and long residing events
were caused by TM-f-CD blockages (marked by red lines). As
demonstrated in the 2D event—distribution plot of log (dwell
time) versus AF/F; (Figure 11), two populations of events,
which respectively correspond to blockages caused by DM-f-
CD or TM-3-CD, were clearly recognized. This result is
consistent with that of Figure 1ij. Thus, we can conclude that
TM-f-CD is a better channel blocker of WT a-HL than DM-
B-CD. Moreover, acknowledging the ability to perform parallel
measurement by DOP, all above described channel blockage
events can be simultaneously monitored from several different
pores (Figure SS), demonstrating the potential of high-
throughput measurement by DOP to boost the efficiency of
the measurement.

Multiplex DOP Measurements. In addition to perform-
ing high-throughput measurement in a single DIB, acknowl-
edging its unique measurement configuration that requires no
electrodes, DOP also allows for multiplex measurement from
multiple DIBs. This configuration is extremely suitable to
simultaneously measure a large variety of combinations of
different PFTs and potential channel blockers.

The photograph and the corresponding cartoon diagram of
the multiplex DOP measurement are shown in Figure 2a,b.
The chip has a bigger droplet well that can accommodate more
droplets (Figure S6). Experimentally, an array of nine DIBs
numbered as 1—9 were placed in the chip (Figure 2b). Each
DIB was established with 1.5 M KCl, 400 uM EDTA, 33 uM
Fluo-8, and 10 mM HEPES (pH 7.0) in cis and 0.75 M CaCl,
and 10 mM HEPES (pH 7.0) in trans. Different combinations
of PFTs and blockers were added to the droplets (cis side).
Given that the bacteria may acquire resistance to antibiotics via
genetic mutations,”” both WT a-HL and a-HL MI1I3F
(Experimental Section and Figure S7) were applied as PFTs.
Meanwhile, f-CD, DM-$-CD, and TM-f-CD were used as
potential blockers. Results of the bright field image (Figure S8)
demonstrate that nine DIBs have been successfully formed.
Figure 2c—k demonstrates the corresponding fluorescence
images and the extracted fluorescence—time traces from
different DIBs corresponding to those marked as 1-9.

DIB 1 was formed by a droplet containing no pore or
analyte. The corresponding fluorescence imaging result reports
no fluorescence readout (Figure 2c). DIBs 2 and 3 were

formed by droplets containing WT a-HL or a-HL M113F.
However, no blockers were added. The corresponding
fluorescent spot and the fluorescence—time trace of DIB 2 or
DIB 3 were stable with no observable channel blockages
(Figure 2d,e). Figure 2f—h, which corresponds to results of
DIBs 4, S, and 6, respectively, demonstrates blockage events of
B-CD, DM-f-CD, and TM-$-CD to WT a-HL. Figure 2i-k,
which corresponds to results of DIBs 7, 8, and 9, respectively,
demonstrates blockage events of f-CD, DM-$-CD, and TM-f-
CD to a-HL M113F. The blockage events for DIBs 4 to 9 are
different in terms of the event dwell time and the blockage
amplitude. Based on reported literature studies,””~** the dwell
time of -CD blockage to WT a-HL is too short (~1 ms) to
be resolved by DOP. Except that, event statistics of all other
five combinations of pores and blockers are shown in Figure 3.
The corresponding 7 ¢ and AF/F, results of different blockage
events are summarized in Figure 2],m. Generally, the acquired
event dwell time follows a single exponential distribution and
the relative blockage depth (AF/F,) follows a Gaussian
distribution. However, DM-f-CD blockage to WT a-HL is an
exception. From the results of electrophysiology measurement
(Figure S9), the mean dwell time of DM-$-CD blockage to
WT a-HL is shorter (7,4 = 15.07 ms) than the actual temporal
resolution of DOP (30 ms), meaning that a fraction of events
was insufficiently sampled. This results in an over-estimation of
the mean event dwell time when probed by DOP and a
scattered distribution of AF/F,. Though an applied voltage
and the differences in salt types and concentrations may affect
the binding kinetics of cyclodextrin,™ the measured 7,4 values
are generally consistent with results from the previous report, ™
according to which the mutant a-HL M113F demonstrates a
much prolonged event dwell time of -CD blockages than WT
a-HL. Among the three tested blockers, TM-f-CD is the
optimum blocker to WT a-HL and $-CD is more suitable for
a-HL M113F.

Previous work has used DIB arrays to study the effect of the
blocker on the channel protein function by measuring the total
Ca?* flux through the channels in a high-throughput manner.*’
However, this ensemble measurement method cannot precisely
address results from individual channels to report details of
channel blockage activities. In comparison, DOP can report
more detailed information such as 7.4 and AF/F, (Figure 3) of
the blockage events with a single-molecule resolution, a high-
throughput, and a multiplicity. It is worth mentioning that
these parameters are independent of the blocker concentration.
Due to its ease of operation, the method can be easily
implemented by researchers without any need of specialized
training. The low measurement volume also greatly reduces
sample consumption. Despite the demonstrated advantages of
DOP, it is currently limited by an insufficient temporal
resolution when compared with electrophysiology single-
channel recording. High-speed acquisition by DOP may be
achieved by multipoint confocal readout™ or spinning disk
confocal imaging®® in a series of follow up works. Though only
Ca®" dyes have been demonstrated in DOP, the same principle
may as well be applied with K" dyes, as previously reported by
optical single-channel recordings.”® Other than bacterial PFTs,
many ion channels are also potential drug targets.”" Screening
of potential channel blockers thus requires efficient high
throughput electrophysiology platforms.”** The development
of DOP would bring new opportunities by gaining the
advantages of being high throughput, multiplexed, and

economic in consumables. Technical-wise, natural ion channels
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from prokaryotic or eukaryotic cell membranes may be directly
fused into DIBs>® to initiate a DOP assay as well. The same
setup may as well be applied to monitor assembly of pore-
forming proteins, similarly to those previously investigated by
optical single-channel recording.”

B CONCLUSIONS

By taking different @-HL mutants as model PFTs and different
cyclodextrins as model channel blockers, we have demon-
strated the feasibility of DOP to perform high-throughput
screening of channel blockers. By omitting the need of
electrodes, the advantages in the throughput and the
multiplicity of DOP are gained. Consequently, results from
multiple pores can be simultaneously acquired and different
combinations of pores and blockers were evaluated on the
same DOP chip. This has significantly improved the efficiency
of screening and the cost of a single measurement is negligible.
The same principle should as well be applied to characterize
differently sized cyclodextrins™ or charged cyclodextrins™* in a
series of follow-up studies. Other than the demonstrated proof
of concept, DOP is in principle suitable to screen drugs
targeting ion channel proteins, useful in the pharmaceutical
industry or as a sensor chip to detect the presence of small
molecular analytes.
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