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Biomarkers are present in various metabolism processes, demanding precise and meticulous analysis at the
single-molecule level for accurate clinical diagnosis. Given the need for high sensitivity, biological nanopore
have been applied for single biomarker sensing. However, the detection of low-volume biomarkers poses
challenges due to their low concentrations in dilute buffer solutions, as well as difficulty in parallel detection.
Here, a droplet nanopore technique is developed for low-volume and high-throughput single biomarker
detection at the sub-microliter scale, which shows a 2000-fold volume reduction compared to
conventional setups. To prove the concept, this nanopore sensing platform not only enables

multichannel recording but also significantly lowers the detection limit for various types of biomarkers
Received 18th December 2023 h iotensin Il to 42 This ad t bles direct bi ker detecti t the i
Accepted 28th March 2024 such as angiotensin |l, to pg. This advancement enables direct biomarker detection at the picogram

level. Such a leap forward in detection capability positions this nanopore sensing platform as a promising

DOI: 10.1035/d35c06795¢ candidate for point-of-care testing of biomarker at single-molecule level, while substantially minimizing
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Introduction

The detection of biomarkers is one of the most common
methods for diagnosing disease, forecasting future ailments,
and tracking treatment responses.”™ DNA and peptides have
traditionally served as the cornerstone for biomarker tests,
indicating various medical conditions.>® However, owing to
their low-abundance and low-volume levels in biological
samples, the accurate detection of biomarkers poses the great-
est challenges in providing clinically valuable details about
pathological conditions.”” Single-molecule biomarker detec-
tion technologies provide the capability for sensing with high
sensitivity, low sample volume, and high throughput.****
Compared to atomic force microscopy, single-molecule fluo-
rescence microscopy and other single-molecule methods,
nanopore-based single-molecule electrochemical technology
has evolved as an ultrasensitive analytical tool for single
biomarker detection, because of its properties including label-
free, real-time, low-cost and portability.">"” The biological
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nanopore show great possibility for biomarker sensing, which
enables qualitative and quantitative analysis of DNA and
peptides by identifying and counting characteristic ionic
current blockages.'®*?° However, for achieving nanopore-based
single biomarker identification within a high dynamic range,
the measuring systems require (i) low sample consumption with
minimum dilution, (ii) successfully repeated formation of lipid
bilayer membranes for reproducible nanopore sensing, and (iii)
a parallel and integrated multichannel platform for high-
throughput biomarker detection.

To meet these demands, one feasible approach is to develop
a high-throughput and low-sample-volume artificial lipid
bilayer formation system.** Conventionally, the “painting”,
“folding” or “vesicle” methods**** are used for bilayer forma-
tion, which are well-established but challenging to integrate
and scale up for high-throughput applications. Current studies
make use of microchips to develop platforms for multichannel
Black Lipid Membrane (BLM) formation.>*** The microchip
could be integrated with microfluidics for automatic and high-
throughput nanopore sensing.”*”” These methods require
a relatively substantial sample volume, usually exceeding
several hundred microliters.?® In order to further minimize the
sample volume, the droplet interface bilayer (DIB) method has
been employed in nanopore sensing with micro-to-nano litre
volumes.”?** The DIB method uses two contacted aqueous
droplets together within a bulk oil phase in the presence of
lipids, allowing for biological nanopore insertion.** A two-
electrode system manipulates a pair of droplets, bringing
them closer together while simultaneously measuring the ionic
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Fig. 1 Schematic diagram of the droplet nanopore for parallel single biomarker identification. (a) Preparation and formation of micro-to-
nanoliter droplets, mixed with buffer solution, biological nanopores and analyte. (b) Placement of the droplets onto the microchip for simul-
taneous multichannel nanopore sensing (not to scale). Each droplet covers four independent microwells. (c) Typical current traces for 16-
channel recording, grouped into 4 droplets. As a proof of concept, poly(dA), was detected with wild-type aerolysin hanopores. The data were
acquired at +100 mV in 1.0 M KCl, 10.0 mM Tris, and 1.0 mM EDTA at pH 8.0 with 5 kHz filtering and a 100 kHz sampling rate using an Orbit 16

instrument.

current.** This technique offers a number of advantages over
conventional planar bilayer systems, including low sample
volume, good stability, an asymmetric interface, and easy inte-
gration for point-of-care use.?”*® To further scale up the system
feature, it is challenging to precisely position each droplet to
ensure contact with the electrode array for bilayer formation.
One potential solution involves incorporating hydrophilic and
hydrophobic supports on the microchip to facilitate droplet
localization.**%°

Herein, we developed a droplet nanopore array technique
to meet the low-sample-volume, high-throughput and easy-to-
maneuver demands. As illustrated in Fig. 1, micro-to-nanolitre
droplets, premixed with biological nanopores, analyte and
buffer, are pipetted into the oil and lipid phase. The droplet
nanopore microchip method achieves high-throughput single
biomarker sensing with the limit of detection at the picogram
level, which paves the way towards the commercialization of
biological nanopores for low-volume clinical biomolecule
analysis.

Results and discussion
Design and characterization of microchips

In the first step, the nanopore microchip was fabricated by
photolithography, and was designed with separated multi-
microwells for supporting multiple bilayers. Each microwell is
integrated with an Ag/AgCl microelectrode connecting to an
independent amplifier, allowing for multichannel current
recording. There are 4 x 4 channels designed to validate the
feasibility of the microchip (Fig. S1 and S2%). In brief, a quartz
slide (SiO,) was chosen as the substrate because of its excellent
properties,®” including a smooth surface for benefiting the
bilayer formation and the low loss-conductance for reducing
dielectric noise (Fig. S31). The Ag layer on the top of the Au wire
undergoes oxidation, resulting in the formation of irregular and
rough Ag/AgCl microelectrodes for providing stable potential
(Fig. S4f). To evaluate the stability of bias potential, we
measured the open-circuit potential (OCP) of 3 individual Ag/
AgCl microelectrodes on a microchip (Fig. 2a and S5%). The
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OCP values remained relatively stable, with variations of less
than 4.0 mV during the continuous recording over 1 hour.

Notably, over 3 consecutive days, the microelectrode
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Fig.2 The characterization of microchips. (a) The OCP changes of Ag/
AgCl microelectrodes with diameters of 100 um vs. a Ag/AgCl
commercial electrode in 1.0 M Tris—KCl, 1.0 mM EDTA, pH 8.0. Error
bars depict the STD of 3 independent measurements. Inset: the OCP of
one microelectrode over 3 consecutive days. The data are calculated
for each minute with the error indicating daily fluctuations in contin-
uous recording. The raw current trace is shown in Fig. S5.1 (b) The
optical images and depths of microwells with diameters of 50 um, 100
um, and 150 pm. Error bars depict the STD of 3 independent channels
within one microchip. The scale bar is 50 pm. (c) Scatter plots and
a typical current trace of 1 uM dA, detected with WT Ael using the air
bubble method on the homemade microchip featuring microwells
with a diameter of 50 um. The data were recorded over a 5 min period
in the scatter plots (2468 events). Here, | represents the blockade
residual current, Iy is the open-pore current, and //ly reflects the
residual current depth. (d) The STD values of /o on microwells with
diameters of 50 pm, 100 pm and 150 um. The error bars were calcu-
lated from 3 independent experiments. All current data were acquired
at +100 mVin 1.0 M KCl, 10.0 mM Tris, and 1.0 mM EDTA at pH 8.0 with
5 kHz filtering and a 100 kHz sampling rate using an Orbit 16
instrument.
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maintained a stable OCP within the range of 4.8 £ 1.0 mV,
demonstrating its long-term ability for electrochemical
response. Subsequently, to support bilayers, a hydrophobic
passivation layer, SU-8,°**° was patterned on the microelec-
trodes to construct microwells with diameters ranging from 50
pm to 150 um. The contact angle confirmed the hydrophobic
nature of SU-8 for lipid adsorption (Fig. S61), which is consis-
tent with a previous report.”” The depths and profiles of
microwells showed uniform fabrication quality (Fig. 2b and
S7t). Specifically, the top surface of the microwell exhibited
a sufficiently horizontal profile, providing appropriate support
for the membrane. Next, the previously reported air bubble
method®® was incorporated to verify the ability of the microchip
for nanopore sensing. In brief, an air bubble (~2 pL) was
squeezed using a pipette dipped in lipid and manipulated
across the microwells to facilitate the spreading of membranes
(Fig. S87). The homemade microchip was connected to an Orbit
16 for multichannel current recording to verify its performance.
In our design, the neighbouring microwells have been posi-
tioned at a sufficient distance (1.2 mm) to ensure that the
membrane formation on each microwell does not interfere with
each other. The wild-type (WT) aerolysin (AeL) nanopore
sensing of single oligonucleotide denoted as poly(dA), (5'-AAAA-
3/, dA,), shows good reproducibility as demonstrated by
previous studies.** Here, we incorporated this model system for
the verification. As shown in Fig. 2c, the typical blockage current
signals of dA,, which was synthesized and HPLC-purified by
Sangon Biotech Co., Ltd (Shanghai, China), exhibit no
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distortion, suggesting low capacitance introduced by the
designed microchip. Moreover, the statistical results of
blockage current and duration are consistent with a previous
report.** Simultaneous recording from multiple channels and
long-time monitoring (>1.5 h) demonstrated the good capability
of the microchip for high-throughput nanopore sensing
(Fig. S97). The standard deviation (STD) value of the open-pore
current (I,) reveals that microwells with the minimum diameter
of 50 um generate the lowest noise (Fig. 2d), as demonstrated by
previous reports.*>** Thus, in this design, the microwell with
a diameter of 50 pm was chosen for further nanopore sensing.

Droplet method for membrane formation

As shown in Fig. 3a, to facilitate droplet nanopore sensing with
low sample volume, the aqueous droplet was added into the oil
phase and positioned onto the top of the microwell. In detail,
add a buffer solution into microwells (ESI Movie 11) and fill the
top chamber with oil solution instantly to prevent the evapo-
ration of the buffer from microwells. Then, pipette a droplet
onto the end of the agarose-coated Ag/AgCl electrode. As the
droplet comes into contact with the microwell, the lipid layer
thinned spontaneously, followed by bilayer generation within
1 min, with the capacitance response (Fig. 3b). In case of the
membranes rupture or unintended multi-nanopore insertion,
the membranes could be effortlessly reformed by manipulating
the droplet (Fig. S107). The lipid could be either premixed in the
droplet or added into the oil phase, denoted as the “lipid-in”
(Fig. S111) and “lipid-out” (Fig. 3a) method,* respectively.
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Fig. 3 The droplet method for nanopore sensing. (a) “Lipid-out” droplet method for membrane formation. Fill the microwell with buffer (1); add
the oil with lipid and pipette a droplet onto the end of the agarose-coated Ag/AgCl electrode (2); manipulate the droplet onto the microwell (3);
and establish a connection between the droplet and the microwell for nanopore sensing (4). (b) The capacitance during the bilayer formation
using the “lipid-out” droplet method. The triangular voltage was applied with an amplitude of £100 mV and a frequency of 10 Hz. The black arrow
indicates the time points when the droplet is in contact with microwells. (c) The noise level and the stable time of the bilayer for the membrane
formation methods, including air bubble, “lipid-out” and “lipid-in" droplet methods during nanopore sensing. (d) Multichannel recording and (e)
long time continuous recording using a 2 pL droplet on MECA-16 for dA4 detection. Ch 1 to Ch 4 refers to 4 individual channels, respectively. (f)
The capture frequency calculated versus dA, concentration from 0.1 uM to 2 pM. The inset shows the image of a 2 uL droplet on MECA-16. The
black in the middle is the Ag/AgCl wire for droplet manipulation. The data were acquired at +100 mV, in the electrolyte solution of 1.0 M KCl,
10.0 mM Tris, and 1.0 mM EDTA at pH 8.0. (g) The /5 and capture frequency versus symmetric and asymmetric salt concentrations in a microwell
and droplet for 1 uM dA, detection at +60 mV. The notations “1" and “3" represent 1.0 M KCland 3.0 M KCl, respectively, both with 10.0 mM Tris
and 1.0 mM EDTA at pH 8.0. The error bars denote the standard deviation of 3 independent experiments. All experiments were repeated 3 times
using the MECA-16 chips with microwells featuring a diameter of 50 um, and all data were filtered at 5 kHz and sampled at 100 kHz using a Orbit
16 instrument.
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These two methods were also verified using the commercialized
MECA-16 chips due to their mature performance. As a result,
the droplet methods generate a comparable current signal of
dA, detection with WT AeL compared to the air bubble method
(Fig. S127). Specifically, the “lipid-out” method provided a long-
time stable current trace while the “lipid-in” led to current
instantaneous fluctuations in the baseline. But the “lipid-in”
droplet method showed a lower STD value at 1.46 £ 0.20 pA,
when employing only the short stable baseline value of I, to
evaluate the noise (Fig. 3c). To achieve long-time recording, we
used the “lipid-out” droplet method for low-volume nanopore
sensing. We pipetted a 2 pL droplet onto MECA-16, which
covered all 16 microwells for multichannel recording. The
“lipid-out” droplet method exhibited parallel recording of more
than 4 channels and continuous recording lasting for more
than 1.5 h, extending to even beyond 5 h (Fig. 3d, e, S13 and ESI
Movie 21), while maintaining accuracy and minimizing addi-
tional errors from method variations (Fig. S141). Longer and
more consistent droplet nanopore sensing could be further
achieved by incorporating improvements such as stabilizing the
potential of Ag/AgCl electrodes, suppressing the suspension of
membranes, precisely controlling the concentration of nano-
pore forming proteins for single-channel recording, and opti-
mizing the oil volume to prevent droplet evaporation.
Furthermore, a linear relationship between event frequency and
analyte concentrations was achieved (Fig. 3f). In a 2 pL droplet,
the lowest detectable quality of 0.1 uM dA, is 254 pg, showing
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Fig. 4 A 0.4 pL droplet for nanopore sensing using the “lipid-out”
droplet method on the homemade microchip featuring microwells of
50 um diameter. (a) The optical images and /g values of single WT AelL
nanopore recording for 1 hour. The error bars were calculated by at
least 3 separate experiments. The scale bar is 300 um. (b) 0.1 uM dA,
detection with WT AeL for 10 min. Top: Current trace. Red triangles
denote typical dA4 events. Bottom: Scatter plots (943 events, red
points) and histogram contour (grey line) with Gaussian fit (red line) for
blockage current. (c) 0.1 uM Ang Il detection with T232K AelL for
10 min. Top: Current trace. Blue triangles denote typical Ang Il events.
Bottom: Scatter plots (1544 events, blue points) and histogram
contour (grey line) with Gaussian fit (blue line) for blockage current. All
data were acquired at an applied voltage of +100 mV, in the electrolyte
solution of 1.0 M KC{, 10.0 mM Tris, and 1.0 mM EDTA at pH 8.0 with 5
kHz filtering and a 100 kHz sampling rate using an Orbit 16 instrument.
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the capability of the droplet method in minimizing sample
volumes. The high salt concentration and asymmetric salt
concentration can enhance the capture frequency for biomarker
blockade.***¢ The lipid bilayer formed by the “lipid-out” droplet
method could withstand both high and asymmetric salt
concentrations without salt precipitation (Fig. 3g and S15%).
This robustness leads to an increased capture frequency,
enabling the detection of low-volume biomarkers. The droplet
volume in the “lipid-out” method was further reduced from 2 pL
to 0.4 uL when employing a homemade microchip with 50 pm
microwells (Fig. S1671), thereby concomitantly decreasing the
required sample volume. While adopting a 0.4 pL droplet for
nanopore sensing, there was no significant evaporation of the
droplet due to the presence of oil, as proved with the consistent
volumes and I, (Fig. 4a). As shown in Fig. 4b, 51 pg (0.1 uM) dA,
within a 0.4 uL droplet was successfully detected using the WT
AeL-incorporated nanopore microchip.

As angiotensin II (Ang II) is a biomarker of influenza and
cancer, here, we employed the “lipid-out” droplet method for
Ang II analysis. Ang II is involved in the regulation of blood and
human metabolism, and implicated in various diseases.*”** Due
to its low quantity in plasma, Ang II detection poses a big
challenge.” The utilization of T232K engineered AeL enables
enhanced Ang II detection, characterized by prolonged duration
and higher capture efficiency.>® A 0.4 puL droplet containing 42
pg (0.1 uM) Ang II was detected by the T232K AeL nanopores
employing homemade microchips featuring microwells of 50
pum diameter (Fig. 4c). It's noteworthy that the sample quality
was reduced by over 2000 times compared to the conventional
Delrin cup with a volume of 1 mL*® while maintaining the same
biomarker concentration.

Conclusions

In conclusion, we developed a droplet nanopore microchip
technique which is capable of high-throughput and low-volume
single biomarker detection at the picogram level. Utilizing sub-
microliter droplets for nanopore sensing, biomarkers such as
oligonucleotides and peptides could be effectively identified at
qualities below 100 pg, which advanced conventional label-free
single biomarker detection methods (Table S17). This sensing
platform facilitates the detection of low-volume samples with
minimal buffer solution dilution, enabling integration with
instrumentation and high-throughput recording without
complex microfluidic systems.

Importantly, in our design, each droplet spans multiple
microwells for simultaneously multichannel recording, thereby
enhancing the limit of detection for low-volume biomarkers. If
one nanopore is blocked or its membrane ruptured, the
remaining biomarkers could be preferentially analyzed by the
adjacent open nanopore instead, increasing the probability of
successful detection.’>** Further improvements include the
integration of an automated pico/nano-litre pipette array which
could enable parallel droplet deposition onto the microwell
array for high-throughput nanopore sensing. Additionally,
although we successfully introduced an extra 1 pL solution into
the droplet (Fig. S177), exchanging the solution inside the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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droplet remains difficult. Using a nanopipette for ultra-low
volume sample addition or solution exchange could enhance
this technique's efficiency and functionality for detecting
multiple samples or analyzing ion channels. Along with the
advanced sample purification methods and target capture
strategies, the sub-nanomole-level biomarkers would be antic-
ipated to be readily detected even within complex biological
samples. This advancement is attributed to the increased
frequency of typical events as well as minimum sample dilution.

However, the droplet method may introduce more back-
ground signals (Fig. S18%), which may be because of the
concentrated impurity within the confined droplet.>***
Combining technologies of sample pretreatment, such as
protein purification columns, non-specific signals could be
decreased efficiently with little sample loss. Furthermore, by
employing machine learning algorithms, we can further push
the limits of high-sensitivity and high-accuracy biomarker
sensing. Therefore, the droplet nanopores indeed pave the way
towards the commercialization of biological nanopores for
high-throughput, low-volume and portable clinical biomarker
analysis by virtue of minimizing the need for extensive dilution.

Experimental section
Microchip fabrication

The SiO, substrate was cleaned by rinsing with ultrapure water
and isopropanol, followed by N, drying, and heated on a 120 °C
hotplate for 10 min. Next, to define the conductor wire, stan-
dard lift-off photoresist, ROL-7133 (Kayaku Advanced Materials,
Inc., Westborough, MA, USA), served as a lift-off mask for
metallization. In order to remove the small amount of residue,
O, plasma cleaning (300 W, 2 min) was implemented to achieve
a high aspect ratio® using a plasma cleaning machine from PVA
TePla America Inc (Corona, CA, USA). After defining the wire
pattern, 10 nm Cr/150 nm Au (99.999%, Kurt J. Lesker
Company®, Jefferson Hills, PA, USA) was deposited by using an
electron beam evaporator (EBE) form Kurt J. Lesker Company®
(Jefferson Hills, PA, USA). The chip was then soaked in acetone
for 10 min to remove the redundant metal. Subsequently, an
ROL-7133 photoresist was used again as a lift-off mask for
metallization, following by depositing 500 nm Ag (99.999%,
Kurt J. Lesker Company®, Jefferson Hills, PA, USA) as the
electrode material by EBE. By immersing the chip in a sodium
hypochlorite solution (NaClO, available chlorine 34.0 g LY,
Jiangsu Aitefu Co., Ltd, Huai'an, China) for 3 min, a layer of
AgCl was formed, ultimately resulting in the fabrication of Ag/
AgCl microelectrodes with a diameter of 300 pm. To support
a suspended lipid bilayer, the SU-8 2010 photoresist (Kayaku
Advanced Materials, Inc., Westborough, MA, USA) was
patterned into microwells with diameters of 50-150 um on the
microelectrodes by photolithography using a mask-aligner from
SUSS MicroTec Solutions GmbH & Co. KG (Garching, Germany).
In detail, a layer of SU-8 2010 was spun onto the chip at 500 rpm
for 6 s and 3500 rpm for 30 s, giving a layer with a thickness of
about 14 pum. Additionally, use acetone as the edge bead
remover (EBR) reagent, to remove any edge bead after spinning
the SU-8, if necessary, which is good for close contact between

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the photomask and resist, resulting in an improved resolution
and aspect ratio with a flat surface.*® The reagents and materials
we used are all of analytical grade.

Microchip characterization

Scanning electron microscopy (SEM) images and element
analysis were conducted on a SEM with an energy dispersive X-
ray spectrometer (SEM/EDX S-4800) from Hitachi Ltd (Tokyo,
Japan) at a voltage of 20.0 kv. The hydrophobicity of SU-8 was
measured by using a contact angle meter from Dataphysics
Instruments GmbH (Filderstadt, Germany). By dripping 3 pL of
ultrapure water onto the surface of the microchip, covered with
an SU-8 layer, the contact angle can be measured. The profiles of
microelectrodes and microwells were collected by using a step
profiler DektakXT from Bruker (Billerica, MA, USA). While
testing the microelectrodes, the parameters were set with
arange of 6.5 um, scan duration of 10 s, scan length of 600 um,
and force of 3 mg. While testing the depth of microwells, the
range was set at 65.5 um, scan duration at 10 s, scan length at
300 pm, and force at 2 mg. An optical microscope from
Shanghai Zhiqi Industrial Co., Ltd (Shanghai, China) was
employed to observe the platform. The OCP measurements were
performed on a CHI 852D from Shanghai Chenhua Co., Ltd
(Shanghai, China) in 1 M Tris-KCl, 1 mM EDTA, pH 8.0 buffer
solution versus a commercial Ag/AgCl electrode with a diameter
of 2 mm (Wuhan Brain Link Technology, Wuhan, China) at
a sampling interval time of 0.1 s. The OCP of 3 independent Ag/
AgCl microelectrodes was measured for 1 hour. As shown in
Fig. 2a, the change value of OCP in the first 10 min was calcu-
lated from the absolute value of the tenth second and tenth
minutes because of the charge effect at the start of measure-
ment (Fig. S51), and the subsequent OCP change value was
calculated from the absolute values of the initial and the final
OCP value.

Nanopore experiments

The proaerolysin production of WT and T232K was performed
in our laboratory and the preparation methods have been re-
ported in previous studies.***” The WT and T232K proaerolysin
were activated by mixing with trypsin-EDTA (Sigma-Aldrich Co.,
Ltd, St. Louis, MO, USA), with a mass concentration ratio close
to 3:50 (v/v) at room temperature for 5 h. Poly(dA), was
synthesized and HPLC-purified by Sangon Biotech Co., Ltd
(Shanghai, China). Angiotensin II (Ang II) was synthesized and
HPLC-purified by GL Biochem (Shanghai) Ltd (Shanghali,
China). All solutions were prepared using ultrapure water (18.2
MQ cm at 25 °C) from a Milli-Q system (Billerica, MA, USA).
The bilayer was formed by using either the air bubble or
droplet method. To validate the fabricated microchips, the
nanopore experiments were carried out by using an Orbit 16
from Nanion Technologies GmbH (Munich, Germany). To
validate the droplet nanopore measurements, the commercial
MECA-16 microchip (Ionera Technologies GmbH, Freiburg,
Germany, available through Nanion Technologies GmbH) and
Orbit 16 from Nanion Technologies GmbH (Munich, Germany)
were employed. To achieve low sample volume and high-
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throughput detection, the fabricated microchip was connected
to an Orbit 16 from Nanion Technologies GmbH (Munich,
Germany). All the current data were sampled at 100 kHz and
filtered at 5 kHz with the ranging of 200 pA at the applied
voltage of +100 mV, unless otherwise noted. To prepare a Ag/
AgCl wire electrode, polish a silver wire (0.25 mm diameter,
Goodfellow, UK, 99.99%) with 3000 grit sandpaper, and then
electroplate it in 10 wt% hydrochloric acid (HCl, 36 wt%,
Nanjing Chemical Reagent Co., Ltd, Nanjing, China) for 10 min
to form the Ag/AgCl wire electrode. The Ag/AgCl microelec-
trodes were under the microwell, while the Ag/AgCl wire inser-
ted into the external chamber. Two Ag/AgCl electrodes were
connected to the Orbit 16, allowing the application of a stable
voltage and recording of the current between the two Ag/AgCl
electrodes. All the nanopore experiments were conducted at
24 £ 3 °C to prevent freezing of oil, as the freezing point of
hexadecane is 18 °C.*'

Unless otherwise noted, for symmetric salt nanopore
sensing, apply a voltage of +100 mV and use the solution of
1.0 M KCl and 10.0 mM Tris with 1.0 mM EDTA at pH 8.0 as the
electrolyte buffer. While conducting high or asymmetric salt
concentration nanopore sensing at an applied voltage of
+60 mV, the solution in microwells consists of 3.0 M KCI and
10 mM Tris with 1.0 mM EDTA at pH 8.0 and the solution in the
droplet contains 3.0 M KCl or 1.0 M KCl, both with 10.0 mM Tris
and 1.0 mM EDTA at pH 8.0, respectively.

Membrane capacitance measurement

The current noise is dominated by parasitic capacitance, which
is typically affected by the capacitance of the lipid bilayer
membrane.*® The capacitance (C) of the bilayer membrane is
given by:

goeA

d

where ¢, is the absolute dielectric constant, ¢ is the relative
dielectric constant of the membrane, A is the area of the
membrane, and d is the thickness of the membrane.*

C=

Air bubble method for membrane formation

150 pL of buffer solution was dispensed into the microchip
chamber. Once the current overflowed, the electrochemical
circuit was connected to the instrument. To prepare a lipid film,
1,2-diphytanoyl-sn-glycero-3-phosphocholine (DPhPC, =99%,
Avanti Polar Lipids Inc., Alabaster, Al, USA) in chloroform
(=99.5%, Sinopharm Chemical Reagent Co., Ltd, Shanghai,
China) was placed in a glass vial, and vacuumed for 2 h to
remove the solvent completely. Then 30 mg mL " lipid solution
was prepared by adding decane (Sigma-Aldrich Co., Ltd, St.
Louis, MO, USA) to the DPhPC film. To generate a lipid
membrane, a little lipid solution was touched by a pipette tip
and placed on the surface of the microwell. An air bubble of 2 pL
was squeezed by the pipette, and moved around microwells to
spread the lipid membranes evenly.”® After covering the lipid
solution on the microwell, the thickness and stability of the
membrane were tested by applying a voltage to measure the
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membrane capacitance and membrane breaking voltage. If the
membrane was too thick and unable to break, the pipette was
used again to adjust the membrane thickness accordingly. Once
a stable bilayer membrane was formed, add the nanopore
protein and analyte into the chamber for current recording.

“Lipid-out” droplet method for membrane formation

Add the buffer into the microchip and apply air bubble to
ensure the conductivity of microelectrode array and commercial
Ag/AgCl electrode by monitoring current overflow. Then the
buffer solution in the external chamber was removed, leaving
only the buffer in microwells. Afterward, an oil bath was
prepared by filling the microchip with 100 pL lipid/oil solution
instantly. This step was crucial to prevent the evaporation of the
solution in the microwells. The lipid/oil solution consisted of 10
mg mL ™' DPhPC in a mixture of 1 : 1 (v/v) hexadecane (=99.8%,
Sigma-Aldrich Co., Ltd, St. Louis, MO, USA) and silicone AR 20
(Sigma-Aldrich Co., Ltd, St. Louis, MO, USA) (v/v). Subsequently,
an 0.25 mm Ag/AgCl electrode, fixed on a three-axis micro-
displacement platform (Zhejiang Star Pneumatic Co., Ltd,
Leqing, China), was inserted into the oil chamber for droplet
manipulation. But due to the hydrophobicity of the electrode
inoil, it's hard to manipulate the aqueous droplet. In order to
manipulate the droplet by using the Ag/AgCl electrode effec-
tively, immerse the tip of the electrode with 3 wt% agarose in
1.0 M KCl, 10.0 mM Tris, and 1.0 mM EDTA at pH 8.0 for surface
hydrophilic treatment.** Next, to initiate the formation of
a droplet, a 0.4-2 pL pre-prepared solution consisting of the
buffer solution, nanopore forming proteins (~1 pg mL™"), and
analyte was pipetted onto the tip of the agarose-Ag/AgCl elec-
trode. The microwells, along with the droplet, were then incu-
bated for a period of 10-20 min, allowing for the self-assembly
of lipid monolayers. Then, manipulate the micro-displacement
platform to carefully position the droplet onto the microwell for
bilayer membrane formation. Finally, apply a voltage of
+100 mV for single nanopore insertion and nanopore sensing.

“Lipid-in” droplet method for membrane formation

First, prepare 250-500 ug mL ™' liposome solution by mixing
DPhPC in 1.0 M KCl, 10.0 mM Tris, and 1.0 mM EDTA at pH 8.0.
The solution mixture was vortexed for 1 min and then extruded
through a 220 nm filter (Sigma-Aldrich Co., Ltd, St. Louis, MO,
USA) to form liposomes. The liposome solution is added to the
microchip, followed by the removal of any excess solution. Next,
the top chamber of the microchip was filled with 100 pLofa1:1
(v/v) mixture of hexadecane and silicone AR 20. A 2 pL droplet of
the pre-prepared liposome solution which contained nanopores
and analyte, was pipetted onto the tip of the agarose-Ag/AgCl
electrode. After approximately 5 min of incubation, the
droplet was carefully moved onto the microwell, allowing the
formation of bilayer membranes.

Data processing software

All the current data were analyzed with MOSAIC 1.3 software.®
Usually, the scatter plots were divided into translocation events
and collision events, according to previous studies.* For further
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analysis, the collision events that were normally shorter than
0.1 ms were excluded. The current trace was visualized by using
Clampfit 10.2 (Molecular Devices LLC, San Jose, CA, USA) and
the analyzed results were shown using OriginLab 8.0 (OriginLab
Corporation, Northampton, MA, USA). The extracted blockades
were analyzed statistically by using Gaussian fittings to the
histogram of the residual current depth (I/I,). The capture
frequency of the blockades was calculated by using f = 1/7,p,
where 7,, represents the interval time. The 7,, was analyzed
statistically by using Gaussian fitting to the histogram of the
common logarithm.
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