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Abstract

The signature events caused by host-guest interactions in the nanopore system can be used as a
novel and characteristic signal in quantitative detection and analysis of various molecules.
However, the effect of several electrochemical factors on the host-guest interactions in nanopore
still remains unknown. Here, we systematically studied host-guest interactions, especially
oscillation of DNA-azide adamantane@cucurbit[6] in a-Hemolysin nanopore under varying pH,
concentration of electrolytes and counterions (Li*, Na*, K*). Our results indicate correlations
between the change of pH and the duration of the oscillation signal. In addition, the asymmetric
electrolyte concentration and the charge of the counterions affects the frequency of signature
events in oscillation signals, and even the integrity of the protein nanopore. This study provides
insight into the design of a future biosensing platform based on signature oscillation signals of the
host-guest interaction within a nanopore.
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1. Introduction

Nanopore sensors are of great interest for researchers from a wide range of disciplines,
including biomedical science, chemistry and engineering, because they provide unique
chemical environments with nanoscale dimensions for analyzing single molecules that
cannot be achieved in bulk systems.1-2 Over the past decade, significant progress has been
made in the development of robust protocols for precise detection of various biomolecules
(i.e. proteins, peptides, amino acids, etc.) using biological or solid-state nanopores.3-8

Recently, the study of host-guest interactions through nanopore attracted increasing attention
because of their wide application in the fields of functional materials and nanomedicine.%-11
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For example, the biomarkers in human bodily fluid can be quantified by establishing a
correlation between the concentration of them and the frequency of unique signature signals
generated by the host-guest interaction in the nanopore,2 which is particularly important for
clinical diagnostic uses (e.g. early diagnosis and precise prediction of treatment outcomes)
as a way to prevent false positives.13.14

In host-guest systems, host molecules, such as calixarenes or cyclodextrins cucurbiturils,
bind with a guest molecule through noncovalent interactions.11:15-17 Bayley and co-workers
pioneered the application of a-Hemolysin (a-HL) protein for monitoring host-guest
interactions.18:19 In these studies, B-cyclodextrin (-CD) was employed as host molecules as
they can non-covalently lodge within nanopore due to their comparable diameters to that of
the lumen of a-HL. The analytes as guest molecules bind with the B-CD through host-guest
interactions, resulting in characteristic current signals (e.g., extent and level of current
blockades) for analyte identification, including the different types of deoxyribonucleoside2?,
small drug molecules of ibuprofen and thalidomide2L. Other host molecules, such as -
cyclodextrin and cucurbituril have also been used for selectively detecting small organic
molecules.1516 These approaches enabled the detection of small molecules through
nanopore.

More recently, Wu and co-workers developed a nanopore-based approach for quick and
efficient detection of 5mC and 5hmC in ssDNA by generating characteristic current
signatures of host-guest (ferroceneCcucurbit,” FcCCB?) during the translocation of
modified DNA through a-HL.17 In this approach, the DNA strand containing 5mC or 5hmC
is first modified with FcCCB’ complex. Translocation of the DNA-FcCCBY hybrids
through the nanopore produces highly characteristic signature events (i.e. oscillation signal)
which correlate to the existence of 5mC and 5hmC. This feature allows detection at the
single molecule level with high confidence, which further engendered the development of a
versatile biosensing strategy by combining aptamers and host-guest interactions: an aptamer
is first hybridized with a FcCCB’ modified DNA probe, the presence of analytes causes the
aptamer-probe duplex to unwind and release the DNA probe which can quantitatively
produce signature current events during its translocation through a.-HL nanopore.22
Furthermore, by incorporating a sandwich immunoassay involving CuO nanoparticles, a
sensitive method to detect biomarkers with extremely low concentrations (sub-femtomolar
level) was developed.12 In this approach, the released Cu2* from immunoprecipitated CuO
particles is taken to catalyze the “click” reaction which ligates a host-guest modified DNA
probe, and the DNA probe is subjected to nanopore translocation measurement to afford
quantification of biomarkers. All of these sensing strategies based on the host-guest
interactions are not only beneficial to nanopore sensing, particularly in the detection of DNA
modifications, but also suitable for the accurate detection of various biomarkers in clinical
samples by eliminating false-positives from interferent biomolecules.?3

Despite the abovementioned promising findings, many experimental conditions and
mechanisms remain to be elucidated, as the interactions between the probe (i.e. DNA or
other charged biomolecules), the host-guest complex and the nanopore can also be affected
by the surrounding electrochemical environment including counterions, pH, concentration of
electrolytes, etc. As the frequency of the signature oscillation events directly determines the
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limit of detection of the above strategy, it is essential to optimize the electrochemical
conditions of the host-guest interaction and the subsequent translocation.24-28

Herein we report a study on the effects of electrochemical factors on the host-guest
interaction in a a-HL nanopore. The alkynyl-modified DNA is covalently bonded to the
cucurbit[6] (CB[6])-modified azide adamantane (AA) under the catalysis of copper ions to
form a DNA-AA@CB[6] molecular structure. A characteristic signature event with
oscillations on the resistive pulse recording is generated due to the hostguest interaction
when the complex translocates the a-HL nanopore. Effects of different chemical
environments, including counterions, pH, and concentration of electrolytes on the
translocation behavior of this structure were systematically investigated.

2. Methods

2.1. Materials

The DNA probe 5'-CCCCCCCCCCT*CCCCCCCCCC-3’ (T*—alkyne-modified thymine)
was customized by Sangon Biotechnology Co. Ltd. (Shanghai). Micro Bio-Spin P6 gel
columns (Tris buffer) were purchased from Bio-Rad (Hercules, CA). Cu(NO3), (99%), KCI
(99.99%), NaCl (99.99%), LiCl (99.99%), TRIS hydrochloride (Tris-HCI), Azide
Adamantane (97%), 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES, =99.5%),
(Ethylenedinitrilo) tetraacetic acid (EDTA, =99%), Ascorbic acid (=99%), Acetonitrile
(99.8%), Cucurbit[6]uril hydrate, a-HL from Staphylococcus aureus (lyophilized powder,
Protein ~60% by Lowry, 210,000 units/mg protein) were purchased from Sigma-Alrich. All
working solutions were prepared using deionized water from a Milli-Q water purification
system (resistivity 18.2 MQ/cm, 25 °C, Millipore Corporation) and were filtered through
0.02 um filters before use.

2.2. Buffer preparation

KCI (22.37 g) and Tris-HCI (121 mg) were first dissolved in 80 mL deionized water. NaOH
(2 M) and HCI (2 M) were used to adjust the pH to 8.0. The solution was then diluted with
deionized water to 100 mL to afford the final buffer solution (3 M KCI and 10 mM Tris at
pH 8.0). Other electrolyte solutions with various concentrations, pH and ions were prepared
using similar methods.

2.3. Preparation of DNA probes

Alkyne-containing DNA (6 uL), deionized water (2 uL), Azide Adamantane (4 uL, AA,
dissolved in acetonitrile, 200 mM), Ascorbic acid (3 uL, 20 mM), and copper nitrate (2.0 L,
40 mM) were added to 4 uL. HEPES (100 mM) buffer, with a final volume of 21 uL. The
reaction was incubated on a shaker for 4 h at room temperature, followed by the addition of
4 uL EDTA solution (100 mM) to terminate the reaction. The DNA-AA product was purified
with Micro Bio-spin P6 columns. Next, 10 uL CB[6] aqueous solution (5 mM) was added to
the DNA solution and incubated for 8 h to afford the final DNA-AA@CBJ6] probes.
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2.4. Single-channel current recording

All resistive pulse recordings were performed on the Planar Lipid Bilayer workstation
(Warner Instruments) at room temperature (~23 °C). Fabrication of a-HL nanopore devices
follows traditional method previously reported. Briefly, an orifice (200 pm in diameter)
punctured on a 25 pm thick Delrin wall that separates the ¢/s (grounded) and the trans
chambers of the flow cell was precoated with 1:10 hexadecane/pentane (Sigma-Aldrich).
Then both chambers were filled with 1 mL of 3 M KCI solution buffered in 10 mM Tris-HCI
(pH 8). To form a lipid bilayer membrane in the orifice, 20 pL (10 mg/mL) 1,2 diphytanoyl-
sn-glycero-3-phosphocholine (Avanti Polar Lipids) dissolved in pentane (Sigma-Aldrich)
was added to the cisside of chambers to allow self-assembly. Following this, electrical
potential was applied to the #rans side using Ag/AgCl electrodes and slowly ramped up to
examine the stability of the membrane at £200 mV. To insert a single nanopore channel into
the lipid bilayer, #rans voltage was changed to 100 mV and a small amount (~2 pg) of a-HL
protein (Sigma-Aldrich) were added from a monomeric stock solution made in 3 M KCI to
the cis compartment. After a stable a-HL protein nanopore was inserted and confirmed by
an open pore current, an analyte was added to the ¢is chamber at a bulk concentration of 0.5
uM from a 25 UM stock solution made in deionized water.

2.5. Datarecording and analysis

lonic current recordings were collected using a patch clamp amplifier (Warner Instruments)
at a holding potential of +200 mV. After sample addition to the ¢is chamber, magnetic
stirring was used to disperse the sample before characteristic signal was recorded. Each
sample was measured in three replicates with a 30 min total duration. A fresh a-HL protein
nanopore was used for each replicate. The raw data was analyzed using an in house Matlab
based algorithm to find the current blockade and the dwell time of each eligible event, which
are two commonly used properties for discriminating different molecules when they
translocate nanopores. The current blockade (i.e. residual current) that represents the capture
of single molecules and their translocation through the nanopore is defined as /#/ (/. average
current measured with the molecules inside the pore, /y: the average baseline value in
absence of analytes). Dwell time (i.e. duration) represents the effective interaction time
between the nanopore and a single molecule analyst, which was defined as the time
difference between the start (when baseline drop to 1/2 blockade) and the end (when
baseline return to 1/2 blockade) of the event. Results processed by the Matlab algorithm
were confirmed by manual inspection. To profile each analyte, current blockade was plotted
against dwell time using Python. The python modules used for scatter plots and contour
plots were Matplotlib and Seaborn’s bivariate kernel density estimator.

3. Results and discussion

3.1. Oscillating signature induced by the host-guest interaction

The DNA probe which will be used to generate characteristic oscillation events when
translocating through a-HL was first constructed according to the strategy shown in Fig. 1a.
We chose a commercially available alkyne containing thymine (T*) as the key modified base
to construct DNA probes. The T* base was normally placed in the middle of the probe
strand, and the rest of the sequence of the probe consists of cytosines (C). The terminal
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alkyne group on the side chain of T* enables “click” chemistry under the catalysis of Cu* to
attach a “guest” moiety (AA) which will then catch a “host” molecule (CB[6]) in solution to
form the host-guest complex. The final DNA probe has a molecular structure of DNA-
AAQ@CBI6].

We first compared the changes of translocation signals before and after DNA modifications
by testing DNA-alkyne, DNA-AA and DNA-AA@CBJ6] using nanopore, respectively. As
shown in Fig. 1b—d, although these three samples exhibited similar blockade (/ fy) (70.6%,
71.44% and 75.6%, respectively) and the event frequency, their dwell times and
characteristics signals changed significantly. Comparing with the mean dwell time of 6.7 ms
for signals of DNA-alkyne, the dwell time of characteristic signals for DNA-AA and DNA-
AA@CBIJ6] are both above 10 ms, indicating reduced translocation speed of DNA by the
conjugation with AA, which is beneficial for obtaining more information of these molecules.
After the DNA-AA was incubated with CB[6], the noncovalent hybrid DNA-AA@CBJ6]
shows an obvious oscillating pattern at the end of the characteristic signal, dividing the event
into two consecutive parts, with Level 1 featuring long and deep blockades and Level 2
featuring transient current oscillations caused by the host-guest interaction between CBJ[6]
and AA10,

Although the oscillating pattern in the signal events of hybrid DNA-AA@CBI6] is clearly
different from the translocation signal of any known biomolecules tested with nanopores,
blocking or binding to the a-HL by some large molecules (such as DNA-alkyne in this
study) may also induce similar large current blockade that may interfere with the detection.
In order to distinguish the true oscillation signals from these interferents, a contour plot was
generated for each of DNA (Fig. 1e) and DNA-AA@CBJ6] (Fig. 1f) from current blockade
and dwell time values to profile their translocation behavior. By comparison, we can
associate an event with a blocking time >10 ms to a modified DNA structure (DNA-AA or
DNA-AA@CBJ6]), which helps accurately calculate the event frequency of assigned
samples.

Effect of a-HL nanopore orientation on the oscillating signature

The mechanism for the oscillating current induced by hybrid DNA-AA@CBIJ6]
translocation appears to be the trapping and oscillation of host CB[6] inside the vestibule of
a-HL, which has an asymmetrical structure (Fig. 1a). In this method, negatively charged
DNA-based probes should be added to the cis side and driven through the a-HL nanopore
by a positive trans voltage, thus the direction of the a-HL in the lipid membrane should
affect the signature events of DNA-AA@CB [6].

Fig. 2a and b show two different current traces with both positive and negative trans voltages
after a nanopore was inserted into the lipid membrane with different direction. The nanopore
in Fig. 2a exhibited larger ionic current under a positive fransvoltage than it is under a
negative voltage, while the adverse situation is shown in Fig. 2b. The test of the DNA-
AA@CB]J6] with these two setups further confirmed the direction of inserted a-HL protein:
for the pore with larger current value under positive #rans voltage, the oscillation signature
events of CB[6] can be observed as shown in Fig. 2c with three characteristic stages: 1)
trapping of DNA-AA@CB[6] in the pore, 2) dissociation of the DNA-AA@CBJ6] and
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translocation of the DNA-AA through the pore, 3) oscillation of CB[6] in the cis vestibule of
a-HL. However, no oscillating signal was found in the other setup with reversed pore
direction (Fig. 2b and d), even with extended recording time and increased concentration of
DNA-AA@CBI6]. Instead, a longer dwell time was observed, indicating that the CB[6]
cannot enter the vestibule from the opposite direction. These results confirms the previously
proposed!® molecular mechanism of the host-guest interaction in a-HL, and also provide a
way to characterize the direction of the nanopore.

Effect of electrolyte pH on the oscillation signature

The electrophoretic force acting on DNA backbone of the hybrid DNA-AA@CB[6]
molecule is the main driving force to pull the host-guest complex into the vestibule of
nanopore, where it can be captured by the a-HL. Thus, the translocation behavior of the
DNA under different electrochemical environments may influence the interaction between
host and guest. We further studied the effect of different pH of the KCI electrolytes on the
oscillating signal. As shown in Fig. 3, as DNA-AA@ CBJ[6] was added to the cis
compartment with pH of 8, different oscillating signals can be observed by changing the pH
of frans compartment. First, highly characteristic current events at a frequency of 35.6
events/min can be observed with the pH of frans compartment at 8 (Fig. 3a). The oscillating
events frequency was significantly reduced to around 20 events/min when the pH of trans
compartment was increased or decreased (Fig. 3b—e). Additionally, in comparison to the
setup with equal c/sand trans pH, increasing the frans pH to 10 appears to decelerate the
dissociation of the DNA-AA@CB([6] and translocation of the DNA-AA through the pore
(Fig. 3b), while decreasing the #rans pH to 6 can extend the oscillation time of CB[6] (Fig.
3c). However, further increasing (Fig. 3d) or decreasing (Fig. 3e) the frans pH leads to
reduced duration of the oscillation or even disappearing of the oscillating signal. Although
more investigation on the mechanism of this observation is needed, the above results provide
a viable pH range (6-10) for studying oscillating signals based on host-guest interactions.

3.4. Effect of electrolyte concentration on the oscillation signature

Next we studied the effects of electrolyte (KCI) concentrations on the oscillating signal of
DNA-AA@CBJ[6] with identical cisand trans pH (8/8). Fig. 4 a shows the continuous ionic
current traces with DNA-AA@CB[6] translocation across the nanopore with different
combinations of KCI concentrations. With the c/selectrolyte concentration fixed at 1 M,
translocation event frequency of modified DNA including DNA-AA@CB[6] and DNA-AA
(dwell time = 10 ms) increased while the frans electrolyte concentration was raised from 1
M to 3 M, (Fig. 4c). Similar trends can also be found in the other two concentration
gradients: fixed c/s concentration at 2 M and 3 M, with varying #rans concentration from 2
M to 3 M, and from 3 M to saturated solution, respectively. Results indicate that increasing
the electrolyte concentration in the #rans side can accelerate DNA translocation through the
nanopore, which can be attributed to the enhancement of ionic current with asymmetric
electrolyte concentration?®. Whereas decreasing the trans electrolyte concentration prohibits
the translocation, as shown by the lowest events frequency of DNA-AA@CB[6] and DNA-
AA in the test with cis/trans concertation of 3 M /1 M with (Fig. 4c).
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However, the frequency of the oscillating signal is not directly proportional to the
translocation event frequency of the modified DNA. As shown in Fig. 4b, frequencies of
oscillating signal events observed in 3 M/S (cis/trans, S represents a saturated solution of
KCI) and 1 M/3 M (cis/trans) concentration combinations are much lower than the total
translocation event frequencies in these experiments. The highest oscillating event frequency
(51.4 events/min) was obtained with the 1 M/2 M (cis/trans) setup. This optimized condition
can be used for the future development of biosensing assay to achieve lower limit of
detection.

3.5. Effect of electrolyte counterions on the oscillation signature

The effects of different counterions (K*, Na*, and Li*) on the signature events of DNA-
AA@CBI6] through the nanopore were investigated as counterions can profoundly affect
physical properties of DNA.24 First, the stability of nanopore in different electrolyte solution
with the same ions at the c/sand frans sides was demonstrated. As presented in Fig. 5a, in
KCI and NaCl sensing system, the a-HL nanopore showed high stability in a wide voltage
range from —200 mV to +200 mV, meanwhile, the absolute current value in KCI system is
higher than the value in NaCl system at the same voltage. Unfortunately, we were not able to
obtain a stable nanopore when the c/s/trans sides are both filled with LiCl solution, which
may be attributed to the weak metality and nuclear charge of Li ions. Due to the decreasing
number of nuclear charges of Li* and Na*, characteristics of the oscillating signal were also
weakened comparing to the KCI / KCI(cis/trans)system. As shown in Fig. 5b, with the cis
electrolyte solution fixed to KCI and the frans electrolyte varying from LiCl to NaCl, more
obvious oscillating signal events of DNA-AA@ CB[6] were observed. No oscillating events
were detected in the case of NaCIl/NaCl (cis/trans) system. These results indicate that the
nuclear charge number of counterions has a decisive influence on the detection of oscillating
signals originated from the host-guest interaction in a-HL nanopore.

4. Conclusions

In summary, the effects of electrochemical environments on host-guest interactions,
especially characteristic signals in a-HL nanopore by varying counterions (Li+, Na+, K+),
pH, and concentration of electrolytes were systematically studied. The results demonstrated
that the change of pH shortens or prolongs the duration of the oscillating signal events. The
asymmetric concentration affects the frequency of the signature event, and the nuclear
charge number of the counterions affect the generation of the oscillating signal and even the
insertion of the nanopore. We thus believed that the findings herein will benefit the further
study of the host-guest interaction induced current oscillations in the nanopore technology.
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(a) Schematic illustration of the construction of DNA probes through “click” chemistry and
single-channel resistive pulse recordings of different samples through a a-HL nanopore.
Legend is shown in the dashed box. Representative current traces of the translocation of
DNA-alkyne (b), DNA-AA (c) and DNA-AA@CBIJ6] (d), respectively through a-HL
nanopore. The corresponding contour plots depicting the blockade (/) vs. dwell time
distribution at the same conditions for DNA-alkyne (e) and DNA-AA@CBJ[6] (f),
respectively. Data was acquired in 3 M KCI, 10 mM Tris buffer, pH 8.0, with the
transmembrane potential held at +200 mV.
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Change of current value with changing voltage bias (100 mV) direction after a a-HL
nanopore inserted into the lipid membrane with the entrance towards the cis (a) and the trans
(b) compartment, respectively. Corresponding signature events at each a-HL orientation
when DNA-AA@CBJ6] was added to the c¢/sside (c, d). Inserts depict the step-by-step
molecular process of DNA hybrid trapping, dissociation, and translocation, as well as CB[6]
oscillation in the vestibule. Data was acquired in 3 M KCI, 10 mM Tris buffer, pH 8.0, with
the transmembrane potential held at +200 mV.
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Fig. 3.

Signature events generated during the translocation of DNA-AA@CB[6] through a-HL with
various pH in cis/trans chambers. Data was acquired in 3 M KCI and 10 mM Tris buffer with
the transmembrane potential held at +200 mV. The concentration of hybrid DNA is 0.5 uM.
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(a) Signature events generated during the translocation of DNA-AA@CBJ[6] through a-HL
with various concentration of KCI in c/s/trans compartments. (b) Oscillation events
frequency and (c) translocation events frequency with dwell time >10 ms in each sample
with different electrolyte combination. Data was acquired in 10 mM Tris buffer, pH 8.0, with
the transmembrane potential held at +200 mV. The concentration of hybrid DNA is 0.5 uM.
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Fig. 5.

(a;g /-Vcurves of a single open a-HL nanopore in NaCl and KCI. Data was obtained in 3 M
M*CI~ (M* = Na*, K*), 10 mM Tris buffer, pH 8.0 without any analytes in both sides of the
nanopore. (b) Signature events generated during the translocation of DNA-AA@CB [6]
through a-HL with various counterions (Li*, Na*, K*) in c/s/trans chambers. Data was
acquired in 10 mM Tris buffer, pH 8.0, with the transmembrane potential held at +200 mV.
The concentration of hybrid DNA is 0.5 M.
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