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ABSTRACT: Hydrogen sulfide (H,S) is the third endogenous gaseous signal molecule in
organisms that can directly increase the salt tolerance of plants by closing the K* channel.
Inspired by the important role of H,S in nature, we have designed a H,S-responsive
artificial nanochannel biosensor based on an azide reduction reaction strategy. This
biomimetic device demonstrates an excellent H,S selective response owing to specific

Biological H,S-gated ion channel

ON

azide reduction by H,S inducing BSA aggregation on the channel with a high ion gating

ratio. Furthermore, this H,S-responsive biosensor shows excellent reversibility and stability
and a fast response rate, which will help us better understand the synergistic effect of H,S

messengers in the ion channels of living organisms.

ydrogen sulfide (H,S) has long been known as a toxic

gas and environmental hazard, however, recent studies
have indicated the important biological roles of H,S as the
third endogenous mediator after nitric oxide (NO) and carbon
monoxide (CO)."™ H,S is involved in a wide range of
physiological and pathological activities, including blood flow
regulation, inflammatory reactions modulation, and the
immune system stabilization.”~” Furthermore, H,S has gained
increasing attention from plant researchers owing to its
association with adaptive responses against multiple stress
conditions.*” For example, H,$ inhibits K* transport through
channels on the plasma membrane to increase the salt
tolerance of plants.” Considering the significant role of H,S
in living systems, constructing a H,S-responsive nanochannel
biosensor in vitro will help us to better understand the
mechanism of H,S physiological functions. However, the
instability and fragility of the embedded lipid bilayers makes
their application in real environments difficult, restricting their
practical applications.'*~"*

Fortunately, artificial nanochannels are a promising platform
for mimicking various biological processes in vitro because of
their greater size flexibility and robust chemical and mechanical
properties.'*>* Similar to biological channels, these biomi-
metic nanochannels have been shown to display transport
properties, such as ion selectivity, current rectification, and ion
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Biomimetic H,S-gated nanochannel
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gating, by controlling the surface properties of the pore
walls.” ™' To realize a specific response to diverse environ-
mental stimuli, the channel surface is modified with various
functional molecules, thus, facilitating research scientists to
develop various smart nanochannels.”” > Despite significant
progress, some issues still need to be addressed. For example,
the nanochannel properties are not always very stable after
modification and precisely controlling the ratio of effective
modification on nanochannels is still a nontrivial task.”’~*’
Therefore, the development of simple and straightforward
strategies for endowing smart to artificial nanochannel
biosensors in response to gas molecule is urgently required.
Inspired by the H,S-responsive channel in nature, we have
designed an artificial H,S-responsive biosensor based on label-
free nanochannels by adding a mixture of azido-propylamine
(AP) and bovine serum albumin (BSA) to the solution to
achieve highly selective and reversible H,S recognition (Figure
1). Taking advantage of the known unique reduction of azido
groups to amine groups by H,S,""** AP can be readily reduced
to 1,3-diaminopropane (DP) in the presence of H,S. The
reduced amine group of DP can then interact with the carboxyl
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Figure 1. Schematic of the design of a biomimetic H,S-responsive
nanochannel biosensor using an azide reduction reaction controlled
BSA aggregation.

groups (—COO7) of BSA (pl, 4.8), forming DP/BSA ion pairs
at pH 7.0. It changes the charge of BSA, causing the formation
of BSA aggregates in the channel and the absorption of DP/
BSA complex on the channel surface, which inhibits the K*
transportation activity (OFF state). Meanwhile, the K*
transportation ability was readily recovered (ON state) by
changing the pH to base conditions (pH 10), which might be
attributed to dissociation process of DP/BSA complexes.
Therefore, this H,S-responsive biosensor is simple, requires no
external modification, and exhibits a highly specific and
sensitive H,S response in complex matrices without interfer-
ence. Furthermore, the H,S-responsive biosensor also exhibits
excellent reversibility and stability based on controlled BSA
aggregation, which indicates its efficiency and reusability for
real-world applications.

B EXPERIMENTAL SECTION

Fabrication of Nanochannel. A nanochannel was
prepared in PET film using the ion-track-etching technique
(see Figure S6). Before the etching process, each side of the
PET membrane was exposed in UV light (365 nm) for 1 h. To
produce a single conical nanochannel, the first etching was
performed from one side. The PET membrane was embedded
between the two chambers of a conductivity cell; one chamber
was filled with etching solution (9 M NaOH), and the other
chamber was filled with stopping solution (1 M KCI + 1 M
HCOOH). Then, a voltage of 1 V was applied across the
membrane to monitor the etching process (20 min at 35 °C).
When the current value reached 2.5 nA, stopping solution (1
M KCI + 1 M HCOOH) was added on both sides of the
membrane for 20 min. A second etching carried out at 25 °C
(adding etching solution 1 M NaOH) into both sides. After
about 2 h, when the transmembrane current reached S0 nA,
stopping solution was added. The diameter of the large
opening of the conical nanochannel, which was called base
(D), was determined by scanning electron microscopy (SEM)
to be about 480 nm, and the diameter of the small opening,
which was called the tip (dy;,), was estimated mathematically to
be about 29 nm.

lon Current Measurement. Ion currents were measured
with a Keithley 6487 picoammeter (Keithley Instruments,

ip
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Cleveland, OH). Ag/AgCl electrodes were used to apply a
transmembrane potential across the film. The film was
mounted between the two halves of the conductance cell. To
record the I-V curves, a scanning triangle voltage signal from
—2 V to +2 V with a 40 s period was selected. Each test was
repeated S times to obtain the average current value at
different voltages.

Contact Angle Measurement. Contact angles were
measured using a contact-angle system at room temperature
and saturated humidity. Contact angle data was also used to
confirm the reaction. We immersed the PET membrane in the
presence of the BSA, BSA/AP, BSA/H,S, and BSA/AP/H,S
solution, and then, we measured the contact angle. Under
neutral conditions, both the BSA and membrane are negatively
charged, and under electrostatic repulsion, BSA has no
interaction with the membrane effect. After the membrane
was modified with a mixture of BSA/AP/H,S, because the
positively charged production of amine group interacts with
the negatively charged BSA, it was positively charged to further
increase the surface interaction with the negatively charged
membrane.

SEM Characterization. The diameter of the base was
estimated from the multitrack membrane by field-emission
scanning electron microscopy (FESEM), which was etched
under the same conditions as the single-channel sample. In this
work, before modification, the base diameter was about 480
nm, and the tip diameter was estimated to be about 29 nm.

Infrared Spectra Measurement. Infrared spectra were
measured by an infrared spectrometer. We prepared BSA,
BSA/H,S, BSA/AP, and BSA/AP/H,S. The disappearance of
the azide peak at 2130 cm™ in the BSA/AP/H,S system
indicated that the azide in the BSA/AP/H,S system was
reduced to amine by H,S.

Zeta-Potential Measurement. Zeta-potential were meas-
ured using a zeta potential analyzer (Malvern Zetasizer Nano
Z890). Zeta-potential indirectly reflects the type of charge and
the amount of electricity of the surface of particle. Considering
the difficulty of measuring the zeta-potential of PET
membrane, herein, we measured the zeta-potential of BSA,
BSA/AP, BSA/H,S, and BSA/AP/H,S systems in the solution
phase. In this study, the azide can be reduced into free amine
(strong positive charge) by H,S. Therefore, the COO™ group
of BSA could interacted with the free amine group, which lead
to greatly reduce the negative charge of BSA.

H,S-Response Nanochannel Biosensor for Complex
Matrices. First, the actual water sample was collected from the
Yangtze River should be pretreated. First, BSA (0.25 mg/mL)
and 5 X 1075 M AP were mixed together, and then, 100*MF",
Cl5, Br, I, OAC~, NO,~, HCO,", HSO,", SO,*7, ClO, ,
and citrate solution were added into the system. We measure
the performance of nanochannel by I-V curve joining different
concentrations of AP and H,S in the reaction liquid mixed with
BSA by using actual samples under the same conditions.

Finite-Element Computation. To investigate the gating
mechanism of the NO-responsive nanochannel biosensor,
finite-element computations based on the Poisson and
Nernst—Planck equations were performed using COMSOL
Multiphysics 5.3. The diffusion coeflicients of the cations and
anions in bulk solution were 2.0 X 10~ m?/s (K* and CI7).
The total length of the simulated models was uniformly set to
12 ym. Two models with isopycnic opposite charges were
prepared to simulate the ON and OFF states of the NO-
responsive biosensor. It is obvious that rather larger
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Figure 2. Fabrication of the H,S-responsive nanochannel biosensor: (a) I-V curves for adding 0.25 mg/mL BSA, BSA/AP, BSA/H,S, and BSA/
AP/H,S, respectively; (b) current change ratio measured at —2 V; (c) an artificial H,S-responsive single nanochannel; and (d) the LSCM
observation of the BSA fluorescent derivative BSA-FITC complex in the nanochannel.

concentration than bulk solution appeared at negative charged
channel, as K" enrichment; conversely, K* depletion occurred
in the positively charged channel. K* enrichment owing to
EDL overlap at the tip side and a forward concentration
gradient owing to K’ enrichment generated higher ion
conductance, as well as a high ion current. In the ON state,
the negatively charged channel generates K enrichment,
resulting in greater K* transport.

B RESULTS AND DISCUSSION

To produce the H,S-reponsive nanodevice biosensor, a single
conical nanochannel was fabricated in a polyethylene
terephthalate (PET, 12 uym thick) membrane containing a
single ion track in the center using the well-developed track-
etching technique.”’ The large opening (base) was about 480
nm in size, as observed by scanning electron microscopy
(SEM, see Figure S1), while the tip was calculated to be 29 nm
in size using an electrochemical method.**** The K* transport
properties of the label-free nanochannel in response to H,S
were evaluated by measuring current—voltage (I—V) curves in
phosphate buffered saline (PBS, pH 7.38). As shown in Figure
23, in the presence of BSA (0.25 mg/mL) or BSA/AP solution,
the I-V curves of the bare nanochannel showed an obviously
rectified ionic current because of the deprotonation of carboxyl
groups on the nanochannel surface under neutral conditions,
which can preferentially transport K* from the tip entrance to
the base side of the channel (ON state). When H,S was added
into this system, only the nanochannel exposed to BSA/AP
solution showed a significant decrease in ionic current at =2 'V,
indicating that K transport through the nanochannel was
inhibited (OFF state). Moreover, we also investigated the
gating efficiency of this nanodevice regulated by H,S. H,S
influenced K* transport through the nanochannel in terms of a
gating ratio, defined as R, = (I — 1,)/1,, where I, and I are the
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currents measured at —2 V before and after treatment with
H,S. As shown in Figure 2b, in the presence of H,S, the gating
ratio of the nanochannel exposed to BSA/AP solution was
significantly higher than that of the control groups. These
results were attributed to the azide group of AP in the solution
being specifically reduced to an amine by H,S, with the
positive charge of the DP amino group interacting with BSA
and leading to decreased stability and electrostatic repulsion of
BSA. The resulting formation of BSA agglomerates inhibited
K" transport through the nanochannel by decreasing both the
channel size and the positive charge of the channel surface
(Figure 2c). The specific reduction of the azide group of AP by
H,S in the solution was also confirmed by IR spectroscopy
(see Figure S2). To verify that H,S induced the change in BSA
charge, we also measured the zeta potential of the PET
membrane. At neutral pH values, the zeta potential of the
mixture of BSA and AP was about —6.15 mV. When H,S was
added into the solution, the zeta potential increased to +1.94
mV (see Figure S3). SEM images confirmed that many
agglomerates appeared in azide/BSA solution after adding H,S
(see Figure S4). Finally, H,S-induced aggregation of BSA/AP
in the nanochannel was tracked by laser scanning confocal
microscopy (LSCM). As shown in Figure 2d, a strong
fluorescence signal appeared before H,S addition. However,
H,S reducing the azide led to fluorescein isothiocyanate
(FITC) labeled-BSA aggregation, resulting in a dramatic
decrease in fluorescence signal.*®

To verify the high selectivity of the H,S-responsive
nanochannel biosensor, the nanochannel exposed to BSA/AP
solution was tested with different substrates (0.1 mM) for 1
min. As shown in Figure 3a, the ion current at —2.0 V
drastically decreased from —13.8 to —8.6 nA in the presence of
H,S. In contrast, the ion current was nearly constant in the
presence of the other tested substrates, which indicated that
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Figure 3. (a) I-V curves and current change ratios measured at —2 V
of the single nanochannel biosensor with the addition of 0.25 mg/mL
BSA and 5 X 1075 M AP mixture with 107* M F~, CI~, Br~, I", OAC",
NO,~, HCO;~, HSO;™, SO,*7, ClO,, and citrate respectively. (b)
Stability and responsive switch ability of the H,S-driven ion gate. (c)
Photographs of the water droplet shape on the PET films in the
absence and presence of H,S.

the nanochannel biosensor showed high selectivity and
specificity for H,S in the presence of BSA/AP solution. This
was attributed to only H,S specifically reducing the azide
group of AP to an amine that can interact with the carboxyl
groups (—COO~) of BSA and change the BSA charge,
resulting in BSA aggregation. Moreover, the R; of H,S (~0.38)
was much higher than those of the other substrates, further
confirming the high selectivity for H,S attack (Figure 3a). The
ion transport properties of this biosensor were also investigated
using current measurements at different H,S concentrations.
The ion current and rectification ratio dramatically decreased
with increasing H,S concentration from 0.3 M to 1 mM (see
Figure SS).

Tunable switching of this ion-gated nanochannel was
evaluated by testing the current change with the addition of
H,S in the presence of BSA/AP. As shown in Figure 3b, in the
presence of H,S, the nanochannel surface was hydrophilic and
positively charged, which led to a low ion current and high
resistance. Under these conditions, the gate was in the OFF
state for K* selective transport. After regulating the pH to 10,
the current at —2 V markedly increased to —13.8 nA owing to
DP being removed from the BSA/DP complexes. Besides, the
electrostatic repulsion between BSA and channel surface and
between BSA agglomerates in solution was also decomposed.
Therefore, the nanochannel biosensor changed to negatively

charged and hydrophobic, and the gate showed the ON state

6152

for K" transport. After the process was repeated five times, no
damping of the ion current was observed, indicating that this
strategy guaranteed the H,S-responsive nanochannel biosensor
with excellent switch ability and stable reversibility. To further
verify the progress of the H,S-responsive biosensor, the
wettability of the nanochannels before and after H,S addition
was characterized using contact angle (CA) measurements. As
shown in Figure 3c, the wettability of the surface of the
nanochannels exposed in BSA/AP led to a marked change
before (67.6 + 1.3°) and after (40.7 + 2.5°) adding H,S,
corresponding to a change in the chemical composition. On
the basis of this promising result, this H,S-responsive
nanochannel biosensor was further applied to complex
matrices. With the addition of HS™ and interfering substances
(F-, CI7, Br—, 17, OAc™, NO,~, HCO;~, HSO, ™, SO,*, ClO,~,
and citrate) at 10™* M in a solution mixture of BSA/AP in 0.1
M PBS (prepared using Yangtze River water) at pH 7.38, H,S
detection still occurred with high selectivity in the real sample
(Figure 4a). As shown in Figure 4b, the H,S dissolved in 0.1 M
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Figure 4. (a) I-V curves and current change ratios measured at —2 V
of the single nanochannel with the addition of 0.25 mg/mL BSA/S X
105 M AP, which prepare with actual samples mixture with 107 M
F-, CI°, Br-, I, OAC™, NO,~, HCO;", HSO;", $O,27, ClO,~, and
citrate, respectively. (b) Effect of increasing concentrations of H,S on
the I-V curves and rectification ratios of the label-free single
nanochannel in 0.1 mol/L PBS (pH 7.38) with the addition of 5 X
1077=7.5 x 10~* mol/L H,S (prepare by actual samples).

PBS, which was prepared using Yangtze River water, with the
increase in concentration from 1 #M to 1 mM, has obviously
changed the ion current and the rectification ratio.

Inspired by the above results, we attempted to elucidate a
possible mechanism for H,S-regulated K* transport in the
presence of BSA/AP. First, the individual translocation events
for BSA in the nanochannel were monitored using chem-clamp
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Figure S. Time dependence of current change during BSA transport in the nanochannel (a) in the absence of H,S and (b) in the presence of H,S.
(c) The histogram of event counts for BSA transport in the nanochannel over 10 s. Numerical simulation of the nanochannel with varied surface
charge: concentration profile of the ion distributions in the nanochannel at +2 V and —2 V: (d) before adding H,S and after adding H,S.

technology. As shown in Figure Sa, the ionic current showed
an obvious resistive-pulse signature owing to the free state of
BSA molecules in the absence of H,S. However, adding H,S to
the nanochannel generated bits of transient current-block
events, which were attributed to the formation of BSA
agglomerates (Figure Sb). Moreover, this result could be
quantified from event counts over a period of time. Notably,
the BSA translocation event rates in the absence of H,S yielded
a frequency of 1.3 events/s, while a frequency of 0.2 events/s
was obtained after adding H,S, which indicated that BSA
aggregation efficiently reduced the size of the nanochannel and
inhibited K* transport (Figure Sc). Moreover, the result shows
a reversible and highly robust “OFF” and “ON” switching for
K" transport based on controlling the BSA aggregation. Finally,
finite-element computations based on Poisson and Nernst—
Planck (PNP) equations were performed to give theoretical
calculation results using COMSOL Multiphysics 5.3."
5d showed the concentration profile obtained from the

Figure

numerical simulation for a 2D configuration. It is obvious
that rather larger concentration than bulk solution appeared at
the negatively charged channel, as K* enrichment; conversely,
K* depletion occurred in positively charged channel. The K*
enrichment resulting from EDL overlap at tip side and,
additionally, the forward concentration gradient due to the K*
enrichment generated higher ionic conductance, as well as a
high ion current. Therefore, the H,S leads to polarity
conversion of surface charge, as switching the gate from ON
to OFF.
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B CONCLUSIONS

In summary, a biomimetic H,S-responsive nanodevice was
successfully developed based on an azide reduction reaction
controlled BSA aggregation with excellent gating and rectifying
properties. This system shows a highly selective response to
H,S, even in complex matrices. Furthermore, this H,S-
responsive biosensor system exhibits excellent reversibility
and stability and a fast response rate. These promising results
will open a new avenue for better understanding of the
synergistic effect of H,S messengers in ion channels of living
organisms and allow its applications in H,S biosensors and
detection.
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