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ABSTRACT: Hydrogen sulfide (H,S), as the third gasotransmitter, has an important
impact on physiological and pathological activities. Herein, we fabricated an artificial 5P
nanochannel with a conductance value of 2.01 nS via a supramolecular coordination @]
strategy. Benefiting from the unique H,S-mediated covalent reaction, the nanochannel
biosensor could change from ON to OFF states with the addition of H,S. Furthermore,
this nanochannel directed the ion transport, showing a high rectification ratio as well as
gating ratio. Subsequently, theoretical simulations were conducted to help to reveal the
possible mechanism of the functionalized nanochannel. This study can provide insights
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for better understanding the process of H,S-regulated biological channels and fabricating

gas gated nanofluids.

In response to endogenous stimuli, ion channels within
membranes exhibit special transportation properties and
therefore affect cell behaviors.' > With inspiration from the
abundant natural ion channels in biological systems, artificial
intelligent nanochannels have attracted tremendous research
attention in recent years." ® Extensive research efforts have
been announced toward the exploitation of novel stimuli to
regulate the valves of channels.””*° To this end, the interfaces
or internal walls of channels are decorated using different
functional molecules to realize a specific response to
environmental stimulation including pH,'"'> temperature,"*"*
light,">'® and specific ions.'”'® For example, Zhou and co-
workers coated the anodized aluminum (AAO) with
mesoporous carbon-silica (MCS) through an interfacial
super-assembly strategy to construct a two-component MCS/
AAO composite membrane, which exhibited enhanced
permselectivity and could mediate the temperature and pH
dual-sensitive ionic transport.'” Despite the significant progress
in external-stimuli-responsive nanochannels, examples of gas-
responsive nanochannels are still rare.

Hydrogen sulfide (H,S) is a kind of important gasotrans-
mitter, which has an impact on extensive physiological and
pathological activities, such as regulating myocardial contrac-
tion, vascular tone, and nerve conduction.’’"** For example,
H,S has been found as a main regulator for calcium
homeostasis within neurons, which activates Ca>* to enter L-
type Ca** channels, thus displaying neuronal activity. It also
acts as an inhibitor of L-type calcium channels in
cardiomyocytes to regulate cardiovascular functions.”” Re-
cently, H,S has been documented to be capable of activating
theATP-sensitive K* (KATP) channels in vascular smooth
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muscle cells, promoting vasodilation.”* To comprehend the
mechanism of H,S in physiological systems, recently,
researchers were devoted to constructing H,S-responsive
nanochannel biosensors.”*® Li and co-workers fabricated an
artificial nanochannel biosensor with an outstanding H,S
response on the basis of an azide reduction reaction strategy.”’
Upon treatment with H,S, the azido group immobilized on the
nanochannel surface was reduced to an ammonium group,
which then caused the aggregation of negative bovine serum
albumin to inhibit K* transportation. Similar, fluorescent
naphthalic anhydride azide was covalently located onto
nanochannel arrays, to construct an H,S-regulated system
with a current signal and fluorescence response.”” Despite the
advancements, some problems remain to be solved. For
instance, most of the reported responsive nanochannels are
either according to the noncovalent interaction that may be
sensitive to subtle interference’ or based on step-by step
covalent binding that needs a challenging synthesis.”’””
Therefore, there is an urgent need to develop a simple, robust
strategy to create artificial nanochannels to respond to H,S.
Herein, we report a supramolecular coordination strategy to
prepare an artificial H,S-responsive nanochannel, and the H,S-
mediated covalent reaction was introduced to improve the
specificity and stability toward H,S (Figure 1). The 7-nitro-
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Figure 1. Schematic representation of modification process of an
artificial nanochannel for the H,S response based on a supramolecular
coordination strategy. The system switched between ON and OFF
states tuned by H,S.

1,2,3-benzoxadiazole (NBD) amine was immobilized on the
internal walls of nanochannels via a coordination strategy to
construct an artificial ion gate.””*> In the presence of H,S, H4
suffered from thiolysis, causing the reversion of surface charges
from negative to positive to hinder ion transportation. Notably,
the preparation of an H,S-responsive nanochannel is simple
without covalent modification and exhibits a good response,
suggesting the efficiency for potential applications such as H,S
detection and modeling the H,S-mediated biological channels.

Originating from the reactivity and selectivity toward H,S,
NBD amine 4-nitro-7-(4-pyridin-4-ylpiperazin-1-yl)-2,1,3-ben-
zoxadiazole) (named H4) was introduced (Figure S1). 'H
NMR spectroscopy was used to characterize H4 (Figure S2).
To investigate the H,S-mediated response of a channel
modified with H4, we first recorded the UV—vis absorption
spectrum of piperidyl-based H4 with addition of micromolar
H,S. H4 solution showed an evident peak at 492 nm, in
accordance with the absorbance of the NBD group (Figure
S$3). With the addition of H,S (using Na,S as an equivalent),
the maximum absorption of solution exhibited a time-
dependent redshift from 490 to 540 nm, which was ascribed
to the generation of NBD-SH (Figure $4).%° We further
detected the UV absorption change of the H4 molecule in PBS
buffer (pH 7.4, containing 2% DMSO, v/v) treated H,S with
different concentrations. Apparently, the increasing rate of
absorbance at 540 nm was proportional to the concentration of
H,S (Figure SS). Meanwhile, we observed the fluorescence
signal change of H4 solution after its incubation with 250 M
H,S (Figure S6). The fluorescence of solution exhibited a
downward trend, resulting from the generation of non-
fluorescent 4-thiol-7-nitro-benzofurazan NBD-SH. Similarly,
the higher concentration of H,S, the faster the fluorescence
signal declined (Figure S7).
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According to an established method, we prepared a single
conical artificial channel with a significant H,S response using
polyethylene terephthalate film®” (Figure S8). As shown in the
scanning electron microscopy (SEM, see Figure S9) image, the
diameter of large opening was approximately 1290 nm, and the
size of the tip was estimated by an electrochemical method to
be 26.5 nm after asymmetrical etching. According to the zeta
potential of the bare nanochannel, the bare nanochannel
showed negative charge at different pHs (Figure S10).
Notably, negative charges were attributed to carboxylate
groups on the inner wall of the nanochannel, which could
capture metal ligands by supramolecular coordination-driven
self-assembly. As a consequence, the 180° Pt(II) ligand was
selected as a bridge to immobilize H4 on the internal walls of
nanochannels via a coordination strategy (Figure 2a).*® The
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Figure 2. (a) Schematic representation for the fabrication of the
functionalized H4 channel. (b) XPS spectra for the nanochannels
before and after modification. (c) CA change of the different
nanochannels. (d) I-V curves for the different channels in 0.1 M KCL
(e) ON state of the H4 channel for K* transport.

corresponding modification process can be confirmed via X-ray
photoelectron spectroscopy (XPS) measurements. We found
that only C 1s and O 1s signals were detected for bare channels
(Figure 2b). In contrast, a new Pt4f and N1s peak appeared for
the H4 channel, originating from the introduction of the Pt(II)
ligand and H4 molecule. In addition, these modifications can
be confirmed by the contact angle (CA) (Figure 2c). The
chemical composition of nanochannels after modification
displayed an evident change, leading to the varied wettability
of the surface significantly from 81.8° to 65.8°, further to 62.4°.

In parallel, the K* transport property of the functionalized
nanochannel was evaluated via the current—voltage (I-V)
curves using a 0.1 M KCI electrolyte, and the I-V curves
corresponding to different modification steps varied obviously
(Figure 2d). Prior to the H4 modification, cation ions tended
to transfer from the tip to the large opening via the rocking
ratchet mechanism, which may be related to the deprotonation
of the carboxyl group under neutral conditions. Meanwhile,
under negative bias, the ionic current of this system increased
rapidly due to the decrease of resistance. After the Pt(II) ligand
immobilization on the nanochannels, the ionic current at —2 V
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declined from —8.57 to —1.83 nA, which is due to a close-to-
neutral surface. After the subsequent introduction of the H4
molecular unit, the ion current increased remarkably to —13.3
nA (ON state, Figure 2e), which was ascribed to the significant
increase of charge density as well as hydrophilicity.
Subsequently, we explored the response to H,S of the
nanochannels before and after modification. The K* transport
property of the nanochannel was characterized using I-V
measurements. Upon treatment with H,S, the ion current of
the bare nanochannel showed no apparent variation (Figure
3a), while the ion current at —2 V decreased distinctly for the
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Figure 3. (a, b) I-V curves of the nanochannels toward H,S stimuli.
(c) CA change for the H4 nanochannel after incubation with H,S. (d)
Ton conductance of the bare and H4 channels before and after adding
H,S at —2 V.

H4 nanochannel (Figure 3b). The different ion current outputs
for the modified nanochannel was attributed to the covalent
reaction between the H4 molecule and H,S, accompanied by
the decrease of negative charge that led to the decreased
surface charge density and increased hydrophobicity (Figure
3c). In the presence of H,S, the H4 channel exhibited a low
ion current and high resistance; namely, the gate exhibited the
OFF state, impeding the transport of K'. Furthermore, the
conductance values (G) at —2 V for bare nanochannel, H4
nanochannel, bare nanochannel/H,S, and H4 nanochannel/
H,S can be calculated as 4.28 nS, 6.65 nS, 3.97 nS, and 2.01 nS
(Figure 3d), respectively, which further indicated the change of
ion current.

The nanochannels showed evident ion current rectification
due to the pore size asymmetries from the tip to base direction.
The ion current rectification ratio is generally defined as |
I_,l/IL,, |, where II_, I and II,, | are the absolute values of
ion currents at a given voltage —2 V and +2 V, accordingly. As
shown in Figure Figure 4a, after treating with H,S, the ion
current rectification ratio of the H4 channel varied from 13.2
to 6.9. Inspired by protein ion channels in the biological
system, we found that the gating ratio of the artificial smart
nanochannel could be remarkably enhanced by H,S. To some
degree, the gating ratio could reflect the effect of H,S for K*
transport within the nanochannels, which is calculated by (I—
I,)/1,, where I, and I are the currents values at —2 V before
and after addition of H,S. The gating ratio was 0.7 for the
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Figure 4. (a) H,S-driven ionic current rectification. (b) H,S-driven
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nanochannel after the modification (ON state), which was
much higher than the value of 0.08 for the bare nanochannel
(Figure 4b). Meanwhile, increasing the concentration of H,S,
the ion current at —2 V decreased accompanied by a smaller
rectification ratio (Figures S12 and 13). The phenomenon can
be attributed to the fact that more H,S molecules reacted with
H4, which therefore led to the decrease of surface charge. To
evaluate the time-dependent H,S response of the nanochannel,
we recorded the current change at different reaction times. The
ion current gradually varied along with the increase in reaction
time, showing the continuous reaction between the H4
molecule and H,S with the increase of time (Figure S14).
The ion current nearly no longer changed with the time up to
180 min, due to the reaction between the H4 molecule and
H,S approaching saturation.

To confirm the selectivity of the H4-modified functionalized
nanochannel for H,S, we treated the nanochannel with
different substrates. The ionic current value at —2 V varied
from —15.42 nA to —3.54 nA after adding H,S (Figure S15).
In contrast, the ion current shows little change with the
addition of other substrates, which confirmed the high
selectivity for H,S of the H4 nanochannel. Moreover, the
gating ratio of H,S was remarkably higher than the values of
other substrates, further indicating the selectivity of the H4
nanochannel for H,S.

To probe the mechanism of the H,S-regulated nanochannel
biosensor switching between ON and OFF states, we
quantitatively elucidated the characteristics of H,S-activated
nanochannels using theoretical simulations. The electro-
osmotic flow (EOF) experiment was carried out to investigate
the discrepancy in the charge density re§ulated by H,S. Based
on the Helmholtz-Smolucwski equation,” 749 \ve found that the
surface charge of the nanochannel before reacting with H,S
was negative (charge density —0.025 e nm™2), but the latter
channel was positively charged with a charge density of 0.009 e
nm~? (Figure Sa). In addition, we used zeta potential to
confirm the change in surface charge of the H4 nanochannel
toward H,S stimuli (Figure S16). We found that the value of
the zeta potential changed from negative to positive after
adding H,S, which is consistent with our theoretical simulation
results.

The results indicated that H,S could bind with the H4
molecule, resulting in the reversal of the negative surface
charge. In addition, we employed COMSOL Multiphysics 5.5
to complete the finite element calculation on the basis of
Poisson and Nernst—Planck (PNP) equations to explain the
behavior of the functional nanochannels toward H,S"" based
on the nanochannel model (Figure S17). The concentration
distribution of two nanochannels at —2 V was shown in Figure
Sb. Obviously, in the negatively charged nanochannel, the
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concentration of K" was much higher than that of the bulk
solution. In contrast, K" depletion could be observed in the
positively charged nanochannel. The K* enrichment in the
negatively charged nanochannel was ascribed to the overlapped
electric double layer (EDL) at the tip side, which further
generated the concentration gradient, leading to the higher ion
conductance and ionic current. These results can demonstrate
the reversal ion gating mechanism of the H,S-responsive
nanochannel, which is attributed to surface charge regulation.

In conclusion, we successfully prepared an artificial H,S-
responsive biosensor. Relying on a supramolecular coordina-
tion strategy, the fabrication was simple with no need for
covalent modification. Specifically, this nanochannel showed
good H,S-regulated gating and rectification performance,
resulting from the unique thiolysis of H,S-mediated H4.
These experimental results will open up new ways to better
understand the synergistic effects of H,S messenger molecules
in biological ion channels and further apply them in the fields
of H,S biosensors and detection.
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