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Abstract: Inspired by biological channels, the electric signal-based artificial nanochannel system
exhibits high sensitivity in various analyses. However, ion current may be affected by many other
factors, leading to false-positive signals. For reliable detection, in this work, we apply a facile
strategy to combine both current signal and fluorescence. Fluorescent probes were conjugated to the
nanochannel surface by covalent bonds. By utilizing the specific reduction of azide groups in the
probe to amino groups by Hj3S, a synchronizing change in fluorescence and nanochannel surface
charge was established. As a result, both transmembrane ion current and fluorescence intensity
showed significant changes. The photoelectric double-checked locking from temporal and spatial
variation validly confirmed the response process and protected detection accuracy. The work may
provide new ideas for the development of more sophisticated current and fluorescence dual-index
nanochannel systems.

Keywords: biomimetic nanochannels; current; fluorescence; dual-signal sensing; H,S

1. Introduction

Ion channels in a biomembrane depend on electrical signal transduction to adjust
and change cell behavior in response to external stimuli [1,2]. Inspired by biological chan-
nels, artificial nanochannel sensors were developed by monitoring transmembrane ionic
current [3-13]. Extensive research efforts have been directed towards the promotion of
detection sensitivity for certain targets by laborious regulation of the orifice for the tip
region [14-17]. For example, Xia et al. utilized the small aperture in the barrier layer of
a nanochannel-ion channel hybrid to achieve ultrasensitive detection of thrombin pro-
tein [14]. Furthermore, Xu and coworkers embedded ultra-small nanopipette into living
cells, showing the capability for electrochemical monitoring of redox metabolism [17].
Although these existing nanochannels have achieved high recognition ability for specific
targets, most sensors only consider individual temporal features from current signals.
During the detection process, these electrical signals are vulnerable to be disturbed by
channel blockage and damage, leading to false-positive signals and influencing detection
accuracy [18,19]. In comparison, if a fluorescence response can be synchronously imple-
mented along with the current signal, the detection confidence levels would be highly
improved, as it achieves complementarity, among other spatial-temporal features. There-
fore, constructing nanochannels with synchronized fluorescence and current responses
is a valuable strategy to increase specific target detection accuracy. Importantly, how to
design both these paralleled signal responses within the nanochannels also makes target
recognition challenging.

Hydrogen sulfide (H;S), a biphasic biological mediator in mammals, can drive several
types of biological responses—mainly regulatory, stimulatory, and cell-protective—when
it is under a physiological concentration [20-27]. Since endogenous H,S functions as an
active modulator, it is easy to be cleared once it is bound to the active sites [28]. Thus,
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considering its physiological functions and lability properties in vivo, it is necessary to
construct a sensitive H,S sensor to better understand its biological mechanisms. However,
the physiological functions in mammalians are complicated; they are not only regulated
by endogenous H,S [29]. Therefore, designing artificial analytical tools specific to HyS
is an alternative mode, typically such as colorimetry, chromatography, and metal sulfide
precipitation [30-32]. Although H;S concentrations in plasma and homogenate tissue have
been successfully measured, these methods require cumbersome sample pretreatment, and
the specificity and sensitivity to H,S are poor [30-33]. Differently, another fluorescence
detection method not only achieves high sensitivity and specificity, but also has the advan-
tages of spatial visualization and in-situ H,S monitoring in living cells [34,35]. However,
unfortunately, most of the fluorescent probes are limited in terms of poor water solubility
and susceptibility to temperature and pH interference [36]. In recent years, the biomimetic
nanochannel sensor has aroused increasing attention from researchers due to its unique
confinement effect and capacity to be integrated into electrochemical devices [37-40]. For
example, taking advantage of the formation of CuS precipitation in the presence of bovine
serum albumin as a biological mineralizer, Song et al. successfully developed an ionic
gate in TiO, nanochannel for H,S sensing [39]. Sun et al. applied the BSA aggregation
within the channel induced by specific azide reduction by H5S, to construct an H;S anal-
ysis system [38]. Based on transmembrane current signal change caused by the decrease
in effective pore size of nanochannels, these nano detectors are all capable of reaching
the detection limit of nM for H,S. However, the indirect detection mode went through
complicated and prolonged activities, which may affect the validity of the current signal.

Herein, we propose a dual-lock nanochannel sensor targeting H,S with high accuracy
by simple reduction of azide groups. The device fuses the spatial stream (fluorescence)
and temporal stream (ionic current) in a unified nanochannel platform evoked by specific
stimulation. Scheme 1 presents the direct designing experiments paradigm for H,S iden-
tification to expose its spatial-temporal response activities. In this work, the responsive
fluorescent probes naphthalic anhydride azide (NAA) were covalently immobilized onto
hourglass-shaped nanochannel arrays with tip junctions. Taking advantage of the spe-
cific reduction of azido groups by HjS to amine groups, NAA can be readily reduced to
naphthalic anhydride amine. In this case, the inner surface charge of the nanochannel is
changed from neutral to positive and fluorophores in probes modified on nanochannels
are activated to emit green fluorescence. As a result, these transmembrane ionic current
and fluorescence variations output as the temporal and spatial information collaboratively
elaborate the response process within the nano spaces. This photoelectric signal synergy
can effectively prevent false negative and positive results, and significantly increase the
accuracy and reliability of the detection of the nanochannel sensor. Besides, benefiting from
the confined effect of tip junction, the nanochannel system can show nM-scale detection
sensitivity. Accordingly, these simple tactical decisions of photoelectric dual-insurance
monitoring can inspire more start-up nanosensor development.
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Scheme 1. Schematic of current and fluorescence dual-lock in the detection of H,S based on naphthalic anhydride azide

(NAA)-modified hourglass-shaped alumina nanochannels. Upon the explosion of H,S, the azido groups would be reduced

into the amino groups, which could trigger surface charges’ transformation from neutral to positive charges and fluorescence

enhancement from weak to strong.

2. Materials and Methods
2.1. Preparation of Hourglass-Shaped Alumina Nanochannels

100-um-thick hourglass-shaped alumina nanochannel membrane was successfully
built by two-step anodizing combined with an in-situ pore-opening procedure [41,42].
Firstly, a 100 pm-thick aluminum sheet (99.999% purity) was sequentially cleaned by
ultrasound in acetone, absolute ethanol, and MilliQ water (18.2 MQ)) for 15 min. Then,
electrochemical polishing is performed in a mixed solution of perchloric acid and ethanol
(1:4 in volume ratio) at 5 °C under voltage of 17 V for 3 min. Next, the first anodizing
reaction is carried out in a 0.3 M oxalic acid solution at 5 °C under anodizing voltage of
50 V. This oxidation takes about an hour on each side. Thereinto, Al foil serves as the
anode, while the graphite plate serves as the cathode. In this way, a porous aluminum
oxide layer with less thickness is grown on both sides of the aluminum sheet, but it was
out of order. Thus, the resulted sample membrane needed to be immersed in a mixture of
6 wt% phosphoric acid and 3.5 wt% chromium trioxide at 90 °C to remove the oxidation
layer, and each side was etched for an hour. As a result, the hemispherical concaves are left
on both sides of the aluminum surface, which will be conductive to the orderly growth
of porous layers during the second oxidation. The conditions of the second anodization
are the same as those of the first. In this process, the Al,O3 nanoarrays on both sides grow
simultaneously until two-side barrier layers counter at the middle position. At this point,
the anodizing current goes to zero, which indicated that the entire aluminum substrate is
oxidized to alumina. Finally, the resulted porous alumina membrane was still immersed
in the oxalic acid electrolyte for 30 min to ream in situ. The middle barrier layer was
punched through to form the small tip junction, while the two sides of the nanoarrays have
large pore ends. Thus, a porous hourglass-shaped alumina nanochannel membrane was
successfully built. The resulted nanochannels exhibited symmetrical geometry with a small
tip junction and large pore ends at the two sides. Its detail morphology was characterized
by scanning electron microscopy (SEM).

2.2. Synthesis of the Probe Naphthalic Anhydride-Azide

The probe of the naphthalic anhydride-azide conjugate was facilely synthesized using
a two-step substitution reaction route according to the reported method [43,44]. The
structure of the title compound was verified by hydrogen-nuclear magnetic resonance
("H NMR), mass spectrum (MS), and infrared spectrum (IR spectra).
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2.3. Construction of Functionalized Nanochannels

Firstly, nanochannels were aminated with (3-Aminopropyl) triethoxysilane (APTES).
The alumina membrane was boiled with hydrogen peroxide for an hour to activate the
hydroxyl groups on the surface of the channel. Taking advantage of the coupling properties
of amino silane for inorganic materials and organic components, the membrane was
immersed in 16% APTES for an hour to aminate the inner wall of the channels.

Secondly, carboxyl groups of probes were activated by a conjugate with N-hydroxysu-
ccinimide (NHS) to yield NHS-protected intermediate. During this process, a certain
amount of naphthalic anhydride-azide probes were first dissolved in a mixture of DMSO
and absolute alcohol at 1:9 in volume ratio. Then the given 1-Ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC) and NHS were added into the mixed solution and stirred for an hour
to produce amine-reactive ester molecules.

Thirdly, probes were immobilized onto APTES-modified nanochannel surface through
covalent bonds. Having achieved the above two steps of pretreatment, the APTES-modified
nanochannel membrane (step 1) was soaked into a solution containing amine-reactive ester
probes (step 2) over a designed period. As a result, the intermediates were covalently
condensed onto the pore surface through the formation of a stable amide linkage. Finally,
the entire membrane was ultrasonically cleaned three times in an ethanol solution to
remove the free probes and other impurities by physical adsorption.

2.4. Response of Functionalized Nanochannels to H»S

The response of the nanochannel system to the analytes is carried out by immersing
the functionalized membrane directly into the analyte solution at a specific concentration
for a designed period. The chemical reaction of the nanochannel sensorial platform is a
specific reduction of the 4-position azide group (-N3) on 1,8-naphthalic anhydride to an
amino group (-NH;) by H;S. The simplified equation is shown as: -N3 + H,S = -NHo,
achieving the successful transformation from azide groups to amino groups.

2.5. Analysis and Characterization
2.5.1. Ionic Current Measurement

The electric signal was characterized by monitoring the ionic current across the
nanochannel membrane. It, in the form of a current-voltage (I-V) curve, is recorded
in a Keithley 6487 picoammeter (Keithley Instruments, Cleveland, OH, USA). A func-
tionalized nanochannel was fixed between two half-cells with 1 mM potassium chloride
(KCl) aqueous as electrolyte solutions in each electrochemical reservoir. Moreover, two
Ag/AgCl electrodes connected with a Keithley 6487 picoammeter were settled in half-cells,
respectively. Then the picoammeter as a source of voltage will apply a transmembrane
potential to induce the ionic transportation, and the voltage was stepped between +2 V to
—2 V with 100 mV steps and 0.5 s time delay.

2.5.2. Fluorescence Properties Measurement

Fluorescence spectra and fluorescence imaging were collected on HORIBA FluoroLog-
3 Modular Spectrofluorometer (Horiba Instruments, Acal BFi Nederland) and Carl Zeiss
LSM710 confocal microscope (Carl Zeiss Pty Ltd., Sydney, Australia), respectively.

2.5.3. Characterization

The surface and cross-section morphologies of the hourglass-shaped alumina nanochan-
nels were observed by environmental scanning electron microscope (SEM, FEI Quanta FEG
250). 'H NMR, MS, and IR spectra were adopted to determine the probes’ structure. UV~
Vis absorption spectra were performed using a Shimadzu UV-1800 UV /Visible scanning
spectrophotometer (Shimadzu, Kyoto, Japan). During the entire modification and response
process, X-ray photoelectron spectroscopy (XPS) and contact angle (CA) measurement were
employed to analyze the elementary composition and water wettability on the nanochannel
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surface by an ESCALAB 250Xi XPS (Thermo Fisher Scientific, Waltham, MA, USA) and an
OCA40 contact-angle system (DataPhyscics, Filderstadt, Germany), respectively.

3. Results and Discussions
3.1. Construction and Modification of the Artificial Nanochannels

The hourglass-shaped Al,O3; nanochannels were successfully built by two-sided
anodic oxidation combined with in-situ pore-opening treatment [41]. This channel shows a
symmetrical geometry as a whole with an opening pore at both ends and a small pore at the
center. As investigated by scanning electron microscopy (SEM) in Figure S1, the thickness
of the alumina membrane is about 100 um. And at its center, there is a thin dividing line
(Figure Sla,b). From the corresponding magnified image, a tiny tip junction that joins two
ends of the nanochannel was observed. Comparing with the tip, the pore diameters at
both top and bottom sides of as-prepared hourglass-shaped alumina nanochannels were
estimated to be about 30 nm (Figure Slc,d). Therefore, this tip junction plays a critical role
in the confining behavior of nanochannels.

Anodized channels on aluminum substrates possess abundant hydroxyl groups. Con-
sidering that our goal was to covalently immobilize the recognition probes on the chan-
nel wall, the Al,O3 membrane was firstly treated with (3-Aminopropyl) triethoxysilane
(APTES) to produce an amine surface, aiming to covalently immobilize the recognition
probes on the channel wall (Figure 1a) [42]. During the covalent immobilization, these
terminal groups will further react with the carboxylic group in fluorescent probes. As
shown in Figure 1b, the pure Al,O3 membrane exhibited strong hydrophilicity at a CA of
43.4°. APTES crosslinks sharply reduced the water wettability of the membrane, showing
that the CA increased to 84.2°. Such change will temporarily inhibit ion transport behavior
across the membrane to a certain extent, which is directly manifested on an ionic current
reduction shown in the current voltage (I-V) curve (Figure 1c). We can see from this XPS
spectrum of silicon element in inset that, as expected, compared to the alumina membrane,
a new Si2p peak at about 101.7 eV belonging to APTES appeared after achieving APTES
modification [42]. In order to further intuitively prove the successful grafting of APTES,
FITC was used as a fluorescent marker to react with the terminal amino groups, which
caused the membrane to turn yellow and emitted green fluorescence by laser-scanning
confocal microscopy (LSCM) imaging (Figure 1d) [42].

(a) —OH —O\ (c) = ALO
: A . 273
o CoH A —o> si”M\NHz 1. apmes
(b)Al203 ............ i S = 3
: T 0-
5
'''''''''''' o
i(d) APTES+FITC 1
: 100 pm

2 4 0 1 2
Voltage (V)

Figure 1. (a) Schematic diagram of the modification of alumina nanochannels with APTES. The
characteristic for successful modification of APTES by (b) CA measurement, (c) -V curve (the inset
is XPS spectrum in the Si2p core level region), and (d) laser scanning confocal microscope (LSCM)
imaging. The diagram in the middle shows the cross-section of a typical single channel in the alumina
membrane.

Meanwhile, we elaborately designed a multifunctional naphthalic anhydride-azide
(NAA) fluorescent probe by a simple two-step substitution reaction (Figure S2) [43,44].
The 'H NMR spectrum (Figure S3), MS (Figure S4), and IR spectrum (Figure S5) prove
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the successful substitution of a carboxyl group and azido group on the opposite side of
naphthalic anhydride. The resulted NAA probe is fused with a fluorophore chromophore
(naphthalic anhydride) carrying two available groups (carboxyl and azido groups) on
either side. Thereinto, an azido group at the 4-position of naphthalic anhydride acts as
a recognition element that specifically responds to H,S. Because the azide group can be
effectively reduced to an amino group by Hj,S, the intramolecular charge transfer (ICT)
was restored and thus a green fluorescence is produced [45]. As shown in Figure S6a, a
visualized color change of probe solution from light green to yellow can be observed in the
absence and presence of H,S. Upon exposure to UV radiation, the strong green fluorescence
was readily apparent after the addition of aqueous NaHS as the H;S source (Figure S6b).
In addition, UV-Vis absorption spectra (Figure S6¢) and fluorescence spectra (Figure S6d)
of the probe solution further showed a good response capacity. The intensity of absorption
and fluorescence increased markedly with than without H,S.

In addition to the azide group as a recognition site, this probe also carries another
functional carboxyl group on the opposite side. It, as a covalent anchoring site, was able to
steadily attach onto the amine channel surface through amido linkage with the activation
of EDC/NHS (Figure S7a) [42,46]. Moreover, the ionic transduction is also sensitive to the
modification state due to the confinement effect of the tip junction. Thus, these factors
such as coupling agent concentration, probe concentration, and modification time were
also explored to reach the most appropriate modification state. As shown in Figure S7b—d,
the content of the coupling agent has little effect on the ion transport behavior, but both
the probe concentration and modification time have strong impacts on ionic transport
and response performance. This is because a light probe concentration or a short period
of time will make the surface modification insufficient, while an excessively high probe
concentration or long time will cause the blocking of the tip interface and deterioration
of ion transport performance in the end. So, comparing the current responsive result
with different probe concentrations and modification time, here, we choose the 5 mM and
10 h as the optimum probe concentration and modification time, respectively. Once this
modification completes, all the silanized nanochannels develop to light yellow (Figure S8),
which is close to the color of the probes’ bulk solution. Importantly, the terminal azide site
will be exposed inside the nanochannel without the obstructing execution of its response
to st

3.2. The Dual Lock-in Detection Mechanism

The dual-responsive actuation sensing mechanism for synchronized spatial-temporal
monitoring is mainly studied by the variation of the signal in both ionic current and fluores-
cence intensity upon HjS stimulus. That, as a practical example, can verify the availability
of dual-signal-output in a unified nanochannel functionalized by designed fluorescent
probes. As shown in Figure 2a, the ionic current of NAA-modified nanochannels is grad-
ually increased with the addition of NaHS. This is attributed to the incremental surface
positive charges and water wettability. Upon HjS response, the terminal azido group from
the probe is converted to an amino group, which is positively charged under neutral pH
conditions (pH = 7). Then these rich protonated amino groups (-NH;*) appeared on the
inner surface of nanochannels improve the hydrophilicity of the nanochannel membrane
(Figure 2b). Meanwhile, due to the electrostatic actions within nanoscale spaces, the for-
mation of positive surface charges will cause more chloride ions to be attracted into the
channels (Figure 2c). As a result, the transmembrane ionic current rises gradually when
exposed to HyS at increasing concentrations. This indicated a gradual change in surface
chemical composition within channels from anhydride azide to anhydride amine. The pH-
dependent measurements of functionalized nanochannels before and after NaHS response
also demonstrated the successful conversion of the azide to amino groups (Figure S9).
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Figure 2. Electrical signal response on H,S of functionalized NAA-modified nanochannels. (a) I-V curves of the nanochannel

membrane upon incremental H,S concentration in 1 mM KCL. (b) The evolution for wettability of the nanochannel membrane

upon incremental HyS concentration via CA measurement. (c) The schematic diagram of the mechanism of transmembrane

current increase upon H,S exposure.

Not only that, the chemical response of probes onto channels to H,S presents regular
changes in optical properties as well. As shown in Figure 3a, the redshift of the absorption
band and the increase in absorption intensity at about 430 nm with the addition of NaHS can
be observed. This means it allows for enhanced green-yellow-light harvesting. Therefore,
by applying an excitation light source at 450 nm, the probe-modified Al,O3 nanochannels
will demonstrate a fluorescent-enhanced phenomenon at the wavelength of 521 nm upon
the stimulus of incremental H,S (Figure 3b). The fluorescence (F) at 521 nm showed a good
linear relationship with the logarithm (LogC) of H,S concentration (Figure S10), which
can be employed as the optical quantitative signal. Besides, the fluorescence information
visualization can be imaged by LSCM images. Once this functionalized nanochannel was
exposed to HjS, a strong green fluorescence could be clearly observed. And with the addi-
tion of NaHS, the fluorescence intensity was enhanced apparently (Figure 3c). In a word,
this novel nanosensor also has an efficient optical signal output for H,S responsiveness.
This, similarly, is because of the reduction of azide groups by H,S to amino. As shown in
Figure 3d, the azide group at the 4-position of NAA probe blocked the ICT process and
caused the nanochannels to be fluorescence quenched. But with the employment of H,S
stimulus, the azido group would be converted to an amino group. In this case, the ICT
from amine to naphthalic anhydride could be recovered and fluorescence is produced. Ac-
cordingly, the synchronized switch in current and fluorescence dual signals can be facilely
achieved by immobilizing designed fluorescent probe molecules into hourglass-shaped
Al,O3 nanochannels. This essentially developed a parallel temporal-spatial detection mech-
anism. Additionally, the detailed deconvoluted N1s XPS spectra also demonstrated that
H,S interacted with the azide group of NAA probes on the Al;O3 membrane successfully
(Figure 3e). In NAA channel, the N1s spectra can be fitted into a large peak at around
399.2 eV (pink dotted line) and a small peak at about 400.9 eV (green dotted line). More
specifically, the large peak corresponds to nitrogen elements on both sides of azide, while
the small peak was assigned to nitrogen element in the middle of azide as well as C-N.
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After treating with NaHS solution (100 uM), the above two peaks are transformed into a
single peak at about 399.8 eV, all belonging to C-N. The disappearance of the azide peak
clearly shows that the azide group is reduced to an amino group by H,S. Although this
nanochannel is endowed with a sensing function for H,S, no changes in its structural

morphology during modification and response process were observed (Figure S11). The
all-round results proved the response behavior is attributed to the chemical reaction of
the surface probe rather than the change in channel structure. Accordingly, with a new
combining method of photochemistry and electrochemistry, a solid-state nanochannel
sensor for HyS was successfully set up. The combination of current and fluorescence allows
for more precise and accurate quantitative monitoring of the targets.
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Figure 3. Optical responses of functionalized NAA-modified nanochannels towards H;S. (a) absorption spectra, (b) fluores-
cence spectra, and (c) LSCM images of the nanochannels upon incremental H,S concentration. The diagram on the left
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of a typical single channel with 100 pm thickness. (d) ICT mechanism of NAA probe based on

azide reduction by H;S. Green fluorescence was recovered upon H;S exposure. (e) The XPS spectra of nitrogen element of
NAA nanochannel membrane before and after H,S treatment.

3.3. Selectivity, Reaction Time, and Sensitivity of the Nanosensor

The selectivity, reaction rate, and sensitivity of the sensor are three important criteria
for sample analysis. To confirm the specific selectivity of the sensor towards H,S, the
NAA-modified nanochannels were exposed to diversified targets component at 100 uM
concentration (anions such as S042,5,032,C0O32,NO3;,NO,,Cl~,Br—,and OH ™,
reactive oxygen species such as HCIO and H,O;, as well as glucose). Obviously, comparing
to other analytes, the variation of the ionic current at —2 V only treated by H,S is the
largest ~ 5.7 uA (from —1.76 pA to —7.46 nA), as indicated in the I-V curves of Figure 4a.
In Figure 4b, the ionic current at —2 V is continuing to increase over a period of 120 min.
However, after 120 min, no increase in current was observed, which suggests that the redox
reaction caused by HS and probes has reached a saturation point. Moreover, the sensitivity
was measured by adjusting the concentrations of HS. As shown in Figure 4c, with the
continuous adding of H,S ranging from 1 pM to 10 mM, the ionic current kept on increasing.
By plotting the change in the ionic current response (Al) against the logarithm of H,S
concentration (Log C), a linear relationship is obtained in a wide range of concentrations
(from 1 pM to 1 mM). Its typical calibration curve is Al = —1.79 LogC — 2.42 with a
correlation coefficient of 0.98. Thereinto, Al (1A) is defined as the change of the ionic
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current at —2.0 V relative to the background current (cH;S = 0.0 uM). As reported, the
lowest detection limit (LOD) of the nanochannel sensor could be calculated by the formula,
LOD =3 SD/N, where SD is the standard deviation of the blank, N is the slope of the
calibration curve [9,47]. In our study, the value of SD and N are 0.0218 and 1.79, respectively.
Therefore, the LOD of the nanochannel sensor to H,S is estimated as 36.6 nM. The linear
relationship makes the nanochannel sensor promising for the quantitative determination of
HjS concentration in the nanomolar to micromole range. In addition, a linear relationship
can be established using the slope of I-V curves and the logarithm of concentration. The
LOD calculated from this line is also 36.6 nM (Figure 512).
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Figure 4. Response performance of NAA-modified nanochannels towards H;S including selectivity
from various anion or oxidizers, reaction equilibrium time, and sensitivity using I-V characteristic.
(a) I-V curves response of NAA-modified nanochannels upon the treatment of different-type targets
(H,S, S04%~, CO3%~,NO3%~, NO,»%~, S,032~, Cl~, Br—, OH~, glucose, HCIO, and H,0,.) at 100 uM
concentration. Selectivity of the nanosensor towards H;,S over other components. (b) I-V curves of
NAA-modified nanochannels upon treatment of 100 uM H,S for incremental time. The ionic current
increased as reaction time prolonged and the response system attained equilibrium status at about
120 min. (c) I-V curves response of NAA-modified nanochannels upon the treatment of incremental
levels of HyS from 1 uM to 10 mM for 120 min and (d) a linear relationship between the difference of
transmembrane ionic current before and after H,S treatment and the logarithm of concentration of
H>S. The lowest detection limit has been calculated as 36.6 nM.

4. Conclusions

In conclusion, we proposed a current and fluorescence dual lock-in detection mode,
by immobilizing fluorescent probe molecules onto biomimetic nanochannels. This plat-
form has the advantage of providing parallel spatial-temporal information to represent
the responsive process within nanochannels and thus results in an increase in detection
credibility. Combining fluorescence with current measurement functions, the sensor can
reliably eliminate false positives results. This study uses NAA-modified nanochannels for
H,S monitoring as an example to demonstrate the synchronous change of photoelectric
signals. Upon H;S stimulus, the azido groups of probes on the channel surface are reduced
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to amino groups, which can lead to an increase in both surface charge and fluorescence
intensity. This nanosystem exhibited good selectivity for H,S and sensitivity at nanomole.
We believe that the fluorescent probe-functionalized nanochannel sensor will provide a
promising approach for capturing synchronized photoelectric signals and parallel spa-
tiotemporal monitoring. The photoelectric sensors are expected to be used for reliable and
sensitive detection of various analytes.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/chemosensors9110298/s1, Figure S1: SEM images of the hourglass-shaped alumina nanochan-
nel, Figure S2: the synthesis of naphthalic anhydride-azide probe, Figure S3: the IHNMR spectrum
of mediate compound and naphthalic anhydride-azide probe, Figure S4: the MS of naphthalic
anhydride-azide probe, Figure S5: the IR spectrum of naphthalic anhydride-azide probe, Figure Sé6:
the photographic images of probe solution, UV-Vis absorption spectra and fluorescence spectra of
probe solution before and after H2S stimulus, Figure S7: I-V curves of NAA channel upon different
EDC/NHS concentration, different probe solution, and different modification time, Figure S8: optical
photograph nanochannels before and after modification of probe molecules, Figure S9: The pH-
dependent I-V curve measurements of functionalized nanochannels before and after treatment with
NaHS, Figure S10: The quantitative linear relationship between the fluorescence with the H2S con-
centration, Figure S11: SEM images of alumina nanochannels after treatment with APTES, probe and
NaHS, Figure S12: The linear relationship between the slope of I-V curves with the H2S concentration.
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