nature communications

Article

https://doi.org/10.1038/s41467-024-55123-y

Femtomolar hydrogen sulfide detection via
hybrid small-molecule nano-arrays

Received: 21 May 2024

Accepted: 27 November 2024

Published online: 30 December 2024

Xing Xing"23, Luyan Wu?, Yuchen Zhang', Jiahao Pan', Yusuke Ishigaki®°,
Huaging Xie?, Takanori Suzuki®?5, Deju Ye ®*, Jianhua Zhang®,
Weihua Zhang®" & Zhenda Lu®'34

M Check for updates

Early disease diagnosis hinges on the sensitive detection of signaling mole-

cules. Among these, hydrogen sulfide (H,S) has emerged as a critical player in
cardiovascular and nervous system signaling. On-chip immunoassays, parti-
cularly nanoarray-based interfacial detection, offer promising avenues for
ultra-sensitive analysis due to their confined reaction volumes and precise
signal localization. Beyond the DNA or protein biomolecules array, this work
presents a promising hybrid small molecule nano-array for H,S detection,
using the power of dual molecules: a dye for fluorescence emission and a
quencher with specific H,S reactivity. Upon H,S interaction, the quenched

fluorescence reignites, creating an easily detectable array of bright spots. The
molecule nano-array sensor shows exceptional responses to H,S over 8 mag-
nitudes of dynamic range from 1 fM to 0.1 uM, with a remarkable detection
limit of 1 fM, just using a 10 L solution. This H,S detection method has the

potential to significantly improve bioassay platforms, and the hybrid small-
molecule nano-arrays we developed could be a valuable tool for advancing
signaling molecule detection.

Hydrogen sulfide (H,S) has been recognized as a signaling molecule in
the cardiovascular and nervous systems, making its accurate detection
vital for diagnosing and managing related diseases'™. While baseline
H,S levels hover around micromolar, detecting even lower con-
centrations holds immense promise, offering a previous window for
the early-stage illness diagnosis and intervention before symptoms
manifest®™.

To meet the demand, a recent study introduced F1*, a
bis(pentafluorophenyl)-substituted organic m-electron structure'®',
F1** boasts impressive characteristics: rapid reaction kinetics to H,S
with excellent specificity, minimizing false positives'®. Utilizing this
remarkable molecule, researchers achieved an impressive detection
limit of 0.1pM endogenous H,S in vitro, showing its potential for

sensitive biomedical applications'. However, pushing the boundaries
of detection even further demands innovative approaches.

On the other hand, micro-arrays have long been an invaluable
tool for rapid, high-throughput, and sensitive analysis®*%’. Their well-
arranged molecular spots offer enhanced accuracy and quantitative
precision, resulting in a clear contrast to the random molecules.
Advancements in micro-nano fabrication have yielded dense micro-
arrays, exceeding 1000 spots per square millimeter”. But nano-
arrays, offer even higher density and miniaturized reaction
spaces®***?’, Imagine hundreds of reaction tests can occur in the area
of a single conventional microarray spot, enabling the performance
of ultra-sensitive detection, rapid analysis, and small sample
volumes.
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However, precisely positioning and integrating multiple mole-
cules on the nanoscale remains a formidable challenge®**. While
existing nano-arrays focus on larger biomolecules like DNA and pro-
teins, the small-molecule nano-arrays, are rarely reported® . Thisiis, in
part, due to the inherent nature of small molecules - they are difficult
to manipulate, lack strong bonds with the substrate, and are hard to
detect.

Here, we present a molecule nano-array fabrication method based
on a modified nano-xerography technique*™, precisely co-
assembling Rhodamine B (RB) dye and F1** molecules into nano-
arrays, with a spot size of ~100 nm and a spot-to-spot pitch of 3-5 um.
The spot, as a nanoreactor, is capable of capturing trace amounts of
H,S from test solutions, decomposing the quencher F1** molecules,
and then reigniting the RB fluorescence. This approach at least has
several key advantages: 1) ultra-sensitive detection: nanoscale reaction
areas make the array quantitatively responsive to trace amounts of
H,S, reaching detection limits of 1 fM. Also, the small size of the spots
allows for quick and real-time detection, which is crucial in biological
diagnostics. 2) broad-range detection: different data processing
methods, Intensity integral (INTEN) and Number counting (NUMB),
depending on the analyte concentration can be applied, making a
detection range of H,S that spans over 8 orders of magnitude, from 1
fM to 0.1 uM. 3) specific detection: taking advantage of the chemical
affinity system, the high H,S specificity of F1> ensures sensitive and
reliable detection.

Combining the power of F1** and molecule nano-arrays, this
innovative approach paves a new way of ultra-sensitive H,S detection.
Moreover, this kind of molecule nano-arrays can extend to other
molecular fluorescence probe systems, making it universal to develop
an innovative analysis method of the small signaling molecules in
biological systems.

Results

Characteristics of hybrid molecule nano-array

The molecule nano-array sensor, which is schematically shown in
Fig. 1a, comprises a spot of hybrid molecules with each spot diameter
of ~100 nm (Supplementary Fig. S1). Among them, the hybrid mole-
cules consist of fluorescence-quencher molecules (F1**), dye molecule

RB, and cyclodextrin. F1* molecule has wide fluorescence absorption
capacity in the visible light range, especially in the 500-650 and
700-900 nm, which covers the excitation and emission wavelength of
most dye molecules. RB dye molecule is selected as the fluorescence
agent, a common dye molecule with absorption and emission center
wavelengths of 530 nm and 590 nm, respectively, that can be quen-
ched by F1** molecule effectively. B-Cyclodextrin (CD) was used as a
space barrier to prevent aggregation-caused quenching (ACQ) of dye
molecules. The CD and RB inclusion complexes were investigated
using circular dichroism (Supplementary Fig. S2), which indicated 1:1
compound was formed. The absorption spectra of the separated three
molecules and their combination were shown in Supplementary
Fig. S3a, which were characterized by spin-coating the corresponding
molecules onto a cover glass. F1** can be quickly reduced to an F2
molecule by H,S (Fig. 1b), which has almost no absorption in the visible
light range (Supplementary Fig. S3b). The absorption spectra of F1*
and F1?*/RB/CD on a substrate were evaluated over 7 days in air (Sup-
plementary Fig. S4), showing their exceptional air stability.

Based on this reaction platform, we printed the hybrid molecules
with certain proportions into nano-arrays on the substrate by the
modified nanoxerography method we developed*>*. At each spot, the
RB fluorescence emitted is quenched by F1** molecules, so that the
nano-arrays before reacting with H,S showed very weak fluorescence.
When F1?* is decomposed by H,S molecules, the fluorescence of the RB
regenerates, which can be easily imaged by a wide-field fluorescence
microscope. As depicted in Supplementary Fig. S5, only the NaHS
solution illuminated the nanoarray while other reductants and ROS
exhibited few changes in fluorescence intensity. This investigation
highlights the excellent specificity of our hybrid molecular nanoarray
towards H,S detection.

The fluorescence change of each spot in the nano-array correlates
with the H,S concentration. We utilize an intensity integral (INTEN) and
number counting (NUMB) method to quantify the fluorescence activ-
ities on the spots at high and low H,S concentrations, respectively
(Fig. 1c)*®*°. The INTEN method surveys all the spots in the nanoarray
and integrates the fluorescence intensity, which can detect H,S con-
centration from 0.3 pM to 0.1 uM. At low concentrations, only parts of
the spots have measurable fluorescence changes (defined as “on”). The
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Fig. 1| Illustration of highly sensitive H,S detection via a hybrid molecule nano-
array. a The design of a hybrid molecule nano-array for H,S detection, involving
F1*', RB, and cyclodextrin (CD) molecules. During the process of H,S detection, the
spots within the molecule array transition from the fluorescence “off” state to an
“on” state. By integrating the fluorescence intensity (INTEN method) at high

=
&= Cyclodextrin (CD)

H,S concentration

concentrations or counting the number of the “on” spots (NUMB method), the
correlation with H,S concentration can be established. b The chemical equation of
F1** to F2 reduced by H,S. ¢ The typical fluorescent image of the array and the
corresponding correlation spots obtained by INTEN and NUMB methods at high
H,S concentration and low concentration respectively.
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Fig. 2 | Fabrication and characterization of hybrid molecule nano-arrays.

a Schematic illustration of fabricating hybrid molecule nano-array using modified
nanoxerography method, which involves surface charge writing, reversed-micelle
preparation, and site-specific assembly by electrical trapping. b Electric potential
map after writing a5 x 5 charge array on the substrate. Scale bar, 5 pm. ¢ AFM height
map of the hybrid molecule nano-array, with an average height of 50 nm. Scale bar,
5 um. d Dynamic light scattering (DLS) result of reversed-micelles, with the statistic
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size in dispersion around 3 nm. Inset is a photograph of the micelle dispersion in a
test tube. e Scheme of the fluorescence array imaging reader. A homemade
inverted widefield microscope is equipped with a fiber-coupled 532 nm continuous-
wave laser diode and a sensitive Electron Multiplying Charge-Coupled Device
(EMCCD) camera. f Schematic illustration of H,S detection, and corresponding PL
images of the hybrid molecule array after incubation with water (10 pL) and H,S
solution (10 pL, 0.1 pM). Scale bar, 5 pm.

NUMB method counts the separated “on” spots, showing a good cor-
relation with the H,S concentration in the range of 1 fM to 100 pM, two
orders of magnitude lower than that of INTEN method. The detailed
configurations of INTEN and NUMB methods are listed in the Experi-
mental Section.

As a comparison, we evaluated the sensing performance of
F1**/RB/CD micelles in solution. The results, as shown in Supplemen-
tary Fig. S6, demonstrate a detection range of 10 nM to 1 uM for NaHS.
Compared to solution-based methods, the nanoarray platform clearly
offers a wider response range and lower detection limit.

Preparation of hybrid molecule nano-array

The molecule nano-array was fabricated by the modified nano-
xerography method we had reported previously*>*. The typical pro-
cedures are schematically shown in Fig. 2a. First, a local surface charge
array was written on the substrate by controlling a conductive atomic
force microscopy (AFM) probe to apply high voltage (-—80V), which
can generate —2.4 V charge potential on the substrate, as proved by the
Kelvin probe force microscopy (KPFM) potential maps in Fig. 2b. Then,
F1*, RB, and CD molecules were dissolved in water as a dispersed
phase to form water-in-oil reverse micelles, with isooctane as a con-
tinuous phase and Sodium bis(2-ethylhexyl) sulfosuccinate (AOT) as a
surfactant. The micelles loaded with F1**, RB, and CD were spin-coated
on the substrate. During this process, the molecules would be enriched
and adsorbed onto the charged array. In the uncharged area, the

perfluorinated substrate (CYTOP) could effectively avoid non-specific
adsorption due to its ultra-low surface energy. The main driving force
for micelle assembly was dielectrophoretic interactions between
micelles and charged spots on the substrate’®”. As shown in AFM
height map (Fig. 2¢), a 5x5 molecular nano-array was successfully
assembled with less nonspecific adsorption with a spot size of ~200 nm
and a spacing of 5 um, The micelle dispersion was characterized by
dynamic light scattering (DLS) and Zeta potential measurement. The
DLS result (Fig. 2d) demonstrates the average micelle size in solution is
around 3 nm, which is consistent with the results previously reported
in the literature*>*. The zeta potential is around —-31.1 +11.0 mV, indi-
cating the strong negative charge and the good stability of the
micelles.

To investigate the steric spacer effect of -cyclodextrin (CD) in
the hybrid molecular system, we prepared RB micelles and RB/CD
mixture micelles (1:1 molar ratio) and assembled them onto charged
spots with identical surface potential. As expected, no fluorescence
array was observed, attributed to aggregation-caused quenching
(ACQ) of RB molecules (Supplementary Fig. S7a). Upon the addition
of CD, a robust fluorescence nano-array emerged (Supplementary
Fig. S7b). Subsequently, RB/CD was combined with the quencher
molecule F1** to form the final F1**/RB/CD system (1:1:2 molar ratio).
The average fluorescence intensity of the spots decreased sig-
nificantly, reaching only 9% compared to the case without F1*
molecules (Supplementary Fig. S7c).
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The molar ratio of F1*'/RB/CD is a critical factor influencing
detection range and sensitivity. As demonstrated in Supplementary
Fig. S8, a 2:1 F1**/RB ratio optimizes these parameters. A higher F1?*
proportion (9:1 F1**/RB) leads to increased NaHS consumption and
limited fluorescence change due to insufficient RB. Conversely, a lower
F1** proportion restricts the detection range. As the result, this F1**/RB/
CD hybrid molecular system (2:1:1 molar ratio) was chosen for sub-
sequent micro-area fluorescence detection.

Typical PL images of 5x 5 nano-array before and after reacting
with H,S solution are shown in Fig. 2f. After 2 min of the reaction
(Supplementary Fig. S9), the fluorescence intensity of each hybrid
molecule spot ranges from 300 to over 15,000 arbitrary units (a.u.),
compared to less than 290 a.u. of the negative controls (incubated with
water). The fluorescence intensity on each spot is enhanced more than
50 times. These results clearly demonstrate the enormous potential of
the nano-array in ultra-sensitive small molecule detection.

It's worth mentioning that this hybrid molecule nanoarray plat-
form is also applicable to other dye molecules for detecting H,S. CY-
NH, dye (em 690 nm) and Luciferin dye (em 510 nm) were selected to
investigate the versatility of this hybrid molecule nanoarray platform
(Supplementary Fig. S10). However, RB dye was selected due to its
optimal spectral overlap with F1** (Supplementary Fig. S11) and
superior photophysical properties, including high fluorescence quan-
tum yield, light stability, pH insensitivity, and molar extinction coeffi-
cient, making it well-suited for detection applications.

Quantitatively H,S detection at high concentrations using
INTEN method

We quantificationally investigated the luminescence response of the
hybrid molecule nano-array toward H,S. 10 pL of sodium hydro-
sulfide (NaHS) aqueous solution ranging from 0.1 fM to 1 uM were
tested by the hybrid molecule nano-arrays (5 x5 square spots). The
conversion of NaHS to H,S is a hydrolysis process that detail che-
mical equilibrium has been represented in Supplementary Informa-
tion Note Sl1. Figure 3a shows the fluorescence images of the nano-
array after sulfide assay from 10 pM to 1 pM. The images related to
the other concentrations are shown in Supplementary Fig. S12. It is
clear that the fluorescence intensity on each spot have a positive
correlation with the concentration. All the spots are illuminated
when the concentration is above 100 pM, on the contrary, only parts
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Fig. 3 | H,S detection at high concentration using INTEN method. a PL images of
serial NaHS concentration in 10 pM, 100 pM, 1nM, 10 nM, 100 nM, and 1 pM in the
5x 5 nano-assay. The images of other concentrations (from 0.1 fM to 1 pM) are
shown in Supplementary Fig. S12. Scale bar, 5 pum. b The working curve of NaHS
tested on the nanoarray using the INTEN method. The black line shows the fitting
result by the 4-parameter logistic regression model. The blue dotted line represents

of spots are detectable in the images below 10 pM. To quantitatively
analyze the correlation, we read out the fluorescence intensity of
each spot. (Detailed information are shown in the Method Section,
and Supplementary Figs. S13 and S14). If the intensity is larger than
that before NaHS assay, we considered it an illuminated spot (“on”
spot). The intensity sum of all the “on” spot versus corresponding
concentration were plotted (Fig. 3b), noted as INTEN method. The
plot is fitted with the well-established four-parameter logistic func-
tion curve (4-PL fitting), showing a good dynamic detection range
over 5 magnitudes, from 300 fM to 1 uM. The linear range after logit
transformation was between 100 pM and 100 nM, in which the spots
are all reignites.

Quantitatively H,S detection at low concentrations using
NUMB method

As the NaHS concentration was below 10 pM, the sum of fluorescence
intensity of the “on” spot is relatively low to quantitative analysis, and
parts of the spots hold the “off” state (Supplementary Fig. S12). Due to
insufficient hydrogen sulfide exposure for all spots, fluorescence
changes may not be detected within 2 min, especially at low con-
centrations. In view of this, we counted “on” spot numbers, and cor-
related them with the NaHS concentrations, noted as NUMB method.
To get more reliable results at low concentration of NaHS, we
increased the spot number to 400 by designing a 20 x 20 array pattern
(Fig. 4 and Supplementary Fig. S15). NaHS solutions with concentra-
tions from 0.1 fM to 1nM were prepared. Figure 4a shows the fluor-
escence images corresponding to the concentration from 1fM to 100
pM, and all the “on” spots marked with circles. The 20 x 20 molecule
nano-array showed the NaHS detection limit of around 70 fM using
INTEN method (Fig. 4b). In comparison, the detection limit is about
300 fM with the same method when utilizing the 5x5 nanoarray,
indicating more spots can lead to a lower detection limit.

The images were further characterized by NUMB method to
extend the NaHS detection limit to an even lower concentration
(Fig. 4b). After 4-PL fitting, a good correlation between the number of
“on” spots and the concentration of NaHS from 1 fM to 100 pM is
demonstrated with the R? value of 0.99 (Supplementary Table S1),
indicating exceptional dynamic detection range. The detection limit
has been reduced by about 2 orders of magnitude, compared to the
INTEN method.
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the background levels, which are defined as the mean luminescence intensity of
negative controls with a three-fold standard deviation. The fitting parameters are
listed in Supplementary Table S1. The blue dash line shows the linear regression
after logit transformation of the method. Error bars indicate the standard deviation
from three replicate experiments.
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Fig. 4 | H,S detection at low concentration using NUMB method. a PL images of
serial NaHS concentration in 1 fM, 10 fM, 100 fM, 1 pM, 10 pM and 100 pM in the
assay of 20 x 20 molecules nano-array. Scale bar, 9 pm. b The fitting results of the
NUMB and INTEN methods. The 4-parameter logistic regression model yields an
LOD of 1fM in the NUMB method and 70 fM in the INTEN method. The dotted line
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represents the background levels, which are defined as the mean luminescence
intensity of negative controls with a three-fold standard deviation. The fitting

parameters are listed in Supplementary Table S1. Error bars indicate the standard
deviation from three replicate experiments.

Combined with the results from INTEN method at high NaHS
concentrations and NUMB method at low NaHS concentrations, this
hybrid molecule nano-array platform has achieved the detection
dynamic range from 1 fM to 0.1 uM, about 8 orders of magnitudes of
response. This is a significant improvement in detection range and
detection limit compared to the existing method for signaling small
molecules.

Discussion

We have developed a hybrid molecule nano-array sensor and imple-
mented it for the highly sensitive detection of hydrogen sulfide. The
nano-array features a small reaction volume, enabling a specific
response from the F1** molecule designed for H,S detection. With its
high-sensitivity turn-on fluorescence detection mechanism, this nano-
array achieves an exceptional detection limit of 1 fM using just a 10 pL
solution. Furthermore, it exhibits a broad detection dynamic range
spanning 8 orders of magnitudes. The outstanding performance of this
nano-array is attributed to the robust nanoxerography technique and
the use of well-developed molecular fluorescence probes. Further-
more, the adaptability of this nano-array platform can be extended to
other florescence probe system, suggesting its potential for detecting
a wide range of signaling small molecules beyond H,S.

Methods
Chemicals and characterization
Sodium bis(2-ethylhexyl) sulfosuccinate (AOT, MACKLIIN, 96%), Rho-
damine (RB, Aladdin, >95.0% (HPLC)), B-Cyclodextrin (CD, Aladdin,
98%), lIsooctane (Aladdin, 99%), cyclohexane (Shanghai Lingfeng
Chemical Reagent Co. Ltd, 299.7%, AR), DMSO (Sinopharm Chemical
Reagent Co., Ltd, 99.0%), CYTOP (ASAHI GLASS COMPANY, Japan), F1?*
(Deju Ye group, Nanjing University).

All chemicals were used as received without further purification.

Preparation of reverse micelle solutions™
The dye and F1** stock solutions were prepared by dissolving dye
molecule (RB or 1:1 RB/CD) in water and F1** powders in water solution
with a very small amount of DMSO, respectively. Then, F1*'/RB stock
solution (molar ratio of 2:1) and F1**/RB/CD stock solution (molar ratio
of 2:1:1) were prepared with overall molecule concentration of 5.0 mM.
The reverse micelle solutions were prepared by injecting 10 pL
aqueous stock molecular solution into 82.6 pL AOT/isooctane solution

with ultrasonication until forming clear and transparent solution. The
concentration of AOT/isooctane was fixed at 1.12M and thus the w
value of micelle solutions was kept at 6.0. Prior to assembly, the
micelle solution was diluted tenfold with cyclohexane.

Dynamic light scattering (DLS) and zeta potential measurements
were performed on a 90 Plus/BI-MAS equipment (Brookhaven, USA).

Fabrication of molecule nano-array*>*

The molecule nano-array was fabricated by modifying electric field-
assisted surface sorption nano-printing (EFASP) method which con-
sists of two stpes: charge array writing on a fluorine polymer electret
(CYTOP) and micelle assembly on the charged array.

In a typical process, fluorine polymer CYTOP was spin-coated on
Si substrate which was pre-marked by lithography and baked to
remove extra solvent for forming a 110 nm thick film (electret). Then,
by applying high voltage (-40V to -90V) on a conductive AFM tip and
writing charge on the electret film with pre-designed array pattern
based on AFM scanning system, surface charge arrays (-0.15to -3.0 V)
were generated. At the same time, local surface modification occurs at
the charged position, Kevin probe scanning (KPFM) measurements
were determined whether the charge array was written successfully. All
the charge writing process was performed in the air under ambient
conditions (room temperature, relative humidity =20-40%). The
charge writing and KPFM scanning were performed on a NT-MDT AFM
instrument.

After that, water-in-oil reverse micelle solution was dropped onto
the charged area and tilted it after immersed 30 s. Micelles containing
hybrid molecules were captured to the charged arrays locally. The
morphology after micelle assemblies is characterized by the AFM
tapping mode scanning.

Detection of hydrogen sulfide
A thin layer of CTYOP (10-30 nm) was spun on the assembled hybrid
molecule nano-array to protect it from being rinsed off during the H,S
detection. The CYTOP concentration, spin speed, spin time, and
acceleration were set as 2%, 7000 rpm, 1 min and 2000 r/min? There is
no change in fluorescence image, including fluorescence intensity and
spots position, before and after CYTOP covering.

NaHS aqueous solution was used to generate H,S. The related
chemical equilibrium was provided in supporting information. NaHS
aqueous solution with different concentrations were first prepared
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ranging from 0.1 fM to 1pM and used immediately after preparation
(less than 5 min). During the detection, NaHS aqueous solutions (10 pL)
with different concentrations were dropped onto different molecular
nano-arrays and blown away by N, stream after 2 min. Finally, The
nano-arrays were placed on a home-made wide-field inverted fluores-
cence microscope and their fluorescence photos were taken at
different times.

The fluorescence microscope was set up by Olympus inverted
fluorescence microscope with PI spectrometer and Electron Multi-
plying Charge-Coupled Device (EMCCD). The 532 continuous-wave
laser is fiber-coupled and focused on the focal plane behind the
objective lens through a long focal length lens. After passing through
the 60x objective lens, a spot of light about 100 microns in diameter
focused on the sample. The emitted fluorescence is collected by an
EMCCD after passing through the color filter with exposure time of 1s.
The power of the excited light is fixed at 30 pW.

The fluorescence intensity changes of FI1*/RB/CD micelles
towards NaHS in solution were also measured using FluoroMax-4
spectrofluorophotometer (HITACHI, Japan) with 532 nm laser as the
excitation light source. The solution with a ratio of 2:1:1 for F1>*/RB/CD
was selected to form micelles. It was then diluted by a factor of 10 with
cyclohexane, which is consistent with the preparation of nanoarrays.
The fluorescence intensities at each NaHS concentration were mea-
sured after adding 10 uL (matching the amount of NaHS solution in
nanoarray detection) of NaHS aqueous solution and ultrasonically
forming a uniformly clarified micelle solution.

Data analysis

Image analysis was performed in MATLAB. Each original fluorescence
image was calculated by subtracting the mean background value
(Mpg) and all the background (light intensity below 20 after sub-
tracting Mpg) was set to 0. We take these results as effective fluor-
escence images. Then we divided each effective fluorescence image
into small images so that each small image contains one spot (Sup-
plementary Figs. S5 and S7). We calculated the sum of fluorescence
intensity (Isum) of each spot. If the I, of a spot is larger than the
average lsum of spots before NaHS reaction, we considered it a illu-
minated spot (“on” spot). The average fluorescence intensity or the
number of “on” spots were used to establish functional relationship
with the concentration of NaHS, noted as INTEN and NUMB method,
respectively.

Calibration curves were fit using a four-parameter logistic (4-PL)
fit in Origin software. The values of fitting parameters are listed in
Supplementary Table S1. A linear regression was applied to the stee-
pest part of the calibration curve. The background level is defined as
the negative control (identical procedures using water instead of NaHS
solutions) plusing three times of the standard deviation. The inter-
section of the regression line and the background level defined
the LOD.

Data availability

The data used and generated in this study have been deposited in the
Figshare Database: https://doi.org/10.6084/m9.figshare.26965444.
Source data (Figs. 2d, 3b, and 4b and Supporting Information Figs. S2a-
b, S3a-b, S4a-b, S5, S6a-b, S7d-e, S8, S9, S11, and S14) are provided with
this paper®>. The authors declare that all other data are available from
the corresponding author upon request.
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