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AQ2S nanoparticles (NPs) was formed by reacting Ag ion with
H:2S gas in polyelectrolyte multilayer film. Ag2S NPs catalyse
the formation of Ag NPs later. HzS (as low as 10 nM NazS as
donor) was sensitively detected by monitoring the UV-Vis
absorbance of newly formed Ag NPs.

H2S was discovered as one of gas transmitters, along with the
other two: nitric oxide and carbon monoxide.! H2S influence cellular
events thought regulation of intracellular redox homeostasis and post-
translational modification of proteins through S-sulfhydration.? H2S
can be endogenously generated by cystathionine beta-synthase (CBS),
(CSE),
sulfotransferase, during cysteine metabolism. H2S mainly is produced

cystathionine  gamma-lyase and 3-mercaptopyruvate
by CSE in the cardiovascular system, liver, kidney, and pancreas.
More importantly, H2S level is related to the Down syndrome and
Alzheimer’s disease.’

Many methods have been developed for H2S detection, including
colorimetry,* fluorescence technique,® electrochemical assay,® gas
chromatograph,” and nanofibers/wires and nanotubes based methods.®
Recent report shown that hydrogen sulphide concentrations are much
lower than presently accepted values in blood and tissues (100 pM in
blood and 15 nM in tissues, respectively),” to our best knowledge only
polarography and gas chromatograph based methods have the ability
to detect it, which require involvement of highly toxic mercury and/or
complicated instruments. Recent advances of developing fluorescent
probes and colorimetry assay® have highlighted the need to develop a
sensitive, selective, and rapid method for H2S detection for disease
diagnosis and in vitro cultured cell based inhibitor screening for H2S

This journal is © The Royal Society of Chemistry 2012

Hongxia Fu and Xinrui Duan*

related enzymes. Up to date, Lack of affordable and sensitive method
still is the major obstacle for such applications.

In this work, we would like to develop a sensitive, selective, and
rapid method for H2S detection based on AgzS NPs catalysed
formation of Ag NPs in layer-by-layer polyelectrolyte multilayer film.
Ag2S NPs itself have been employed in colorimetric H2S sensing.®
With common microplate reader, the limit of detection is 8.7 M.
Formation of Agz2S on metallic silver probe caused light reflection
difference could detect as low as 100 nM of H2S.% By using AU@Ag
NPs and sophisticated dark-field microscopy, as low as 50 nM of H2S
can be detected.*

Su and his co-workers extensively studied in situ formation of
Ag NPs in layer-by layer polyelectrolyte multilayer film (PEMs).1
Shannon and his co-workers have prepared Au/Cul and Au/CdS core-
shell nanoparticle in poly (diallyl dimethylammonium)(PDDA) by
using electrochemical atomic layer deposition'. Li and his co-
workers have prepared CuS NPs in PVA polymer matrix in by
embedded copper ion with H2S gas.*? Under the inspiration of these
previous works and the fact of PEMs are very stable in aqueous

solution, we designed our system as follow:
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Scheme 1. Mechanism of HzS gas detection.

As shown in Scheme 1, PEMs was prepared by standard layer-
by-layer process in the present of extra sodium ions. Sodium ions were
exchanged with Ag ions later. At physiological pH, the assay takes
advantage of the volatility of H2S gas. As H.S is volatilized in a
microplate well, it can react with the Ag ion to form AgzS NPs. Ag
NPs can be generated on Ag2S NPs by reducing Ag* ions with
hydroquinone or sodium sulphite in solution.*® UV Light irradiation
substantially accelerate this process. Because of this catalysis effect
of Agz2S NPs, Ag NPs were formed at AgzS NPs site in the PEMSs in
the presence of silver nitrate and Na2SOs, which greatly improved the
sensitivity of detection. Concentration of silver nitrate and sodium
sulphite, and time of amplification have great impact on the silver
amplification process, thus we chosen the previous reported optimized
the concentrations for our study. Furthermore, we optimized the time
of amplification (Figure S2). Two hours of amplification have the best

signal/noise ratio.

—— (PODAPSS) Ag,S@Ag
—— (PDDAPSS),Ag"
—— (PDDAPSS) Ag,S

400 500 600 700
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Figure 1. SEM images of (a) (PDDA/PSS)s/Ag(l) , (b)
(PDDA/PSS)s/Ag2S@Ag, and (c) (PDDA/PSS)s/Ag2S. (d) UV-Vis
spectra of all films and insert is the image of PEM films on top of
PBS solution or NazS solution after silver amplification. 10 pM
NazS solution was used to generate all PEM films for SEM imaging
and UV-Vis Spectra. Magnification of all SEM images is 50,000,
except insert image of Figure 1b that is 100,000x. Scale bar = 500
nm.
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We use NazS as the H2S donor to develop our detection method,
since the purity (>98%) is much higher than commercially available
NaSH, which may contain polysulfides and have a purity of only 60%.
14 H,S gas spontaneously release from NazS aqueous solution until the
HS— and S?" are used up. H2S react with the Ag ions embedded in
(PDDAV/PSS)s film coated on the glass slide. After it reacts with HzS
gas from the NazS solution and AgzS NPs formed in the nano-size
space of PEMs.1% Scanning electron microscopy (SEM) images and
the absorption spectra of (PDDA/PSS)s/Ag* , (PDDA/PSS)s/Ag:2S,
(PDDA/PSS)s/Ag2S@Ag  PEMs  are
Magnification of all SEM images is 50,000x, except insert image of
Figure 1b that is 100,000x. (PDDA/PSS)s/Ag* film does not have any
significant morphology under SEM and has a weak absorption in the

shown in Figure 1.

corresponding wavelength region due to absorption of glass.

Although formed Ag2S NPs can be barely seen under SEM, we
could observe roughness increase of (PDDA/PSS)s/AgzS film (Figure
1c). And it does produce broad absorption band in UV-Vis spectra
(Figure S1, UV-Vis spectra of high concentration of AgzS NPs).
Although SEM is not the ideal tool for characterization of Ag2S NPs
morphology, but existence of silver NPs after silver amplification also
support the existence of former formed Ag2S NPs. Ag amplification
has been extensively studied where silver ions were reduced to
metallic silver in the presence of a reducing agent (such as Na2S0O3z).%3
Previous work reported the catalysis effect of Ag2S NPs in solution,
in our work we also observed this phenomenon in PEMs film. After
silver amplification process Ag NPs appear clearly under SEM
(Figure 1b). As for the UV-vis detection in Figure 1d, a much
stronger absorption peak appears around 430 nm after silver
amplification. Insert image is the image of PEM films took by cell
phone camera were on top of PBS solution or NazS solution in 96 well
plate after silver amplification. We can see the circular shape of the
spot that are well preserved the shape of a well. By converting
absorption signal of AgzS NPs to Ag NPs in PEMs, The sensitivity of
H2S detection was greatly improved due to following reasons: 1)
Maximum absorption peak of Ag NPs are higher than 300 nm that
avoid the inference of glass slide and cell culture plate itself; 2) Agz2S
NPs serves as catalyst that will result in significant signal
amplification.

To get direct view of the morphology and the composition of
Ag2S@Ag NPs in PEM films, we studied the sample with field
(FE-TEM)
scanning TEM (STEM) mode and energy dispersive X-ray analysis

emission  transmission electron microscopy under

(EDX) under STEM of single particle in PEM films, results are shown
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in Figure 2. Since the NPs are crowded in high concentration samples
(as shown in Figure 1b), we chosen the sample from lower
concentration of Hz2S (500 nM) for all the STEM study. PEM film was
prepared by scratching it off from glass surface in water. And the film
was floating on the water surface and later was caught by a TEM

copper grid.
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Figure 2 (a) STEM image of NPs. (b) size distribution of NPs.
(c) Line scan of STEM-EDX analysis of silver and sulphur content
of single NP. (d) Spot and area analysis of silver and sulphur content
by STEM-EDX. Scale bar = 100 nm. 500 nM NazS solution was
used to generate PEM film for STEM imaging and EDX analysis.

Figure 2a shows the morphology of single NPs under FE-TEM
by using STEM mode. Size distribution of NPs are shown in Figure
2b. Majority of particles have the diameter between 20 to 70 nm. It is
worthy to notice, beside large and bright particles, some very small
particles with the diameter of several nanometers can be seen
surrounding bigger particles. It is more clearly with higher
magnification image in Figure 2c. We assume that the smaller
particles are Ag2S NPs and the bigger particles are Ag NPs that newly
formed on Ag2S NPs site. We did the line scan of STEM-EDX
analysis to find out the content difference in two kinds of particles. As

shown in Figure 2c, net intensity of silver content is much higher than

This journal is © The Royal Society of Chemistry 2012

sulphur content on the bigger NP. Since the intensity of single small
particle is too weak, we performed area analysis on crowded area of
small particles to get more comparable results with spot from bigger
particle. Selection of area and spot are shown in Figure 2d.
Normalized atomic percentage and net intensities are shown in Figure
2e and f respectively. The atomic ratio of silver and sulphur in the 20
nm particle is around 3.2 that confirmed the formation of Ag2S@Ag
NPs. The atomic ratio of particles with the diameter of several
nanometers is around 1.5 that is very close to the theoretical ratio of
AgzS. This difference of ratio in between our observation and
theoretical ratio might due to the low net intensity of area 1 and area
2 that will cause the increase of error. Area 3 was selected to show the
background signals, from the Figure2f, we can see the background
signals are neglectable. Spectra of EDX analysis are represented in
Figure S3.
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Figure 3. Standard curve of HzS detection (from 10nM to
5000nM) by measuring absorbance of (PDDA/PSS)s/Ag2S@AgQ.
Error bars represent standard deviation (n=3). Hz2S gas from Naz2S

solution was used to react with (PDDA/PSS)s/Ag* to generate
(PDDA/PSS)s/Ag2S, which further treated with mixture of AQNOs
and NazSOs solution to generate (PDDA/PSS)s/Ag2S@AQ.

Figure 3 shows standard curve of various concentrations (from
10 nM to 5 pM) of NazS solutions with Ag2S@Ag NPs absorbance.
Good linear relationship between the UV absorption at 430 nm and
the concentration of NazS solution (10nM-5uM) was observed.
Linearity equation is A = 0.03928+4.03196C. R square is 0.9980.

To test the specificity of our method, biologically relevant
molecules include reactive sulfur such as dithiothreitol (DTT),
cysteine (CYS), and reduced glutathione (GSH) as well as cell culture
medium, DMEM and DMEM plus 10% fetal bovine serum (FBS)
were studied. As shown in Figure 4a, under same reaction conditions,
all interfere candidates with a 2000 fold higher concentration of Na2S
only produce same UV absorption intensity with control (PBS buffer
solution). These results demonstrate excellent selectivity of our
method for H2S gas detection. This high selectivity of our method is

similar with previous reported hydrogen sulphide gas based detection

J. Name., 2012, 00, 1-3 | 3

Page 4 of 7



Page 5 of 7

methods,*® 5 which is interfere candidates only produce comparable

signals with control solution.
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Figure 4. (a) Effect of possible interference on H2S detection.
DTT, CYS, GSH, DMEM, and DMEM plus 10% FBS. PBS solution
was used as control. The concentration of these substances are all
200pM except NazS is 100 nM. Error bars represent standard
deviation (n=3). (b) Measurement of free H2S gas generated from
live HepG2 cells. Error bars represent standard deviation (n=3).

10K Cells

With the excellent sensitivity and selectivity of our method, we
are confident to perform the detection of cellular endogenous HzS gas.
Since Hz2S mainly is produced by CSE in the liver, cardiovascular
system, kidney, and pancreas. Liver cancer cell line HepG2 was used
in this section of study. Before detection cells are pre-treated with
cysteine (CYS) and pyridoxal phosphate (PLP) to generate H2S gas.
CSE
propargylglycine (PAG) was added to proof the inhibitor monitoring

Blanks are same treatment without cells. inhibitor
ability of our method in live cells.®> PEMs coated glass slides were
glued on 96 well plate cover and placed on top of well plate for 2 hours
and after 2 hours silver amplification process resulting glass slides
were measured by microplate reader. As shown in Figure 4b, 1 x 10*
(10K) cells (e.g. about 30% coverage of 0.32 cm? area) can be detected
in a 96 well plate format, and 2 x 10* (20K) cells produce higher signal
than 10K cells. Since we use same amount of PAG, absorbance of the
PAG added sample of 20K cells also lightly increased. Signals from
cells are significant higher than blank and PAG treated samples.
Previous report on free Hz2S gas detection of live cells is based
on zinc salts embedded in Agar hydrogel.5 After 12 hours or longer
incubation, acid were added to release H2S gas from formed ZnS
precipitation and released H2S gas reacted with N,N-dimethyl-p-
phenylenediamine chloride and FeCls to produce Methylene blue.
Measuring absorbance of the produced methylene blue will give
quantity of H2S gas. Our method holds two significant improvements:
1) High sensitivity of our method makes the incubation time is shorten
from 12 hours to 2 hours; 2) in situ formation and silver amplification
ensure reacted spots were well preserved, so results can be readily

obtained by using micro-plate reader.
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Conclusions

We reported a sensitive, selective, and rapid colorimetric method
for cellular endogenous H2S gas detection based on in situ formation
of Ag2S@Ag NPs in layer-by-layer PEMs. When use NazS solution
as gas source, H2S from 10 nM (3 picomole, calculated by sulfur
element) of 300l NazS solution in pH 7.0 buffer solution can be
detected effectively. As far as we know, this method is the most
sensitive among colorimetric method and has comparable sensitivity
with the most sensitive polarographic and gas chromatographic
approaches. And our method only required a microplate reader with
UV-Vis absorbance detecting ability for detection. Reaction between
HaS and silver ion generated AgzS NPs that catalyse rapid formation
of Ag NPs on Ag2S NPs surface, thus absorption intensity of Ag.S
NPs was transferred to absorbance of newly formed Ag NPs. That
results in signal amplification and high sensitivity. Since our method
was designed to only measure H2S gas, potential interfere including
common thiols and standard DMEM medium plus 10% FBS does not
affect detection. Due to excellent sensitivity and selectivity, we
believe our method is significantly important for disease diagnosis
and in vitro cultured cell based inhibitor screening for H2S related

enzymes.
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