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Abstract

A fast and sensitive colorimetric paper sensor has been developed using silver nanoprisms (Ag NPRs) with an edge length of
~50 nm for the detection of free H,S gas. We prepared two types of Ag NPRs-coated H,S sensing papers: a multi-zone patterned
paper for passive (diffusion mode), and a single-zone patterned paper for pumped mode of H,S gas. The change in color intensity
was quantitatively analyzed of Ag NPRs-coated paper after KCI treatment depending on the concentration of H,S gas, from
yellow to purplish brown. As a result, Ag NPRs-coated H,S sensing paper showed good sensitivity with a linear range of 1.03 to
32.9 uM H,S, high selectivity, and good reproducibility and stability, together with a fast response time of 1 min. The developed
H,S sensing paper was applied to detect the free H,S gas released from three types of garlic including crushed, peeled, and fresh
garlic. Therefore, it can be utilized as a simple, fast, and reliable tool for on-site colorimetric detection of free H,S gas for quality

control of dietary supplements and exhaled breath analysis.
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Introduction

Hydrogen sulfide (H,S) is a colorless gas with a characteristic
odor of rotten eggs, and high levels of H,S are corrosive and
toxic [1, 2]. However, low concentrations of H,S act as a
gaseous signaling molecule in the human body, like carbon
monoxide or nitric oxide. Abnormal levels of H,S in the hu-
man body cause breathing problems, such as shortness of
breath and respiratory paralysis [3]. In addition, defects in
H,S levels in the human body cause problems with patho-
physiological functions, such as vasodilation [4] and
neuromodulation [5], and lead to developmental disorder, di-
abetes [6], and Alzheimer’s disease [7]. H,S is also present in
foods such as dairy products, wine, and meat, which greatly
affects the state of the product in relation to taste and aroma
[8]. In addition, H,S in exhaled breath is considered a

>4 Gi-JaLee
gjlee@khu.ac kr

Department of Medical Engineering, Graduate School, Kyung Hee
University, Seoul 02447, Republic of Korea

Department of Biomedical Engineering, College of Medicine, Kyung
Hee University, 26, Kyungheedae-ro, Dongdaemun-gu,
Seoul 02447, Republic of Korea

potential biomarker for non-invasive and rapid assessment of
small intestinal bacterial overgrowth in irritable bowel syn-
drome patients [9]. As volatile sulfur compounds, such as
H,S and methyl mercaptan, are mainly responsible for intra-
oral halitosis [10], sulfur monitoring in the breath has most
commonly been used for the diagnosis of halitosis. Therefore,
it is necessary to develop sensitive and selective methods for
H,S gas detection in foods and biological samples, such as
serum and exhaled breath.

Various analytical methods, such as electrochemical anal-
ysis [11, 12], metal-induced sulfide precipitation [13], gas
chromatography [14], and liquid chromatography analysis
[15], have been used to detect H,S. However, these methods
mostly require expensive instruments, complicated sample
pretreatments, and long analysis time. Colorimetric detection
has been regarded as one of the most convenient and powerful
techniques for the on-site analysis of H,S, in terms of minia-
turization, simplicity, and cost efficiency. In addition, when in
the visible range, the analyte can be quickly detected with the
naked eye [16, 17].

Recently, silver nanoprisms (Ag NPRs), also referred to as
nanoplates (NPIs) or nanodisks (NDs), have attracted increas-
ing interest as chemical and biological sensors, because of
their rich optical properties, which originate from their ex-
treme geometric anisotropy [18]. They exhibit three localized
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surface plasmon resonance (LSPR) peaks in the UV-Vis spec-
trum, corresponding to out-of-plane quadrupole (330 nm;
peak), in-plane quadrupole (400 nm; shoulder), and in-plane
dipole (780 nm; peak) modes [19]. Among them, the wave-
length of the in-plane dipole LSPR mode of Ag NPRs can be
tuned by adjusting the aspect ratios and corner sharpness to
cover almost the entire visible spectrum to the near-IR [18,
20]. Although Ag NPRs are etched by heat [21] and UV light
irradiation [22], oxidative etching using an etchant, such as
halide ions, is one of the most effective ways for the shape
control of Ag NPRs [23]. These characteristics of Ag NPRs
can be utilized to detect sulfur-containing compounds, be-
cause they can cause anti-etching effect on Ag NPRs against
an etchant. For example, Li et al. [24] reported a “red-to-blue”
colorimetric detection of cysteine via anti-etching of Ag NPR
solution. They utilized the cysteine effect that can prevent
iodide ions (I') attack from attachment to the surface of Ag
NPRs. Zhang et al. [23] reported a colorimetric captopril assay
based on oxidative etching-directed morphology control of
Ag NPRs. This assay used an etching strategy by which cap-
topril can effectively prevent the morphological transition
from triangular prism to rounded disk. Although anti-etching
strategies have been applied to the detection of sulfur-
containing biomolecules in solutions using UV-Vis spectra,
to the best of our knowledge, the colorimetric paper sensor
using an etching-resistant effect on Ag NPRs for the selective
and sensitive detection of free H,S gas has yet to be reported.

In this study, we introduce a fast and sensitive colorimetric
paper sensor using Ag NPRs for the detection of free H,S gas.
The detection principle is that Ag NPRs on the paper react
with H,S gas to form Ag,S on their surfaces, which induces
etching-resistant Ag NPRs against CI™ ions. As a result, the
color of Ag NPRs on the paper after KCI treatment varies from
yellow to purplish brown, depending on the concentration of
H,S gas. We prepared two types of Ag NPRs-coated paper
sensors for the detection of H,S gas. One is a multi-zone
patterned H,S sensing paper for passive (diffusion) mode,
which can be placed on 96-well microplates, and covered
with a microplate cover. The other is a single-zone pat-
terned H,S sensing paper for pumped mode, which can be
inserted within a holder, and connected to a syringe and a
pump. In this case, H,S gas released from the H,S donor
solution or sample within a beaker is collected by syringe.
First, we optimized the synthesis conditions for the Ag
NPRs and the fabrication conditions for the Ag NPRs-
coated H,S sensing papers, together with the concentra-
tion of the added KCl. We evaluated the analytical per-
formance as a colorimetric H,S sensor, using the param-
eter b intensity of L*a*b color space. Finally, we success-
fully measured the H,S levels released from three types of
garlic including crushed, peeled, and fresh garlic accord-
ing to its weight within 1 min. Scheme 1 illustrates the
experimental scheme.
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Experimental
Materials and chemicals

Silver nitrate (AgNO3), trisodium citrate, sodium borohydride
(NaBH,), sodium polystyrene sulfonate (PSS), hydrogen per-
oxide (H,O,, 30% w/w in H,0), sulfuric acid (H,SOy,), L-
ascorbic acid (AA), sodium sulfide (Na,S), dithiothreitol
(DTT), glutathione (GSH), nitric oxide (NO), cysteine (Cys),
4-aminothiophenol (4-ATP), and homocysteine (H-cys) were
purchased from Sigma-Aldrich (St. Louis, MO, USA). All
reagents were of analytical grade, and were used without fur-
ther purification. All aqueous solutions were prepared using
distilled water of 18.2 MQ2-cm resistivity from the Millipore
Direct-Q water supply system.

Whatman® filter paper (grade 1; 200 mm % 200 mm) was
purchased from GE Healthcare Life Sciences (Tokyo, Japan),
and a 96-well microplate was obtained from SPL Life
Sciences (Pocheon, Gyeonggi-do, Korea). Lead acetate paper
was purchased from Precision Laboratories (Cottonwood, AZ,
USA).

Fabrication of wax patterned paper substrates

The two types of paper substrates were designed using
AutoCAD, as follows: First, the multi-zone patterned paper
is 126 mm in width, 81 mm in length, and 0.18 mm in thick-
ness. It contains 24 circular detection areas, each of 7 mm
inner diameter (Fig. S1(A) of the Supplementary
Information (SI)). The multi-zone patterned paper can be
inserted between a microplate and a cover to detect H,S gas
that is released from Na,S standard solution as the H,S donor
within wells. To reduce the error by gas diffusion, detection
zones were spaced 9 mm apart. Next, the single-zone pat-
terned paper is a perfect circle with 21 mm diameter (Fig.
S1(B) of the SI). One detection area with a 6 mm inner diam-
eter is in the center. The paper is placed within a holder that
can connect with a syringe. Hydrophobic wax barriers were
printed using a Xerox ColorCube 8570 N printer (Fuji Xerox,
Tokyo, Japan). Uniform impregnation of wax on the
Whatman filter paper was performed in a BF-150C drying
oven (DAIHAN Scientific, Seoul, Korea)) at 130 °C for
90 s. Finally, the wax patterned paper was removed from the
oven, and cooled rapidly to room temperature (RT).

Synthesis of Ag NPRs

Prior to the synthesis, all 50 mL glassware was cleaned with a
piranha solution (3:1 (v/v) H,SO4/H,0,), rinsed thoroughly in
distilled water, and dried in oven at 90 °C. Ag NPRs were
synthesized through a slight modification of a reproducible
seed-based method in the following procedures [26]. Briefly,
Ag seeds were produced by mixing aqueous trisodium citrate
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Scheme 1 Schematic of the
paper-based colorimetric
detection of hydrogen sulfide
(H,S) gas utilizing an etching-
resistant effect of H,S on silver
nanoprisms (Ag NPRs)
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(5 mL, 1.5 mM), PSS (0.25 mL, 0.1 mM), and NaBH,
(0.3 mL, 10 mM, freshly prepared), followed by the addition
of AgNOs; solution (6 mL, 0.5 mM) at a rate of 2 mL/min
while continuously stirring for 20 min, to obtain yellow seed
solution. The prepared Ag seeds were used without any fur-
ther purification or concentration for the Ag NPRs growth
step.

To synthesize Ag NPRs via the seed growth method,
20 mL of 0.15 mM AA was added to the as-prepared Ag seeds
solution (400 pL) under vigorous stirring. Then, 12 mL of
0.5 mM AgNO; was injected into this mixture at a rate of
1 mL/min. After injection of AgNO3, the color changed from
transparent to yellow, and further to red and blue, indicating
the formation of the Ag NPRs with an extinction spectrum of
740 nm. The as-prepared Ag NPRs solution was centrifuged
at 3700 g for 20 min to remove the residue polymer material
and reducing agent. The resultant Ag NPRs were re-dispersed

in 3 mM trisodium citrate. The final stock Ag NPRs solution
was concentrated to OD 1.0 (diluted 60-fold) for colorimetric
and spectroscopic application. The resulting Ag NPRs were
stored in the dark at 4 °C before use. All absorbance measure-
ments were performed using a Synergy HTX multi-mode
reader (BioTek, Winooski, VT, USA).

Preparation and characterization of Ag NPRs-coated
paper

To prepare the H,S sensing paper, an aliquot of 7 uL of the
prepared Ag NPR solution with blue color was carefully
dropped onto each detection zone within the two types of
wax-patterned papers with the multi-zone and the single zone,
respectively. This Ag NPR-coated paper was dried in a con-
stant temperature and humidity chamber ((23.5+1.0) °C,
(25.0+5.0) %) for 10 min. To optimize the fabrication
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conditions of sensing paper for the colorimetric detection of
H,S gas, we varied the maximum localized surface plasmon
resonance wavelength (LSPR\,.x) as 560, 600, 750, 820, and
960 nm and the loading volume as 3, 4, 5, 6, 7, and 8 uL of Ag
NPRs solutions. We changed the reaction time between Ag
NPRs and H,S gas as 1, 2.5, 5, 7, and 10 min, and the con-
centration of KCl as 0.01, 0.1, 1, 10, 100, and 1000 mM.

The optimized H,S sensing paper coated with Ag NPRs
was characterized by field emission scanning electron micros-
copy (FE-SEM; LEO SUPRA 55, Carl Zeiss, Oberkochen,
Germany), and SERSRA confocal Raman spectroscopy
(Bruker Optics, Billerica, MA, USA) with an excitation laser
of 785 nm (10 mW power) and x20 objective lens. The SERS
analysis was performed by adding 7 uL of 4-ATP (100 mM)
on Ag NPR-coated paper before and after the addition of KCL
After drying at RT for 10 min, the SERS measurements were
performed with a spectral resolution of 5 cm™ ', and a focal
spot size of less than 1 um. The SERS signal was collected
within the fingerprint range of (417-1782) cm™' and the ac-
quisition time of 10 s. The acquisition process was repeated
five times in different regions. The obtained data were
subtracted from the equipment background, and averaged at
five arbitrary points.

Analytical performance of the H,S sensing paper

The analytical performance of the multi-zone pattered H,S
sensing paper was evaluated by the previously reported pro-
cedure, as follows [26, 27]; briefly, a 300 uL of Na,S solution
of 3.1, 6.3, 12.5, 25, 50, and 100 uM in 100 mM phosphate
buffered saline (PBS, pH 7.4) was added into each well of the
96-well microplate (Fig. S1(C) of the SI). The Ag NPR-coated
H,S paper was placed on 96-well microplates, and covered
with a microplate cover for 1 min at RT. After exposure to
H.,S for 1 min, the Ag NPR-coated paper was removed from
the 96-well plate. Then, 7 uL of 1 M KCl was dropped onto
the detection zone. After 10 min, the changes in color intensity
of'the Ag NPR-coated paper could be checked with the naked
eye, and could also be analyzed quantitatively using an Epson
scanner (Perfection V700 Photo flatbed scanner, Seiko Epson,
Nagano, Japan) and ImagelJ software. The circular core areas
on Image] measuring 4.5 mm in diameter in each wax-
patterned zone were analyzed using the parameter b of the
L*a*b color space [27].

To evaluate the analytical performance of the single-zone
patterned, Ag NPR-coated H,S sensing paper, we first
inserted it within the easy-pressure syringe filter holder
(21 mm diameter), in which inlet and outlet seal plugs were
included, together with a rubber O-ring and membrane sup-
port screen. After the addition of 10 mL of Na,S solution into
a 500-mL round bottom flask, the flask was capped, and the
aqueous solution was vaporized in the flask for 20 min. A
6 mL of vaporized H,S gas was taken with a disposable plastic
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syringe/needle (KOVAX Corp., Japan), and the syringe con-
nected to the holder. Subsequently, the H,S gas within the
syringe was injected into the Ag NPRs-coated paper, using a
syringe pump (PHD 22/2000 Syringe Pump, Harvard
Apparatus, USA) at a constant rate of 6 mL/min (Fig. S1(D)
of the SI). After the reaction with H,S gas, the Ag NPRs-
coated paper was taken out of the holder, and 7 uL of 1 M
KCl was dropped onto the single detection zone. After 10 min,
the changes in color intensity of the single-zone pattered, Ag
NPR-coated paper could also be confirmed with the naked
eye, and could be analyzed by the same methods as used for
the multi-zone patterned paper.

Feasibility test

To evaluate the feasibility of our single-patterned, Ag NPR-
coated H,S sensing paper as a fast and sensitive sensor for the
guideline of dietary supplements, it was applied to monitor
H,S gas produced from three kinds of garlic including
crushed, peeled, and fresh garlic. The various mass of 50,
100, 150, and 200 g of crushed and peeled garlic, and 100
and 200 g of fresh garlic was inserted into each 500 mL round
beaker, and immediately sealed with a rubber cap. After
20 min, 6 mL of the gas was taken with syringe, followed
by connection with the holder. Subsequently, the gas within
the syringe was injected into the Ag NPR-coated paper within
the holder for 1 min, using a syringe pump. After the reaction
with the gas for 1 min and the subsequent addition of KCl, the
changes in color intensity of the Ag NPR-coated H,S sensing
paper were analyzed quantitatively.

Results and discussion

Characterization of Ag NPRs before and after KCl
etching

We synthesized Ag NPRs by the seed growth method [25].
First, Ag seeds were prepared via the reduction of Ag(l) pre-
cursor by NaBH, in the presence of citrate and PSS to control
the morphology, and maintain the colloidal stability. Fig. S2
of the SI shows the optimized conditions for the preparation of
Ag seeds, including the concentrations of citrate, PSS, and
NaBHj,. Subsequently, as-prepared yellow Ag seeds were fur-
ther grown by the addition of Ag(I) precusor with a mild
reducing agent, AA. Figs. S3 (A), (B), and (C) of the SI show
the optimized concentration of AA and volume of Ag(l) pre-
cursor—AgNO; solution—for the growth of Ag seeds to Ag
NPRs. Figure S3 (B) and (C) of the SI shows that if the same
volume (400 pL) of the seed solution was used for the grow-
ing, the amount and shape/size of Ag NPRs were mainly con-
trolled by the added volume of AgNO; (0.5 mM) to the mixed
solution during the growth step. The greater volume of
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AgNOs; that was added to the growing solution, the greater the
number of and the larger the Ag NPRs that were produced.
The formation of the Ag NPRs, perceived by simple visual
observation of the color, was monitored by the UV-Vis spec-
tra. As a result, Ag NPRs at the optimized conditions were
grown continuously until the LSPR),,.x Was located at
740 nm, and the reaction was terminated. The prepared Ag
NPR solution was very stable up to 14 days (Fig. S3(D) of the
SI).

The Ag NPRs undergo oxidative etching due to the attack
of halide ions toward the high-energy edge area (110), com-
pared with the low-energy surface area (111) [28]. Therefore,
the shape of Ag NPRs gradually changes to round Ag NPIs or
NDs, depending on the level of oxidative etching. Figure 1a
shows that the treatment of 1 M KCI for 10 min shifted the
LSPR)\ax from 740 to 410 nm (black to red lines, respective-
ly). The color of the solution changed from blue to yellow.
These results prove the ability of KCI as a powerful etchant to
convert triangular Ag NPRs to round shape or Ag nanoparti-
cles (Ag NPs).

To characterize the change in triangular Ag NPRs on the
paper substrate by KCl, we performed SEM measurement,
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Fig. 1 Characterization of silver nanoprisms (Ag NPRs) before and after
KCI treatment. (a) UV-Vis spectra and photographic images of the col-
loidal silver nanoprisms (Ag NPRs) solutions (a) before, and (b) after,
1 M KCl treatment for 10 min. (b) The color change in Ag NPRs-coated

Raman spectroscopy, and colorimetric analysis, respectively.
Prior to the characterization of Ag NPRs on the paper, we
optimized the drop volume of Ag NPRs solution on the paper.
As shown in Fig. S4 of the SI, the intensity of parameter b in
the L*a*b color space of Ag NPRs on the paper without any
treatment did not change according to the drop volume from
(3 to 8) uL. But, after I M KCI treatment, the parameter b
intensity of Ag NPRs on the detection zone gradually in-
creased with increasing drop volume of Ag NPRs solution.
Therefore, we selected the drop volume of Ag NPRs on the
detection zone in the paper substrate as 7 uL, considering the
large difference in color intensity of Ag NPRs without and
with 1 M KCI treatment.

First, we characterized the color change in Ag NPRs-
coated paper substrates by the KCl treatment. Figure 1b shows
the intensity of parameter b and color image of Ag NPRs-
coated paper substrates before and after KCI treatment. The
figure shows that after KCl treatment, the blue color of Ag
NPRs on the paper was converted to the yellow color, dem-
onstrating the etching of the Ag NPRs by CI” ion. This color
change in Ag NPRs increased the parameter b intensity from
—10.01 £0.15 to 34.79 +0.88. Therefore, we confirmed that
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paper substrates before and after | M KCl treatment for 10 min. (¢) SEM
imagery of Ag NPRs on the paper substrate (a) before, and (b) after, 1 M
KCI treatment. (d) Raman spectra of 1 mM 4-ATP on Ag NPR-coated
paper before (red line), and after (black line), | M KCl treatment
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KCI could change the color intensity of Ag NPR-coated paper
by etching the Ag NPRs effectively. Figure 1¢ shows the SEM
images of Ag NPRs coated on the paper substrate before and
after treatment of 1 M KCI. The figure shows that without any
treatment, Ag NPRs with LSPRy;,,,« of 740 nm exhibited the
triangular shape having an edge length of approximately
50 nm on the paper. But, after treatment of 1 M KCl, triangular
Ag NPRs were converted into round-type Ag NDs or Ag NPs.
To confirm the change in the SERS activity of Ag NPRs by
the KClI treatment, Raman spectra of 1 mM 4-ATP were ob-
tained from the Ag NPR-coated paper before and after the 1 M
KCl treatment. Table 1 provides the detailed assignment of the
Raman peaks for 4-ATP. Figure 1d shows that the Raman
intensity of 1 mM 4-ATP in Ag NPR-coated paper before
treatment (red line) was higher than that of the Ag NPRs-
coated paper after the 1 M KCI treatment (black line). In
particular, the most intense peaks of 4-ATP at (1140 and
1440) cm™ " were very obvious on the Ag NPR-coated paper.
Ag NPRs exhibited remarkable activity for SERS, which was
attributed to strong electromagnetic fields at the corners [29].
However, the treatment of KCI etched the corner of triangular
Ag NPRs, showing the decrease of the SERS activity of Ag
NPRs.

Optimization of ag NPR-coated H,S sensing paper

It is known that sulfur can chemically bind to the surface edge
of Ag NPRs in the form of Ag,S [30], and can protect and
maintain the shape of Ag NPRs from the oxidative etching of
halide ions. Therefore, in this study, we prepared Ag NPR-
coated colorimetric H,S sensing paper, utilizing the etching-
resistance strategy of Ag NPRs by H,S gas against the attack
of CI ion. The colorimetric H,S sensing is based on the dif-
ference of the etching of Ag NPRs by Cl ion after the reaction
with H,S, resulting in the color change from yellow to pur-
plish brown, depending on the concentration of H,S. In pre-
vious study, we had detected H,S using the direct color

Table 1 Peak assignment of Raman spectra for 4-ATP molecules
Peak (cm ) Assignment

464 C-C-C vibration mode

635 C-C-C vibration mode

827 C-N+C-S+CCC vibration mode
1007 C-C vibration mode+C-C-C vibration mode
1077 C-S vibration mode
1140 C-H stretching mode
1185 C-H stretching mode
1390 C-N vibration mode
1443 C-C vibration mode+C-H stretching mode
1586 C-C vibration mode

@ Springer

change in blue Ag NPIs to brown-colored Ag,S by the reac-
tion with H,S [27]. But for sufficient color change, it was
necessary to react Ag NPIs with H,S for 2 h. The Ag NPR-
coated H,S sensing paper used in this study can cause the
color change even within a very short reaction time, because
the oxidative etching of Ag NPRs by Cl ion is very sensitive
to the Ag,S formed by H,S.

To maximize the colorimetric sensing efficiency for the
H,S gas, we optimized the fabrication conditions, including
the LSPRyax and volume of Ag NPRs, the reaction time
between Ag NPRs and H,S, and the concentration of KCl,
using multi-zone patterned H,S sensing paper for passive
(diffusion) mode. First, we analyzed the color intensity of
Ag NPR-coated paper according to the LSPR),.x. Ag NPRs
with different LSPR,,.«x of 560, 600, 740, 820, and 960 nm
were prepared by varying the amount of seed solution, as
shown in Fig. 2a. When the amount of seed solution increased,
the LSPRyyax of Ag NPRs was blue shifted from 930 to 480
nm. As a result, the more the seeds, the smaller the Ag NPRs.
Figure 2b represents the change in parameter b intensity of
H,S sensing-coated paper that was coated with various Ag
NPRs with different LSPR),.x by the treatment of 1 M KCI,
after the reaction with H,S in the concentration range (1.03 to
32.9) uM for 1 min. The figure shows that Ag NPRs with
740 nm LSPR),.x displayed the maximum color change and
the best linearity in the detection zone on the paper, according
to the concentration of H,S. Therefore, for the effective detec-
tion of H,S, we selected Ag NPRs with 740 nm LSPRj ..

Next, we optimized the concentration of KCl for the max-
imum color change in Ag NPR-coated detection zone on the
paper after the reaction with H,S. Figure 2¢ shows that the
higher concentration of KClI treated on the detection zone led
to an increase in the change in color intensity according to the
concentration of H,S. This data showed that the higher con-
centration of KCI could effectively etch the Ag NPRs,
resulting in a better color change. Therefore, we selected the
treated concentration of KClI as 1 M. Finally, we investigated
the effect of the reaction time of 1, 2.5, 5, 7, and 10 min
between the Ag NPRs and H,S on the change in color inten-
sity of the detection zone. Figure 2d shows that with the in-
crease of reaction time, the change in color intensity of Ah
NPR-coated paper decreased. Therefore, we selected 1 min as
the reaction time for the efficient formation of Ag,S that could
protect the etching of Ag NPRs by CI' ion.

Analytical performance of the Ag NPR-coated and
multi-zone patterned H,S sensing paper

We evaluated the analytical performance of the Ag NPR-
coated and multi-zone patterned H,S sensing paper for the
passive mode, using 96-well microplate. The color changes
in the Ag NPR-coated detection zone on the paper were mea-
sured after the addition of various concentrations of Na,S (as a
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Fig.2 (a) UV-Vis spectra and photographic images of the colloidal silver
nanoprisms (Ag NPRs) solutions obtained from different volumes of
seeds. Changes in parameter b intensity of the multi-zone patterned H,S
sensing paper depending on the concentration of H,S in phosphate buff-
ered saline according to (b) different maximum localized surface plasmon

H,S donor) solution in PBS to each well for 1 min at RT.
Figure 3a shows that the concentration of H,S changed the
color intensity of the Ag NPR-coated detection zone on the
paper without any treatment very little, showing a similar blue
color. But, after KCl treatment, the intensity of parameter b
decreased with an increase in H,S concentration, showing a
linear relationship with H,S concentration ranging 1.03 to
32.9 uM (R* = 0.989). With an increase in H,S concentration,
the color of Ag NPRs changed from yellow to purplish brown.
The sensitivity of Ag NPI-coated H,S sensing paper for the
passive mode was 0.85 parameter b intensity per pM H,S,
which was about 28 times higher than that without the KCl
treatment (0.03 parameter b intensity per M H,S). The limit
of detection (LOD) was found to be 3.13 uM H,S in PBS,
according to the standard deviation of the blank and the slope
method (3 syy/slope) [31].

To evaluate the selectivity of the prepared colorimetric H,S
sensing paper, we tested the color intensity of Ag NPR-coated
detection zone after the addition of four kinds of sulfur-
containing compounds (1 mM), namely DTT, GSH, H-Cys,
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resonance wavelengths (LSPR .x) of 560, 600, 740, 820, and 960 nm,
(¢) the treatment concentration of KCI of 0.01, 0.1, 1, 10, 100, and 1000
mM, and (d) the reaction time of 1, 2.5, 5, 7, and 10 min between Ag
NPRs and H,S

and Cys, together with 1 mM NaNO, as a nitric oxide donor.
Figure 3b shows that only H,S caused a dramatic change in
color intensity, showing the protective effect of H,S on Ag
NPRs against the etching by CI™ ion. Other interferences
showed yellow colors, similar to the change in the original
Ag NPRs by CI" ion. This result clearly showed that the pre-
pared H,S sensing paper had high selectivity toward the H,S
gas. In addition, we investigated the reproducibility of Ag
NPR-coated papers by measuring the changes in color inten-
sity to H,S (8.2 uM) in 12 sensing papers. Figure 3¢ shows
that the relative standard deviation (RSD) was 4.8%. This
result showed that the H,S sensing papers were highly repro-
ducible. The stability of our H,S sensing paper was tested by
evaluating the changes in color intensity of Ag NPRs to H,S,
as well as KCl treatment only, for 14 days of storage at RT
without light and air. Figure 3d shows that there was no sig-
nificant change in the colorimetric detection at 14 days (~99%
of the initial response in Ag NPRs, ~97% of the initial re-
sponse in Ag NPRs with KCl treatment, and ~86% of the
initial response in Ag NPRs with KCI treatment after the
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Fig. 3 The analytical performance of the silver nanoprism (Ag NPR)-
coated and multi-zone patterned H,S sensing paper. (a) Calibration plot
of parameter b intensity versus concentration of H,S in phosphate buft-
ered saline for the Ag NPR-coated, multi-zone patterned paper at RT for
1 min, without (black line, inset), and with, KCl treatment (red line). The
images represent the color changes in the detection zone of Ag NPR-
coated paper after reaction with different concentrations of H,S for
1 min without (upper row), and with, KCI treatment (bottom row). (b)
Changes in parameter b intensity of the multi-zone patterned H,S sensing
paper with KCI treatment after reaction with 16.4 pM H,S and 1 mM of

reaction with H,S, respectively). Therefore, the proposed H,S
sensing paper has good stability under controlled storage
conditions.

The sample collection for Ag NPR-coated and a single-
zone patterned H,S sensing paper

To detect the H,S gas for pumped mode, we prepared a single-
zone patterned H,S sensing paper, which was inserted within
a holder, and connected to a syringe and pump. Because the
H,S gas within the beaker was collected by syringe, we opti-
mized the sample collection conditions, including the accu-
mulation time for H,S gas released from the H,S donor solu-
tion, and the reaction volume of H,S gas. To determine the
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other sulfur-containing compounds, including glutathione (GSH), dithio-
threitol (DTT), homocysteine (H-cys), and cysteine (Cys), as well as
NaNO, (nitric oxide donor). (¢) Reproducibility of changes in parameter
b intensity of 12 Ag NPR-coated papers after exposure to H,S (8.2 uM).
(d) Stability of Ag NPR-coated multi-zone patterned H,S sensing paper
during 14 days of storage at RT under controlled condition without light
and air. Each line represents the color intensity change in Ag NPR-coated
paper (black line) and KCl-treated Ag NPR-coated paper without (red
line), and with (blue line), the reaction of H,S, respectively

optimal accumulation time for H,S gas, we measured the
change in color intensity of Ag NPR-coated and single-zone
patterned H,S sensing paper according to the concentration
range from 1.03 to 32.9 uM H,S at each accumulation time of
5, 10, 20, and 40 min. Figure 4a shows that the calibration
curve revealed good linearity to H,S, which was collected
after the accumulation for 20 min, compared with those of
other accumulation times. Therefore, we selected the accumu-
lation time for H,S as 20 min.

Next, we optimized the reaction volume of H,S gas with
the prepared H,S sensing paper by varying the volume from
5.5 to 10 mL. Figure 4b shows that the change in the color
intensity of Ag NPR-coated H,S sensing paper showed the
best linearity in the concentration range from 1.03 to 32.9 uM
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Fig. 4 Optimization and analytical performance of silver nanoprism (Ag
NPR)-coated and single-zone patterned H,S sensing paper. The changes
in parameter B intensity of Ag NPR-coated, single-zone patterned paper
depending on the H,S concentration at (a) different accumulation time of
5, 10, 20, and 40 min for H,S gas in 500 mL beaker, and (b) different
reaction volume of 5.5, 6, 6.5, 7, 7.5, and 10 mL of H,S gas within the

H,S at 6 mL of H,S gas. Therefore, we selected the reaction
volume of H,S gas for the single-zone patterned H,S sensing
paper as 6 mL.

Analytical performance of the Ag NPR-coated and a
single-zone patterned H,S sensing paper

To evaluate the analytical performance of Ag NPR-coated
H,S sensing paper, the color change in a single detection zone
on the paper was measured after the injection of H,S gas at the
concentration range from 1.03 to 32.9 uM for 1 min. Similar
to the multi-zone patterned paper for the passive mode, 1 M
KCl treatment turned the blue-colored Ag NPRs without H,S
exposure yellow. But, after the reaction with H,S, with an
increase in H,S concentration, they turned from yellow to
brown/purple (Fig. 4c). The prepared H,S sensing paper
showed good linearity in the H,S concentration range from
1.03 to 32.9 uM (R*=0.993). The sensitivity was 0.73
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holder. (c¢) Calibration plot of parameter b intensity versus concentration
of H,S in phosphate buffered saline for the Ag NPR-coated, single-zone
patterned paper at RT for 1 min with KClI treatment. (d) Reproducibility
of changes in parameter b intensity of a total of 20 Ag NPR-coated papers
performed on 5 different fabrication dates after exposure to 16.4 uM H,S

parameter b intensity per uM H,S, and the LOD was
3.6 uM H,S based on 3 sy/slope.

The response of the single-zone patterned H,S sensing paper
was slightly lower than that of the multi-zone patterned paper
(slope: 0.85 parameter b intensity per phM H,S) in the concen-
tration range from 1.03 to 32.9 uM H,S (Fig. S5 of the SI).
However, the sensitivity values of the two types of H,S sensing
paper were the same (1.2 parameter b intensity per uM H,S) in
the H,S concentration range from 1.03 to 16.4 uM.
Furthermore, the RSD of the prepared H,S sensing paper was
5.84% (Fig. 4d). This result indicates that the Ag NPR-coated
and single-patterned paper both showed good reproducibility.

Comparison with a commercially available lead
acetate paper for the detection of H,S

Lead acetate test paper is used to detect H,S produced by
microorganisms, and to evaluate the quality of water and food

@ Springer
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[32]. The H,S sensing is based on the specific reactivity of
lead acetate with H,S, resulting in a brown lead sulfide stain.
To compare the sensitivity of our Ag-NPR-coated paper with
the lead acetate paper, the changes in the color intensity of two
sensing papers were measured after the exposure to H,S for
1 min, using a 96-well microplate. Figure 5a shows that with
an increase in H,S concentration, the color of the lead acetate
paper changed slightly from white to pale yellow. However, it
was difficult to easily identify with the naked eye the color
change of the paper. Therefore, we analyzed the image
using the blue channel of the RGB (red, green, blue)
model. Figure 5 shows that the change in the blue chan-
nel intensity of lead acetate paper revealed a linear re-
lationship with H,S concentration ranging from 1.03 to
32.9 uM (R*=0.99). But the standard deviation of each
value was very high, showing low reproducibility. The
LOD was 11.3 uM H,S (based on 3 sy/slope), which
was 3.6 times higher than that of our Ag NPR-coated
paper (3.1 uM H,S). As a result, Ag NPR-coated H,S
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Fig. 5 (a) Changes in blue channel intensity of a commercially available
lead acetate paper after the exposure to H,S for 1 min, using a 96-well
microplate. (b) Color changes in the detection zone of silver nanoprism
(Ag NPR)-coated, single-zone patterned H,S sensing paper after expo-
sure to each H,S gas for 1 min, collected from the various mass of three
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sensing paper showed higher sensitivity and reproduc-
ibility, compared to lead acetate test paper.

Feasibility test

Garlic is rich in organosulfur compounds, which are known to
be responsible for most of its pharmacological activities. In
particular, garlic consumption has been related to the reduc-
tion in multiple risk factors associated with cardiovascular
diseases, such as increased reactive oxygen species, high
blood pressure, high cholesterol, platelet aggregation, and
blood coagulation [33, 34]. The vasoactivity of garlic com-
pounds is synchronous with H,S production, and their poten-
cy to mediate relaxation increases with H,S yield [33].
Therefore, the capacity to produce H,S can be used to stan-
dardize garlic dietary supplements.

To evaluate the feasibility of the Ag NPR-coated H,S sens-
ing paper, it was applied to monitor H,S gas produced from
three kinds of garlic including crushed, peeled, and fresh
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kinds of garlic including crushed, peeled, and fresh garlic, using a syringe.
(¢) Changes in parameter b intensity and (d) quantitative analysis of H,S
production released from the various mass of crushed, peeled, and fresh
garlic, respectively
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garlic. The change in color intensity of our H,S sensing paper
was measured from gas samples that were collected from the
various mass of 50, 100, 150, and 200 g of crushed and pecled
garlic, and 100 and 200 g of fresh garlic, respectively, using a
syringe. The reaction time between Ag NPRs and H,S gas
was 1 min. Figures 5b-d show that higher amounts of crushed
and peeled garlic could release more H,S gas (4.9+2.4,7.5+

2.7, 11.0£3.1, and 16.0£2.8 uM from 50, 100, 150, and
200 g crushed garlic, respectively; 13.8 £1.4, 21.2+1.5,
22.1+1.7, and 26.6 = 1.4 uM from 50, 100, 150, and 200 g
peeled garlic, respectively), showing color changes in the de-
tection zone from yellow to purplish brown. Besides, the H,S
concentration released from 100 and 200 g fresh garlic was
3.7+1.0 and 17.9£2.7 uM, respectively. These results
showed that Ag NPR-coated H,S sensing paper could suc-
cessfully detect H,S gas produced from the different mass of
various garlic samples.

Conclusion

In this paper, we developed a fast, simple, and sensitive H,S
sensing paper using Ag NPRs, which possess a specific opti-
cal property due to their extreme geometric anisotropy. As the
formation of Ag,S after the reaction with H,S gas on Ag
NPRs showed the effective etching-resistant effect on Ag
NPRs against Cl ion, the color of Ag NPR-coated paper
changed after KCI treatment from blue to purplish brown.
We prepared two types of Ag NPRs-coated paper sensor for
H,S sensing, such as the multi-zone patterned H,S sensing
paper for passive (diffusion) mode, and the single-zone pat-
terned H,S sensing paper for pumped mode, depending on the
reaction mode between Ag NPRs and H,S gas. These Ag
NPR-coated papers can simply detect H,S after the sequential
reaction with H,S gas and KCl. Both Ag NPR-coated H,S
sensing papers showed high sensitivity, good selectivity, high
reproducibility, and good stability, as well as fast reaction time
(1 min) between Ag NPRs and free H,S gas. We successfully
measured the H,S level released from the different amounts of
crushed, peeled, and fresh garlic. Therefore, we suggest that
these H,S sensing papers demonstrate great potential for pro-
viding quality control of dietary supplements, and application
to exhaled breath analysis for the noninvasive diagnosis of
halitosis.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00604-021-04783-4.
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