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Jin Young Kimac and Kang-Bong Lee *ac

A gold nanourchin (AuNU) probe with a novel sensing mechanism for monitoring H2S was developed as

a feasible colorimetric sensor. In this study, AuNUs that are selectively responsive to H2S were fabricated

in the presence of trisodium citrate and 1,4-hydroquinone using a seed-mediated approach. Upon

exposure of the AuNU solution to H2S, the hydrosulfide ions (HS−) in the solution are converted into

oligomeric sulfides by 1,4-hydroquinone used as a reducing agent during the synthesis of AuNUs. The

oligomeric sulfides formed in the AuNU solution upon the addition of H2S were found to coat the

surface of the AuNUs, introducing a blue shift in absorption accompanied by a color change in the

solution from sky blue to light green. This colorimetric alteration by the capping of oligomeric sulfides

on the surface of AuNUs is unique compared to well-known color change mechanisms, such as

aggregation, etching, or growth of nanoparticles. The novel H2S sensing mechanism of the AuNUs was

characterized using UV-Vis spectroscopy, high-resolution transmission microscopy, X-ray photoelectron

spectroscopy, surface-enhanced Raman spectroscopy, secondary ion mass spectroscopy, liquid

chromatography-tandem mass spectrometry, and atom probe tomography. H2S was reliably monitored

with two calibration curves comprising two sections with different slopes according to the low (0.3–15

mM) and high (15.0–300 mM) concentration range using the optimized AuNU probe, and a detection limit

of 0.29 mM was obtained in tap water.
1 Introduction

H2S is a potentially fatal substance in the workplace and for
workers in many industries, including farms, oil reneries, and
sewage treatment. Low-level exposure to H2S usually causes
irritation of the mucous membrane and skin, whereas high-
level exposure causes fatal toxicity. H2S is readily water-
soluble and exists as a hydrosulde ion (HS−) in aqueous
solutions with pH 6–12.1–5

Although U.S. Environmental Protection Agency has not
established a standard for H2S, the U.S. Occupational Safety and
Health Administration has set an 8 h average professional
standard of 20 ppm. The World Health Organization suggests
that H2S gas concentrations should not exceed a 7 mg m−3,
average over a half hour period.6–9
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Various instrumental analysis methods such as ow injec-
tion analysis,10 ion exchange chromatography (IC) 11, electro-
chemical methods,12–14 ultra-performance liquid
chromatography-tandem mass spectrometry (LC-MS/MS),15,16

and uorometry17 have been employed to analyze the concen-
tration of H2S. However, these analytical techniques generally
require the use of state-of-the-art analytical apparatus and
laborious sample pre-treatment, and must be performed by
well-trained experts. This hasmotivated the recent development
of several original and innovative nanoparticle probes for H2S
detection.

Gold and silver nanoparticles (AuNPs and AgNPs) are
commonly used in chemical sensors for H2S; in particular,
colorimetric analysis using these nanoparticles is common
because of facile, cost-efficient manufacturing, and the user-
friendliness of colorimetric analysis.18–25 Visual sensing using
AuNPs/AgNPs for H2S in aqueous systems involves mechanisms
based on aggregation,26 etching,27 or growth28 of nanoparticles.
In addition to the colorimetric sensing mechanisms of AuNPs
established to date, a novel mechanism using gold nanourchins
(AuNUs) was found for the detection of H2S in this study. In
seed-mediated synthesis using dual reducing agents, citrate and
1,4-hydroquinone were used together to generate an urchin
© 2023 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
morphology of AuNP with multiple-tips on the {111}, {200},
{220} and {311} crystalline faces.29

In this study, the AuNU solution was exposed to H2S existing
as HS− in aqueous solutions, as described above. Hydrosuldes
spontaneously form oligomeric suldes by reacting with 1,4-
hydroquinone, which is used as a reducing agent in the
synthesis of AuNUs (see below).30,31

1,4-Hydroquinone + O2 / O2c
− + 1,4-semiquinonec− + 2H+ (1)

HS− + 1,4-semiquinonec− / HSc + 1,4-benzoquinone (2)

HSc / Sc− + H+ (3)

2Sc− / S2
2− (4)

Sc− + S2c
− / S3

2− (5)

Superoxide (O2c
−) is formed during the oxidation of 1,4-

hydroquinone to a 1,4-semiquinone anion radical (eqn (1)). This
radical reduces hydrosulde to a hydrosulde radical (eqn (2)),
which initiated the formation of oligomeric suldes (Sn

2−) with
various chain lengths (n = 1–9) (eqn (3)–(5)).

The colorimetric change mechanism in the AuNUs upon the
addition of H2S is unique compared to those in nanoparticles
due to the aggregation, etching, or growth of AuNPs,26–28 based
on UV-Vis absorption. The H2S sensing mechanism of the
AuNUs was characterized using UV-Vis spectroscopy, high-
resolution transmission electron microscopy (HR-TEM), X-ray
photoelectron spectroscopy (XPS), surface-enhanced Raman
spectroscopy (SERS), LC-MS/MS, time-of-ight secondary ion
mass spectroscopy (TOF-SIMS), and atom probe tomography
(APT). The color-change mechanism in the AuNU solution upon
the addition of H2S should be investigated to determine the
origin of the localized surface plasmon resonance (LSPR)
frequency perturbation in a manner different from that of the
conventional sensing mechanism.

The AuNUs responded selectively to H2S, as indicated by
a clear change in the color of the solution from sky blue to light
green. In addition, none of the studied metal cations or anions
interfered with the H2S monitoring. The prepared AuNU probe
for H2S was optimized with respect to pH, temperature, and salt
concentration. Additionally, the limits of detection (LOD) and
linearity were determined. We concluded that this optimized
AuNU probe could be employed as a simple and practical
system for real-time H2S detection owing to its high capacity for
H2S sensing.

2 Materials and methods
2.1 Chemicals and reagents

Hydrogen tetrachloroaurate (III) trihydrate (HAuCl4$3H2O), tri-
sodium citrate (TSC) and H2S were purchased from Sigma-
Aldrich (St. Louis, MO, USA). The anions F−, Cl−, Br−, I−,
NO2

−, NO3
−, SO4

2−, ClO3
−, ClO2

−, ClO4
−, BrO3

−, CH3COO
−,

C2H5COO
−, C4H7O2

−, C8H4O4
2−, Cr2O2

7−, C6H5O7
3−, NaSCN−,

CO3
2−, PO4

3−, S2O8
2−, SCN−, C6H8O4

2−, C6H5COO
−,

C2H4O2(COO)2
2−, C4H3O5

3−, C3H2O4
2−, C2H4(COO)2

2−,
© 2023 The Author(s). Published by the Royal Society of Chemistry
C2H5COO
−, C3H4O3

2−, HCOO−, (C2O4)
2−, SiO3

2−, C2H3O3
− and

CN− were purchased from AccuStandard (New Haven, CT, USA).
HCl, NaOH and 1,4-hydroquinone were purchased from Sam-
chun Chemical (Gyeonggi-do, Republic of Korea). Double
distilled water was obtained from a Milli-Q water purier (Mil-
lipore, Billerica, MA, USA). To examine the usability of the
probe, tap, pond and waste water samples were obtained from
the laboratory, pond and clarier tanks, respectively at the
Korea Institute of Science and Technology (KIST) campus.

2.2 Instruments and analyses

The absorption spectra of the AuNU solutions in the wavelength
range of 200–900 nm were measured using a UV-Vis spectro-
photometer (S-3100, Scinco, Republic of Korea). The pH was
measured using an HI 2210 pH meter (Hanna Instruments,
Woonsocket, RI, USA). The H2S concentrations in the water
samples were analyzed using IC (Metrohm, Ionenstrasse, Her-
isau, Switzerland). Particle size distribution was evaluated using
dynamic light scattering (DLS; Zetasizer, Malvern Instruments,
Worcestershire, UK). XPS characterization of the Au–Au and Au–
S bonds of the oligomeric suldes was carried out using a PHI
5000 VersaProbe III system (ULVAC-PHI, Chigasaki, Japan).

The physico-chemical properties of the polymeric chain
coated on the surface of the AuNUs were evaluated in the
wavenumber range of 100–1800 cm−1 using a Raman spec-
trometer (LabRam Aramis, Horiba, Kyoto, Japan) with either
a 633 nm or 785 nm diode laser power below 1 mW as the
source. The LabSpec 4.16 soware was used for Raman peak
analysis and deconvolution of the spectra.

The morphologies, surfaces and diameters of the AuNUs and
AuNUs with H2S (AuNUs-H2S) were evaluated using HR-TEM
(CM30, Philips, NC, USA). TOF-SIMS was used to characterize
molecular chain capping on the surface of the AuNUs.

The analytes were identied by LC-MS/MS on a Waters
ACQUITY UPLC system coupled to a Waters SYNAPT G2-Si
quantitative time-of-ight mass spectrometer equipped with
an electrospray ionization source (Waters Corporation, Milford,
MA, USA). The samples were measured in positive mode.

APT offers both 3D imaging and chemical composition
measurements at the atomic scale and was performed using
a LEAP 4000X HR™ system (Ametek Inc., Berwyn, PA, USA). HR-
TEM and APT samples were prepared using the precipitates of
AuNUs and AuNUs-H2S, and the solvent was subsequently
evaporated. The APT specimens were further processed by
annular milling using a dual beam focused ion beam (FIB; Nova
Nanolab 600; Thermo Fisher Scientic, Waltham, MA, USA). An
LC-MS/MS instrument (Waters, Manchester, UK) was used to
characterize the structure of the polymer chain formed in the
AuNUs upon the addition of H2S.

2.3 Synthesis of AuNUs

AuNUs were synthesized using the seed-mediated growth
method.32 Spherical Au nanoseeds were fabricated by citrate
reduction of HAuCl4. A 100 mM HAuCl4 aqueous solution was
prepared by dissolving HAuCl4 (2 g) in double distilled water (50
mL). The HAuCl4 solution (150 mL) was mixed in a ask with
RSC Adv., 2023, 13, 33028–33037 | 33029
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deionized water (60 mL) under vigorous stirring, and boiling.
Aer boiling, a 1% aqueous sodium citrate solution (1 mL) was
immediately added, and the solution was boiled until its color
changed to wine red. The solution was then cooled by stirring to
form seed solution. The growth solution was prepared by add-
ing aqueous HAuCl4 (100mM, 50 mL) to distilled water (19.2 mL)
under vigorous stirring. Then, Au nanoseeds (100 mL), 1%
sodium citrate (44 mL), and 1,4-hydroquinone (30 mM, 2 mL)
were sequentially added to the solution. The solution was stir-
red at 25 °C for 30 min to obtain Au nanourchins with multiple
tips (Fig. S1†).33
2.4 Optical sensing of H2S in real samples

To evaluate the practical application of the newly designed
probe, the concentrations of H2S in tap water, pond water, and
waste water obtained from KIST were monitored. A standard
H2S solution was added to tap water and pond water samples to
obtain the H2S concentrations of 150 mM and 300 mM, but waste
water was used intact without addition of H2S. The concentra-
tion of H2S in the samples was measured using the AuNU
solution (1000 mL). The H2S concentrations measured by the
AuNUs were validated using IC.
Fig. 1 (a) UV-Vis spectra of AuNUs (sky blue) and AuNUs-H2S (light
green). (b) HR-TEM image, and the corresponding particle-size
distribution (d = 115.4 nm) of AuNUs. (c) HR-TEM image, and the
corresponding particle-size distribution (d = 122.1 nm) of AuNUs-H2S
at pH 4.0 and 25 °C in 20 mM NaCl.
3 Results and discussion
3.1 Optical properties, stabilities, and morphologies of
AuNUs and AuNUs-H2S

AuNUs with a size of approximately 115 nm were synthesized
using the seed-mediated growth method, and Au nanoseeds
were fabricated by reducing of HAuCl4 with trisodium citrate.
The wavelength of the maximum LSPR peak of the AuNUs was
672 nm, and an additional LSPR peak appeared at 421 nm for
AuNUs-H2S with a size of ∼122.1 nm, introducing a unique
absorption accompanied by a color change from sky blue to
light green (Fig. 1a). This color change of the AuNUs occurred
only upon H2S addition; that is, other anions did not interfere
(see below). The UV-Vis spectra for AuNUs and AuNUs-H2S are
shown in the range of 350–900 nm (Fig. 1a), because highly
intense UV-Vis absorbance is observed for H2S and 1,4-hydro-
quinone in the 200–350 nm range (Fig. S2†). Furthermore, the
absorbances of the AuNU solution at 672 nm and the AuNU-H2S
solution at 421 nm were measured to evaluate its long-term
stability for at least 4 weeks, and the results indicated that the
AuNUs and the AuNUs-H2S were relatively stable within ±3%
(Fig. S3†).

Colorimetric changes in nanoparticle solutions upon the
addition of specic chemicals have been known to be due to the
aggregation, etching, or growth of nanoparticles.26–28 However,
examination of the HR-TEM images and particle size distribu-
tions (Fig. 1b and c) showed that the morphology and particle
size of AuNUs-H2S did not differ from those of AuNUs. There-
fore, it could be deduced that an unrecognized mechanism
caused colorimetric and UV-Vis spectral change in AuNUs-H2S
relative to those of the AuNU solution. Investigation of the
structural changes in the AuNUs upon H2S addition showed
that the AuNU surface was capped by a polymeric chain, as
33030 | RSC Adv., 2023, 13, 33028–33037
indicated by the HR-TEM image in the expanded region on the
lower right of Scheme 1. Accordingly, the structure of the
molecular chain coating on the surface of AuNUs should be
characterized.

3.2 Mechanism of H2S sensing by AuNUs

Colorimetric sensing probes using nanoparticles rely on the
variations in the interparticle distance and the morphological
change of the nanoparticles that result in both LSPR spectral
shis and color changes. The aggregation of nanoparticles
induced by the presence of the target analyte changes the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Schematic of H2S detection by gold nanourchins (AuNUs): UV-Vis spectra, a photograph of UV-Vis samples, synthetic morphologies,
and HR-TEM images of AuNUs in the absence and the presence of H2S. HR-TEM image of the oligomeric sulfide capping on the surface of
AuNUs in the presence of H2S (150 mM) was zoomed and drawn schematically.
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interparticle distance and forms the basis of colorimetric
assays.26 The growth reaction and etching of nanoparticles are
known to be additional colorimetric sensing mechanisms
arising from morphological changes.27,28

It was initially predicted that AuNUs could be applied as
a feasible and selective color sensor owing to an LSPR peak shi
causing changes in their morphology. Because AuNUs have
multiple tips with high crystal energies, it was assumed that
their color change originated from morphological changes
caused by anion etching.34,35 However, the intensity of the
strong absorption band of the AuNUs at 672 nm did not
decrease upon addition of H2S, and an additional high-intensity
peak at 421 nm appeared with no concomitant decrease in the
Fig. 2 (a) Wide-scan XPS spectra of AuNUs (black) and AuNUs-H2S (red)
and 25 °C in 20 mM NaCl.

© 2023 The Author(s). Published by the Royal Society of Chemistry
absorbance intensity at 672 nm. This new band reected
a chemical change at the AuNU surface rather than a morpho-
logical transformation of the AuNUs. Thus, the aforementioned
polymeric coatings, having formed on the surface of the AuNUs-
H2S and observed using HR-TEM, appeared to induce a colori-
metric change in the AuNU solution from sky blue to light green
(Scheme 1).

3.3 Spectroscopic characterization for the surface of the
AUNUs-H2S

Upon addition to the aqueous AuNU solution, H2S was imme-
diately ionized to HS− at neutral pH,36,37 and the hydrosulde
ions were spontaneously converted to hydrosulde radicals
. (b) XPS Au4f spectra of AuNUs (black) and AuNUs-H2S (red) at pH 4.0

RSC Adv., 2023, 13, 33028–33037 | 33031
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Fig. 3 (a) SERS spectra of AuNUs (black) and AuNUs-H2S (red) in the Raman shift range 100–1400 cm−1 at pH 4.0 and 25 °C in 20 mM NaCl. (b)
Deconvoluted Raman peaks with five resolved peaks using the LabSpec 4.16 software. These resolved peaks appear to correspond to oligomeric
sulfides S4

−, S5
−, S6

−, S7
−, and S8

−.
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using a 1,4-hydroquinone catalyst, which was used as the
reducing agent in the synthesis of AuNUs.30,38 These hydro-
sulde radicals dissociated into sulde radicals, which further
oligomerized to form oligomeric suldes. The surface of the
AuNUs was likely coated with this oligomeric sulde and
Fig. 4 TOF-SIMS spectra showing characteristic fragments (red) of (a) S2
coated on the surface of AuNUs in the presence of H2S and characteris

33032 | RSC Adv., 2023, 13, 33028–33037
stabilized through Au–S bonding. The oligomeric sulde
capping on the surface of the AuNUs was displayed on the
periphery of the cone with AuNU–Sn

− (inset on the right-hand
side of Scheme 1).
2−, (b) AuS−, (c) AuS2
−, and (d) AuS5

− associated with oligomeric sulfide
tic fragments (black) of AuNUs in the absence of H2S.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 LC chromatograms (above) and MS spectra (below) for (a) AuS4
−, (b) AuS5

−, (c) AuS7
−, and (d) AuS9

− showing Au–Sn
− associated with the

oligomeric sulfide coated on the surface of AuNUs.
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This oligomeric sulde chain capping the surface of the
AuNUs appeared to be maintained through Au–S bonding, and
it was conrmed by XPS. Wide-scan XPS spectra of the AuNUs
and AuNUs-H2S were recorded to examine the variations in Au
4f (Fig. 2a). The two Au 4f binding energies, representing the Au
4f7/2 (84.0 eV) and Au 4f5/2 (87.7 eV) states, exhibited peaks in
the XPS spectrum of the AuNUs, which were ascribed to metallic
Au. The much smaller XPS peaks of the Au 4f7/2 (84.1 eV) and Au
4f5/2 (87.8 eV) states in AuNUs-H2S suggested that Au was bound
to sulfur (Fig. 2b). These electron-rich sulfur atoms gave rise to
a 0.1 eV shi to higher energies of the Au 4f doublets, thus
providing XPS validation for the coordination between the Au
and S atoms.39,40

The sensitivity of the SERS peak with respect to the interac-
tions at the surface of plasmonic nanoparticles makes it
particularly suitable for structural investigations of molecular
chains in contact with nanoparticles.41,42 AuNUs with sharp
edges and tips exhibit highly sensitive SERS signals upon
chemical enhancement due to electron transfer to the AuNUs,
Fig. 6 Associated 3D chemical map of the volume containing a partial se
at near-atomic resolution.

© 2023 The Author(s). Published by the Royal Society of Chemistry
as well as large electromagnetic enhancements around the
AuNUs when forming Au–S bonds.43

Thus, the chemical structure of the oligomeric chains
capping the surface of the AuNUs was characterized using SERS
peaks. The SERS peaks for the molecular chains appeared in the
300–550 cm−1 frequency range corresponding to the S–S
stretching vibration (Fig. 3a), and these peaks were deconvo-
luted using LabSpec 4.16 soware (Fig. 3b). Raman scattering
peaks at 363, 394, 419, and 485 cm−1 appear to originate from
the sulde bonds of AuS4

−, AuS5
−, AuS6

−, AuS7
−, and AuS8

−.44,45

Therefore, these SERS peaks revealed that the molecular chains
in contact with the surface of the AuNUs contained various
oligomeric suldes bound to Au.

Moreover, TOF-SIMS analysis has previously been applied to
characterize oligomeric suldes coated on the surface of
AuNUs.46,47 Specic fragment ions (S2

2−, AuS−, AuS2
−, and

AuS5
−), found in the TOF-SIMS spectra of the AuNUs-H2S

solution (Fig. 4), verify that the H2S added to the AuNU solution
ction of (a) AuNUs and (b) AuNUs-H2S (pH 4.0, 25 °C, and 20 mMNaCl)

RSC Adv., 2023, 13, 33028–33037 | 33033
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Fig. 7 (a) Photograph of AuNU dispersions upon the addition of
0.15 mM H2S or 1.5 mM of anions numbered 3–36: (1) Ctrl, (2) H2S, (3)
F−, (4) Cl−, (5) Br−, (6) I−, (7) NO2

−, (8) NO3
−, (9) SO4

2−, (10) ClO3
−, (11)

ClO2
−, (12) ClO4

−, (13) BrO3
−, (14) CH3COO−, (15) C2H5COO−, (16)

C4H7O2
−, (17) C8H4O4

2−, (18) Cr2O2
7−, (19) C6H5O7

3−, (20) CO3
2−, (21)

PO4
3−, (22) S2O8

2−, (23) SCN−, (24) C6H8O4
2−, (25) C6H5COO−, (26)

C2H4O2(COO)2
2−, (27) C4H3O5

3−, (28) C3H2O4
2−, (29) C2H4(COO)2

2−,
(30) C2H5COO−, (31) C3H4O3

2−, (32) HCOO−, (33) (C2O4)
2−, (34)

SiO3
2−, (35) C2H3O3

− and (36) CN− at pH 4.0 and 25 °C in the presence
of 20 mM NaCl. (b) Absorbance ratios (A421 nm/A672 nm) of AuNU
solution in the presence of H2S (0.15 mM) or in the presence of 1.5 mM
anions without H2S in 20 mM NaCl at pH 4.0 and 25 °C.

Fig. 8 (a) Photographs and (b) UV-Vis absorption spectra of AuNUs
upon addition of various concentrations of H2S at pH 4.0 and 25 °C in
20 mM NaCl. (c) Calibration curves for absorption ratios (A421 nm/A672

nm) of the AuNU solutions as a function of H2S concentration in the
ranges of 0.3–15 mM (y = 0.85635x + 0.84061, r2 = 0.9984) and 15–
300 mM (y = 0.18843x + 1.04173, r2 = 0.9954) at pH 4.0 and 25 °C in
20 mM NaCl.
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was oligomerized to AuSn
− by the 1,4-hydroquinone catalyst, as

described in the reaction mechanism (eqn. (1)–(5)).
The oligomeric chains capping the surface of the AuNUs

were further identied using LC-MS/MS, which enables the
detection of oligomeric suldes of various lengths.48,49 The LC
chromatograms and MS spectra of AuNUs-H2S (Fig. 5) indicated
that the polymeric chains were oligomeric suldes, namely
AuSn

− (n = 1–9). Characteristic mass fragments associated with
oligomeric sulde formation were also found in trace amounts
of Au2Sn (n = 1–9) (not shown).

APT is a well-established analytical technique for imaging
the 3D structure and chemical constituents of materials at the
atomic level in conjunction with FIB sample preparation
methods. APT was employed to investigate the changes in
certain elements and compounds on the surface of AuNUs upon
the addition of H2S. APT images of the AuNUs and AuNUs-H2S
were compared to conrm the presence of sulde compounds
33034 | RSC Adv., 2023, 13, 33028–33037
capping the AuNU surface (Fig. 6).50,51 An FIB instrument was
used to selectively taper the micron-sized samples acquired
from the AuNUs and AuNUs-H2S. The 3-D chemical map dis-
played the distribution of Au on the surface of the AuNUs in the
absence of H2S, whereas sulde compounds are distinctly
observable in the chemical map of AuNU-H2S (Fig. 6).

3.4 Optimized conditions for obtaining high sensitivity of
AuNUs

The sensitivity of the probe to H2S was studied by varying the
pH, temperature, and salt concentration. The highest
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra05527b


Table 1 H2S concentrations in spiked tap water, spiked pondwater and real waste water samples determined using the AuNU colorimetric probe
and ion chromatography

Amount of H2S added to real samples (n = 6)

AuNUs colorimetric probe IC

Sample
Concentration
(mM)

Detected
concentration (mM) RSD (%) Recovery (%)

Intraday analysisa
Interday
analysisb

Detected
concentration (mM)RSD (%) Accuracy (bias%) RSD (%) Accuracy (bias%)

Tap
waterc

150 148 � 4.73 3.20 98.4 � 3.15 3.41 8.77 5.11 −1.72 152
300 302 � 23.2 7.69 101 � 7.75 7.12 −2.27 6.95 2.83 298

Pond
waterd

150 140 � 9.86 7.13 93.7 � 6.57 6.87 −4.31 5.23 −2.19 146
300 290 � 8.55 2.95 96.6 � 2.85 3.48 2.58 4.01 2.81 303

Waste
watere

Unknown 189 � 5.14 3.50 97.9 � 3.43 4.65 −1.22 3.76 −0.93 192

a Intraday analysis: four replicates with 2 h interval. b Interday analysis: 1st, 3rd, and 5th day. c Tap water: spiked sample. d Pond water: spiked
sample. e Waste water: real sample.
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absorbance ratio (A421 nm/A672 nm) was the index chosen to
determine the optimal conditions (pH, temperature, and NaCl
concentration) for probe sensitivity. Optimal H2S probe sensi-
tivity was obtained at a solution pH of 4.0 (Fig. S4a†).

The sensitivity of the AuNU probe was tested as a function of
temperature, and it was conrmed that the A421 nm/A672 nm ratio
did not change as the temperature increased from 15 to 55 °C in
5 °C intervals (Fig. S4b†). Therefore, 25 °C was arbitrarily
chosen as the optimal temperature.

The absorbance ratio (A421 nm/A672 nm) of the AuNU solution
in the presence of H2S was monitored at various NaCl concen-
trations and did not change as the NaCl concentration
increased from 20 to 120 mM; thus, 20 mM NaCl was arbitrarily
chosen as the buffer (Fig. S4c†). Hence, for H2S added to the
AuNU solution probe, the optimal conditions for the AuNU
solution probe were selected as pH 4.0, 25 °C and 20 mM NaCl
buffer (Fig. S4†).

The reaction kinetics of the AuNUs were studied with various
concentrations of H2S by measuring the UV-Vis absorbance
ratio (A421 nm/A672 nm). Immediately upon the addition of H2S to
the AuNU solution, oligomeric suldes on the surface of the
Table 2 Comparison of H2S detection performance using previously re
chromatography

Nanoparticle probe Sensing mechanism Ligand or m

AuNPsa Aggregation AEa

AgNPs Aggregation Dopamine
AgNPs Etching Chitosan
AgNPs Nanocluster CMSb

Cu@Au NPs Growth Iodide
PPF-AgNPsc Growth PPFc

Au/AgI NPs Etching Dimeric nan
Au/Ag NPsd Etching Core–shell
AuNUs Oligomeric sulde capping Oligomeric

a Thiolated azido derivates and active esters. b Carboxymethyl cellulose sod
coreshell nanoparticles.

© 2023 The Author(s). Published by the Royal Society of Chemistry
AuNUs were completely formed at approximately 40 s, regard-
less of the H2S concentration (Fig. S5†).

3.5 H2S selectivity of AuNUs

The H2S selectivity of the AuNU probe was investigated using
various anions, namely F−, Cl−, Br−, I−, NO2

−, NO3
−, SO4

2−,
ClO3

−, ClO2
−, ClO4

−, BrO3
−, CH3COO

−, C2H5COO
−, C4H7O2

−,
C8H4O4

2−, Cr2O2
7−, C6H5O7

3−, CO3
2−, PO4

3−, S2O8
2−, SCN−,

C6H8O4
2−, C6H5COO

−, C2H4O2(COO)2
2−, C4H3O5

3−, C3H2O4
2−,

C2H4(COO)2
2−, C2H5COO

−, C3H2O3
2−, HCOO−, (C2O4)

2−,
SiO3

2−, C2H3O3
−, and CN− at concentration of 1.5 mM. Notably,

0.15 mMH2S induced color variation in the AuNU solution, and
no colorimetric changes were observed upon the addition of the
other anions (Fig. 7a).

The absorbance ratio (A421 nm/A672 nm) of the AuNU solution
containing each anion was measured to determine the selec-
tivity of the optimized AuNU probe toward various anions
(Fig. 7b). The absorbance (A421 nm) of the AuNUs upon H2S
addition increased considerably, whereas the absorbance (A672
nm) of the AuNU-H2S did not decrease. This indicates that the
variation in the UV-Vis peaks is not due to conventional
ported gold or silver nanoparticle-based colorimetric probes and ion

odied agents Detection range LOD Ref.

3–10 mM 0.2 mM 18
2–15 mM 0.03 mM 19
0.80–6.40 mM 0.35 mM 20
15 to 70 mM 0.24 mM 21
0–1.5 mM 0.3 mM 22
0.7–10 mM 0.2 mM 23

oparticles 0–80 mM 0.5 mM 24
0.05–100 mM 1.0 mM 25

sulde 2.0–312.5 mM 0.29 mM This work

ium. c Poly-polyhedral oligomeric silsesquioxane-formaldehyde. d Au/Ag

RSC Adv., 2023, 13, 33028–33037 | 33035
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mechanisms such as aggregation, etching, or growth of nano-
particles. Rather, it was attributed to the morphological
changes caused by the unique formation of oligomeric suldes
on the surface of the AuNUs, which gave rise to a remarkably
high absorbance ratio (A421 nm/A672 nm). The absorbance ratio
was approximately four times greater than that obtained upon
the addition of other anions, demonstrating that a molecular
chain on the surface of the AuNUs was not formed upon the
addition of other anions.

The H2S selectivity of the AuNU probe was further tested
upon addition of diverse metal ions (Fig. S6†) and some sulfur
compounds (cysteine, dithiothreitol, 1-thioglycerol, and 2-thi-
ophenecarboxaldehyde) (not shown) at 1.5 mM; the developed
AuNU probe exhibited excellent selectivity toward H2S and no
reaction to the metal ions.

3.6 Quantitative analysis of H2S using AuNUs

The color variation caused by H2S in the AuNU solution is
related to the quantity of H2S as indicated by UV-Vis spectros-
copy. The color of the AuNU solution gradually changed from
sky blue to light green with increasing H2S concentration
(Fig. 8a). To evaluate the measurement error, the absorbance
ratio (A421 nm/A672 nm) was observed upon the gradual addition
of H2S (0–300 mM) in AuNUs (three times at each H2S concen-
tration) (Fig. 8b). A linear regression analysis was performed.
And two calibration curves with good linearity were obtained in
the concentration range of 0.3–15 mM (r2= 0.9984) and 15.0–300
mM (r2 = 0.9954) (Fig. 8c). It was believed that a lower amount of
H2S on the AuNUs added to the AuNUs facilitated the formation
of oligomeric suldes in the AuNU solution, which increased
the slope (response or sensitivity). The LOD was determined
according to the 3s/m criterion in the calibration plot, with H2S
concentration in the range of 0.3–15 mM. Corresponding to
a standard deviation (s) of 0.084 and a calibration plot slope (m)
of 0.85365, the LOD for this novel probe was estimated to be
0.29 mM in the tap water sample.

3.7 Usability of the AuNU probe in real samples

To demonstrate the applicability of the AuNU probe, we
measured its absorbance intensities in the tap and pond water
samples spiked with 150.0 and 300.0 mM H2S and in a real
waste-water sample with unknown H2S concentration. The H2S
concentration in the water samples determined using the AuNU
probe was in good agreement with the amount of H2S added to
the water samples, as well as with concentrations determined
using IC (Table 1). Hence, the AuNU probe developed for H2S
detection may be superior to IC instruments in terms of
analytical cost, operational simplicity, and expertise required.
In addition, the sensing mechanism of the AuNU-based assay
for H2S differed from that of other conventional probes (Table
2).

4 Conclusions

In this study, we developed a novel AuNU nanoprobe for the
feasible and selective colorimetric sensing of H2S. This H2S
33036 | RSC Adv., 2023, 13, 33028–33037
sensing probe is based on the formation of oligomeric suldes
on the surface of AuNUs, which manifests a new distinctive
absorbance peak at 421 nm and changes the color of the AuNU
solution from sky blue to light green. The mechanism of
colorimetric alteration by oligomeric sulde formation in
AuNUs differs from conventional sensing mechanisms such as
aggregation, etching, or growth of nanoparticles. This AuNU
probe can determine H2S concentrations without interference
from surrounding anions, providing a simpler H2S assay
compared with previous nanoprobes functionalized with
various ligands. The AuNU probe accurately determined H2S in
real waste water samples and demonstrated a better perfor-
mance than the IC instrument in terms of time, selectivity,
convenience, and cost. The development of a smartphone-
based colorimetric sensing method for H2S is currently
underway.
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