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ABSTRACT: Tannic acid (TA), a plant-derived polyphenol rich in hydroxyl
groups, serves as both a reducing agent and stabilizer for synthesizing gold
nanoparticles (TA-AuNPs). This study presents a groundbreaking method
that utilizes TA to fabricate TA-AuNPs and develop two distinct colorimetric
detection systems for mercury (Hg2+) and iron (Fe2+) ions. The first
detection system leverages the interaction between TA-AuNPs and Hg2+ to
enhance the peroxidase-like activity of TA-AuNPs, facilitating the production
of hydroxyl radicals upon reaction with hydrogen peroxide, which
subsequently oxidizes 3,3′,5,5′-tetramethylbenzidine (TMB) into a blue-colored product (ox-TMB). The second system capitalizes
on TA-AuNPs to catalyze the Fenton reaction between Fe2+ and hydrogen peroxide in the presence of 2, 6-pyridinedicarboxylic acid,
boosting the generation of hydroxyl radicals that oxidize TMB into a blue-colored ox-TMB. Absorbance measurements at 650 nm
display a linear relationship with Hg2+ concentrations ranging from 0.40 to 0.60 μM (R2 = 0.99) and Fe2+ concentrations from 0.25
to 2.0 μM (R2 = 0.98). The established detection limits for Hg2+ and Fe2+ are 18 nM and 96 nM, respectively. Applications to real-
world samples achieved an excellent spiked recovery, spanning 101.6% to 108.0% for Hg2+ and 90.0% to 112.5% for Fe2+,
demonstrating the method’s superior simplicity, speed, and cost-effectiveness for environmental monitoring of these ions compared
to existing techniques.

1. INTRODUCTION
Rapid growth in manufacturing brings job opportunities to
society. Still, without environmental regulation, it also likely
creates environmental pollution, especially polluted water
resources with heavy metals such as mercury, lead, cadmium,
chromium, and arsenic, substantially threatening aquatic life
and human health.1 Mercury exposure, for example, can lead to
severe health issues, including central nervous system defects,
cardiac abnormalities, and kidney damage.2 Intake of Mercury
by microorganisms allows the transformation of mercury to
lipophilic methylmercury, a potent neurotoxin that enters the
human body through the food chain.3,4 Therefore, detecting
mercury in natural water is critical to combating mercury
pollution. On the other hand, iron is an essential element for
human health and is crucial in energy metabolism, immune
response, DNA synthesis, and oxygen transport.5 However,
excessive iron levels in the body have been linked to various
neurodegenerative diseases, highlighting the importance of
iron detection.6 Current methods for detecting mercury and
iron include ion chromatography, high-performance liquid
chromatography, atomic absorption spectroscopy, electro-
chemistry, and inductively coupled plasma mass spectrome-
try.7−10 While effective, these techniques incur limitations such
as high cost, complexity, and lengthy detection times, unfit for
portable detection. Therefore, there is a pressing need to

develop portable detection methods that are cost-effective,
highly selective, sensitive, and capable of rapid analysis.
Colorimetric detection, which relies on the visual change in

color as a detection criterion, offers a simple, cost-effective, and
rapid alternative to existing instrumental methods.11,12

Techniques for heavy metal ion detection based on UV−
visible spectrophotometry or visual inspection are gaining
attention due to their simplicity and detector-free readout
strategy. The focus on nanomaterial-based colorimetric
methods, particularly those utilizing gold nanoparticles
(AuNPs), stems from their small size, large surface area, and
ease of modification, significantly enhancing the sensitivity and
selectivity of colorimetric assays.13−15 We acknowledge that
gold is indeed expensive, and this is a notable disadvantage.
However, we utilize a minimal amount of HAuCl4·3H2O to
prepare the AuNPs solution, which can be stored in a dark
room for at least three months. Despite the associated cost, the
use of AuNPs offers several unique advantages that justify their
application in our study. AuNPs exhibit unique properties such

Received: June 2, 2024
Revised: July 3, 2024
Accepted: August 21, 2024
Published: August 27, 2024

Articlehttp://pubs.acs.org/journal/acsodf

© 2024 The Authors. Published by
American Chemical Society

41521
https://doi.org/10.1021/acsomega.4c05167

ACS Omega 2024, 9, 41521−41531

This article is licensed under CC-BY-NC-ND 4.0

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kun-Yu+Sun"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chen-Yu+Chueh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mei-Yao+Wu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tsunghsueh+Wu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yang-Wei+Lin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.4c05167&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05167?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05167?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05167?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05167?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05167?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/9/40?ref=pdf
https://pubs.acs.org/toc/acsodf/9/40?ref=pdf
https://pubs.acs.org/toc/acsodf/9/40?ref=pdf
https://pubs.acs.org/toc/acsodf/9/40?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.4c05167?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/


as localized surface plasmon resonance (LSPR) and enzymatic-
like activity, making them ideal for developing colorimetric
detection systems. Despite the advantages of nanomaterials,
challenges remain to be addressed, such as the low catalytic
activity of AuNPs compared to natural enzymes, necessitating
modifications to improve their performance.16,17 Previous
studies have illustrated the significant potential of AuNPs in
colorimetric detection, revealing their interactions with specific
ions can markedly enhance their catalytic activity.18−21 This
enhancement is primarily attributed to the unique electronic
properties of AuNPs, which facilitate electron transfer
processes critical for catalytic reactions.22,23 However,
leveraging the catalytic properties of AuNPs for colorimetric
detection is challenging.24−27 One significant hurdle is the
synthesis of AuNPs, which often requires precise control over
the nanoparticles’ size, shape, and surface chemistry to achieve
the desired catalytic activity and stability. The synthesis
process can be intricate and time-consuming, with parameters
such as temperature, reducing agent concentration, and
reaction time playing critical roles in determining the
nanoparticles’ properties.28 Additionally, the stability of
AuNPs in various environments presents another challenge.
Nanoparticles can aggregate in solution, leading to a loss of
surface area and, consequently, catalytic activity.29,30 This
aggregation is influenced by factors such as ionic strength, pH,
and the presence of specific ions, which can bind to the
nanoparticles’ surface and induce changes in their physico-
chemical properties.31

To bridge the gap in current detection methodologies, this
investigation endeavors to craft an innovative colorimetric
detection for mercury (Hg2+) and iron (Fe2+) ions, employing
tannic acid-gold nanoparticles (TA-AuNPs). Recognizing the
complexities and stability issues inherent in nanoparticle
synthesis, the study is dedicated to refining the synthesis and
functionalization processes of TA-AuNPs.32,33 Through
meticulous adjustment of synthesis parameters and the
implementation of effective stabilization techniques, the goal
is to establish a colorimetric detection system that is both
highly efficient and reliable. This novel system aspires not only
to surmount the prevalent challenges faced by nanoparticle-
based sensors but also to broaden the utility of TA-AuNPs for
detecting heavy metal ions and beyond.34,35 By harnessing the
distinct attributes of TA-AuNPs, the research aims to deliver
swift, precise, and selective detection capabilities suitable for
application in analyzing real-world samples. This endeavor is
poised to significantly enhance environmental surveillance and
deepen our understanding of metal ion detection mechanisms,
thereby setting the stage for further innovations in the domain.

2. EXPERIMENT
2.1. Chemicals. The experimental reagents used in this

study, including Gold(III) chloride trihydrate (HAuCl4·
3H2O), tannic acid (TA), 3,3′,5,5′-tetramethylbenzidine
(TMB), hydrogen peroxide (H2O2), 2, 6-pyridinedicarboxylic
acid (PDCA), hydroquinone (HQ), mercury(II) chloride
(HgCl2), barium chloride (BaCl2), anhydrous iron(III)
chloride (FeCl3), copper(II) chloride (CuCl2), magnesium
chloride hexahydrate (MgCl2·6H2O), tin(II) chloride dihy-
drate (SnCl2·2H2O), iron(II) chloride tetrahydrate (FeCl2·
4H2O), cobalt nitrate hexahydrate (Co(NO3)2·6H2O),
cadmium(II) nitrate tetrahydrate (Cd(NO3)2·4H2O), nickel-
(II) nitrate hexahydrate (Ni(NO3)2·6H2O), lead nitrate
(Pb(NO3)2), sodium chloride (NaCl), calcium chloride

dihydrate (CaCl2·2H2O), zinc perchlorate hexahydrate (Zn-
(ClO4)2·6H2O), silver nitrate (AgNO3), and potassium nitrate
(KNO3), were all acquired from Sigma-Aldrich (St. Louis,
MO, USA). These chemicals, utilized throughout our experi-
ments, were of analytical grade or the highest available purity.
Milli-Q deionized water was used exclusively for all
experimental procedures.
2.2. Characterization. The characterization of the

prepared AuNPs was meticulously carried out using various
advanced analytical techniques. Optical properties were
evaluated by recording UV−visible spectra on an Evolution
200 UV−vis spectrophotometer (ThermoFisher Scientific, NY,
USA). The crystallographic structures of the prepared AuNPs
were determined via X-ray diffraction (XRD) utilizing a LabX
XRD-6000 X-ray diffractometer (Shimadzu Corporation,
Kyoto, Japan). Identification of organic functional groups
decorating the prepared AuNPs was achieved through Fourier
Transform Infrared (FT-IR) spectroscopy, conducted on an
Agilent Cary 600 series FT-IR spectrometer (Agilent
Technologies, California, USA). The morphology and micro-
structure of the prepared AuNPs were closely examined using
Transmission Electron Microscopy (TEM) on a JEOL-
1200EX II system (JEOL Ltd., Tokyo, Japan), while a Hitachi
S-4300 scanning electron microscope (SEM) (Hitachi High
Technologies Corporation, Tokyo, Japan), equipped with a
QUANTAX Annular XFlash QUAD FQ5060 energy-disper-
sive X-ray spectroscopy (EDX) detector (Bruker Nano GmbH,
Berlin, Germany) and operating at an acceleration voltage of
15 kV, provided detailed insights into the morphology and
elemental composition of the prepared AuNPs.
2.3. Synthesis of TA-AuNPs. Tannic acid-modified gold

nanoparticles (TA-AuNPs) were synthesized by heating 48 mL
of HAuCl4·3H2O solution (0.13 mM) to boiling. Subse-
quently, 2 mL of TA solution (6.0 mM) was added to the
boiling solution. The mixture was then stirred and heated for
another 2 min to facilitate the reaction. Upon completion of
the reaction, a red-wine-colored solution was achieved, which
was then allowed to cool to room temperature. This study
defined the prepared quantity of TA-AuNPs as 1 ×.
2.4. Kinetic Study. To elucidate the reaction mechanism

of ion detection in this study, the interaction between
peroxidase-mimicking agents and the substrates TMB and
H2O2 was explored using the Michaelis−Menten equation.
This equation is represented as = + [ ]

+ [ ]V0
V S
K S

max

m
, where V0 is the

initial reaction rate, Vmax is the maximum rate achieved by the
system at maximum (saturating) substrate concentration, Km is
the Michaelis constant indicative of the enzyme’s affinity for
the substrate, and [S] is the substrate concentration. Assuming
TA-AuNPs/Hg and TA-AuNPs/PDCA/Fe systems function
as peroxidase enzymes with TMB and H2O2 acting as the
substrates, the substrate concentration varied while keeping the
enzyme concentration constant. The reaction was monitored
over 5 min by taking absorbance readings every minute. These
absorbance values were used to calculate the concentration of
oxidized TMB (ox-TMB) according to Beer’s law (A = εbC),
where A is absorbance, ε is the molar extinction coefficient, b is
the path length of light through the sample, and C is the
concentration of the absorbing species in the sample. A plot of
ox-TMB concentration against time yielded slopes equivalent
to V0 for generating a series of V0 values. The Lineweaver−
Burk plot, a double reciprocal graph of 1/V0 against 1/[S],

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c05167
ACS Omega 2024, 9, 41521−41531

41522

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c05167?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


facilitated the determination of 1/Vmax and 1/Km from the y-
intercept and x-intercept, respectively.
2.5. Sensing Process. The mercury sensing process was

conducted by preparing solutions of Hg2+ ranging from 4.0 to
6.0 μM in deionized water, 0.5 M H2O2, and 10 mM TMB in
acetone. The procedure involved adding 600 μL of deionized
water, 100 μL of the Hg2+ solution, 100 μL of 1× TA-AuNPs,
100 μL of TMB, and 100 μL of H2O2 sequentially to form a
mixture. After vigorous shaking, the reaction proceeded for 10
min at room temperature. Upon completion, 200 μL of the
solution was transferred to a 96-well plate to measure the
absorbance peak at 650 nm.
The iron sensing procedure was executed by preparing

solutions of Fe2+ in the concentration range of 2.5−20 μM in
deionized water, accompanied by 0.5 M H2O2 and 10 mM
PDCA in acetone, along with 10 mM TMB. The process
entailed sequentially mixing 500 μL of deionized water, 100 μL
of the Fe2+ solution, 100 μL of PDCA, 100 μL of 1× TA-
AuNPs, 100 μL of TMB, and 100 μL of H2O2 to form a
mixture. Following agitation, the mixture was allowed to react
for 10 min. At the end of the reaction, 200 μL of the solution
was pipetted into a 96-well plate to measure the absorbance
peak at 650 nm.
2.6. Real Sample Pretreatment. For the spiked recovery

test, the pretreatment of actual lake water samples involved
collecting water from Baisha Lake at the National Changhua
University of Education. The collected lake water was
centrifuged at 5,000 rpm for 15 min to separate the
supernatant from particulates. Subsequently, the supernatant
was filtered through a 0.2 μm pore size filter membrane to
ensure clarity. The filtered lake water was then diluted 10-fold
and used to prepare solutions containing Hg2+ and Fe2+ metal
ions. These prepared solutions underwent metal ion detection

using the previously described methods for TA-AuNPs,
allowing for assessing Hg2+ and Fe2+ concentrations.
In the case of commercial iron supplements, the preparation

involved grinding the tablets to a fine powder, dissolving them
in deionized water, and filtering through a 0.2 μm membrane
to eliminate insoluble material. The resultant solution was
diluted 100-fold and spiked with additional Fe2+ to perform a
standard addition analysis employing the TA-AuNPs method
for Fe2+ detection.

3. RESULTS AND DISCUSSION
3.1. Characterization. Figure 1A presents the absorption

spectrum of TA-AuNPs, showcasing the characteristics of
surface plasmon resonance (SPR), such as intensity and
bandwidth. These SPR features can be modulated by factors
including the size and shape of the nanoparticles, the dielectric
constant of the medium, and the temperature.36 The SPR band
also aids in assessing the dispersity of the nanoparticles, where
a sharp absorption band at 534 nm suggests the predominance
of spherical nanoparticles. The additional absorption peak at
365 nm is ascribed to hydroxyl groups linked with galloyl
residues from TA, indicating the successful attachment of TA
on AuNPs.37

Fourier-transform infrared spectroscopy (FTIR) was applied
to confirm TA’s role in reducing and stabilizing AuNPs by
identifying specific functional groups on the TA-AuNPs
surface. Peaks in Figure 1B reveal various functional groups
are present: the 1700 cm−1 peak corresponds to the carboxylic
C=O stretch, the 1613 cm−1 peak to C=C stretches in aromatic
rings, and peaks at 1320 and 870 cm−1 to C−O stretches and
O−H out-of-plane bends in TA, respectively.38 A peak at 1201
cm−1 indicates C−O stretching vibrations in polyols. Overlaps
between TA and TA-AuNP peaks confirm TA’s efficacy in
reducing and stabilizing AuNPs.

Figure 1. Characterization of TA-AuNPs. (A) UV−vis spectrum, (B) FT-IR spectra (TA: red), (C) XRD patterns, and (D) TEM images (inset:
particle size distribution).
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The X-ray powder diffraction (XRD) analysis, as depicted in
Figure 1C, authenticated the successful synthesis and
crystalline nature of TA-AuNPs by aligning distinct signals at
37.88°, 44.00°, 64.56°, and 78.68° with the (111), (200),
(220), and (311) planes, respectively, (JCPDS: 04−0784),
affirming the face-centered cubic (FCC) structure of TA-
AuNPs.32 TEM analysis, illustrated in Figure 1D, indicated
spherical TA-AuNPs with an average diameter of approx-
imately 11.6 ± 3.2 nm. Lattice fringes at 0.210 and 0.148 nm
correlate with the (200) and (220) crystal planes, respectively,
corroborating the XRD findings and supporting the successful
synthesis and crystalline nature of the TA-AuNPs.
To ascertain the superior stability of TA-AuNPs, a

comparative analysis against traditional sodium citrate-
synthesized AuNPs (SC-AuNPs) under various pH and salinity
scenarios was conducted. Figures S1A and 1B display that both
TA-AuNPs and SC-AuNPs maintain commendable stability
within the pH range of 5.0 to 9.0. However, Figures S1C and
1D illustrate that TA-AuNPs exhibit enhanced stability in
environments containing 40.0 mM NaCl, surpassing the SC-
AuNPs. This superior salinity resistance of TA-AuNPs, as
opposed to SC-AuNPs, underscores the beneficial impact of
utilizing TA in AuNPs synthesis. The improved salt tolerance
can be attributed to the molecular structure of TA, which can
form a dense and voluminous coating around the AuNPs and
offer steric hindrance that mitigates nanoparticle aggregation
under high-salinity conditions.39 Furthermore, the multiple
phenolic groups in TA molecules establish a stronger bond to
the gold surface compared to the simpler citrate ions, resulting
in a sturdier and more protective layer that enhances
nanoparticle dispersion in saline solutions.
3.2. Sensing Approach. In this study, we delineated two

specific mechanisms for detecting Hg2+ and Fe2+ ions via TA-
AuNPs, as depicted in Schematic 1. The mechanism targeting
Hg2+ entails the interaction between TA-AuNPs and Hg2+,
forming an Au−Hg amalgam.40 This interaction notably
enhances the peroxidase-mimetic activity of the nanoparticles,
which, in the presence of H2O2, catalyzes the generation of
hydroxyl radicals. These radicals subsequently oxidize TMB,
resulting in a detectable color shift from colorless to blue
within the solution. Conversely, the detection strategy for Fe2+
involves PDCA-mediated chelation of Fe2+ ions, amplifying the
Fenton reaction and thus producing an increased quantity of
hydroxyl radicals.41 These radicals aid in the oxidation of
TMB, resulting in the appearance of a blue color. In addition,
TA reduces Fe3+ to Fe2+, fostering a continuous Fenton
reaction cycle.42 This feedback loop significantly bolsters the
colorimetric signal, enabling efficient detection of Fe2+ ions.
To substantiate our hypothesis, UV−vis spectroscopy was

utilized to monitor the SPR peak alterations of TA-AuNPs
with the incorporation of metal ions, as depicted in Figure 2.
Initially, TA-AuNPs showcased a definitive SPR peak at 534
nm in the absence of metal ions (black spectrum in Figure 2).
The introduction of Hg2+ led to a notable peak shift to 524 nm
(red spectrum in Figure 2), signifying a pronounced
interaction and subsequent amalgamation formation between
Au and Hg2+, modifying the TA-AuNPs’ surface and causing
the peak displacement. Such a shift was not evident in the
scenarios involving TA-AuNPs + Fe2+ (blue spectrum in Figure
2), TA-AuNPs + PDCA + Hg2+ (green spectrum in Figure 2),
and TA-AuNPs + PDCA + Fe2+ (pink spectrum in Figure 2),
reinforcing that the unique affinity between Au and Hg2+
instigates the observed spectral changes. Introducing PDCA,

which sequesters Hg2+ from interacting with TA-AuNPs,
mitigated the amalgamation process, negating significant peak
displacement.43−45 The nonoccurrence of a similar shift with
the TA-AuNPs/PDCA/Fe system further delineates the
distinct detection mechanisms for Hg2+ and Fe2+, highlighting
the exclusive interaction specificity between TA-AuNPs and
Hg2+.
In this investigation, we scrutinized the Hg2+ detection using

the TA-AuNPs/H2O2/TMB system. Figure 3A illustrates the
absorbance changes within this system in the presence and
absence of Hg2+ ions. The data reveal that Hg2+ ions facilitate
the formation of TA-AuNPs/Hg amalgam, showcasing
peroxidase-like functionality by catalyzing the oxidation of
TMB, which results in the generation of a blue-colored
oxidized TMB (ox-TMB) product. A pronounced absorption
peak marks this chemical transformation at 650 nm. Since the
reaction could be retarded by HQ, a free radical scavenger,46 it
was supposed that the processes might occur via a free radical
reaction route, as shown in Figure S2. Figure 3B delves into
various mixtures, including a: Hg2+ + TMB, b: H2O2 + TMB,
c: TA-AuNPs + TMB, d: Hg2+ + H2O2 + TMB, e: Hg2+ + TA-
AuNPs + TMB, f: TA-AuNPs + H2O2 + TMB, and g: Hg2+ +
TA + H2O2 + TMB. None of these manifested a catalytic effect
to produce an absorption peak at 650 nm. The TEM and SEM

Scheme 1. Detection Scheme Utilizes TA-AuNPs/H2O2/
TMB and TA-AuNPs/PDCA/H2O2/TMB for Hg2+ and Fe2+

Ions, Respectively

Figure 2. UV−vis spectra under various conditions: TA-AuNPs
(black), TA-AuNPs + Hg2+ (red), TA-AuNPs + Fe2+ (blue), TA-
AuNPs + PDCA + Hg2+ (green), and TA-AuNPs + PDCA + Fe2+
(pink).
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images presented in Figures 3C and 3D, respectively, delineate
discernible differences in the size and shape between the TA-
AuNPs/Hg nanocomposites and TA-AuNPs (Figure 1D).
Surprisingly, the elemental mapping and EDS analyses, as
shown in Figures 3D and 3E, failed to register mercury signals.
The undetectability of mercury element is speculated to arise
from the lower concentration of Hg2+ ions introduced, leading
to a lower content of Au−Hg amalgam formation on the TA-
AuNPs surface, thereby rendering the mercury content
undetectable.
Our investigation delved into detecting Fe2+ ions utilizing

the TA-AuNPs/PDCA/H2O2/TMB system. Figure 4A dem-
onstrates the absorbance variations of the system under
different conditions. The findings reveal that the simultaneous
presence of Fe2+ ions and PDCA creates a PDCA-Fe2+
complex, catalyzing the Fenton reaction with H2O2. This
catalysis oxidizes TMB, resulting in a blue-colored ox-TMB
product, manifested by a notable absorption peak at 650 nm
(red spectrum in Figure 4A). Introducing TA boosts the
absorbance at 650 nm by 1.29 times (blue spectrum in Figure
4A), indicating that TA facilitates the electron donation
process to reduce Fe3+ to Fe2+, thus amplifying the absorbance.
Within the TA-AuNPs/PDCA system, the abundant TA
molecules on TA-AuNPs surfaces not only serve as a protective

layer but also engage in the reduction reaction, significantly
heightening the absorbance at 650 nm approximately 6.99
times compared to that without Fe2+ ions (black and green
spectrum in Figure 4A). But, this reaction was retarded in the
presence of HQ, as shown in Figure S2. Figure 4B investigates
various component combinations, revealing that only the
specific mixtures (n: Fe2+ + PDCA + H2O2 + TMB, o: Fe2+ +
PDCA + TA + H2O2 + TMB, p: Fe2+ + PDCA + TA-AuNPs +
H2O2 + TMB) demonstrated a catalytic effect, leading to an
absorption peak at 650 nm, while others did not (a: Fe2+ +
TMB, b: PDCA + TMB, c: TA-AuNPs + TMB, d: H2O2 +
TMB, e: Fe2+ + H2O2 + TMB, f: Fe2+ + PDCA + TMB, g: Fe2+

+ TA-AuNPs + TMB, h: PDCA + H2O2 + TMB, i: TA-AuNPs
+ H2O2 + TMB, j: PDCA + TA-AuNPs + TMB, k: PDCA +
TA-AuNPs + H2O2 + TMB, l: Fe2+ + TA-AuNPs + H2O2 +
TMB, m: Fe2+ + PDCA + TA-AuNPs + TMB, and n: Fe2+ +
PDCA + H2O2 + TMB). TEM and SEM analyses, presented in
Figures 4C and 4D, showing distinguishable differences in size
and morphology between TA-AuNPs/Fe/PDCA and TA-
AuNPs. Additionally, elemental mapping and EDS (Figures 4D
and 4E) assessments confirmed the detection of gold and iron
elements, validating the presence of these constituents within
the nanostructure.

Figure 3. Mercury ion detection. (A) UV−vis spectra of TA-AuNPs/H2O2/TMB in the absence (black) and presence (red) of 1.0 μM Hg2+ ions;
(B) Absorbance at 650 nm under varied conditions a: Hg2+ + TMB, b: H2O2 + TMB, c: TA-AuNPs + TMB, d: Hg2+ + H2O2 + TMB, e: Hg2+ +
TA-AuNPs + TMB, f: TA-AuNPs + H2O2 + TMB, g: Hg2+ + TA + H2O2 + TMB, and h: Hg2+ + TA-AuNPs + H2O2 + TMB (0.1× TA-AuNPs,
[Hg2+]: 1.0 μM, [H2O2]: 50 mM, [TMB]: 1.0 mM), (C) TEM, (D) SEM images with elemental mapping, and (E) EDS spectra of TA-AuNPs with
1.0 μM Hg2+ ions.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c05167
ACS Omega 2024, 9, 41521−41531

41525

https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c05167/suppl_file/ao4c05167_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05167?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05167?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05167?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c05167?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c05167?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


3.3. Kinetic Study. To elucidate the reaction mechanisms
involved in Hg2+ and Fe2+ ions detection within this study, we
applied the Michaelis−Menten equation to evaluate the
interaction between the peroxidase-like activity of TA-
AuNPs/Hg and TA-AuNPs/PDCA/Fe with TMB and H2O2
as substrates. We measured absorbance every minute over a 5
min reaction by maintaining a constant enzyme concentration
while varying substrate concentrations. These absorbance
values were converted into concentrations of ox-TMB using
Beer’s law. From the graph time against ox-TMB concen-
tration, we derived the initial reaction rates (V0) for various
conditions. Subsequently, employing the Lineweaver−Burk
double reciprocal plotting method, we graphed 1/V0 against 1/
[S], resulting in the data presented in Figure 5.
From the outcomes depicted in Figure 5, we calculated each

system’s Michaelis constant (Km) and maximum velocity
(Vmax), as shown in Table 1. In the TA-AuNPs/Hg system (0.1
× TA-AuNPs + 1.0 μM Hg2+) using TMB as the substrate, we
found Vmax to be 2.34 × 10−7 M·S−1 and Km to be 1.98 × 10−4

M. When H2O2 served as the substrate, Vmax reached 8.06 ×
10−7 M·S−1 with a Km value of 1.65 × 10−1 M. The smaller Km
value for TMB indicates a stronger affinity between TA-
AuNPs/Hg and TMB, suggesting a favorable interaction with
TMB. Similarly, in the TA-AuNPs/PDCA/Fe system (1.0 μM
Fe2+ + 1.0 mM PDCA + 0.1 × TA-AuNPs), the Vmax for TMB
as the substrate was 3.86 × 10−8 M·S−1 with a Km value of 2.16
× 10−4 M. At the same time, for H2O2, Vmax was 5.95 × 10−7

M·S−1 with a Km value of 6.02 × 10−2 M. Again, the small Km
value for TMB indicates that the TA-AuNPs/PDCA/Fe
system has a stronger affinity for TMB, suggesting a
preferential interaction with TMB.
Specifically, the TA-AuNPs/Hg system demonstrated a

stronger affinity (lower Km value) for TMB compared to H2O2,
suggesting that these TA-AuNPs preferentially interact with
TMB in the presence of Hg2+ ions. This preference underlines
the specificity of the TA-AuNPs/Hg system toward TMB,
enhancing its efficiency as a sensor for Hg2+. Conversely, the
TA-AuNPs/PDCA/Fe system also showed a stronger affinity
for TMB over H2O2, although with different kinetic values
compared to the Hg2+ detection system. This differential
affinity underscores the distinct mechanisms through which
these nanoparticles detect Fe2+ ions, likely due to the
formation of the PDCA-Fe2+ complex, which enhances the
Fenton reaction and catalyzes the oxidation of TMB. Applying
enzymatic kinetics to these nanomaterial-based detection
systems provides valuable insights into their operational
mechanisms. It establishes a foundation for further refinement
and application of nanoparticle-based sensors in detecting
specific metal ions. Furthermore, if the enzyme activity
changes, it may alter the structure of the active site or its
binding mode to the substrate, thereby affecting the Km value.
Increasing enzyme activity can enhance the reaction rate,
increasing Vmax, whereas decreasing enzyme activity can reduce
Vmax. In our system, the changes in Km and Vmax with varying

Figure 4. Iron ion detection. (A) UV−vis spectra under various conditions: PDCA + TA-AuNPs + H2O2 + TMB (black), Fe2+ + PDCA + H2O2 +
TMB (red), Fe2+ + PDCA + TA + H2O2 + TMB (blue), and Fe2+ + PDCA + TA-AuNPs + H2O2 + TMB (green). (B) Absorbance at 650 nm
under various conditions: a: Fe2+ + TMB, b: PDCA + TMB, c: TA-AuNPs + TMB, d: H2O2 + TMB, e: Fe2+ + H2O2 + TMB, f: Fe2+ + PDCA +
TMB, g: Fe2+ + TA-AuNPs + TMB, h: PDCA + H2O2 + TMB, i: TA-AuNPs + H2O2 + TMB, j: PDCA + TA-AuNPs + TMB, k: PDCA + TA-
AuNPs + H2O2 + TMB, l: Fe2+ + TA-AuNPs + H2O2 + TMB, m: Fe2+ + PDCA + TA-AuNPs + TMB, n: Fe2+ + PDCA + H2O2 + TMB, o: Fe2+ +
PDCA + TA + H2O2 + TMB, p: Fe2+ + PDCA + TA-AuNPs + H2O2 + TMB (0.1× TA-AuNPs, [PDCA]: 1.0 mM, [Fe2+]: 1.0 μM, [H2O2]: 50
mM, [TMB]: 1.0 mM), (C) TEM, (D) SEM images with elemental mapping, and (E) EDS spectrum of TA-AuNPs/PDCA with 1.0 μM Fe2+ ions.
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enzyme activities will be a focus of our laboratory’s future
research.
3.4. Selectivity and Sensitivity. In preparation for real-

sample analysis using TA-AuNPs, we evaluated the selectivity
of our detection systems against a spectrum of metal ions
(Ba2+, Fe3+, Cu2+, Mg2+, Sn2+, Co2+, Ni2+, Pb2+, Na+, Ca2+,
Zn2+, Ag+, and K+, all metal ions at 1.0 μM). Figure 6A reveals
that the TA-AuNPs/H2O2/TMB system is highly selective for
Hg2+, attributed to the amalgamation of Hg2+ with TA-AuNPs
that notably enhances their peroxidase-mimicking activity.
Conversely, other tested metal ions did not exhibit this
enhancement, failing to generate sufficient hydroxyl radicals for
TMB oxidation. As depicted in Figure 6B, the addition of
PDCA to the TA-AuNPs/H2O2/TMB did not alter the color
in the presence of Hg2+ solutions, indicating that PDCA’s
chelation with Hg2+ inhibits its amalgamation with TA-AuNPs,
thereby preventing the oxidation of TMB. Contrarily, solutions
containing Fe2+ and Fe3+ exhibited a color change to blue,
signifying that PDCA’s interaction with Fe2+ bolsters the
Fenton reaction, leading to the generation of hydroxyl radicals

and subsequent TMB oxidation. TA molecules contribute to
this process by reducing Fe3+ to Fe2+, facilitating the reaction
and inducing a slight blue color in Fe3+ solutions. Due to the
stronger absorbance signal from Fe2+, future assays will
primarily target Fe2+, although efforts to improve selectivity
are recommended for future enhancements. Our laboratory is
currently addressing these challenges.
After confirming the selectivity of TA-AuNPs for ion

detection, we performed sensitivity tests for both systems to
establish the detection of limit (LOD) for Hg2+ and Fe2+ ions.
According to Figure 6C, the absorbance at 650 nm increases
with increasing concentrations of Hg2+. The inset in Figure 6C
shows a linear response range for Hg2+ between 0.40−0.60 μM
(R2 = 0.995), with a LOD of 18 nM (3.61 ppb). This
sensitivity aligns with the discharge standards set by Taiwan’s
Environmental Protection Administration, which stipulates
mercury concentrations in industrial effluent must not exceed
5.00 ppb, and the World Health Organization (WHO), along
with Taiwan’s drinking water standards, mandate mercury
levels not to exceed 1.00 ppb.15 Therefore, this system could
be applied for industrial wastewater testing, though further
improvements are needed for drinking water analysis. Our
laboratory is currently addressing these challenges. In addition,
optimization of this linear range is indeed possible and will be
another important aspect of our future work. We will aim to
prepare TA-AuNPs of an appropriate size and optimize the
concentration of the TA-AuNP solution. We believe that
modifying the surface-to-volume ratio of TA-AuNPs will
extend the sensing dynamic range for Hg2+ ions in future
studies.
Similarly, Figure 6D illustrates an increase in absorbance at

650 nm with higher Fe2+ concentrations. The inset in Figure

Figure 5. Kinetic analysis. Lineweaver−Burk plots for (A, B) TA-AuNPs/Hg2+/H2O2/TMB, and (C, D) TA-AuNPs/PDCA/Fe2+/H2O2/TMB
systems.

Table 1. Kinetic Parameters of TA-AuNPs in the Absence
and Presence of PDCA for Detecting Hg2+ and Fe2+ Ions

TMB H2O2

System Km (M) Vmax (M·S−1) Km (M) Vmax (M·S−1)

TA-
AuNPs/
Hg2+

1.98 × 10−4 2.34 × 10−7 1.65 × 10−1 8.06 × 10−7

TA-
AuNPs/
PDCA/
Fe2+

2.16 × 10−4 3.86 × 10−4 6.02 × 10−2 5.95 × 10−8
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6D provides a linear range for Fe2+ from 0.25 μM to 2.00 μM
(R2 = 0.982), with a LOD of 96 nM (5.4 ppb). These findings
comply with the discharge standards by Taiwan’s Environ-
mental Protection Administration, which require dissolved iron
concentrations in industrial effluent not to exceed 10.0 ppm,
and WHO, along with Taiwan’s drinking water standards,
which limit iron concentrations to below 0.30 ppm.47 Hence,
the proposed system can effectively detect Fe2+ in industrial
wastewater and drinking water. To validate whether the
inclusion of TA-AuNPs achieves better detection limits,
experiments were also conducted using a PDCA/TMB/H2O2
system (data not shown). This system offered a linear range
between 0.75−2.00 μM (R2 = 0.950), with a LOD of 0.25 μM,
slightly higher than the system incorporating TA-AuNPs.

Therefore, this confirms that adding TA-AuNPs enhances the
sensitivity and achieves better detection limits for the system.
3.5. Applications. The real-world application of TA-

AuNPs/H2O2/TMB for ion sensing was assessed using
samples from Baisha Lake at the National Changhua
University of Education and commercially available iron
supplements. After preprocessing, solutions of Hg2+ and Fe2+
prepared with lake water were analyzed. The detection ranged
from 0.40 μM to 0.60 μM for Hg2+ (R2 = 0.993) with a LOD
of 0.10 μM and from 0.25 μM to 2.00 μM for Fe2+ (R2 =
0.958) with a LOD of 0.18 μM. Both systems showed strong
linear relationships in real samples, indicating their potential
and applicability in environmental water testing. Additionally,
Table 2 showed that satisfactory spiked recoveries of 101.6−

Figure 6. Selectivity and Sensitivity Tests. Selectivity tests with all metal ions at 1.0 μM for (A) TA-AuNPs/H2O2/TMB and (B) TA-AuNPs/
PDCA/H2O2/TMB. UV−vis spectra (inset: linear response plots and images) for (C) TA-AuNPs/H2O2/TMB at 0.4−0.6 μM Hg2+, and (D) TA-
AuNPs/PDCA/H2O2/TMB at 0.25−2.0 μM Fe2+ ions (0.1× TA-AuNPs, [PDCA]: 1.0 mM, [H2O2]: 50 mM, [TMB]: 1.0 mM).

Table 2. Spiked Recovery (%) and RSD (%) of Detecting Hg2+ and Fe2+ Ions in Real Samples

Metal ions Samples Spiked concentration (μM) Detected concentration (μM) Recovery (%) RSD (%)

Hg2+ lake water 0 Nondetected - -
0.40 0.41 102.5 1.9
0.50 0.54 108.0 4.6
0.60 0.61 101.6 3.5

Fe2+ lake water 0 0.48 - -
0.40 0.86 95.0 8.9
0.80 1.20 90.0 7.5
1.60 2.08 100.0 7.5

commercial iron supplements 0 0.46 - -
0.40 0.91 112.5 6.7
0.80 1.35 111.3 3.6
1.60 2.08 101.3 4.8
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108.0% for Hg2+ with relative standard deviations (RSDs) of
1.9−4.6% and 90.0−100.0% for Fe2+ with RSDs of 7.5−8.9%,
was noted, further demonstrating the utility of TA-AuNPs in
real-sample analysis. Due to random errors, the acceptable
spiked recovery is expected to range between 95.0% and
115.0%. Furthermore, this methodology was applied to assess
the iron content in commercially available iron supplements.
Ground supplements were dissolved, filtered, and tested after
dilution. The Fe2+ concentration range was established at
0.25−2.00 μM (R2 = 0.975) with a LOD of 0.18 μM, affirming
a consistent linear relationship in these supplements. The
spiked recoveries were 101.3−112.5% with RSDs of 3.6−6.7%,
showcasing the method’s effectiveness and practicality in
analyzing iron content in commercially available iron supple-
ments (Table 2).
The proposed sensing systems for the determination of Hg2+

and Fe2+ offer several attractive features compared to the
reported works (Table 3): (1) High sensitivity and selectivity:
the system demonstrates high sensitivity toward Hg2+ and Fe2+
ions, attributed to the specific interactions between the TA-
AuNPs, PDCA, and the specific ions. This allows for detecting
these metals at low concentration levels, making the system
suitable for environmental monitoring and safety assessments.
(2) Simple and rapid detection: The colorimetric response of
the system, due to the catalytic activity of TA-AuNPs, enables
visual detection without the need for sophisticated instrumen-
tation, facilitating rapid and straightforward analysis. (3)
Environmental compatibility: The proposed system employs
water as the solvent, making it an environmentally friendly
option for metal ion detection. Additionally, the biocompat-
ibility of TA adds to the eco-friendly nature of the system. (4)
Robustness and stability: The TA-AuNPs exhibit robust
stability in different environmental conditions, enhancing the
reliability and repeatability of the detection results. These
features make the proposed sensing systems attractive tools for
effectively and efficiently determining Hg2+ and Fe2+ in real-
world applications.

4. CONCLUSIONS
In this study, TA-AuNPs were synthesized using a simple and
rapid approach, with the synthesis process requiring only 2
min, and the resulting TA-AuNPs demonstrated excellent
stability across a pH range of 5.0−9.0 and at salinity levels
below 40 mM. Utilizing TA-AuNPs, we developed two distinct
systems for detecting Hg2+ and Fe2+, achieving detection limits
of 18 nM and 96 nM, respectively. These systems also
exhibited impressive spiked recoveries in real-sample analysis,
highlighting the potential of TA-AuNPs in detecting environ-

mental water and commercially available iron supplements.
Additionally, the study explored the enzymatic kinetics of TA-
AuNPs, focusing on their interaction with TMB and H2O2,
which revealed that both systems preferentially interact with
TMB due to lower Km values, indicating a stronger affinity and
suggesting a promising direction for enhancing the catalytic
activity of TA-AuNPs. This research not only contributes a
novel method to the field of environmental monitoring but
also opens new avenues for the selective detection of metal
ions in various water sources, underscoring the practicality and
potential of TA-AuNPs for broader environmental and health-
related applications.
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Table 3. Comparison of the Analytical Performances for the Present and the Reported Words for the Determination of Hg2+

and Fe2+ Ions

Target Probe Preparation time Dynamic sensing range LOD Real samples ref

Hg2+ Pt NPs 0.5 h 50−500 nM 16.9 nM Tap, Ground waters 48
CS-Se NPs 1 h 0.1−2.5 μM 0.12 μM - 49
CuMOF NPs 90 h 0.2−2.0 μM 0.55 μM - 50
Fe3O4@C@AuNPs 42 h 0.001−25.0 μM 43.5 nM Tap water 21
TA-AuNPs 2 min 0.40−0.60 μM 18 nM Lake water This study

Fe2+ MB-AuNPs 2.3 h 16.6−1666 nM 11.21 nM Drinking water 51
AgNPs 1 h 1−90 μM 0.54 μM - 52
mPD-CDs 18 h 1.0−60.0 μM 2.98 μM - 53
MnSiO3NPs 21 h 3.0−63.0 μM 0.5 μM Drinking water 54
TA-AuNPs/PDCA 2 min 0.25−2.0 μM 96 nM Lake water, Commercial iron supplement This study
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