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Abstract: High sensitivity and a wide detection range are always the pursuit of sensor design. In
this work, gold nanostars (Au NSs) featuring the shape of sea urchins with an absorption peak at the
near infrared region (822 nm) were prepared. We proposed a Au NSs-based plasmonic colorimetric
sensing platform for ultrasensitive catechol (CC) detection with a wide detection range from 3.33 nM
to 107 µM and a limit of detection (LOD) at 1 nM. The target analyte, CC, was used to reduce
silver ions (Ag+) to form silver (Ag) coating on the surface of Au NSs, which caused a blue-shift
in the localized surface plasmon resonance (LSPR) of Au NSs. With the gradual increase in CC
concentration, the Ag coating on the surface was gradually nucleated, and the LSPR blue-shift carried
on. This strategy yields a wide LSPR shift by as much as 276 nm for plasmonic effects, enabling
an ultra-wide range and the ultrasensitive detection of CC. This work will facilitate the research of
target-mediated LSPR sensors and their wide application in environmental monitoring, food safety,
and disease diagnosis.

Keywords: gold nanostar; colorimetric; catechol; localized surface plasmon resonance; blue-shift

1. Introduction

Catechol (CC) is an essential chemical intermediate extensively used in the production
of pharmaceuticals, antioxidants, and cosmetics [1]. However, CC is highly susceptible to
soil and groundwater contamination due to its low degradation rate. CC has been classified
into the II B carcinogen list and environmental pollutants in many countries because of
its high toxicity and hard degradation in the ecological environment, threatening human
life and health [2]. Therefore, there is an urgent demand to address the sensitive and
convenient detection of CC in the field of environmental monitoring. To solve this problem,
several methods have been developed to enable the efficient and accurate detection of
CC, including high performance liquid chromatography [3], surface-enhanced Raman
spectroscopy [4], electrochemistry [5–7], and fluorescence spectroscopy [8]. Although these
approaches have many benefits of better accuracy and high sensitivity, they are still plagued
by expensive and complicated instruments, time-consuming modification processes, and
weak anti-interference ability. In contrast, visible (vis) absorption spectrometry has attracted
widespread attention for its ease of operation, high accuracy, strong anti-interference, and
the convenience of visual ability.

Recently, noble metal nanomaterials have attracted extensive attention due to their
unique optical properties [9–18]. The enhanced localized surface plasmon resonance (LSPR)
of noble metal nanoparticles (NPs) makes them effective absorbers and scatterers, pro-
moting their applications in biochemical sensing and imaging [19–23]. Since their SPR
absorption is highly sensitive to the compositions, sizes, shapes, and surrounding mi-
croenvironment [24], gold (Au) or silver (Ag) NPs-based colorimetric methods have been
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reported for the sensitive detection of multiple targets including small molecules, antigens,
and nucleic acids [25–29]. Among them, Au NPs have been extensively reported for LSPR-
based colorimetric detection. For example, spherical Au NPs have been widely employed to
construct numerous colorimetric sensors for detecting deoxyribonucleic acid (DNA) [30,31],
protein [32–34], and heavy metal ions [35–37]. For the detection of phenols, LSPR colori-
metric sensors with spherical or rod-shaped Au NPs have also been investigated [23,38].
Choi et al. observed different plasma effects by reducing silver ions (Ag+) in Au NPs
suspensions by three isomers of benzenediol [39]. Although these methods have made
progress in various aspects, there are still common shortcomings owing to the limited
maximum absorption wavelength of Au NPs at around 520 nm, such as limited detection
range and low sensitivity [40].

Gold nanostars (Au NSs) possess multi-branched nanostructures with many protrud-
ing arms bearing sharp tips, which enables the local field intensity near the tips significantly
higher than the incident light, presenting a broad potential for plasmon-enhanced spec-
troscopy [41–43]. In this work, based on Au NSs featuring the shape of sea urchins and
near-infrared (NIR) absorption peaks higher than 800 nm, a target-mediated plasmonic
effect change strategy was subtly constructed for CC detection (Scheme 1). In the colorimet-
ric system, less CC can reduce Ag+ to realize the rapid epitaxial growth of Ag nanocrystal
coating on the surface of Au NSs, which yields blue-shifts of the LSPR and color changes.
As the concentration of CC gradually increases, the Ag coating on the surface is gradually
nucleated, and the LSPR shift is gradually increased. The color eventually changes to
yellow. This strategy enables a wide range shift of 276 nm for the plasmonic effect with
wide-range detection of CC from 3.33 nM to 107 µM, and provides a method for the sen-
sitive detection of CC, which can also provide reference for other plasmonic colorimetric
sensing platforms to achieve high sensitivity and a wide detection range.
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2. Materials and Methods
2.1. Materials and Apparatus

Gold(III) chloride trihydrate (HAuCl4·3H2O), sodium citrate, polyvinylpyrrolidone
(PVP), N,N-dimethylformamide (DMF), CC, m-cresol, p-cresol, bisphenol A, silver nitrate
(AgNO3), and ammonia (NH4OH) were purchased from Sigma-Aldrich. A filter device was
provided by Merck Millipore (Burlington, MA, USA). Deionized (DI) water from Millipore
purification system was used for all experiments. UV-vis absorption spectra were recorded
by Cary 60 UV spectrophotometer (Agilent, Santa Clara, CA, USA). Scanning transmission
electron microscopy with energy dispersive X-ray spectra (STEM-EDS) was characterized
using JEOL JEM-2100F operated at an accelerating voltage of 200 kV. Transmission electron
microscope (TEM) images were recorded using Hitachi H-7650 at the accelerating voltage
of 80 kV.

2.2. Synthesis of PVP-Coated Au Seeds

According to the previous reports with slight changes [44], PVP-coated Au seeds were
prepared with the following procedures: 225 µL of 100 mM HAuCl4 water solution was
added in 90 mL ultrapure water, heated to boiling, and stirred vigorously. Then, 2.7 mL of
1% sodium citrate was quickly mixed with 90 mL of HAuCl4 boiling solution (0.27 mM)
under vigorous stirring and kept boiling for 10 min to obtain a wine-red solution. Then
7.5 mL of the obtained solution and 6.5 mL of 2.56 mM PVP aqueous solution were mixed
and stirred for 1 h in the dark. Subsequently, the resulting reaction solution was centrifuged
at 11,000 rpm for 15 min to remove the unattached PVP. Finally, the synthesized PVP-coated
Au seeds precipitates were re-dissolved in 1 mL of ethanol.

2.3. Preparation of Au NSs

Au NSs were prepared according to previous reported with some modifications [10].
Briefly, 41 µL of 100 mM HAuCl4 was mixed with 15 mL of 10 mM PVP in the DMF
solution, then quickly added into 100 µL of PVP-coated Au seeds, and further stirred at
room temperature. The solution changed from pink to colorless and finally to dark blue in
15 min, demonstrating the synthesis of Au NSs in solution.

2.4. Construction of Au NSs-Based CC Plasmonic Colorimetric Sensing Platform

The Au NSs solution was centrifuged and dispersed in 10 mL of 100 mM NaHCO3
buffer (pH 9). Then 1 mL of 50% glutaraldehyde was added and stirred for 3 h. The mixture
was redispersed in 10 mL of 100 mM NaHCO3 buffer after washing and centrifugation.
0.1 mM silver nitrate, 40 mM ammonia, and appropriate concentrations of CC solution
were added sequentially and reacted for 2 h. Finally, UV-vis absorption spectra were
measured by spectrophotometer.

2.5. Application of the Colorimetric Sensor in Real Samples

Tap water and industrial wastewater were selected as the real samples to evaluate
the capability. The industrial wastewater was filtered through a 0.22 µm membrane and
diluted 1000 times. The standard addition method was employed to determine CC in tap
water and industrial wastewater.

3. Results and Discussion
3.1. Characteristics of Au Seeds, Au NSs, and Au/Ag Nanocrystal

The prepared Au seeds, Au NSs, and CC-reduced Au/Ag nanocrystals were charac-
terized by UV-vis absorption spectroscopy and TEM. As shown in Figure 1A, the Au seeds
are well dispersed, nearly spherical, and uniform in size with an average particle size of
17.9 nm. Au NSs were synthesized using a typical and efficient method for seed-mediated
growth. The Au seeds were used for the growth of the nucleus, and Au3+ was reduced
with the reducing agent PVP [45]. In the effect of PVP, the Au seed is a growth point, and
multiple branched angles are formed on the surface to form Au nanoarms. Having long
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and sharp branches is one of the most characteristic features for star-shaped structures [46].
As shown in the TEM image of Figure 1B, the sea urchin-like Au NSs were successfully
prepared with uniform particle dispersion. Subsequently, the corresponding UV absorption
spectra of various samples were performed (Figure 1C). The absorption peak of Au seed
was 521 nm (a), while Au NS was shifted to 822 nm, which proved that the synthesized Au
NSs possess NIR absorption. Interestingly, when a trace amount of CC was introduced to
the system, the surface of Au NSs became blurred, and even several circular low-contrast
Ag nanocrystals could be observed (Figure 1D). The color of Au seeds and Au NSs were
pictured in Figure 1E, which was consistent with the results previously reported [39]. The
changed color of CC-reduced Au/Ag nanocrystals preliminarily illustrated the feasibility
of colorimetric sensing for CC detection.
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Figure 1. (A) TEM image of Au seeds. The insert was the partially enlarged TEM image of Au seeds.
(B) TEM image of Au NSs. (C) UV-vis absorption spectra of Au seeds and Au NSs. (D) TEM image of
26.7 µM CC-mediated reduction of Ag+ on the Au NSs. (E) Photographs of (a) Au seeds, (b) Au NSs,
and (c) 5.33 µM CC-mediated reduction of Ag+ on the Au NSs.

3.2. Feasibility of the Au NSs-Based Ultrasensitive CC Plasmonic Colorimetric Sensing

To verify the feasibility of the constructed strategy, the effects of different concentra-
tions of CC on the Au NSs reaction system were investigated by STEM-EDS and UV-vis
spectroscopy. STEM-EDS elemental mapping images exhibited the spatial arrangement
of virous elements. As shown in Figure 2A, when adding 14.0 µM CC into the Au NSs
system, Ag+ were reduced, and the epitaxial growth of Ag nanocrystal thin coating on the
surface of Au NSs could be observed. A higher concentration of CC (40.0 µM) induced
thicker Ag coating and small amounts of individual Ag NPs (Figure 2B). The STEM-EDS
results demonstrated the changing process of Ag nanocrystal nucleation, as well as the
evolution of Au NSs from multi-armed branching to a rough surface and finally to being
relatively smooth with the increase in CC concentration. This reflected the fact that Ag+

reduced to the Ag shell by CC and then gradually nucleated and grew into individual Ag
NPs. The EDS spectrum further proved the fact that the content of Ag increased with the
increment of CC concentration (Figure 2C,D). The UV-vis absorption spectra in Figure 2E
presented a gradual plasmonic blue-shift by 115 nm and 228 nm, respectively, proving the
feasibility that the reduction of Ag+ by CC could trigger the plasma resonance effects. It
could be obviously observed that a new wide absorption band at 342–482 nm appeared
with the increment of CC concentration (curve b in Figure 2E), which may be owing to
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the formation of Ag NPs [39,47]. To further investigate the reaction process in this Au
NSs-based plasmonic colorimetric sensing, UV-vis spectra of 65.0 µM CC-mediated reduc-
tion of Ag+ on the Au NSs at different reaction time were exhibited in Figures S1 and S2,
which showed that the blue-shift of the absorption maximum tended to level off within
several minutes. These results fully proved the feasibility of the Au NSs-based plasmonic
colorimetric sensing for CC detection.
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reduction of Ag+ on the Au NSs. (E) UV-vis absorption spectra of (a) 14.0 µM and (b) 65.0 µM
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3.3. Mechanism of the Proposed Chemical Sensor

The chemical reaction mechanism was shown in Figure 3. The strong reducing agent
CC was easy to reduce Ag+ in alkaline solution to form Ag nanocrystals. When CC is
present at lower concentrations, the short supply of reducing agent dictates the slow
crystal growths. This facilitates the growth of homogeneous Ag coating on the Au NSs
as seeding sites, which yields a blue-shift in the LSPR of the chemical sensor. However,
when the concentration of CC is high, the abundant reducing agent favors the nucleation of
nanocrystal rather than epitaxial growth, and free-standing Ag nanocrystals are obtained.
At this time, the unstable o-quinone generated by the oxidation of CC formed a hydrosoluble
complex with Au, which manipulated the pink solution [43]. When the CC concentration
was higher, the monodisperse Ag nanocrystals gradually grew, and the color of the solution
gradually turned yellow.
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Figure 3. The mechanism of LSPR-based chemical sensor in CC-mediated plasmonic effect on the Au NSs.

3.4. Analytical Performance Evaluation of the Sensor

Encouraged by the sensitive feasibility, the analytical capability of the chemical sensor
for different concentrations of CC was investigated. In the presence of Ag+, the absorption
peak presented a gradual blue-shift from 818 nm to 548 nm as the concentration of CC
varied from 3.33 nM to 107 µM, reflecting the variation of the plasmonic effect of Au NSs
(Figure 4A). Noble metal nanomaterials, such as Au, Ag, platinum, and palladium, have
strong LSPR effects. By further tuning the size and shape, the plasmon resonance peaks of
these materials could be extended into the NIR region. The results of TEM and STEM-EDS
images indicated that the reduced Ag nanocrystals gradually covered the surface of the Au
NSs, and the sharp arms of Au NSs gradually smoothed as the CC concentration increased,
which yielded a blue-shift in the plasma effect of the Au NSs. As shown in Figure 4B, a
non-linear relationship between the absorption peak and CC concentrations in the range
of 3.33 nM to 107 µM was acquired (R2 = 0.9979). The detection limit was estimated to be
1 nM, which was calculated based on 3s, where s is the relative standard deviation of the
test for blank (20 parallel tests). Benefiting from the strengths of the Ag coatings and the
shape of the Au NSs, the linear range and detection limit of the sensor were compared
and showed a superior quality to most previously reported methods for detecting CC
(Table 1). The results indicated that this plasmonic colorimetric sensing strategy based on
the target-mediated plasmonic effect has an appreciable detection performance.
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Table 1. Comparison with other reported various methods for CC detection.

Analytical Method Linear Range Detection Limit References

Colorimetry 1 to 1000 µM 0.35 µM [48]
Fluorescence 0.3 to 40 µM 0.1 µM [49]

Electrochemistry 0.5 to 190 µM 0.15 µM [50]
Electrochemistry 10 nM to 22 µM 7.8 nM [2]

Colorimetry 3.33 nM to 107 µM 1 nM This Work

The specificity of the chemical sensor was validated by comparing the response toward
three other phenolic compounds, namely, p-cresol, bisphenol A, and m-cresol at different
concentration levels. As depicted in Figure 5, unlike CC, the absorption peaks of these
compounds did not change significantly with the increase of concentration, indicating that
the reduction of Ag+ was difficult to trigger the plasmonic effect. Further, the oxidation
potentials of catechol, p-cresol, bisphenol A, and m-cresol were about 0.24 V, 0.56 V, 0.88 V,
and 0.6 V, respectively [51–53]. The oxidation potential of CC was significantly lower than
that of the other three derived structures, revealing that CC is more susceptible to losing
electrons and more easily oxidized by this plasmonic colorimetric sensing. It also proved
that the sensor has a strong dependence on the chemical properties of the analyte. The
stability of this sensor system without CC under various pHs (Figure S3), ionic strengths,
and concentrations of other metallic ions (Figure S4) were studied, which revealed that
the maximum absorption wavelength has almost no shifts. These results suggest that the
developed sensor has encouraging specificity and good stability.
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3.5. Real Sample Detection

To evaluate the practicality of the proposed sensing platform, the standard addition
method was employed to determine CC in tap water and industrial wastewater. Among
them, the industrial wastewater was filtered through a 0.22 µm membrane and diluted
1000 times. As shown in Figure S5 and Table 2, the recovery values ranged from 96.5 to
108% with RSDs of 4.58–6.08%. The results indicated that the sensor could be applied in
the CC analysis of real environmental samples.

Table 2. Recovery results by using as-proposed colorimetric sensor.

Samples Spiked (µM) Found (µM) Recovery (%) ± SD, n = 5

Tap Water

0 Undetected −
0.0100 0.0107 107 ± 5.03
0.100 0.0980 98.0 ± 5.36
10.0 9.65 96.5 ± 4.58

Industrial Wastewater
(1000 Times Diluted)

0 5.01 × 10−3 −
0.0100 0.0108 108 ± 6.08
0.100 0.103 103 ± 5.78
10.0 10.1 101 ± 5.69

4. Conclusions

In summary, an ultrasensitive plasmonic colorimetric method with wide-range de-
tection of CC was successfully explored based on the target-mediated plasmonic effect,
and Au NSs featuring the shape of sea urchins with NIR absorption were synthesized. CC
could reduce Ag+ to form a Ag coating on the surface of Au NSs, which yielded a blue-shift
in the LSPR of Au NSs. With the gradual increase in CC concentration, the Ag nanocrystals
gradually became free-standing and nucleated to grow, and the degree of blue-shift was
greater. The design of this strategy significantly expands the detection range from 3.33 nM
to 107 µM and the sensitivity of the colorimetric sensing method, which will pave a new
avenue to fabricating an effective analytical platform.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/chemosensors10110439/s1, Figure S1: UV-vis spectra of 65 µM
CC-mediated reduction of Ag+ on the Au NSs at different reaction times; Figure S2: The absorption
maximum (λmax) of 65 µM CC-mediated reduction of Ag+ on the Au NSs at different reaction times;
Figure S3: UV-vis spectra of the Au NSs-based plasmonic colorimetric sensing platform under various
pH; Figure S4: UV-vis spectra of the Au NSs-based plasmonic colorimetric sensing platform under
various concentrations of metallic ions and ionic strength; Figure S5: UV-vis spectra obtained by the
proposed detection system of different spiked condition of 0, 0.0100 µM, 0.100 µM, and 10.0 µM CC
(from left to right) in (A) tap water and (B) industrial wastewater.
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